
These results with ANF demonstrate 
that acute renal repair of chronic chlo- 
ride-depletion metabolic alkalosis in a rat 
model system can be initiated without 
replacement of the chloride or potassium 
deficits (or without pharmacological in- 
hibition of tubular function). They sup- 
port the thesis that the resolution of 
chronic metabolic alkalosis can be 
achieved by normalizing GFR. 
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Deficient Vasoactive Intestinal Peptide Innervation in the 
Sweat Glands of Cystic Fibrosis Patients 

Abstract. The innervation of acini and ducts of eccrine sweat glands by immunore- 
active, vasoactive intestinal peptide-containing nerve jibers was sharply reduced in 
seven patients with cysticjibrosis compared to eight normal subjects. The decrease 
in innervation by this neuropeptide, which has been shown to promote blood flow 
and the movement of water and chloride across epithelial surfaces in other systems, 
may be a basic mechanism for the decreased water content and relative imperme- 
ability of the epithelium to chloride and other ions that characterize cystic jibrosis. 

PETER HEINZ-ERIAN 
Department of Medicine, 
University of Oklahoma 
Health Sciences Center, and 
Veterans Administration Medical 
Center, Oklahoma City 73190 
RICHARD D. DEY 
Department of Cell Biology, 
University of Texas Health 
Science Center, Dallas 75235 
MARINUS FLUX 
Department of Pediatrics, 
University of Oklahoma 
Health Sciences Center, and Veterans 
Administration Medical Center 
SAMI I .  SAID 
Department of Medicine, 
University of Oklahoma 
Health Sciences Center, and Veterans 
Administration Medical Center 

Cystic fibrosis (CF), the most common 
lethal genetic disease in Caucasians, 
manifests itself as an exocrinopathy 
characterized by elevated concentra- 
tions of C1- and Na+ in sweat, and other 
electrolyte abnormalities of exocrine se- 
cretions (I). The pathogenesis of CF  
remains poorly understood, but recent 
investigations have shed new light on the 
mechanism of the electrolyte distur- 

bance (2). In CF, there is an increase in 
the transepithelial potential difference in 
sweat gland ducts (3) and respiratory 
mucosa (4), which has been attributed to 
a decreased epithelial permeability to 
C1- (5). We report here that CF patients 
showed a marked deficiency of vasoac- 
tive intestinal peptide (VIPtimmunore- 
active nerves in both acini and ducts of 
eccrine sweat glands (6). Since VIP pro- 
motes blood flow and the movement of 
water and C1- across epithelial surfaces, 
the deficient VIP innervation may be 
responsible for the decreased water con- 
tent and relative impermeability of the 
epithelium to C1- and other ions that 
characterize CF. 

The secretory activity of sweat and 
other exocrine glands is influenced by 
adrenergic and cholinergic innervation 
(7) and by the peptidergic system of 
nerves (8). Among the neuropeptides 
supplying exocrine glands, VIP richly 
innervates and promotes blood flow to 
the pancreas and to sweat, salivary, lac- 
rimal, bronchial, and intestinal glands 
(9). This peptide binds to specific mem- 
brane receptors in these glands (lo), 
stimulates C1- and water transport 
across intestinal (11) and tracheobron- 
chial mucosa (12), and stimulates 

HC03- secretion by pancreatic acini 
(13). VIP also reduces the potential dif- 
ference across the duct of the rabbit 
submandibular gland (14). These obser- 
vations suggested that VIP exerts a 
physiologic regulatory influence on exo- 
crine function. Since the effects elicited 
by VIP are counter to the observed de- 
fects in CF, we postulated that the exo- 
crine abnormalities of CF  may be caused 
by a deficiency of VIP innervation. We 
therefore examined the presence, distri- 
bution, and density of VIP-immunoreac- 
tive nerves in the sweat glands of normal 
subjects and CF patients. We selected 
sweat glands because (i) they reflect one 
of the principal functional abnormalities 
of the disease; (ii) unlike other exocrine 
organs, such as the lungs, they remain 
free of infection or morphologic changes; 
and (iii) they are easily accessible 
through skin biopsy. The study was ap- 
proved by our Institutional Review 
Board, and written informed consent 
was obtained in advance from the pa- 
tients or their parents. 

Skin samples were obtained by biopsy 
from the chest region in seven CF  pa- 
tients of both sexes, aged 13 to 28 years; 
control specimens of normal skin (as 
determined by light microscopy) were 
removed at mastectomy (from six wom- 
en aged 36 to 78 years) or leg amputation 
(from two males aged 7 and 22 years). 
Skin samples were fixed in picric acid- 
formaldehyde (15) for 3 hours at 4OC, 
then transferred to 0.1M phosphate-buff- 
ered saline with 0.3 percent Triton X-100 
(PBS-TX) (pH 7.8), and rinsed overnight 
at 4°C. Cryostat sections, 10 ym thick, 
were incubated for 30 minutes at 37OC 
with a standardized 40-p1 drop of VIP 
antiserum (rabbit 89N, diluted 1 : 100 in 
PBS-TX), washed, and then incubated 
for 30 minutes at 37OC with goat anti- 
rabbit immunoglobulin G labeled with 
fluorescein isothiocyanate (Miles Labs, 
Elkhart, Indiana). The sections were 
washed in PBS-TX, mounted on slides in 
glycerine diluted with PBS-TX (1 : 4), and 
examined in a fluorescence microscope 
(Olympus BH2T) with a mercury vapor 
lamp. 

The specificity of the VIP antiserum in 
immunocytochemical investigations has 
been demonstrated (16). In our study, 
specific immunofluorescence was con- 
firmed by absorption of the antiserum 
with synthetic VIP (100 g per milliliter of 
diluted antiserum) 24 hours before use 
and by the substitution of normal rabbit 
serum for the immune antiserum; no 
fluorescence was present in either con- 
trol section. 

The extent of VIP innervation to aci- 
nar and ductal regions of sweat glands 
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was rated on a scale of 0 to 5 (Table 1). 
Three different glands, either in the same 
section or in three nonserial sections. 
were examined to determine the rating 
for each specimen. The rating was as- 
sessed by one investigator (R.D.D.) who 
did not know the origin of the specimens. 
Statistical comparisons between the two 
groups were made by the Mann-Whitney 
U test (17). Normal skin showed a rich 
network of VIP-immunoreactive nerves 
around secretory acini [mean density 
+ standard error of the mean (SEM), 
3.6 + 0.71 and a moderate innervation of 
the ducts (1.8 + 0.9) (Fig. 1). Individual 
VIP-positive nerve fibers were closely 
associated with the basement membrane 
of both acinar and duct cells. VIP inner- 
vation in CF samples was considerably 
less pronounced both in the acini 
(1.3 + 1.0) and in the ducts (0.3 + 0.5) 
(Fig. 1). VIP innervation was totally ab- 
sent around the ducts in five of the seven 
CF samples and was minimal in the 
remaining two. 

The pathogenesis of the exocrinopathy 
of CF has defied explanation by one 
unifying hypothesis. A disturbance of 
autonomic function has been suspected 
(18), but neither cholinergic nor adrener- 
gic mechanisms alone could fully ac- 
count for the disease manifestations. Re- 
cently, neuropeptides such as VIP have 

been recognized as forming a new com- 
ponent of the autonomic nervous system 
(7). The importance of VIP in the physi- 
ology and pathophysiology of exocrine 
function is suggested by its presence in 
nerve fibers and nerve terminals close to 
glandular structures; by its potent influ- 
ence on blood flow (9), macromolecular 
secretion (19), and water and electrolyte 
transport (14-16); and by the identifica- 
tion of specific receptor binding sites for 
VIP in exocrine organs (10). 

Our results show that VIP-immunore- 
active nerves supply both the secretory 
acini and the reabsorptive ducts of sweat 
glands. The close relations between 
these nerves and the basement mem- 
branes provides an anatomic basis for 
the influence of locally released VIP on 
the secretion and composition of sweat. 
If the decreased VIP innervation of CF 
sweat gland acini and ducts is shown to 
be a primary abnormality (rather than 
excessive depletion, for example), it may 
help to explain the abnormal sweat com- 
position that characterizes those with 
this disease. CF sweat, sampled by mi- 
cropuncture at the acinar level, is similar 
in composition to sweat from normal 
subjects, the increased C1- content in 
CF sweat resulting from impaired C1- 
reabsorption by the ducts (20). The ab- 
sence or paucity of VIP nerves to sweat 

Table 1. Relative frequency of VIP-immunoreactive nerves in the sweat glands of seven C F  
patients and eight normal control subjects. Frequency of VIP-immunoreactive nerves: none, 0: 
very few,  1; few,  2; moderate, 3; numerous, 4; very numerous, 5. 

Relative Normal ( n  = 8 )  CF ( n  = 7 )  
frequency Acini Ducts Acini Ducts 

5 1 
4 3 
3 4 2 1 
2 2 1 
1 4 4 2 
0 1 5 

Mean + SEM 3.6 + 0.7 1.8 + 0.9 1.3 & 1.0 0.3 2 0.5 

Fig. 1. Cryostat sections of skin from a normal adolescent boy  ( A )  and from a boy of similar age 
with cystic fibrosis (B). VIP-immunoreactive nerve fibers surround normal sweat gland acini 
(arrow) and ducts (double arrow); no VIP-containing nerves are seen i n  the skin section from 
the boy with cystic fibrosis (~561).  

gland ducts in CF may be particularly 
important in this regard, in view of the 
capacity of VIP to stimulate C1- move- 
ment (11. 12); a deficiency of VIP could 
reduce C1- secretion by acini or its reab- 
sorption by the ducts. A generalized 
deficiency of VIP innervation of exo- 
crine glands, if confirmed, could also 
account for other abnormalities in CF, 
such as decreased pancreatic HC03- 
secretion. Defective or absent VIP inner- 
vation is known to be associated with, 
and causally related to, pathophysiologic 
alterations in other organs, including the 
esophagus in achalasia (21) and the gut in 
Hirschsprung's disease (22). 
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