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mental evidence presented here demonstrating the ciliotoxic 
effect in the chicken tracheal organ culture system of three out of 
the four mucolytic agents tested. 

CONCLUSION 

Two nasal decongestants and four mucolytic agents were 
tested on the cilia of chicken tracheal on.:an cultures. Of all drugs 
tested only pancreatic dornase showCLI no ciliotoxicity. In tl;e 
light of these results the use of the two nasal decongestants 
should be discouraged until further toxicity studies can be car
ried out in organ culture systems or in 1·i1·0. If the use of a 
mucolytic agents is felt to be necessary. pancreatic dornase 
should be the drug of choice. 
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SummaQ· 

A rat model of nccrotizing cntcrocolitis of the neonate in 
which maternal milk had been protcctiw was studied to deter
mine what components of the milk afforded protection and hJ 
what mechanism. Frozen and thawed rat milk was not protcc
th·c, but formula supplemented with rat milk cells was. It was 
concluded that the cells provided protection. The cells, which 
arc principal!)' mononuclear phagoc)tcs, can phagoc)·tizc and 
kill the Klebsiella p11e11mo11iae strain used in the animal model. 
Animals with nccrotizing cntcrolitis had peritonitis and bactcrc
mia caused h)' this bacillus. 

Speculation 

:\Jilk mononuclear phagoQtcs ma)· t>rotcct the neonatal rat 
from entcrocolitis bl their antibacterial and wound-healing ac
th·itics or h)' their abilit)· to enhance the neonatal immune 

response. The etiologic role of bacteria in this disease, not 
prown in these experiments, must he determined b)· experi
ments in gcrmfrcc rats. 

Breast milk affords the neonatal animal protection against 
microbial infections (6-8, I.+), Specific immunity has been at
tributed to antibodies ( 13). Additionally, antimicrobial activity 
of milk has been shown to r•:sidc in lactofcrrin, Escherichia coli, 
lysozymc, and Iactoperoxidase. Lactoferrin is bacteriostatic 
against E. coli (5) and Candida al/Jicans ( I 0), lysozymc is bacte
ricidal against certain gram-positive organisms and may enhance 
complement-mediated bactcrialysis of gram-negative bacteria 
(9), and lactopcroxidasc is found in milk with hydrogen peroxide 
and halide and can kill bacteria ( I I). I 11 addition, the high 
lactose, low protein. and low phosphate content of milk provides 
a poorly buffered medium which may discourage outgrowth of 
certain microorganisms. 
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\Ve have previously reported that in a model of cntcrocolitis 
induced in newborn Sprague-Dawley rats, maternal milk was 
found to be protective. A nutritionally similar artificial formula 
failed to protect the rats which developed neonatal necrotizing 
enterocolitis and had high levels of fecal Klebsiclla and positive 
peritoneal and/or blood cul tu res (2). This model provided an 
opportunity to analyze the protective components of milk. They 
were tested for their in l'il'o protective activity and the kinetics of 
their bactericidal activity was studied in 1·itro. 

MATERIALS AND METHODS 

The strain of K. rmcu11wniae used in these experiments w;.s 
isolated originally from the normal flora of an infant in the 
intcstivc care nursery. It was a rough, scru111-scnsitivc strain . 
The organism was stored on Trypticase soy agar (TSA) (24) and 
was prepared by inoculation of IO cc Trypticase soy broth (TSB) 
(24) with three colonies of the Klebsiclla and incubation in a 
shaking waterbath overnight at 37°. Appropriate dilutions of the 
overnight culture were used as inocula in the various experi
ments; they were 111casurcd by colony counts of serial I 0-fold 
dilutions on TSA which were read after 24 hr . 

A NIMAL EXPERIMENTS 

Only litters of Sprague-Dawley rats (25) whose births were 
witnessed were used, because they could be removed from their 
mothers before feeding. Generally, in each litter, five of these 
newborn rats were removed fro111 their mothe r to be fostered bv 
a nonlactating fe111alc rat. The fostering promoted gastric anj 
bladder emptying and provided warmth ( 15) . The remaining rats 
were left in their mother and used as controls in feeding proto
col. The fostered rats were hand fed by various defined diet s: 
two of the five in each group received artificial for111ula to serve 
as additional controls. because this group uniformly developed 
neonatal nccrotizing entcrocolitis in our previous study (2) . 

EXl'ERIXIENTAL PROTOCOL 

Nccrotizing ~·nterocolitis was produced in the for111ula-fcd rats 
as previously described (2). Briefly, all ani111als were exposed to 
daily hypoxia by placement in a plastic bag for 3-5 min until 
their mucous membranes were cyanotic. They were colonized by 
2-5 x IO" K . pnc111noniac organisms by oral feeding each day . 
Such colonization was previously shown to be unnecessary for 
production of the disease (2), but use of a known organism as a 
marker allowed for more precise evaluation of the pathogenesis 
of the disease . 

FEEDING PROTOCOLS 

Artificial For111ula. The artificial formula was made of 15 g 
Similac PM 60/40 (26) made up to a final volume of 75 ml with 
liquid EsBlLAC ·(27). Rats fed this formula maintained near 
normal growth rates for I week (2). The for111ula was prepared 
aseptically and s tored at - 20°. 

Fro::,c11 Rat Milk. Frozen rat milk was obtained by manual 
expression from lactating rats separated from their young for 6-
12 hr and trcak·d with 2 units oxytocin i .p. (28). Two to 5 1111 
milk were regularly obtained by this technique. The milk was 
stored at -20° for no more than 36 hr. 

LEUKOCYTE PREl'ARATI0:--1S 

Leukocyte preparations were handled with plastic or silicon
izcd glass pipettes and tubes to prevent loss of cells by adhesion. 

Rat Milk Leukocytes. These were isolated by differential cen
trifugation . Milk was obtained either by manual expression or 
lactating rats as above. or by collection of the gastric contents of 
week-old rats just after feeding . In the latter case the soft milk 
dot was dispersed in IO volumes I Ian ks' basic salt solution 
(HUSS), mixed. strained through 115-guagc 111esh, and centri-

f ugcd at 400 x g. After the cream layer was removed. the 
supernatant was decanted and the pellet resuspended in 10 
volumes 1-!BSS and the washing was repeated. The method for 
manual expression of milk was essentially the same except that 
dispersion by strainer and vortexing were omitted. 

Rat l'aito11rnl Ll'llkontcs. These were harvested from adult 
rats killed by ether anesthesia 4 days after an intraperitoneal 
injection of 20 cc sterile I .5% sodium cascinatc in 0 .9% saline 
solution (24). The peritoneum was washed with 20 cc 1-!BSS and 
the abdomen massaged . The peritonea l cavity was opened and 
the washings aspirated , centrifuged at 200 x g. and handled as 
the blond leukocytes below. 

Rat Blood Leukocytes. Rat blood leukocytes were obtained 
from whole blood collected by cardiac puncture of ether anes
thetized adult rats . The blood was collected in a heparinizcd 
syringe to which 0 .5 volume 5 % 250,000 molecular weight 
dcxtran (29) in normal saline was added . The blood was allowed 
to sediment at I G at room temperature for 20 min. The 
leukocyte-rich supernatant was removed and centrifuged at 200 
G at room temperature for 5 min, and washed twice with f-lBSS. 

All of the leukocyte preparations were adjusted to a concen
tration of I CF leukocytes/cc in 1-!BSS by counting the cells in a 
Neubauer counting chamber and then suitably diluting for use in 
the experiments. Smears stained by \Vright 's solution were pre
pared for differential counts. 

IN VITRO STUDI ES OF LEUKOCYTE FUNCTION 

One-tenth milliliter of the various leukocyte preparations was 
added to 0.8 ml of previously frozen rat milk or formula brought 
to room temperature . Tn this mixture 0 . 1 ml of the overnight 
culture of Klcbsiella adjusted to a concentration of 0.9-2 x 10"/ 
ml was added. The appropriate concentration was se lected by 
the turbidity of a I: IO dilution of the culture which had been 
adjusted to OD I 00 on a Klett colorimeter at 600 mm . The 
actual bacterial count was determined by plating of serial I 0-fold 
dilutions of the inoculum on blood agar. Since log phase cultures 
planted on EMB or MacConkcy agar usually had a plating 
efficiency of 50-70% of that on blood agar and since growth was 
possible during the subsequent incuba tions and thus the orga
nism might be in log phase. blood agar was used for all the viable 
counts . 

The number of bacteria in these mixtures was determined by 
plating of serial dilutions or the inoculum on blood agar. The 
mixtures were placed in 12 x 75 111111 polypropylene tubes (30) 
and incubated in a 37° warm room on a rotator (31) at 12 RPM . 
One-tenth-milliliter sa111plcs of the mixtures were taken at I, 2, 
and 4 hr and the number of viable bacteria determined. The 
serial I 0-fold dilutions were made in sterile distilled water and 
leukocytes disrupted by vortexing the samples for Ml sec. In 
subsequent experiments determination of the adequacy of this 
method resolved that more complete disruption of cells was 
achieved by IO sec of ultrasonication of the cells. This treatment 
did not lower the colony count of a suspension of Klebsiclla. 
After 2 hr of incubation. slides were prepared and stained with 
I% methylene blue in order to enumerate intracellular and 
extracellular bacteria. 

IN VIVO STUDI ES OF LE U KOCYTE FUNCTIONS 

Newborn rats. given an oral dose of 2-5 x I ()7 Klebsiclla 
suspended in (J.05 ml 1-!BSS were either breastfed by their 
mothers or received food by nasogastric silicone catheter (:,2) 
0.76 mm in diameter cut down to 2 cm length and attached to a I 
cc tuberculin syringe. 

STATISTIC AL l\1ETI !ODS 

Because of the small size of some of the samples, I' values 
were determined directly by the Fisher exact test. 
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RESULTS 

ANI~1AL EXPERI~IENTS 

In order to determine the components of rat milk that af
forded protection to the newborn animal, litters were split in 
three groups: some fed normally (positive control), some by 
artificial formula (negative control), and some by the experi
mental mixture. It was determined that frozen rat milk was not 
protective (90% mortality). When milk leukocytes were added 
to the frozen preparation all of five rats were protected. Four of 
5 were protected when peritoneal cells were added to frozen 
milk, and 21 of 26 were protected when leukocytes of various 
sources were added to formula. The results of these experiments 
arc summarized in Table 1. 

l:V VITRO STUDIES 

Frozen rat milk was bactcriostatic to the test Klcbsiclla orga
nism. The formula supported growth of the bacterium. Leuko
cytes from various sources with formula or frozen rat milk 
resulted in killing of the bacterium (Fig. I). The bactericidal 

Table 1. Feeding a11d 11ecrotizi11g e11terocolitis (NEC) 111ort11lity 

NEC mortality 

Fresh rat milk 
Frozen rat milk 

Feeding 

Frozen rat milk + milk leukocytes 
Frozen rat milk + peritoneal leukocytes 
Formula 
Formula + milk leukocytes 
Formula + peritoneal leukocytes 
Formula + blood leukocytes 

1 Comparison with frozen milk. 
2 Comparison with formula. 

--· /. 

Dead/ 
total p 

0/40 
9/10 
0/5 <0.002 1 

1/5 <0.02 1 

30/30 
1/5 <0.001 2 

2/11 <0.001 2 

2/ 10 <0.001 2 
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activity was not observed in stationary tubes; thus it appeared 
that killing required tumbling of the incubating tubes. In all the 
smears of 2-hr incubations examined, however, less than 50% of 
the bacteria were cell associated, suggesting that killing was 
partially extracellular but was apparently stimulated by the aera
tion and/or leukocyte-particle contact caused by rotation of the 
incubation tubes (Table 2). 

The cellular composition of the population of leukocytes is 
listed in T.,blc 3. Mononuclear phagocytes were differentiated 
from lymphocytes by their phagocytic uptake of 0.1 % neutral 
red. In contrast, dead cells took up stain in a diffuse fashion. 

Milk leukocytes were obtained from the stomach and upper 
gut of rats up to 6 days of age (20) and observed under phase 
contract microscopy after 30 min of incubation with O. I '7o neu
tral red. During the initial I 0-15 min the dye remained localized 
in phagosomcs but subsequently, while still under direct visualiz
ation, the stain became diffuse, indicating death of the cell. 

DISCUSSION 

In nctrnatal rat cnh:rocolitis the protective action of rat milk 
appears to depend largely on the leukocytes. This can be con
cluded from the observations that frozen and thawed milk failed 
to be protective and that its protective activity could be restored 
by leukocytes from various sources. 

The possibility that it is the bactericidal activity of the leuko
cytes that protects is raised by the bactericidal activity of the 
various milk-leukocyte mixtures. Bacterial killing is not exclu
sively intracellular, but seems to require motion of the incuba
tion mixture, suggesting a dependence on aeration, leukocyte
particle contact, or both. The phagocytoscd particles may be 
bacteria or fat droplets. Liposomc contents may he oxidized into 
bactericidal aldchydcs. The peritoneal and blood phagocytes 
incorporate lipid droplets during incubation; milk leukocytes 
washed of milk and maintained in tissue culture lose these 
rcfractilc inclusions ( 17). 

In general, the leukocytes were more actively bactericidal in 
rat milk than in formula. The reason for this has not been 
evaluated, but docs not appear to depend on enhancement of 

10" 
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Fig. 1. Ability of milk preparations with and without leukocytes to kill Klcbsiella. Each point represents the mean of two experiments with tripli
cate samples. The four graphs represent killing curves of preparations of varying milks with either no added leukocytes (upper left quadrant) or 
leukocytes of the variety labeled. The composition of these cell populations is listed in Table 3. 
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Table 2. Percentage of cell-associated Klcbsiella ajicr 2 hr of 
i11rnb11tio11 (200 bacteria counted) 

Milk leukocytes and frozen rat milk 
Peripheral blood leukocytes and formula 
Peritoneal leukocytes and formula 
Peritoneal leukocytes and frozen rat milk 

26 ± 
22 ± 
27 ± 
32 ± 

Table 3. Composition of cell populations 1 

Mononu- Polymorpho-

8 
12 
5 
7 

clear phago- nuclear Lympho-
cytcs phagocytes cytes 

Milk leukocytes 80-92 1-10 5-16 
Peripheral blood 6-13 71-87 7-17 

leukocytes 
P.::ritoneal leukocytes 84-92 0-11 5-14 

1 One hundred cells were counted in eight samples of each prepara
tion. 

phagocytosis by opsonins in milk. because not all the killed 
bacteria arc phagocytoscd. 

At least some of the leukocytes ingested remain viable in the 
upper gastrointestinal tract of the rat up to I week. It is possible 
that they continue to be active at that site. 

It should be noted further that the bactericidal activity of these 
cells appeared greater than that of monocytcs previously studied 
by others ( 19). This cannot be attributed to any uniqueness of 
milk mononuclear phagocytes because peritoneal mononuclear 
phagocytes in milk were also very active. The enhanced activity 
may however be due to species differences, or to uniqueness of 
the suspending medium. The latter could encompass such possi
bilities as the "curtly" nature of milk supporting surface phago
cytosis (23). the high content of unsaturated fatty acids provid
ing substrate for oxidative production of malonyaldchydc (21 ), 
the triglycerides enhancing monocytic phagocytosis (22). or of 
the synthesis by these cells of complement components ( 16). 

These studies do, however, offer evidence that leukocytes in 
milk provide passive protection at the gut barrier against sys
temic bacterial invasion. Other invcsticators have documented 
the role of milk leukocytes in the passive transfer of allogcncic 
sensitivity (3). Our experiments suggest that in the gut, the 
monocytic phagocytes in milk mediate protection against cntcro
colitis and sepsis. Immunologic competence, transferred to neo
natal animals by passive transfer of adult mononuclear phago
cytes (I, 4). may have a natural counterpart in milk feedings. 

These results arc consistent with a postulated pathogcnctic 
role for bacteria in neonatal cntcrocolitis and a bactericidal 
mechanism of protection by leukocytes from this disorder. Nei
ther of these hypotheses has been proven. Previous (2) and 
subsequent studies indicate that the disease can develop without 
intentional colonization but is always accompanied by gram
negative cntcric overgrowth in the intestine. Studies arc under
way in gcrmfrcc rats to determine the role of bacteria in this 
disease. The mononuclear phagocyte has been shown to have a 
role in wound healing ( 12). This could provide an alternative 
mechanism of protection by these cells. Unpublished studies 
( 18) provide evidence that the leukocytes modify the cntcric 
flora both under normal conditions and those of hypoxia but do 
not rule out the possibility that there arc more indirect effects of 
the cells on the resident bacteria. 

These findings cannot be directly extrapolated to man. The 
newborn rat is immunologically far more immature than the 
newborn infant. Furthermore, at least in regard to humoral 
immunity, the rat is more dependent on milk feeding than is 
man. Ingested antibodies and other proteins arc readily found in 
the systemic circulation of the suckling rat, a condition not seen 
in man. Therefore, careful prospective studies in man will be 
required to determine whether these observations in rats arc 
germane at all to the human. 

Copyright <D 1977 International Pediatric Research Foundation, Inc. 

CONCLUSION 

Rat milk leukocytes protect newborn rats from experimental 
bacterial nccrotizing cntcrocolitis. These cells can also phagocy
tize and kill the bacteria in vitro. The bactericidal activity is not 
entirely intracellular. 

The data do not establish the fact that the bactericidal activity 
of the leukocytes is the prime mechanism of production against 
enterocolitis in the rat. It is possible that some indirect influence 
of these leukocytes on the immune responses of the neonatal rat 
are key to the protection. No valid conclusions may be drawn 
from these animal studies that would automatically apply to 
man. Careful prospective human studies arc required before any 
extrapolation may be made. 
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