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Summary 

Baseline rates for set·retion of mucous gl;n:oprotein were simi
lar (680-830 µg/g tissue/24 hr) for cultured tracheal epithelium 
from newborns of 26-32 weeks' gestation, full term newborns. 
and older children. Addition of methacholine to culture medium 
augmented secretoQ rates of glycoprotein from all tissue sources 
3-5-fold. The overall composition of secreted mucous glycopro
teins changed little with increasing age. A trend toward less 
sulfation and toward inneased sialic acid and fucose content was 
noted in secreted glycoproteins from explants of older subjects. 

Histochemical obsen·ations of stored glycoprotein in tracheal 
tissue, which was subsequently used for organ culture experi
ments, confirmed that a modest, but consistent sulfate to sialic 
acid shift occurs during early life. In contrast. baseline senetor_\ 
rates for ly·so1..\me from tracheal epithelium of preterm infants 
were one-half as large as rates from epithelium of full term 
babies and were refractory· to cholinergic stimulation. Stimula
tion of lyso9me sen~·tion by a cholinergic agonist was achieved 
in all cases by 40 weeks' gestation. We conclude that basal 
gl_\coprotein secretion and the mechanism for glyrnprotein re
sponse to cholinergic stimulation have developed hy the earliest 
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age of viabilit), but that basal l)SOZJme secretion is deficient and 
is unresponsive to cholinergic stimulation in tracheal tissue from 
preterm newborns. 

Speculation 

The lungs of preterm infants ma) be more susceptible to 
bacterial invasion than lungs of full term infants and older 
children as a result of deficient l)SCIZ) me secretion by tracheo
bronchial epithelium. 

Development of the human trachcohrnnchial sccrctor) system 
begins late in the first trimester of gestation (7). (ilandular 
mucus-secreting cells appear between 14 and 17 weeks (6) hut 
serous cells arc not found in glands until late in gestation (7). 
l\lucus-sccrcting (goblet) cells of the surface epithelium al,o 
appear during the second trimester (Ci). 

Accordinc to Lamb and Reid (lJ). secretory material stored in 
gland cells ~if newborn infants and fetuses stains uniformly for 
~ulfate but not at all for sialic acids, in contrast to glands of older 
children and adults which contain cells with staining reactions for 
both sulfated and sialylated glycoprnteins. Little is known about 
the actual secretory activity of this tissue. Both lysozymc and 
mucous glycoprnteins arc s·ynthcsizcd and released by cultured 
trachcohronchial epithelium of prcterm and term newborn in
fants (:,). The composition of trachcohrnnchial secretions at 
various stages of development has not been delineated. We have 
employed organ culture. chemical. and histochemical techniques 
to determine the lysozymc and mucous glycoprotcm content ot 
tracheal secretions and the response of thcSL' secretory compo
nents to cholinergic stimulation (J) from the earliest age of 
viability through childhood. 

MATERIALS AND METHODS 

Tracheal cxplants were obtained from prcterm infants ( I 'I) 
with birth weights of :,00-1 I 00 g and estimated gestational ages 
nf 26-J2 \\eeks. These infants had succumbed to pulmonary 
immaturity between I and 6 Jays of life. All full term infants 
weiched n;o,e than 2)00 1! and h,;d dinl within the first month of 

life ·of nonpulmonary dis~ascs. Older children also died of non
pulmonary causes. None of the subjects had breathed more than 
70'·, oxygen for more than .16 hr. 

Trachcas were removed within 2 hr of death. Newborn tra
chcas were cut into 2-4-mm' pieces and cultured as full thickness 
cxplants. The suhmucosa-mucosa layers of trachcas from older 
children were micrndisscctcd from the underlying cartilage and 
scrosa to improve oxygenation and nutrient diffusion to gland 
cells during organ culture. These layers \\·ere also cultured as 2-
4-mm" cxplants. Tissue weights were obtained hy weighing nil
turc dishes before and after addition of cxplants. 

Explants were cultured in sufficient I lJ'i ( Eagle ·s 
base )medium to provide a level even with hut not covering the 
surface of ex plants as previously described (:,). (,cntamicin ( I 00 
µg/ml) and amphotericin (IO µg/ml) were added to all culture 
media. In some experiments 6 x I on dpm/ml Na,"'·SO, and I x 
I ()H dpm/ml h-D-l"H]glucosaminc wcrL· also added to thL· culture 
medium. Explants were cultured in a 40 :+: Ir-; oxygen. :, 'r CO,. 
water-saturated environment. Medium was removed and re
placed every 24 hr for studies of baseline secretory rates. 

Experiments testing the response to methacholinc stimulation 
utilized an initial 20-hr baseline culture period ( P,) and a second 
4-hr culture period ( P,) during which JO µg/ml of methacholinc 
hydrochloride (Sigma) was addL·d to Petri dishes ( J). Data for 
tl;csc experiment~ arc reported as 1',!P, ratios of thL· rate at 
which nondialyzahle material was discharged into the medium. 
Use of the ratio controls for variability in the secretory capacity 
of different sets of cxplants ( J). 

Harvested media were analyzed for lysozymc by thL· method 
of Osserman ( 14). dialyzed exhaustively against distilled water. 

subjected to mcthanolysis. and analyzed further for fucosc. ga
lactosc. total hc:rnsaminc. and sialic acid content hy gas liquid 
chromatography of the trimcthylsilyl sugar derivatives (4 ). Non
dialyzable "H and '"·SO, were assayed by double isotope methods 
( 4). Previous studies had shown that 807, or more ot these two 
radioactive precursors incorporated into macromolecules by tra
cheal cxplants arc. in fact. incorporated into mucous glycoprn
tcins ( 'i). Mucous glycoprotein was determined chemically hy 
calculating the sum of its five sugars in dialyzed medium and 
multiplying this sum by I .2:, (I) to adjust for the 2w·; peptide 
content of human trachcohronchial mucous glycoprntcins ( 2). 

Two or three segments of each trachea. taken at different 
levels. were placed.in neutral buffered formalin and processed 
for histolocic and histochemical studies. Stains routinely em
ployed included akian blue (AB) at pH 1.0 or 2.'i followed hy 
periodic acid-Schiff (PAS) ( 12). AB (pH 2 . .")-acid fuchsin (AF) 
(16). and high iron diamine (IIID)-AB (pH 2 . ."). The AB (pH 
2 .:'i )-PAS staining sequence was performed both he fore and 
after overnicht treatment with I :4 diluted Vihrio cholcral' siali
dase as dcsc.ribed by Lamb and Reid ( 8). Control sections were 
incubated with buffer alone and compared with sialidasc-trcated 
sections for all observations. AB (pH 2 .:'i) stains all acidic sub
stances (sulfate and sialic acid) blue whereas at pH I .0. only 
sulfated materials arc stained blue. The AB-AF staining se
quence stains sulfated materials purple and materials containing 
onlv carhoxvl (sialic) acidic groups blue. HID-AB stains sulfated 
sul;stances · bnrn n-black whereas sialic acid-containing sub
stances arc stained blue. 

The percentage of total mucous gland cells yielding a charac
teristic color reaction was estimated by two observers (J K, TH) 
by directly counting each cell type in all gland acini appearing in 
n~ultipk ;cctions of tracheal cxplants. The estimates. performed 
independently on two occasions. were reproducible. The small 
amounts of tracheal tissue which could he alloted from newborn 
trachcas for histochemical. rather than culture. studies pre
cluded precise quantitation of cells giving a particular staining 
reaction. Percentage data were grouped into quartiles between 0 
and I 00 to emphasize that the numbers arc carefully determined 
estimates. 

RESULTS 

BasclinL· rates for secretion of mucous glycoprotein and lyso
zymc by tracheal cxplants during the first 72 hr of culture arc 
recorded in Table I. Mucous glycoprntein was discharged into 
the culture medium at approximately the same rate hy tracl1L·al 
cxplants from prcterm infants. term infants. and older children. 
On the other hand. baseline rates for lysozymc secretion hy 
cxplants of term newborns were double that of nplants from 
prcterm infants. and were even !!rcatn in cxplants from older 
children. 

Explants from six prcll'rm infants responded to mcthacholinc 
stimulati,Hl hy discharging mucous glycoprntcin at a rate which 
was J-'i times crcatcr than the rate under nonstimulated culturL· 
conditions ( Fig·. I a). However. the rate of secretion of lysozymc 
did not chance with addition of mcthacholine to culttirL' medium 
bathing prctcrm L'Xplants. Fxplants from term newborns dis
charged both lysozymc and mucnus glycoprntcin in rcspnnsc to 
mcthacholine at a rate significantly faster than the hasL·linc rate 

Ta hie I . /fo.11'/i/l(' .1ccrl'torr rntcs .fiir c11/t1tr('d tracheal ,pit/i('/i11111 

Rate. /1'!!-I'!!- tissuc/24 hr ± SFM 

No. of Murnu, 'f.lvrn-
Trachca sourcc trachcas l.ysozymc· prlltcin 

Premature Ill'\\ horns 8 81 --'= 12 83(1 ± 22h 
(f' (1_(12) 

Term ncwhllrns X 164 . 2'1 74h _._ 214 
Childrcn (2-8 years) 2'14 _._ XI h8(1 ± 12(1 
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(Fig. I h). The increase in rate of mucous glycoprotein secretion 
was comparable with that of tracheal cxplants from prctcrm 
infants. 

The chemical properties of mucous glycoprotcins discharged 
into culture medium by L'Xplants from premature newborns. 
term newborns. and older children were compared with respect 
to '"'SO.,l''H. sialic acid/galactosc. and fucosc/galactosc ratios 
(Table 2). Incorporation of "ll glucosaminc into mucous glyco
protcin as well as galactosc and hcxosaminc content of mucous 
glycoproteins discharged in 1·itro did not change appreciably as a 
function of the gestational or postnatal age of the tissue donor. 
Therefore. differences of ratios noted in these studies reflect 
changes in the "''SO,. sialic acid. or fucosc content. Although 
mean "'·SO.f"I-I ratios decreased from 0.32 in glycoprntcins from 
pre term cxplants to O .23 in glycoprotcins from cxplants of older 
children. these differences did not achieve statistical signifi
cance. Similarly. the apparent small increase of sialic acid/galac-
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0..-

N 3 
0.. 

2 

0 

6 
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4 

2 

0 

p>.5 p< .05 p<.01 pc::.01 p<.01 

Lysozyme Fucose Galoctose Hexosomines NANA 

a D Control D 30 µ.otml Melhachol1ne 

pc:: .05 p<.05 pc::.05 
Lysozyme Fucose Golactose Huosamines NANA 

b D Control C:J 30 µ.o/ml Melhocholine 

Fig. I. Mcthacholint: stimulation of s.:crction by tracheal <:xplants 
from six pr.:term n.:wborn infants (a) and four t<:rm n.:wborns (/, ). 
P2/P, is the ratio of secretory rates for the second (test) culture period 
to secretory rates during the first (baseline) secretory period .During the 
test culture period some sets of explants were incubated without addi
tion of methacholin.: to the cultur<: medium (controls). Means and 
standard errors of the means for each secretory product an: graphed. 
Significance of differences between means from control and stimulated 
explants was assessed by the paired /-test. 

tosc ratios of secreted glycoproteins as a function of increasing 
age was not significant. In contrast. the amount of fucosc present 
in mucous glycoprotcin increased significantly between the new
born period and childhood. 

I listochcmical observations of munnis glycoproll'ins in the 
prctcrm and newborn tissues used for culture experiments arc 
recorded in Table 3. Amounts of stored mucous glycoprotcin did 
not vary appreciably with age. Mucus-containing cells character
istically gave an acidic blue or purple staining rL·action with the 
AH (pH 2.:'i)-PAS sequence at all ages. l.css than 10', of the 
gland cells in trachea, of prcterm and full term newborns gave 
the pink staining reaction of neutral glycoprotcins with this stain. 
l.css than :,()'; of cells in all tracheal tissues stained blue or 
purple with AB (pll I .0)-PAS. indicating the presence of sul
fated glycoprntcin. However. full term tracheal glands generally 
had less than 2:;r·;. whereas prctcrm trachcas generally had 
more than 2:;r; of cells which displayed the sulfate staining 
reaction. This distribution of cells containing sulfated glycopro
tein was confirmed by HID-AB and AB-AF staining sequences. 

l.oss of AB staining at pH 2.:'i with prior sialidase treatment 
was more extensive in full term tracheal glands. However. all but 
one prctcrm trachea had at least a small number of gland cells 
with sialidasc-susccptible contents. 

Ciohlet cells of the surface epithelium were sparse in most 
prcterm trachcas. hut when present they had acidic staining 
properties with AB (pH 2.:'i)-PAS and were predominantly sul
fatnl as demonstrated by AB (pll I .0)-PAS. IIID-AB. m AB
AF stains. Goblet cells were more abundant in full term trachcas 
hut displayed the same histochemical properties as thoSL' in 
prctcrm trachcas. 

DISCUSSION 

Our findings suggest that trachcohronchial secretions of in
fants horn before 32 weeks' gestation arc relatively deficient in 
lysozyme for a number of days after birth and that the rate of 

Table 2. Compositional changc.1· of mucous glycoprotein Sl'Crctcd 
hr tracheal c.rplant.1 as ji111ctio11 of age 

Trachea source 

Premature newborns 
Term newborns 

Children (2-X y.:ars) 

:i:,SO.f''l 1-glu- Sialic acid/ga- Funisc/galac-
cosan1inc 1 

(U2 + 0.12 
0.2lJ :c 0.04 

0.2., :c ().JI) 

lactose 

I .OX • 0. I 4 

1.30 :': 0.21 

I .J.'i -~ 0.14 

tosc 

0.1 <J :c O.OJ 

0.2:'i .+c 0.03 
(I' (l.0 I) 

O . .'iO -" ll.OJ 

1 l.aheling exprcssc·d as disintegrations per min incorporated into 
s.:cretnl macromolecules per IO'' dpm of each isotop<: added to cultur<: 
medium. 

Ta hie 3. lli.1tochc111irnl swining pmpatin of tmcheal gland cc/1.1 

No. of tracheas with indicated ''t cells giving 
staining re-action 

Sourc<: and staining 
reaction 1 

Prcterm newborns 
For sulfate (AB 

(pl! 1.0)-PAS) 
For sialidase-sus-

ccptible con-
tents 

hill tc-rm rll.'\\'h(Hl1S 

For sulfate (AB 
(pl! 1.0)-PAS 

For sialidase-sus-
ccptible con-
tenh 

I AB: Alcian blue; 

0-2.'i'; 

3 4 0 () 

h () () 

.'i 2 () () 

-' 2 

PAS: periodic acid-Schiff. 
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