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Summary. In human  duodenal  mucosa Paneth cells origi- 
nate away from the base of crypts and migrate towards 
the base during maturat ion.  The earliest cells in the Paneth 
cell lineage could be identified by labelling of lysozyme in 
the Golgi apparatus. Specific labelling for lysozyme was 
present in the rough endoplasmic reticulum, Golgi appara- 
tus, condensing vacuoles, granules and many lysosomes of 
mature Paneth cells. The matura t ion  of the Paneth cell is 
accompanied by an increase in the content of lysozyme 
in the secretory granules and with senescence lysozyme dif- 
fuses into the cytoplasm. 

Introduction 

Paneth cells are pyramidal  cells containing large secretory 
granules found primarily at the base of the crypts of Lieber- 
khun in the small intestine. Even though they were first 
described over a hundred years ago their function is still 
not  known (Sandow and Whitehead 1979; Trier and Ma- 
dara 1981). It has been suggested, that Paneth cell secretions 
may have a trophic action on the mucosa (Creamer 1967). 
More recently, based on the observation that they contain 
the antibacterial enzyme lysozyme and immunoglobul ins  
(Rodning et al. 1976), and the changes in Paneth cell popu- 
lation in response to the intestinal luminal  environment  
(Elmes et al. 1984) a role in protecting the intestine against 
infection has been suggested. In the mouse small intestine, 
Paneth cells originate not  in the base, but  higher in the 
crypts, from where they migrate to the crypt base (Bjerknes 
and Cheng 1981). It is therefore likely that evidence sup- 
porting their function might be found by a study of the 
acquisition and subcellular localization of lysozyme and im- 
munoglobul ins  in relation to the manner  in which Paneth 
cells are generated, come to occupy the base of the crypt 
and secrete their granules. The results of such an immuno-  
electronmicroscopic study in humans,  using protein A la- 
belled with colloidal gold as a marker is reported here. 

Materials and methods 

Duodenal mucosal biopsies were obtained at upper gastrointestinal 
endoscopy from ten patients who had a history of dyspepsia. At 
endoscopy and by light microscopy the mucosa of both the pylorus 
and the duodenum was found to be normal. The tissue for electron- 
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microscopic and immunocytochemical studies was immediately 
fixed, processed and examined in a Phillips EM 201 electronmicro- 
scope. 

Tissue processing. Biopsies for morphologic studies were fixed with 
2.5% glutaraldehyde in 0.t M cacodylate buffer, pH 7.4, for 1 h 
at room temperature and sliced into 1 mm thin pieces and rinsed 
three times in cacodylate buffer containing 8.3% sucrose. The tis- 
sue was postfixed in 1% osmium tetroxide, dehydrated in graded 
alcohol and embedded in Araldite. Well oriented crypts were cho- 
sen for ultrathin sectioning after examining i txm sections stained 
with toluidine blue. The ultrathin sections were stained with 2% 
alcoholic uranyl acetate and Reynolds lead citrate. 

The tissue for immunocytochemical studies was fixed in 1% 
glutaraldehyde (50% vacuum distilled) in 0.1 M phosphate buffer 
(pH 7.3) containing 8.3% sucrose for 2 h at room temperature. 
It was then sliced and washed twice in phosphate buffer for 5 min 
and dehydrated sequentially in 50% and 70% ethanol for 1 h each. 
The tissue was then infiltrated on a rotary mixer in a 1 : 1 mixture 
of 70% ethanol and London resin white (LRW) for 1 h, followed 
by 1:2, ethanol: LRW mixture for 1 h and then 3 changes of 
LRW, each for 1 h. After leaving the tissue overnight at 4 ~ C in 
LRW, it was again infiltrated in a fresh change of LRW on a 
rotary mixer and embedded in LRW in gelatin capsules. The cap- 
sules were degassed to remove excess oxygen and the resin was 
polymerised at 50~ for 24 to 36 h. Appropriate areas were se- 
lected by examining toludine blue stained i llm sections and silver 
to gold sections were collected on formvar coated nickel grids. 

Antisera. Rabbit antihuman lysozyme (muramidase) (Dakopatts) 
was diluted in phosphate buffered saline containing 1% bovine 
serum albumin. Preliminary experiments showed that dilutions of 
1/200 to 1/500 gave optimal labelling with low background. Affini- 
ty purified goat antihuman immunoglobulin A (IgA) and sheep 
antihuman immunoglobulin G (IgG) was a gift from Dr. LaBrooy, 
Department of Medicine, University of Adelaide, South Australia. 
Rabbit antihuman secretory component and rabbit antihuman im- 
munogtobulin were purchased from Dakopatts. Protein A (Phar- 
macia, Sweden) was coupled to colloidal gold (20 nm size) by the 
method of Frens (1973). Rabbit antigoat immunoglobulin coupled 
with colloidal gold was a gift from Dr. Peter Smith, Institute of 
Medical and Veterinary Science, Adelaide, South Australia. 

Immunostaining of tissues. Sections were first washed with phos- 
phate buffered saline containing 1% bovine serum albumin (PBS/ 
BSA) and were incubated overnight with antisera at 4 ~ C. The 
grids were then washed through six drops of PBS/BSA over 30 min 
and treated with protein A gold complex diluted in PBS/BSA for 
60 rain, washed with PBS/BSA (six changes) and distilled water 
and counter stained with 2% aqueous uranyl acetate (30S) and 
lead citrate (I5S) and examined at 60 KV in the electronmicro- 
scope. In experiments where affinity purified goat antihuman IgA 
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Fig. 1. Early differentiating Paneth cells. Particles of gold label 
in the Golgi region in sections stained with antilysozyme (arrow). 
Although parallel arrays of rough endoplasmic reticulum (R) are 
present near the nucleus other features of Paneth cell such as dense 
granules are not identifiable, x 25750 

Fig. 2. A Paneth cell containing a mixture of electron dense gran- 
ules (P) and lighter staining mucus granules (M). A gap (arrow) 
is present in the apical membrane through which mucus is dis- 
charged, x9000 



Fig. 3. Base of crypt with two Paneth cells. Cell A shows prominent  
lamellar arrays of rough endoplasmic reticulum, while B which 
is more mature shows cytoplasm filled with secretory granules and 
many basal lysosomes (arrows). x 3 400 

Fig. 4. Base of mature Paneth cell stained for lysozyme. The label 
is uniformly distributed in the granules (G). Lysosomes (L) show 
fusion with granules and diffusion of label, x 33 500 

Fig. 5. Base of mature Paneth cell with labelled tysosomes sur- 
rounding stacks of rough endoplasmic reticulum (arrow). Secretory 
granules (G) show irregular border, x 12300 

Fig. 6A and B. Cross section of the crypt with younger Paneth 
cells (A) showing mixed Paneth and mucus-like granule and older 
Paneth cells (B) with uniformly dense granules, x 3450 

Fig. 7A-C.  Paneth cell granules showing increasing amounts of 
lysozyme as the cells mature. A Granules of young Paneth cells 
higher up in the crypt. B Paneth cell in further stage of differentia- 
tion with more label. C Granules of fully mature Paneth cells at 
the base of the crypt with marked increase in label which is uni- 
formly distributed, x 14000 

Fig. 8. Paneth cells containing dense granules (G) with clear halo 
and mucous granules (34). No lysozyme label is present on mucus 
granules. The label tends to be concentrated in the dense core 
and not in clear halo of Paneth granules, x 19000 
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Fig. 9. Mature Paneth cells with label in the rough endoplasmic reticulum (R), golgi apparatus (G), condensing vacuoles (V), and 
in secretory granules (P). x 22000 

labelling varied markedly in different biopsies and was minimal 
at serum dilutions of 1/500. The nonspecific label on Paneth cell 
granules was removed by using a high molarity buffer for washing 
(Grube 1980) while in other sites it was removed by pretreatment 
of the sections with saturated aqueous sodium metaperiodate for 
60 min. 

Results 

Fig. 10. Apical cytoplasm of the epithelial cells of Brunner's gland 
with label in the dense core of the granule, x 21 500 

was used, colloidal gold coupled to rabbit antigoat Ig serum was 
substituted for the protein A gold complex. The specificity of ob- 
served labelling was checked by the omission of specific antisera, 
the use of normal rabbit serum instead of specific antisera and 
the absorption of antiserum by specific antigen prior to use. During 
the course of the study, nonspecific labelling with protein A gold 
complex was found in some sections treated with normal rabbit 
serum. The label was found over Paneth cell granules, mucus gran- 
ules, vesicles in the apical cytoplasm of columnar and undifferen- 
tiated crypt cells, the golgi apparatus, the microvilli as well as 
some plasma cells, eosinophils, mucosal mast cells and endothelial 
cells as reported previously (Spicer et al. 1977). The degree of such 

Origin and differentiation of Paneth cells 

Mature  Paneth cells with electron-dense granules were easi- 
ly identified at the base of  the crypts. However,  undifferen- 
t iated crypt  cells with the earliest signs of  differentiation 
into secretory cells, as indicated by early granule format ion 
near the Golgi  region, were only detected about  the 7th 
or 8th cell posit ion, as counted from the base of  the crypts 
in the direction of  the lumen. These ceils could only be 
identified as Paneth cells because of  the presence of  lyso- 
zyme, identified by immunostaining (Fig. 1). In the next 
stage of  differentiation identifiable electron dense secretory 
granules were present and lysozyme was labelled not  only 
in the granules but  also in the condensing vacuoles and 
Golgi. The rough endoplasmic reticulum (RER) of  these 
cells was arranged as narrow parallel  arrays  posi t ioned next 
to straight segments of  the nuclear membrane  (Fig. 1). In 
some of  these cells, in addi t ion to typical electron dense 
Paneth cell granules, some granules with a dense core and 
lighter periphery and large mucus like granules were also 
present. Fusion of  mucus granules with each other and to 
the apical membrane,  with mucus discharge into the lumen 
was also a feature in such cells, a l though there was no 
discharge of  electron dense granules (Fig. 2). At  cell posi- 
tions higher than 8-9 from the crypt  base, morphological ly  
identifiable goblet  cells were present, but  in a few of  these 



there were occasional smaller electron dense granules 
amongst the mucus granules. Lysozyme was also present 
in these electron dense granules and in minimal amounts 
in occasional mucus granules. 

Maturation of Paneth cells 

Stages in the maturation of Paneth cells could be traced 
from immature differentiating cells 7 8 cells away from the 
crypt base, to senescent cells with many lysosomes and ir- 
regular disintegrating granules at the crypt base. The 
number, size and electron density of Paneth cell granules 
were all greater the closer the cell was to the base of the 
crypt. One of the characteristic features of cell maturation 
was the gradual increase in the amount of RER and its 
organization from scattered tubules and saccules through- 
out the cytoplasm, to infra and paranuclear lamellar arrays 
(Fig. 3). The Golgi apparatus also expanded and was lo- 
cated in a supranuclear position. Numerous small vesicles, 
many with coated surface, were found on both faces of 
the Golgi, while condensing vacuoles were present on the 
concave face. Some of the forming granules had an irregular 
clear space between the limiting membrane and the dense 
central core of the granule. The fully mature Paneth cells 
at the base of the crypts had basal nuclei, the cytoplasm 
mainly occupied by uniformly electron dense secretory 
granules, the Golgi scattered at the periphery of the cells 
and irregular lysosomal bodies containing membrane frag- 
ments and myelin-like structures at the cell base (Fig. 3). 
Some of the lysozyme labelled granules occasionally fused 
with lysosomal structures (Fig. 4). The lysosomal structures 
were also seen surrounding stacks of RER suggesting au- 
tophagy (Fig. 5). Senescent Paneth cells were found at the 
base of the crypts with degenerative changes in cell organ- 
elles, coalescence and fragmentation of the granules, and 
numerous prominent lysosomes. Disposal of degenerated 
Paneth cells, identified by their lysozyme content, was usu- 
ally by engulfment by adjacent undifferentiated cells or oc- 
casionally extrusion into the crypt lumen. Engulfment of 
senescent Paneth cells by macrophages was not noticed. 

Migration of Paneth cells during maturation 

Fully mature and senescent Paneth cells were always found 
at the base of the crypts, differentiating cells 7-8 cell posi- 
tions higher up and intermediate stages between, which ob- 
viously suggests a downward migration of the cells during 
maturation. However, examination of cross-sections of the 
crypts parallel to the muscularis mucosa showed cells in 
different stages of maturation at the same level (Fig. 6). 

Relationship of lysozyme acquisition 
to Paneth cell maturation 

Early Paneth cell differentiation was identified by the pres- 
ence of lysozyme in the immature secretory granules 
(Fig. l). The amount of lysozyme in the secretory granules 
increased as the cells matured. Such cells close to the crypt 
base contained larger and more electron dense granules 
(Fig. 7a-c). The density of the gold labelling was uniform 
in mature cells while in immature cells labelling of individ- 
ual granules differed, and in granules with a clear periphery, 
the label was largely confined to the dense core (Fig. 8). 
In addition to the granule, lysozyme was also found in 
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the Golgi zone and in the RER, especially in the lamellar 
arrays of RER in mature cells (Fig. 9). The RER labelling 
of immature cells was less conspicuous. The lysosomes also 
contained lysozyme in variable amounts and in senescent 
Paneth cells the enzyme appeared to diffuse into the cyto- 
plasm. In these fasting subjects there was no discharge of 
granules into the crypt lumen. The microvilli were not 
coated with lysozyme. Lysozyme was also seen in the dense 
core particles but not in the surrounding mucus of the duo- 
denal Brunner's gland (Fig. 10). 

Immunoglobulins and Paneth cells 

Secretory component, IgA or IgG was not detected in Pan- 
eth cells. Both secretory component and IgA were present 
in the columnar epithelial cells and IgA and IgG in plasma 
cells of  the lamina propria. 

Discussion 

In the human duodenal mucosa secretory cell differentia- 
tion occurs in the crypts at about cell position 7 or 8 away 
from the base of  the crypts. This is similar to the differentia- 
tion of Paneth cells in mice (Bjerkness and Cheng 1981). 
The earliest differentiating secretory cells with electron lu- 
cent secretory granules, could not be identified as Paneth 
or goblet cells on morphological grounds alone, but in some 
such cells, presumably the ones destined for Paneth cell 
lineage, lysozyme was identified in the condensing vacuoles. 
Cells destined to be Paneth cells migrate towards the base 
of the crypts as they mature and goblet cells migrate to- 
wards the tip of the villus. Initially some Paneth cells con- 
tained mucus granules which were discharged during matu- 
ration. 

Electron dense granules and minimal amounts of lyso- 
zyme were also present in some immature goblet cells. Elec- 
tron dense granules similar to Paneth cell granules have 
been found in some goblet cells higher up in the villi in 
infants (Subbuswamy 1973) and in conditions where acce- 
lerated cell turnover may exist such as transitional epitheli- 
um (Subbuswamy 1973), inflammatory bowel disease 
(Montero and Erlandsen 1978), and in tropical colonopathy 
(Mathan and Mathan 1985). This suggests that both these 
epithelial cells may have a common precursor (Cheng and 
Leblond 1974; Lopez-Lewellyn and Erlandsen 1980). It 
would be necessary to do further cytochemical studies to 
determine if the dense granules in the mature goblet cells 
contain lysozyme. The type of mucus present in immature 
Paneth cells and the goblet cells was morphologically simi- 
lar but lectin binding studies to characterise the mucus are 
needed to confirm this. 

Our findings confirm earlier reports that lysozyme is 
present in Paneth cell granules and we have shown that 
it increases in quantity with cell maturation. In addition 
to the secretory granules of mature Paneth cells, lysozyme 
was also found in the Golgi and in the RER where the 
enzyme is produced prior to packaging in secretory gran- 
ules. Previous studies using immunoperoxidase techniques 
did not demonstrate lysozyme in the RER (Erlandsen et al. 
1974). The technique used in the present study is more sensi- 
tive (Bosman 1983) and there may also be differences in 
the specificities of the antibodies used in different studies 
which could determine the type of lysozyme detected in 
relation to molecular configuration and its cytoplasmic lo- 
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cation. The dis tr ibut ion of  lysozyme in these cells leaves 
no doubt ,  however, that  Paneth cells are active in its manu-  
facture. 

The matura t ion  of  the Paneth cells during their migra-  
t ion towards  the crypt  base is against  the general direction 
of  cellular migrat ion and matura t ion  of  other intestinal epi- 
thelial cells towards  the villus tip (Cheng 1974). In the 
mouse it has been shown that  Paneth cell migrat ion is not  
orderly on a '~ first in first ou t "  basis, but  is " t u r b u l e n t "  
(Bjerknes and Cheng 1981). The presence of  Paneth cells 
at different stages of  matura t ion  at the same level of  the 
crypt  (Fig. 6), shows that  in the human duodenum also 
these cells do not  migrate downward  in straight progression. 
This dis tr ibut ion of  Paneth cells may also suggest that  they 
spiral down from their point  of  origin towards  the base 
of  the crypts. Quant i ta t ion of  the lysozyme content  of  Pan- 
eth cells has been used to study the al terat ions associated 
with disease states. Since the lysozyme content  of  Paneth 
cells in related to cell maturi ty,  the intermingling of  cells 
of  differing matur i ty  at the same level in the crypt  may 
lead to discrepancies in the interpretat ion of  al terat ions in 
lysozyme in disease states. 

The increase in lysosomes and the fusion of  secretory 
granules with them in fully mature  Paneth  cells is similar 
to crinophagy,  the mechanism which occurs in other secre- 
tory cells for the disposal  of  excess secretory products  when 
stimulus for their discharge is lacking (De Duve 1969). With  
senescence, lysozyme diffuses into the cytoplasm and cell 
destruction occurs by au tophagy  and crinophagy. Senescent 
cells are pr imari ly  disposed of  by engulfment by the undif- 
ferentiated crypt  cells. 

The origin of  Paneth cells away from the base of  the 
crypts and their probable  spiral course downward  which 
brings them into int imate contact  with undifferentiated 
stem cells would suppor t  the hypothesis  of  its t rophic  role 
(Creamer 1967) and its protective ant imicrobial  role by 
virtue of  its lysozymal content  (Er landson et al. 1974). We 
were unable to substantiate  the claim that  they also contain 
immunoglobul ins  nor  find any evidence of  phagocytosis  of  
microbial  organisms. Secretion of  lysozyme containing 
granules has been noted in response to feeding and pharma-  
cological s t imulat ion (Trier et al. 1967). Since a t ropine and 
its derivatives inhibit  the release of  Paneth cell granules, 
the failure to find evidence of  secretion in these fasting 
patients given a t ropine as premedicat ion for endoscopy is 
not  surprising. Nevertheless, apar t  from lysozyme secretion 
into the bowel lumen, a further possible contr ibut ion to 
protect ion against  microbes is through the acquisit ion of  
lysozyme by the undifferentiated crypt  cells which engulf  
senescent Paneth cells containing the enzyme. 
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