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Histochemical study on the Paneth cell in the rat

E. 0. RIECKEN AND A. G. E. PEARSE

From the Department ofPathology, Postgraduate Medical School, London

EDITORIAL SYNOPSIS The characteristic granules of this cell fulfil the enzymatic criterion of
lysosomes.

The function of the Paneth cell has more than once
been investigated since its discovery in 1872 by
Schwalbe. A complete review of available infor-
mation was presented by Patzelt (1936). Various
histochemical approaches have been made, but
knowledge about the enzymatic content of these
cells in the rat is restricted to reports on some
enzymes in connexion with other investigations of
the small intestine (Lojda and Fabry, 1959;
Jervis, 1963; Liu and Baker, 1963). Studies on the
heavy metal content of the Paneth cell in rats are
frequent and have been carried out more recently by
Midorikawa and Eder (1962). Investigations on the
membrane of the Paneth cell granules have been
performed by Taylor and Flaa (1964). The present
investigation confirms and extends previous work,
especially in respect of their enzyme content.

MATERIAL

Male, adult, M.R.C. hooded rats, kept on a standard
laboratory diet and tap water, were starved for five hours
and decapitated after stunning by a blow on the head.
The time of sacrifice was strictly maintained constant.
Various segments of the small intestine, 1 cm. in length,
were quickly removed and processed in four different
ways:-

1 Tissue was placed on a block-holder and quenched
immediately in liquid nitrogen.

2 Tissue was fixed in cold 4% formal calcium for
16 hours and frozen in the same way.

3 Tissue was freeze-dried in a thermoelectric freeze-
dryer (Pearse, 1963) and embedded in paraffin wax after
formal-vapour fixation.
4 Tissue was fixed in 70% alcohol which was saturated

with hydrogen sulphide gas, dehydrated, and embedded
in paraffin. Sections, 8 t thick, were cut on a cold micro-
tome from the unfixed frozen and formalin-fixed frozen
blocks; the paraffin-embedded material was cut on an
M.S.E. sledge microtome (6, thick sections).

METHODS

PROTEIN Amino groups were demonstrated by the

DNFB reaction (Tranzer and Pearse, 1964) and by the
Alloxan-Schiff reaction (Yasuma and Ichikawa, 1953);
sulphydryl groups by the DDD-coupling method (Barr-
nett and Seligman, 1952); arginine was shown by a
modification of the Sakaguchi reaction (Liebman, 1951);
tyrosine by the Millon reaction (Baker, 1956) and by the
diazotisation-coupling method (Glenner and Lillie, 1959);
and tryptophan by the method of Adams (1957). These
reactions were carried out on freeze-dried formaldehyde-
vapour-fixed material.

LIPID Neutral fat was demonstrated with oil red 0 in
isopropyl-alcohol (Lillie and Ashburn, 1943) and with
Sudan black B in ethanol (Lison, 1953). Phospholipids
were shown by the acid haematin reaction (Baker, 1946).
In addition the Kluver and Barrera (1953) method was
carried out using Luxol fast black L, Luxol fast blue
ARN, and Luxol fast blue G as dyes. The sections used
were formal-calcium fixed.

CARBOHYDRATE The methods included the P.A.S. tech-
nique (McManus, 1946,1948) in combination with maltase
digestion, the demonstration of acid mucopolysaccha-
rides by the Alcian blue method (Steedman, 1950), the
Astra blau method (Gedigk, 1956), and the reaction for
sulphated mucins according to Bracco and Curti (1953).
The tissues used were fixed in formal calcium.

HEAVY METALS These were demonstrated by the dithi-
zone reaction according to the modification of Midori-
kawa and Eder (1962) and by the sulphide-silver method
(Timm, 1958), using respectively alcohol and hydrogen-
sulphide gas-saturated, alcohol-fixed material.

ENZYME TECHNIQUES The following enzymes were
demonstrated:-
Lysosomal enzymes Unspecific acid phosphatase

(Barka and Anderson, 1962), using ot-naphthol-ASBI-
phosphate assubstrate, and, in addition, theGomori (1952)
method using sodium- 8-glycerophosphate as substrate;
fl-glucuronidase (Pugh and Walker, 1961) using naphthol-
ASLC-fi-D-glucuronide as substrate; E 600-resistant
esterase (Hess and Pearse, 1958) by the indoxylacetate-
esterase technique (Holt, 1958) and by the thiolacetic
acid technique described by Barrnett (1962) (inhibitor-
concentration 10-3M); ,B-glucosaminidase according to
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Pugh and Walker (1960) using a-naphthyl-N-acetyl-fl-D-
glucosaminide as substrate. The sections used were cold
formal-calcium fixed.

Golgi-lamelle marker Thiamine-pyrophosphatase
(Novikoff and Goldfischer, 1961); formal-calcium fixed
sections.
Microsomal enzymes Glucose-6-phosphatase (Wach-

stein and Meisel, 1956) and unspecific esterase (Holt,
1958; and Barrnett, 1962), as quoted above. Unfixed
cryostat sections were used.

Membrane-associated enzymes Unspecific alkaline
phosphatase (Burstone, 1958) with substrate, x-naphthol-
ASBI-phosphate; ATP-ase (Wachstein and Meisel, 1957)
at pH7-2; leucine-aminopeptidase (Nachlas, Crawford,
and Seligman, 1957) with substrate, L-leucyl-4-methoxy-
,-naphthylamide. The sections were pre-fixed in the
case of the first two enzymes and unfixed in the last.

Mitochondrion-associated enzymes and coenzymes
Succinate dehydrogenase (Nachlas, Tsou, de Souza,
Chang, and Seligman, 1957); NADH2 and NADPH2-
diaphorase according to the method of Scarpelli, Hess,
and Pearse (1958); monoamine oxidase(Glenner, Burtner,
and Brown, 1957), using tryptamine hydrochloride as
substrate; Tetranitro BT was used as an electron acceptor
in all the methods in this section.

Ubiquinones (Tranzer and Pearse, 1963); MTT served
as electron acceptor. Cytochrome oxidase (Nachlas,
Crawford, Goldstein, and Seligman, 1958); coupling
agent: 4-amino-N, N-dimethyl-naphthylamine.

Unfixed cryostat-cut sections were used.

RESULTS AND DISCUSSION

The results obtained are presented in Tables I to V.
Our findings on the membrane of the Paneth granules
are essentially in accordance with those of Taylor
and Flaa (1964), suggesting a carbohydrate-protein
compound as the main structural element. In
addition, there is evidence that phospholipids
participate in histochemically detectable amounts.
The carbohydrate compound was found to be a

neutral mucopolysaccharide which was resistant to
maltase digestion, thus excluding glycogen. Partici-
pation of acidic mucopolysaccharides was ruled out
by the Alcian blue and Astra blau reactions; these,
and also the techniques for sulphated mucins, gave
negative results. The findings of an acidic muco-
polysaccharide 'halo' enclosing the Paneth granules
in mice (Selzman and Liebelt, 1962) suggest species
differences in closely related animals.
The carbohydrate content is difficult to estimate

quantitatively by histochemical means. Comparison
of the P.A.S. stain in the goblet cells with the colour
of the Paneth cells indicates a weak reaction in the
latter not only in formaldehyde-fixed tissues but
also in freeze-dried material. Further conclusions
as to the amount of the carbohydrate material in
relation to its classification as muco- or glycoprotein
cannot be made.

TABLE I
RESULTS IN CARBOHYDRATE COMPOUNDS

Reaction Result

P.A.S. +
P.A.S. reaction with diastase digestion +
Alcian blue
Astra blau
Reaction for sulphated mucins

TABLE II
RESULTS IN PROTEIN GROUPS

Method Result

DNFB-method for -NH, groups +
Alloxan-Schiff method for -NH2 groups +
DDD method for -SH groups +
Sakaguchi reaction for arginine +
Millon reaction for tyrosine +
Diazotization-coupling method for tyrosine +
Adams' reaction for tryptophan +

TABLE III
RESULTS IN LIPIDS

Stain Result

Oil red 0
Sudan Black B
Baker's acid haematin method for phospholipids (+)
Copper phthalocyanin +

TABLE IV
RESULTS IN HEAVY METALS

Method Result

Dithizone reaction + +
Sulphide silver + +

TABLE V
RESULTS IN ENZYMES

Enzyme Result

Lysosomal enzymes
Unspecific acid phosphatase
6-glucuronidase
E 600 resistant esterase
,B-glucosaminidase

Golgi apparatus marker
Thiamine pyrophosphatase

Microsomal enzymes
Unspecific esterase
Glucose-6-phosphatase

Membrane associated enzymes
Unspecific alkaline phosphatase
ATP-ase (pH 7-2)
Amino-peptidase
Mitochondrion-associated enzymes
Succinate dehydrogenase
Cytochrome-C-oxidase
NADH,-diaphorase
Monoamine oxidase
Ubiquinones

++
(+)
++
+

(+)

(+?
(+?

(+)
(+)
(+)
++
-1 -I-
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Analysis of the protein fraction revealed reactive
-NH2 and -SH groups, tyrosine, arginine, and
tryptophan. All of these exhibited slightly stronger
reactivity in the Paneth granules than in the cyto-
plasm of the surrounding epithelium cells. Con-
sidering the number of reactive groups one must
bear in mind the various factors influencing the
reactivity of proteins, especially fixation, and the
possibility of loss of reactive amino-acids during
fixation. This loss can be prevented by using freeze-
dried, formaldehyde-vapour-fixed material. Histo-
chemical preparations, therefore, provide a reduced
pattern of active groups in the processed section.
There was no evidence in our findings of the pre-
ponderance of any particular reactive group as
reported for arginine by Taylor and Flaa (1964).
The lipid content of the Paneth cells indicated by

the techniques used was very small. Baker's acid
haematin method was positive for phospholipids
only in some of the apical granules. A stronger
reaction was obtained with the copper phthalo-
cyanine method, the value of which as a histo-
chemical reaction is lessened by interference from
other compounds and the fact that the colour
reaction is greatly influenced by differentiation.
Results similar to those using Baker's method were
obtained when Luxol fast black L was used. No
neutral fat could be shown. Taylor and Flaa (1964)
also failed to demonstrate neutral fats, but Liu and
Baker (1963) found in their investigations a positive
stain. These controversial findings may be related to
different functional status during the investigations.

Application of the dithizone reaction and the
sulphide silver technique gave positive and com-
parable results, as has been shown previously by
Eder (1963). The reaction product was confined to
the Paneth granules in the apical part of the cell
being more intense at the tip than just above the
nucleus (Figures 1-4). Its identification as zinc has
been proved spectrophotometrically after the intra-
vital dithizone reaction (Stampfl, 1959), but the
significance of this finding is not known. Activity of
a number of enzymes, such as carbonic anhydrase,
some phosphatases, and others, is dependent on the
presence of zinc. In view of the highly developed
enzymatic equipment of the Paneth cell granules
this functional role of zinc is attractive, but the
possibility of elimination of heavy metals by the
Paneth cell must also be considered. This is supported
by autoradiographic studies in zinc-deficient rats
(Millar, Vincent, and Mawson, 1961).
The investigations of the enzymatic pattern of the

Paneth cells showed a striking preponderance of the
lysosomal enzymes, acid phosphatase and E 600-
resistant esterase (Figures 5 and 6). On the other
hand, 3-glucuronidase was positive only when using

FIG. 1. Paneth cells of the rat jejunum; positive dithizone
reaction with a maximum in the apical part of the cells.
Haematoxylin and eosin. x 1,200.

FIG. 2. The same reaction as in Figure 1. x 1,200.
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FIG. 3. Paneth cells of the rat jejunum; positive sulphide-
silver method showing a similar distribution pattern as
Figure 1. x 1,200.

FIG. 5. Paneth cells of the rat jejunum; unspecific acid
phosphatase. The maximum activity is localized in the
supranuclear zone. x 1,000.

.. 8~~~~~~~~~~~~~~~~~~~~..t.-.0

FIG. 4. The same reaction as in Fig. 3; compare also with
Figure 2. x 1,200.

FIG. 6. Paneth cells of the rat jejunum; E 600-resistant
esterase. x 220.
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long incubation times (two-three hours at 37°C.)
and even then did not reveal much activity, generally
restricted to a few granules.

Localization of these enzymes was clearly confined
to the Paneth granules, the distribution pattern
being the reverse of that of zinc. The strongest
activity was found in the Golgi area above the
nucleus and the lowest at the tip of the cell, where
a number of granules were unstained.
An attempt to demonstrate ,B-glucosaminidase

with naphthol-ASLC-glucosaminide and hexa-
zonium pararosaniline failed, apparently due to the
lower sensitivity of this technique. The method of
Pugh and Walker (1960), using oc-naphthyl-3-
glucosaminide, gave a positive reaction, however,
but the localization was histological rather than
cytological (Figure 7).
As stated by de Duve (1963), the most important

morphological criterion for a lysosome, in con-
formity with the biochemical concepts, is the demon-
stration of several known lysosomal enzymes in the
same site. The Paneth cells fulfil this criterion by
containing unspecific acid phosphatase, E 600.
resistant esterase, ,3-glucuronidase, and /-gluco-
saminidase. In addition acid phosphatase has been
shown ultramicroscopically by Ogawa, Masutani,
and Shinonaga (1962) to be associated with the
Paneth granules.
Thiamine pyrophosphatase, an enzyme associated

with the Golgi apparatus, was not present at all or
only in small amounts, in striking contrast to its
high activity in the mucous epithelium in the rat.
The significance of thiamine pyrophosphatase in the
Golgi apparatus is not known.

Interpretation of the significance of the E 600-
sensitive microsomal unspecific esterase and glucose-
6-phosphatase is difficult for technical reasons.
Unspecific esterase was negative after a short
incubation time, but became positive when the
incubation period was extended. This was probably
due to the appearance of E 600-resistant esterase
activity, as could be shown by inhibition studies. It
must be concluded that unspecific esterase was
either absent or very weak in activity. Glucose-6-
phosphatase was present in the apical part of the
Paneth cell (Fig. 8) but the specificity of the reaction
is questionable, due to possible interference by acid
phosphatase since OO1M NaF inhibited both
enzymes. Though non-specific splitting seems to be
probable it should be mentioned that in human
jejunal biopsies glucose-6-phosphatase was absent
from the Paneth cells although acid phosphatase
was present.
The membrane-bound enzymes so far tested

have given negative results. This is in striking
contrast to the absorptive epithelium of the intestine

FIG. 7. Paneth cells of the rat jejunum; ,B-glucos-
aminidase. x 450.

FIG. 8. Paneth cells of the rat jejunum; glucose-6-
phosphatase. x 1,100.
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FIG. 9. Paneth cells of the rat jejunum; NADH2 dia-
phorase. The diformazen deposits are mainly localized in
the basal and lateral part of the cells. A diffuse overall
activity in the apical part is due to the monoformazan.
x 1,200.

which is intensely stained. Though the function of
this enzymatic activity is still unknown it is con-

sidered to reflect active transport. Lack of these
enzymes in the Paneth cells suggests that their
primary function is to produce a secretory product.

Recent investigations by Sylven and Bois-Svensson
(1964) suggest that leucine aminopeptidase is a

lysosomal enzyme. The activity in the brush border
of the small intestine and its absence from the Paneth
cells made it more reasonable to associate it here
with membrane enzymes. This localization may

suggest that leucine aminopeptidase occurs in
different cell organelles.

Oxido-reductive enzymes are predominantly
localized in mitochondria, as shown by biochemical
investigations. Difficulties in histochemical tech-
niques, mainly associated with the properties of
the electron acceptors at present available, un-

fortunately set limitations to their interpretation.
SDH and cytochrome oxidase, known to be mito-
chondrial enzymes exclusively, showed the same
localization as the diaphorases. The diformazan of
Tetranitro BT and the crystalline reaction product
of the cytochrome oxidase technique were mainly
localized in the basal and lateral part of the cell
(Fig. 9); but there was a pink colour reaction all
over the cell, often staining the Paneth granules
quite intensely. This is interpreted as due to lipid
solubility of the reaction products.
The heavy diformazan deposits sometimes

observed in the Golgi zone of the mucous epithelium,

after the use of Nitro BT as electron acceptor, were
absent from the Paneth cell. Absence of this artefact
can be related to the lack of histochemically demon-
strable fat in the Golgi apparatus of the Paneth cell
in our study and also to the better qualities of
Tetranitro BT. An occasional strong deposit of
diformazan in the area of the Paneth granules is
considered to be an artefact due to lipid inter-
ference. The weak activity of the enzymes discussed
could reflect a low oxidation rate. Consistent with
the ultrastructural findings in mouse Paneth cells
(Hally, 1958), it is more likely to be due to the
relatively small number of mitochondria compared
with the mucous epithelium of the small intestine.
Monoamine oxidase localization also suffered

from lipid interference but showed a different
distribution pattern which was on the whole similar
to that of the ubiquinones. The enzyme and the
coenzyme (ubiquinone) were quite active and mainly
localized in the apical part of the cell, as were the
lysosomal enzymes (Figures 10 and 11). Their
exclusively mitochondrial localization has not yet
been established although histochemically it is the
rule. Extramitochondrial ubiquinone localization
has been noted in two other secretory cell types,
i.e., salivary gland and exocrine pancreas (Tranzer
and Pearse, 1964). This finding may be related to
secretory function in these cell types.

Association with the lysosomal granules cannot
be excluded but investigations on the fine structural
localization have to be established before conclusions
can be drawn.

Interpretation of our findings with the functional
concept of lysosomes can be readily made. As has
been pointed out by de Duve (1963), the functional
cycle in some cases of intracellular digestion may
acquire the character of secretion by extrusion of
lysosomes, turning it into extracellular digestion.
The digestive action of osteoclasts has been quoted
in this connexion. The discharge of enzymatic
activity into the intestinal lumen by the Paneth cell
would make it a digestive 'gland' which participates
in the breakdown of intestinal contents. The demon-
strated lysosomal activity and the presence of other
hydrolytic enzymes, not histochemically demon-
strable but presumed to exist on biochemical
grounds, would give the Paneth cell a digestive
function of high efficiency, varying necessarily with
the number present. It is interesting to note that
there are great differences between the various
species, and it seems possible that the number of
Paneth cells and their enzymatic composition is
related to the functional demands in the animal.
The extremely high quantity of Paneth cells in the
Tamandua tetradactyla, the ant bear, may be mention-
ed here (Marques de Castro, Sasso, and Saad, 1959).
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F:

oxidase The maximum activity is localized in the apical
part of the cell. x 1 100

1............~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~.

FIG. 11. Paneth cells of the rat jejunum; positive ubi-
quinone reaction, localized in the apical part of the cells,
mainly indicating an extramitochondrial localization.
x 260.

The distribution pattern of the hydrolytic enzymes
shows a typical arrangement which demands some
consideration. The highest activity is found in the
granules near the Golgi zone, the lowest at the tip
of the cell. The assumption that the Golgi apparatus
is the site of the production of lysosomes, well
supported by various observations (Hally, 1958;
Novikoff, Goldfischer, Essner, and Iaciofano, 1961;
Becker and Sandbank, 1964), could be related to this
distribution. Acid phosphatase activity in the Golgi
area of the human jejunal mucous epithelium occurs
in idiopathic steatorrhoea during treatment, indi-
cating an enhanced replacement of the reduced
enzyme, normally arranged beneath the brush
border (Riecken and Pearse, 1965).
The high activity demonstrated in the Golgi

apparatus of the Paneth cell similarly seems to
reflect a high production rate, related here to the
special function of this cell.
The distribution of zinc, on the other hand, shows

a maximum in the granules of the tip and a minimum
in the Golgi area.

Relations betwen lysosomes and heavy metals
have been discussed by Daems (1962). His investi-
gations suggest that iron entering the liver cells is
converted within the lysosomes into a form capable
of combining with apoferritin.
The reversed distribution patterns of zinc and of

the hydrolytic enzymes suggest the uptake of the
zinc by the lysosomes on their way towards the
tip rather than at the Golgi zone. In addition to the
hydrolytic function of the Paneth cell the possible
role of the monoamine oxidase in detoxification of
amines must be borne in mind.

SUMMARY

The Paneth cell of the rat has been investigated
histochemically. The characteristic granules of this
cell fulfil the enzymatic criteria of lysosomes as
defined by de Duve (1963). In addition they show
certain features unusual with other lysosomes,
namely, histochemical demonstrability of a carbo-
hydrate-lipoprotein substance constituting the lyso-
somal membrane; association with monoamine
oxidase and ubiquinones and the presence of zinc.
The possible role of the Paneth cell as an 'intestinal

gland' is discussed.
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