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The passage of Salmonella enteritidis and S. thompson across the cecal mucosa has been visualized in an
electron microscope study with the freshly hatched chick as a model. The uptake of salmonellae by
macrophages took place in the cecal lumen; the macrophages became abnormal and often ruptured to release
organisms back into the lumen. The entry of bacteria into the epithelial cells was associated with a series of
pathological changes, beginning with the appearance of active Golgi apparatus and the production of a variety
of lysosomal vesicles. Salmonellae became sequestered within lysosomes but were unaffected by the presence of
hydrolytic enzyme. Epithelial cell death was related to particularly large numbers of bacteria. Fragments of
invaded epithelial cells, especially those undergoing cell death, contributed to the cytoplasmic debris and
released further salmonellae into the lumen. Bacteria were never observed in large numbers below the
basement membrane, and there was no significant pathology in the lamina propria tissue. Wandering cells,
identified as macrophages and containing the bacteria, were observed spanning the epithelial and lamina
propria regions through breaks in the basement membrane. It is suggested that the passage of bacteria from
the epithelium to the lamina propria is primarily the result of capture and transport within host macrophages.

It has long been known that salmonella enterocolitis is
characterized by the invasion of intestinal mucosa by bacte-
ria, and it is well accepted that the invading organisms can
penetrate the mucosal blood vessels and thereby reach the
blood stream. Whether a fulminant bacteremia follows de-
pends on many factors such as the infecting dose, virulence
of the infecting strain, circumstances allowing it to multiply
to large numbers in the intestinal lumen, and the health,
nutritional, and immune status of the host. Studies on these
and other factors affecting the severity of a salmonella
infection have been reviewed elsewhere (18).
The histological changes occurring during the invasion of

mucosa by salmonellae and the host cellular response have
been observed in humans (4), experimentally infected mon-
keys (6, 14), mice (1, 11), guinea pigs (17), and chickens (20).
One aspect of salmonella enterocolitis, however, that has
received surprisingly little attention is that concerning the
precise events which occur when salmonellae move from the
intestinal lumen to the blood circulation. The entry of
salmonellae into the epithelial cell has been described at the
ultrastructural level (15, 16, 19), but much remains unknown
about this process. Furthermore, very little indeed is known
about the host response in the gut lumen and the patholog-
ical changes in the epithelium and lamina propria. In addi-
tion, how bacteria pass from the epithelium to the lamina
propria appears not to have been described hitherto. This
paper presents the results of an electron microscope study of
these events as they occur in the intestines of freshly
hatched chicks.
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ventive Medicine, Stanford University School of Medicine, Stan-
ford, CA 94305.

t Present address: Vaccine Research and Production Laboratory,
PHLS Centre for Applied Microbiology and Research, Porton
Down, Salisbury, Wiltshire SP4 OJG, United Kingdom.

MATERIALS AND METHODS

Cultures. The strains of Salmonella enteritidis and S.
thompson were the same as those of forerunning studies (19,
20). The S. enteritidis was a routine isolate from poultry
litters and was not associated with flock morbidity; however,
the S. thompson had been associated with unusually high
mortality in a turkey flock (21). In all, 8 birds were examined
after inoculation with S. enteritidis, and 12 were examined
after administration of S. thompson.

Brain heart infusion broth was inoculated with a loop
touched to five or more colonies of an overnight culture
(37°C) of the S. enteritidis or S. thompson strains on
MacConkey agar; the brain heart infusion broth was then
incubated overnight at 37°C and concentrated ca. fivefold by
centrifugation for inoculation of the birds. In later stages of
the work, the MacConkey plate cultures used were those
obtained from plating out loops touched to the cecal con-
tents of one of a previous set of chicks at necropsy. After
such reisolations, the identities of the salmonellae were
checked.

Controls were of three kinds: culture concentrates of S.
thompson boiled for 10 min (four chicks), culture concen-
trates of Escherichia coli K-12 (four chicks), and two unino-
culated chicks.

Birds. White Leghorn chicks from the breeding flock of
the Veterinary Research Institute, Onderstepoort, South
Africa, were used. The flock was certified clean with respect
to salmonella, mycoplasma, and Newcastle disease and had
been vaccinated against avian pox and fed antibiotic-free
feed, although a coccidiostat was included. Eggs were
received at week 2 of incubation, washed with sterile dis-
tilled water, and hatched in sterilized boxes.
The chicks were inoculated within 24 h of hatching.

Before inoculation, cloacal contents were expressed onto
sterile swabs by applying pressure on the abdomen; the
swabs were plated onto MacConkey agar and then placed in
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FIG. 1. Cecal lumen showing the association of macrophages (MA) with large numbers of salmonellae (S) which can be seen in the process
of entering one of them (solid arrow). The macrophages are highly abnormal and contain residual material (RM). Large amounts of cellular
debris (D) result from the degeneration and rupture of these cells. Note the salmonellae associated with cavities in the epithelial cell surface
(open arrow) at bottom right. Bar = 5 j±m.

brain heart infusion broth. The plates and broths were
incubated overnight at 37°C. The samples in which growth
was present in the brain heart infusion broth (only 2 of all 32
birds) were plated onto MacConkey agar plates which were
again incubated overnight at 37°C and examined for the
presence of nonlactose fermenters.

Inoculation procedure. Each chick was anesthetized by
intraperitoneal injection of 0.3 to 0.4 ml of a 6 mg/ml solution
of sodium pentobarbitone (Sagatal; May & Baker). The fluff
on the abdomen was moistened with 75% ethanol, and an
incision was made with a scalpel along the abdominal
midline. The yolk sac was removed, and ligations were made
above and below the ileocecal junction as described previ-
ously (19). Approximately 0.05 ml of the culture concentrate
(+ 109 bacteria) was injected. The abdomen was closed by
suture, and the chick was held for 12 to 14 h at 37°C, after
which it was killed by cervical dislocation.

Histology and transmission electron microscopy. The inoc-
ulated ileocecal region was transferred to a petri dish con-
taining cold 3% glutaraldehyde in 0.1 M phosphate buffer.
Sections were cut from proximal, middle, and distal regions
of each cecal arm and from the ileum just above the ileocecal
junction. Pieces, ca. 0.5 cm long, for light microscopy were
placed in 10% formol-saline, fixed for 48 h, and paraffin
embedded. Slices ofcecum for transmission electron micros-
copy were taken from either side of the light microscope
pieces and fixed in fresh 3% glutaraldehyde for 1 h at 4°C.

They were then held overnight in 0.1 M phosphate buffer
(pH 7.4), postfixed in 1% osmium tetroxide for 1 h, dehy-
drated in ethanol, and embedded in araldite. Only cecal or
ileal regions adjacent to those exhibiting an obviously high
degree of salmonella invasion in Giemsa-stained, paraffin-
embedded sections were processed for transmission electron
microscopy. Ultrathin sections were mounted on Formvar-
coated 200-mesh copper grids, stained with uranyl acetate
and lead citrate, and examined in a JEOL 100S electron
microscope.

Cytochemistry. Tissue to be examined for the localization
of acid phosphatase was fixed in 3% glutaraldehyde in 0.2 M
cacodylate buffer (pH 7.2) at 4°C for 1 h and was then
washed overnight in cacodylate buffer. Tissue slices were
rinsed briefly in 0.1 M acetate buffer (pH 4.8) and then
incubated for 30 min in medium containing 10 mM sodium
glycerophosphate in 0.1 M acetate buffer (pH 4.8), with 2.64
mM lead acetate as the coupler (9). Control slices were
incubated in the absence of substrate or in the presence of 10
mM NaF. After incubation, the tissue was rinsed in cacodyl-
ate buffer, postfixed in 1% cacodylate-buffered osmium
tetroxide, and embedded as above. Sections were then
examined with and without counter staining.

RESULTS
Culture. As judged by the results of the culture of cloacal

contents, the intestines of all but 2 of the 35 chicks used in
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FIG. 2. A. Region of the cecal epithelium illustrating the varying extents to which cells are affected by salmonellae. The cell at the top
contains none, whereas the electron-dense dead cell (DC) contains many. In the intervening cells, some bacteria are clearly membrane-bound
(curved arrows), although others lie freely within the cytoplasm (open arrows). Note the presence of Golgi complexes (G), multivesicular
bodies (MV), lysosome-like bodies (L), and small membrane-bound vesicles (SV). Bar = 5 ,um. B. A higher magnification of the boxed area;
the bacterium does not appear to be completely membrane bound, and there is continuity between the space surrounding it and the interior
of two small vesicles. Note the closely associated Golgi apparatus. Bar = 0.5 p.m.

the study were effectively sterile before inoculation; non-lac-
tose-fermenting, gram-negative bacilli were not found in the
2 which gave positive growth.

Invasion rate. Of all 20 chicks inoculated with viable
salmonellae (either S. enteritidis or S. thompson), in only
two were no salmonellae and no invasion seen in the
preliminary Giemsa screening. These were regarded as in-
oculation failures. The extent of invasion visible in the
remainder of inoculated samples varied quite considerably,
and in any one bird, invasive activity was more marked in
one or two regions than in others. Most of the specimens
taken to the point of electron microscope examination
originated from the middle to distal portions of the ceca, but
it was not uncommon to find extensive salmonella activity in
one cecal arm but very little or none in the other.

Activity was not evenly distributed throughout the mucosa
in a given region but tended to be concentrated in one or a

small group of villi. At the electron microscope level, it was
even noted that one epithelial cell might be severely affected
by the presence of bacteria, whereas adjacent cells appar-

ently contained none.
Normal epithelial cell. The cecal mucosa in 1-day-old

chicks showed typical villi lined by an epithelium with a

heterogeneous cell population dominated by undifferentiated
absorptive cells. Other cells contributing to the epithelium

were goblet cells, heterophils, and neuroendocrine cells.
Most of the salmonellae which entered the epithelium were
found within the absorptive cells.
The lumen. Regions of salmonella invasive activity were

almost always associated with large numbers of bacteria in
the lumen. The uptake of salmonellae into macrophages
(Fig. 1) was observed, but the sequestered organisms re-
mained structurally normal and were not always membrane
bound. Many of the macrophages showed severe abnormal-
ities such as increased electron density, vacuolization, and
the presence of residual material. The rupture of these cells
released bacteria back into the lumen and gave rise to
considerable amounts of cytoplasmic debris.

Entry into epithelial cells. The entry of salmonellae into the
epithelial cell cytoplasm has been described before (19). The
process was usually associated with the production of evagi-
nations of the apical cell surface and appears to resemble
endocytosis (Fig. 2A).

In control chicks inoculated with either E. coli K-12
prepared in the same manner as the Salmonella strains or
boiled S. thompson, bacteria were not seen in tissue sec-
tions, and the mucosae of these birds were ultrastructurally
identical to those of uninoculated chicks.

Pathology of the epithelial cells. The passage of salmonellae
into the epithelial cells was associated with many morpho-

INFECT. IMMUN.

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/i

ai
 o

n 
22

 M
ay

 2
02

3 
by

 3
.2

37
.2

4.
64

.



SALMONELLA INVASION OF CHICK INTESTINE 789

bacteria were seen extensively throughout these cells which
were also clearly dying and in which the cytoplasm was no

wg>;6%t4 ,!1js jl 6s ,j>S ei,j,; e*,longer visible. Autophagic vacuoles were present, and the
V X}I?,;i;>9<r t ,1t 4a b;;nucleiof such cells were pyknotic. Microvilli along the brush

c,;I"i;k,li _ border were reduced in number, and the terminal web was in
vaios taes of disruption.

ak ."NIi'f'Sbt-Et Passage across the basement membrane. Salmonellae could
=:v: only be found in relatively small numbers in the lamina

n , i4'.gjej'ti;tt#,propria, even when they were very numerous in the epithe-
f li~~~~um and caused extensive morphological changes there.

Although observations of bacteria clearly in transit across
4 the basement membrane were not frequent, there were

indications of two possible modes of passage. In the first
instance, bacterial cells were seen lying free within an
extracellular space traversing a break in the basement mem-
brane (Fig. 5A). In all other cases, the apparent transit from
the epithelium to the lamina propria was within host cells

A (Fig. 5B and 6A).
In one observation, a complex of cells which was difficult

to identify with certainty appeared to be involved in the:?I' _ ¢passage of bacteria to the lamina propria (Fig. SB). Usually,
-7;f; only a single cell was involved (Fig. 6A). Here, a cell more
4 i etF75. eclearly identified as a macrophage was observed traversing a

break in the basement membrane; the cell was packed with
bacteria lying free in the cytoplasm.

Salmonellae within the lamina propria. Salmonellae within
sI ;,'the lamina propria were almost always intracellular in cells

identified as macrophages (Fig. 6B); the organisms were not
'<,<**--*%i,_dCX ^:: always sequestered within membrane-bound vesicles.

Observations of the bacteria within the lamina propria
blood vessels were made but were rare; however, bacteria
were seen both extracellularly in the lumen and intracellu-

FIG. 3. Electron-dense reaction product for acid phosphatase larly within macrophages.
(arrows) within membrane-bound vesicles and on the surface of
contained salmonellae confirming that the vesicles are lysosomes.
Section stained with uranyl acetate only. Bar = 1 pum.
logical changes, the severity of which could generally be .;' .'; ...
related to the numbers of organisms present.
The cytoplasm subjacent to regions of bacterial entry was

frequently packed with small membrane-bound vesicles (Fig.
2A), and in the cytoplasm below, active Golgi complexes
were common. At all levels within the absorptive cells,
individual bacteria and groups of a few to many bacterial
cells occurred in membrane-bound vesicles and lying free
within the cytoplasm. When free within the cytoplasm, AnA
individual organisms were often surrounded by an electron-
lucent halo. The fusion of small membrane-bound vesicles -i/',
with membranes sequestering bacterial cells was apparent :-,
(Fig. 2B).

In the tissue processed for the demonstration of acid
phosphatase, the electron-dense reaction product was rarely "I
seen in vesicles which contained bacteria and occurred just
below the apical cell surface. However, in subjacent regions,lysosomes were identified by the presence of the reaction
product which was also commonly seen on the surface of
sequestered bacteria (Fig. 3).
Although wholesale destruction of absorptive cells was

never seen, there was evidence of cell death in a number of
cases (Fig. 2A and 4). The cytoplasm of dying cells was
usually very electron dense, and microvilli were absent
(Fig.2A). The breakdown of apical surfaces apparently gives
rise to the release of salmonellae rather than their uptake.
Necrotic cytoplasmic fragments of these epithelial cells FIG. 4. Electron-lucent cytoplasm of epithelial cells, containing
containing large numbers of bacteria were observed in the large numbers of salmonellae. Note the poorly retained brush
cecal lumen. Some absorptive cells containing many bacte- border and terminal web, pyknotic nuclei (PN), autophagic vacuoles
ria were electron lucent and highly abnormal (Fig. 4). The (AV), and disorganized membranes (DM). Bar = 5 p.m.
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FIG. 5. A. Salmonellae lying in an extracellular space which passes across a break (curved arrows) in the basement membrane (BM). Note
other salmonellae within membrane-bound vesicles in the epithelial cells (EP). Bar = 2 .Lm. B. A complex of cells, some containing
salmonellae, spanning the epithelium (EP) and lamina propria (LP) through a break in the basement membrane (BM). Bar = 5 lim.

DISCUSSION

The principal advantage to using the newly hatched chick
as a model for the study of salmonella enteritis is that, if care
is taken, the animal is essentially gnotobiotic for the first 24
h after hatching.
Although the strain of S. enteritidis used in this study had

been associated with no flock morbidity in the field and the
S. thompson had been responsible for "unusually high"
mortality, the effects of these two strains in the model
described here were apparently indistinguishable. This bears
out previous findings (20). Comparative virulence tests as
such have not been done on these two strains, but it can be
inferred that any natural differences in virulence that these
strains possess must lie in factors or events occurring before
the organisms reach the ileocecal lumen or multiply to high
numbers there. Such factors may be susceptibility to acids
and enzymes or other secretions in the crop, gizzard, and
proventriculus of fowl or relative abilities of various salmo-
nella strains to multiply in the ileocecal regions. Alterna-
tively, the isolation histories may reflect environmental
circumstances or relative resistances of some nature in the
associated flocks.

Passaged strains were used at one point; although system-
atic studies on the effect of passage were not carried out, it
was not considered that passaged strains entered the mucosa
to a greater extent than did inocula derived directly from
freeze-dried cultures that had not been revived for several
years. The specificity of the observations for the viable
Salmonella species was confirmed by the E. coli K-12 and
boiled S. thompson culture controls; the mucosae of the

chicks inoculated with these were ultrastructurally identical
to those of uninoculated chicks. A similar pathology to those
obtained with viable salmonellae might, of course, result
from inoculation with other bacterial species that may be
capable of entering the avian mucosa; it is possible, for
example, that there are enteroinvasive E. coli which can do
this.

Little appears to be known about the entry of invasive
bacteria into mammalian cells. In an in vitro study on the
internalization of S. typhimurium into HeLa cells (10), it was
found that uptake involved an energy-dependent process on
the part of the HeLa cell; it was concluded that the S.
typhimurium were taken in by a process similar to phago-
cytosis. The interaction between bacteria and the mucosa is
very complex and involves many factors, including viru-
lence factors which enable the bacteria to penetrate the
mucus gel covering the mucosal surface, adhere to the
epithelial cell surfaces, multiply, and (where appropriate)
enter the epithelial cells (5). Presumably, boiled salmonellae
in our experiments were not found within the mucosa
because of the loss of one or more of the necessary virulence
factors. It remains to be clarified, however, what it is about
salmonellae, shigellae, and enteroinvasive E. coli that leads
to their entry into epithelial cells when other members of the
Enterobacteriaceae lack this capability.

Clearly, the macrophages in the lumen are not capable of
eliciting an effective response against salmonellae. It is,
nevertheless, interesting to speculate on their origin and the
nature of this response. The gut-associated-lymphoid tissue
of the chicken includes Peyer's patches, widely scattered
throughout the intestine (2), and the cecal tonsils which
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SALMONELLA INVASION OF CHICK INTESTINE 791

MDA-1,''

FIG. 6. A. A host macrophage containing a large number of salmonellae extending from the epithelium (EP) into the lamina propria (LP).
Curved arrows indicate the break in the basement membrane. Note the endothelium (BCE) and lumen (BCL) of a blood capillary. Bar = 5
plm. B. Salmonellae within a lamina propria macrophage. Part of the cytoplasm has become vacuolated (V). BM, Basement membrane; EP,
cecal epithelium. Bar = 2 p.m.

occur in the proximal region of each ceca (8, 12); the
possible involvement of gut-associated lymphoid tissue in
the present study was not investigated. Although it is clear
that cecal tonsils act as secondary lymphoid tissue (3), they
may not be functional in such young birds as used here.
However, the ontogeny of the cecal tonsils and their possi-
ble involvement in responses to gastrointestinal infections
are subjects which form the basis of further investigations.

It is not easily explained why the penetration of epithelial
cells was not uniform around the mucosa, and that consid-
erable contrast could often be seen in the degree to which
adjacent epithelial cells might be affected. Possibly, adjacent
epithelial cells have different surface properties, or the
phenomenon may be related to the chance attachment of a
salmonella strain which divides and produces a microcolony
at that site. Uneven invasive activity in the mucosa has also
been noted by Giannella et al. (7), who stated that "invasion
is not a uniform process; although sheets of salmonellae are
seen in the lumen, only a few villi (less than 5%) appear
invaded." They suggested that the host neutrophil response
may play a part in determining where invasive activity
occurs. There was little by which to associate invasive
activity and the avian equivalent of the neutrophil (the
heterophil) in our ultrastructural observations.
The morphological changes observed in the epithelial cells

were largely associated with the appearance of active Golgi
complexes and the production of a variety of membrane-
bound vesicles, including lysosomes. The cytochemical test
for acid phosphatase confirmed that the bacteria become
sequestered within secondary lysosomes. The reaction prod-
uct was rarely found in the interior of endocytic vacuoles.
This suggests that the salmonellae induce a classic response
by the epithelial cells, namely, uptake into endocytic vacuo-
les, the production of lysosomes, and the fusion of such
lysosomes with the endocytic vacuoles. Despite the pres-
ence of hydrolytic enzyme within the lysosomes, the seques-
tered bacteria were always structurally normal and therefore

remained apparently unaffected. In many cases, salmonellae
were not sequestered within such vesicles but occurred free
in the cell cytoplasm, thereby causing local pathological
damage. Indeed, as cell death was observed on a number of
occasions, it is possible that the less serious morphological
changes observed represent a pathological response to the
presence of the organisms rather than an intracellular de-
fense response per se.

It is very interesting that whereas salmonellae could be
present in very large numbers within the epithelium, often
causing considerable damage, they were seen in small num-
bers or not at all within the lamina propria. Internal dissem-
ination beyond the epithelium is, therefore, the fate of a very
small proportion of the invading organisms. To our knowl-
edge, observations of salmonellae crossing the basement
membrane have not been made before. The evidence we
have so far suggests two possible modes of transit. Obser-
vations of bacterial cells lying in extracellular spaces asso-
ciated with breaks in the basement membrane suggest that
they may be capable of direct enzymatic breakdown of the
basement membrane collagen matrix. It is not yet known,
however, whether these organisms produce the required
collagenase, and the possibility that host cells are responsi-
ble for such break-down cannot be eliminated at this stage.
Other more frequent observations indicate that salmonel-

lae are carried from the epithelium to the lamina propria
within host cells, some of which have been identified as
macrophages. How the bacteria gain entry into these cells is
unknown, but it is possible that, in response to their pres-
ence, activated lamina propria macrophages pass through
the basement membrane and capture salmonellae from the
epithelium. Such a process has been described for the
capture of Giardia muris from Peyer's patch epithelium in
mice (13). In that study, there was clear evidence that the
parasites were digested within such cells, whereas in the
present study the macrophages were frequently observed to
contain large numbers of apparently normal bacteria. In fact,
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792 POPIEL AND TURNBULL

the macrophages themselves sometimes showed signs of
abnormality, indicating that both replication and cytotoxic
effects of internalized salmonellae may not be effectively
inhibited. Macrophages in the lamina propria containing
salmonellae and exhibiting structural abnormalities were
also observed. It would appear, therefore, that the cellular
response is not an effective one. It can be speculated that the
salmonellae gain access to the lymphatic and blood circula-
tions within host macrophages, but this has yet to be
confirmed.
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