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Transgenic animals may help resolve  
a sticky situation in cystic fibrosis

Jonathan H. Widdicombe

Department of Physiology and Membrane Biology, University of California Davis, Davis, California, USA.

Cystic	fibrosis	(CF)	is	caused	by	defects	in	the	CFTR,	a	cAMP-activated	Cl–	
channel	of	epithelia.	The	resulting	reduction	in	epithelial	fluid	transport	
creates	abnormally	viscous	secretions	from	airway	mucous	glands	that	
may	be	a	major	factor	in	CF	pathology.	Mouse	airways	have	few	mucous	
glands,	and	the	mouse	model	of	CF	exhibits	no	significant	airway	disease.	
Pigs	and	ferrets,	however,	have	approximately	the	same	number	of	air-
way	mucous	glands	as	humans.	In	this	issue	of	the	JCI,	three	independent	
research	groups	conclude	that	changes	in	airway	mucous	gland	function	
in	CFTR-deficient	animals	of	these	species	resemble	the	changes	seen	in	
human	CF.	It	is	expected,	therefore,	that	these	animals	will	develop	lung	
disease	similar	to	human	CF	and	prove	to	be	valuable	models	on	which	to	
test	potential	therapies.

The  body’s  main  defense  against  large 
inhaled particles is the “mucociliary clear-
ance system.” This system traps particles 
in a blanket of mucus and then moves the 
mucus and ensnared particles out of the 
airways using cilia in the apical membrane 
of the surface epithelium (1). In the larger 
airways, the great majority of mucus comes 
from submucosal glands (2), and mucous 
secretions from these glands are abnormal-
ly viscous in individuals with cystic fibro-
sis (CF) (3). It is believed that this causes 
the mucus to be poorly cleared by cilia and 
it accumulates and provides a home for 
inhaled microorganisms. An inflammatory 
cascade ensues that clogs the airways with 
mucous secretions, bacteria,  leukocytes, 

and plasma transudate. By restoring nor-
mal viscosity to CF airway mucous gland 
secretions, it is to be hoped that much of 
this pathology can be prevented.

Mouse  airways  contain  few  mucous 
glands,  and  the  mouse  model  of  CF 
shows little airway pathology (4). How-
ever, more direct analyses of the role of 
mucous glands in the airway pathology 
of CF are now possible, given the recent 
development of CFTR-deficient pigs and 
ferrets (5, 6); both species have good num-
bers of airway glands. In this issue of the 
JCI,  three  independent research groups 
report on their efforts to understand air-
way gland function in these new animal 
models of CF (7–9).

Airway mucous gland  
secretion in CF
Water  accounts  for  approximately  98% 
of airway gland mucous secretions, and 

water flow into the gland lumen is driv-
en by local osmotic gradients generated 
by active Cl– secretion. This Cl– secretion 
requires simultaneous activity of Cl– chan-
nels (either cAMP or Ca2+ activated) in the 
apical membrane and K+ channels in the 
basolateral  membrane.  In  CF  secretory 
responses of airway glands to agents that 
elevate cAMP are almost completely lost, 
as the only cAMP-activated Cl– channel in 
the apical membrane is CFTR (10). Secre-
tory responses to agents, such as substance 
P,  that  moderately  elevate  intracellular 
Ca2+ concentration ([Ca2+]i) are also quite 
markedly  reduced  in  CF  (11).  This  is 
because [Ca2+]i is not elevated sufficiently 
to have much effect on Ca2+-activated Cl– 
channels (CaCCs) in the apical membrane, 
but Ca2+-dependent basolateral K+ chan-
nels are opened, thereby hyperpolarizing 
the apical membrane and increasing the 
driving force for Cl– exit through consti-
tutively open CFTR. By contrast, respons-
es to cholinergic agents are less affected 
in CF, because these agents have a larger 
effect on [Ca2+]i and cause substantial acti-
vation of CaCCs (10–12). Finally, in non-
CF airway glands, subthreshold doses of 
cAMP-elevating and Ca2+-elevating agents 
show  synergy;  neither  alone  stimulates 
gland fluid secretion, but they do so in 
combination, because one opens CFTR 
and the other opens basolateral Ca2+-acti-
vated K+ channels (10–12). This synergy is 
lost in CF (10).
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Airway mucous gland secretion  
in the CFTR-deficient pig
There were several reasons for believing 
that a CFTR-deficient pig would prove an 
excellent model of altered gland function 
in CF. Numbers, size, and maximal flow 
rates of glands in pig and human trache-
as are very similar (Table 1). So too is the 
specific potency of gland secretagogues: 
cholinergic  agents,  such  as  carbachol 
or methacholine, elevate [Ca2+]i and are 
several times more effective at inducing 
secretion  than  cAMP-elevating  agents, 
such as forskolin or vasoactive intestinal 
peptide (VIP); a-adrenergic agents, such 
as phenylephrine, are least effective; and 
substance  P  occupies  an  intermediate 
position (10–12). Also, in tracheas of dif-
ferent species and in different generations 

of human airways, glands disappear as 
airway diameters become less than about 
2 mm (13, 14). Therefore, given that pig 
and  human  lungs  are  similar  in  size, 
glands should show a similar distribution 
along the airways of the two species.

The CFTR-deficient transgenic pig was 
generated two years ago (6), and the paper 
by  Joo et al.  (7)  in  this  issue of  the  JCI 
provides the first comparison of airway 
gland mucus secretion in CF and normal 
piglets. Piglets had to be used, as CF pigs 
die of gut problems shortly after birth. 
To measure gland secretion, the muco-
sal surface of a piece of airway wall was 
coated with paraffin oil, and gland secre-
tions were visualized as spherical drop-
lets  forming under  the oil. The results 
were gratifying — CF pig glands behaved 

very much  like human CF glands. The 
secretory response to forskolin was lost 
as  was  the  synergy  between  forskolin 
and carbachol. The secretory responses 
to substance P were reduced by approxi-
mately 75%. The secretory responses to 
carbachol were reduced by approximate-
ly 40%, a finding largely ascribable to a 
reduction in gland size in CF piglets. It is 
not known in human CF whether airway 
glands are abnormally small at birth, but 
this should definitely be investigated. Of 
course, with chronic disease they become 
markedly hypertrophied (15).

Airway mucous gland secretion  
in the CFTR-deficient ferret
The paper by Sun et al. (8) describes the 
overall pathology of the CF ferret. CFTR+/+, 
CFTR+/–, and CFTR–/– animals were born 
in the expected Mendelian ratio of 1:2:1, 
indicating no fetal mortality. However, all 
CFTR–/– kits died within 4 days of birth, 
either from meconium ileus or from poor 
nutrient absorption in the gut. Histologi-
cal  lesions were present in the pancreas, 
and vasa deferentia were absent or degen-
erate. There was histological evidence of 
pneumonia, and blood chemistry was con-
sistent with liver disease.

In humans (and presumably pigs), all 
airway  glands  form  long  before  birth 

Table 1
Properties of tracheal glands in humans, ferrets, and pigs

Species	 Gland	openings		 Gland	volume		 Maximal	flow		 Refs.
	 (per	mm2)	 (ml/cm2)	 (nl	min–1	×	gland–1)	
Human ~1 15, 16A, 20B ~3C 10, 13, 16, 21
Pig 0.6A, 1.3A, 1.2B 8A, 13B ~12D, ~4C 12, 21
Ferret ~1.5A, 1.8B 0.6 ~0.4 19, 22
Ferret xenograft ~2 ? 0.06 8

AAnterior cartilaginous portion or Bposterior membranous portion of the trachea. CSustained or 
Dtransient flows.

Figure 1
Means by which VIP (or other cAMP-elevating agents) stimulates Cl– secretion by airway gland serous cells. (A) Low levels of VIP are insufficient 
to stimulate Cl– secretion but do elevate cAMP sufficiently to open CFTR. Low levels of acetylcholine (ACh) (also subthreshold for secretion) 
raise [Ca2+]i sufficiently to open basolateral K+ channels (GK). Together, the two agents induce Cl– secretion, as previously suggested by Choi 
et al. (10). (B) High levels of VIP elevate cAMP sufficiently to activate both Cl– and K+ channels, as previously suggested by Choi et al. (10). (C) 
cAMP elevates [Ca2+]i, which then activates basolateral K+ channels, as described by Lee and Foskett (9). (D) If the effects of cAMP on [Ca2+]i 
are somehow enhanced then VIP can induce Cl– secretion in CF cells by activating CaCC, as suggested by Lee and Foskett (9).
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(16).  In  the  ferret,  by  contrast,  airway 
glands  form predominantly after birth 
(17).  This,  coupled  with  the  neonatal 
mortality  of  CF  ferrets,  caused  Sun  et 
al.  to  resort  to  the  “tracheal  xenograft 
model”  to study gland function. Using 
this approach, tracheas from newly born 
ferrets were implanted under the skin of 
immune-deficient mice. After five weeks, 
differentiated  glands  had  formed.  The 
xenografts were then removed from the 
mice, and gland secretions were visual-
ized as secretory droplets under oil. As in 
pigs and humans, the secretory response 
to forskolin was essentially abolished in 
the airway glands from CF animals. The 
response of CF ferrets to methacholine 
was also reduced (by approximately 50%), 
as it is in human nasal glands (18).

An important contribution of the study 
by Sun et al. (8) was the prevention of the 
neonatal mortality  in CF ferrets with a 
combination of oral ursodeoxycholic acid 
(to  aid  fat  emulsification)  and  an  oral 
proton-pump inhibitor (to compensate 
for the lack of alkaline pancreatic secre-
tions). However, even if CF ferrets achieve 
adulthood,  they  may  prove  less  useful 
than  adult  CF  pigs  for  studies  of  how 
altered airway gland function contributes 
to airway pathology in CF. Thus, not only 
do ferret glands develop differently from 
those  in  the  human,  but  they  are  also 
appreciably smaller than human glands, 
with lower flow rates (Table 1). There are 
also differences in the neurohumoral reg-
ulation of airway gland secretion between 
ferrets and humans. In particular, the fer-
ret, like the other carnivore studied, the 
cat,  has  airway  glands  that  show  large 
secretory responses to the a-adrenergic 
agent, phenylephrine (19, 20); responses 
of pig and human glands to this agent are 
negligible (20).

Interaction between cAMP and Ca2+ 
in airway gland cells
The paper by Lee and Foskett (9) concerns 
the regulation of Cl– secretion in serous 
cells. These cells  line the acini of airway 
glands and are believed to be the primary 
source of the liquid component of gland 
secretions. The authors studied secretory 
responses  of  isolated  serous  acini  from 
pigs  and  humans,  both  with  and  with-
out CF. Simultaneous opening of apical 
Cl– channels and basolateral K+ channels, 
in response to secretagogues, resulted in 
KCl loss and cellular shrinkage, measured 
by Lee and Foskett using differential inter-

ference microscopy. Chloride permeabil-
ity and [Ca2+]i were measured using fluo-
rescent probes. As expected, the secretory 
response of non-CF acini to elevation of 
cAMP was CFTR mediated. Surprisingly, 
however, the response depended on cAMP-
mediated elevation of [Ca2+]i.

Choi et al. (10) had previously proposed 
that airway gland serous cells show two 
types of Cl– (and water) secretion. In the 
“emergency  response,”  high  levels  of 
acetylcholine activate apical membrane 
CaCCs and promote fluid flows that are 
not much altered in CF. By contrast, a low 
baseline secretion of Cl– is maintained by 
a synergy between two neurotransmitters: 
VIP, which raises cAMP and opens CFTR, 
and  low  levels  of  acetylcholine,  which 
elevate [Ca2+]i sufficiently to open baso-
lateral K+ channels but not apical mem-
brane CaCCs (Figure 1A). This baseline 
secretion  is absent  in CF. They  further 
proposed that high concentrations of VIP 
can act without acetylcholine on non-CF 
glands, because cAMP levels become high 
enough to open cAMP-activated K+ chan-
nels  (10)  (Figure  1B).  Lee  and  Foskett, 
however,  found that  increases  in cAMP 
(induced by either VIP or forskolin) led to 
increases in [Ca2+]i, and this, not cAMP, 
was responsible for activation of the baso-
lateral K+ conductance  (9)  (Figure 1C). 
The  importance  of  this  finding  is  that 
pharmacological  enhancement  of  the 
link between cAMP and [Ca2+]i (or [Ca2+]i 
and CaCCs) would allow cAMP-elevating 
mediators such as VIP to stimulate Cl– 
secretion in CF cells by activating CaCCs 
(Figure  1D).  The  authors  also  showed 
that  high  levels  of  intracellular  cAMP 
(induced using either VIP or forskolin) 
enhanced the effects of acetylcholine on 
[Ca2+]i (9). Thus, cAMP-elevating agents, 
such  as  phosphodiesterase  inhibitors, 
could potentiate the effects of low-level 
cholinergic stimulation on CFTR-inde-
pendent Cl– secretion.

Concluding comments
In conclusion,  it  is possible that airway 
gland secretions in CF are too concentrat-
ed and viscous to be cleared efficiently (3). 
Thus, anything that returns the viscosity of 
gland secretions to normal should alleviate 
the airway symptoms of CF. This hypoth-
esis can now be tested in CFTR-deficient 
pigs and ferrets, species that (unlike the 
mouse) have substantial numbers of airway 
glands. The papers by Sun et al. (8) and Joo 
et al. (7) in this issue of the JCI are impor-

tant in that they show that the CF-related 
reductions in gland fluid secretion in these 
animals qualitatively resemble those seen 
in human CF. Of the two species, pig air-
ways and their mucous glands are the most 
similar to those of humans (Table 1). How-
ever, the usefulness of this species is lim-
ited by the 100% mortality in the perinatal 
period, due to gastrointestinal problems 
that can currently only be overcome sur-
gically (6). In the ferret, by contrast, com-
paratively simple oral therapies can ensure 
survival of CFTR-deficient ferrets beyond 
the perinatal period (8). Thus, for now the 
ferret would seem the more useful model. 
The paper by Lee and Foskett (9) is a tech-
nical tour de force that provides the novel 
findings that cAMP elevates [Ca2+]i in air-
way gland serous cells and potentiates the 
effects  of  carbachol  on  Ca2+  release  (9). 
These findings point to pharmacological 
ways of enhancing (or inducing) baseline 
fluid secretion from CF glands without 
altering neurohumoral input.
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Reconstructing neural circuits using transplanted 
neural stem cells in the injured spinal cord
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Traumatic	spinal	cord	injury	is	one	of	the	most	common	causes	of	disability	
in	young	adults.	Restoring	independent	ambulation	in	such	patients	is	con-
sidered	one	of	the	biggest	challenges	in	regenerative	medicine	because	repair	
of	spinal	cord	injury	involves	the	complex	processes	of	axonal	regeneration,	
remyelination,	and	formation	of	new	synaptic	connections.	In	this	issue	of	
the	JCI,	Abematsu	et	al.	report	their	attempts	to	rise	to	this	challenge,	show-
ing	in	a	mouse	model	of	severe	spinal	cord	injury	that	spinal	neuronal	cir-
cuits	can	be	restored	by	neural	stem	cell	transplantation,	leading	to	impres-
sive	functional	recovery	in	the	hind	limbs.

Traumatic  brain  and  spinal  cord  injury 
(SCI) is one of the most common causes 
of disability in young adults and poses a 
huge social and economical burden (1). The 
impact of nonpenetrating, blunt (contusive) 
trauma to the spinal cord causes abrupt dis-
continuation of axonal projections. There 
is also release of neurotoxic compounds 
and inflammatory mediators that add to 
neuronal and oligodendroglial cell death 
during the first hours and days after injury. 
This  is  followed  by  secondary  processes 
of loss of myelin, degeneration of axons, 
and formation of a glial scar that inhibits 
spontaneous regeneration. Currently, there 
is no proven reparative treatment for SCI. 
Restoring independent ambulation in para-
plegic trauma victims is considered one of 
the biggest challenges in regenerative medi-
cine. This would require the development 
of approaches to achieve effective trans-
mission of electrical impulses through the 
lesion. To this end, it is necessary to induce 

robust regeneration of severed axons, their 
covering with myelin sheaths — a process 
termed  remyelination  —  and  formation 
of  new  synaptic  connections.  With  this 
notion in mind, studies of neural stem cell 
transplantation have been performed  in 
experimental models of SCI during the last 
decade and have demonstrated increased 
growth of severed host axons and improved 
remyelination (2). In this issue of the JCI, 
Abematsu et al. (3) show that transplanting 
neural stem cells epigenetically directed to 
differentiate into neurons can promote the 
reconstruction of spinal neuronal circuits, 
leading to impressive functional recovery in 
mouse hind limbs following SCI.

Impediments and therapeutic targets 
in spinal cord repair
Restorative  therapy  in  SCI  should  be 
directed against several targets. During the 
immediate hours and days after injury, the 
priority is to minimize inflammatory and 
neurotoxic damage. In the following days 
and weeks, the focus should be on halting 
the secondary processes of demyelination, 
axonal degeneration, and scar formation. 
However, meaningful recovery after SCI is 

ultimately an issue of axonal regeneration. 
There are several axonal projections passing 
through the spinal cord. The corticospinal 
tract  consists  of  fibers  that  originate  in 
cortical neurons and send axons extending 
through the brain and spinal cord (reach-
ing over one meter long) to innervate spinal 
lower motor neurons. These, in turn, trans-
mit the message for muscles to contract. 
Other descending tracts that are involved 
in execution of motor functions, such as the 
proprio-, rubro-, reticulo-, and raphespinal 
tracts, are multisynaptic and therefore con-
sist of neurons with shorter axons. Direct 
growth of corticospinal fibers through the 
lesion to reinnervate distal segments that 
are caudal (below) to the site of injury is very 
limited, since corticospinal axons are the 
neuronal population with the least regen-
erative capacity. The multisynaptic spinal 
tracts are considered to have better inher-
ent regenerative capacity than corticospinal 
tracts (4). Plastic mechanisms that have been 
shown to contribute to functional recovery 
after SCI include local sprouting of fibers to 
innervate undamaged collateral fibers, spi-
nal interneurons, and multisynaptic tracts.

Restrictions to axonal regeneration in 
the CNS include both extrinsic and intrin-
sic  factors  (5).  There  are  several  known 
myelin- and extracellular matrix–derived 
molecules  that are  inhibitory  to axonal 
regeneration. Removal of myelin (6), neu-
tralization of myelin-derived  inhibitory 
molecules such as Nogo (7), and neutral-
ization of the extracellular matrix com-
ponent chondroitin sulfate proteoglycan 
(8) all result in improved axonal growth. 
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