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ABSTRACT The fate of heterologous, isclogous and homologous ferritin-I'2* injected
into rat footpads was compared by determination of radioactivity in sera and organs,
and by radioautography and electron microscopy. The clearance of heterologous ferritin-
I'?5 from circulation was significantly faster than that of isologous or homologous
ferritin-I'?>, This was supported by measurement of radioactivity in various organs,
and by radioautography and electron microscopy of popliteal lymph nodes which re-
vealed structural details of macrophages undergoing antigen uptake.

These observations permit the following conclusions. (1) In most reticuloendothelial
cells there is some nonspecific pinocytosis of antigen which is not related to im-
munogenicity. (2) The induction of massive immunologically specific pinocytosis by
macrophages may be due to specific antigen recognition by receptors located at the
cell surface. (3) Heterclogous ferritin ingested by macrophages are mostly found in
vacuoles or scattered in the ground cytoplasm. However, some appear in the nucleo-
plasm, usually in association with loose strands of chromatin materials, (4) Ferritin
molecules are conspicuously absent from mitochondria, the rough-surfaced endoplasmic
reticulum and Golgi apparatus. (5) The fiber-associated reticular cells of the primary
nodule and germinal centers may correspond to “dendritic reticular cells” or “dendritic

macrophages,” capable of long-term retention of antigens.

The question of the specific recognition
of foreign substances by macrophages
dates back to the early observation of the
phenomenon by Metchnikoff (°08). It is
recorded that Metchnikoff gave his first
paper on phagocytosis at Odessa in 1883.
At that time he introduced the term “phago-
cyte” at the suggestion of Claus of Vienna
to designate the mobile cells in the floating
larvae of starfish, Bipinnaria, as these cells
surrounded small thorns of a tangerine
tree that had been introduced into the
larvae. This and related early work indi-
cated a somewhat nonspecific recognition
of foreignness by phagocytic elements of
lower forms. Later studies by Metchnikoff
with mammals and humans clearly have
demonstrated that the specific uptake of
pathogenic microbes by the phagocytic
cells is essential for achieving immunity
(Hirsch, 65; Cohn, ’68).

In recent years, morphological and bio-
chemical events involving the uptake of
various foreign substances by macrophages
and subsequent intracellular processing
have been clarified to a considerable ex-
tent and a number of reviews have been
written (Campbell and Garvey, ’63; Shands,
Jr.,’69; Cohn, ’68). It now is clear that the
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physicochemical characteristics of the ma-
terials to be phagocytized are important in
the process of initial trapping which ap-
pears to be independent of cellular ener-
getics (Schumaker, °58; Brandt, '68; Mar-
shall et al., ’59; Holter, 61; Cohn and
Parks, ’67; Robinovitch, '69). At the same
time, there is evidence that the mucopro-
tein coat of the cell, glycocalyx, is different
among various cell types and therefore
represents an intrinsic genetic dissimilarity
in terms of cellular surface differentiation
(Brandt, ’62; Bennett, '63; Fawcett, 66 ).
Less clear is the question of where one
can draw a line between what is non-
specific physicochemical binding and what
is immunologically meaningful association
of antigen with the surface plasma mem-
brane of macrophages.

The precise molecular mechanism which
triggers membrane vesiculation is largely
unknown, although it has been shown that
the process of endocytosis and ensuing in-
tracellular digestion require the energy-
generating system of the cell (Schumaker,
’58). The nature of the intracellular hy-
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drolysis of phagocytized or pinocytized
substances has been established since the
advance of the lysosomal concept (deDuve,
’59). As an organelle specialized for re-
moval of unwanted cytoplasm (autophagic
vacuole and cytosegrosome) or ingested
materials (phagosome), the lysosome usu-
ally achieves complete digestion of the
materials, ending up with nonfunctional
residual bodies (Novikoff, ’63). Much of
the digested protein is apparently excreted
by the cell in the form of free amino acids
(Ehrenreich and Cohn, ’68). This is in
contrast to the presumed lysosomal action
on the antigens in macrophages which are
capable of sparing the antigenicity of the
digested substance and later transferring
the antigenic information to antibody pro-
ducing cells (Fishman and Adler, '63;
Hunter and Wissler, 65).
Radioautographic experiments aimed at
observing the topography of antigen locali-
zation have been carried out by different
investigators (Nossal et al., ’64; Hanna et
al., ’67; Cohen et al., ’66; McDevitt et al.,
’66; Han et al., ’67; Hanna and Szakal,
’68; Nossal et al., ’68; Herd and Ada, '69).
These studies indicated that antigens, even
when injected in very small amounts, lo-
calize in germinal centers and primary
lymphoid nodules, especially after a sec-
ond injection. Using heterologous and
isologous serum proteins, Hanna et al
(’67) came to a similar conclusion that
the germinal center is the site of specific
concentration of heterologous antigen.
Such accumulation and retention of the
antigen by germinal centers has been sug-
gested to be due to the opsonizing effect
of small amounts of antibodies coating the
dendritic reticular cells or macrophages
(Nossal et al., ’68). It has further been
suggested that the ability of heterologous
IgG to localize may be due to the Fc frag-
ment (Herd and Ada, ’69). Recently, Straus
(’70) demonstrated the localization of
horseradish peroxidase, given as antigen,
in macrophages, sinuscid-lining cells, and
other reticular cells of draining lymph
nodes in rabbits. Almost no antigen was
seen in the cortex after a primary chal-
lenge, while the reaction product was de-
posited at an “intercellular web” between
cortical lymphocvtes and reticular cells
after a second injection of the peroxidase.
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In the same study a distinction was made
between macrophages, lining cells of si-
nuses and reticular cells of medullary
cords.

Other than the above description by
Straus, few investigators have documented
relative extents of antigen uptake by dif-
ferent types of reticular cells. Traditionally,
the term reticular cell has been applied
loosely to designate stellate connective tis-
sue cells that are associated with argyro-
philic, reticular fibers of lymphoid and
hemopoietic organs (Maximow and Bloom,
’48). While the functional difference be-
tween the phagocytic and non-phagocytic
(primitive) varieties were recognized by
early workers, the question of the cell of
origin of reticular fibers has not been
clarified until recently (Han, '61; Han and
Baker, '62). Based on electron microscopy,
a third type of reticular cells in which the
cytoplasm resembled a fibroblast was char-
acterized. This type of cell was closely as-
sociated with reticular fibers, often wrap-
ping around the latter by its cytoplasmic
processes. Because of the similarity of its
cytoplasm to that of a fibroblast and close
relationship to reticular fibers, the cell was
called a fiber-associated reticular cell.

Microscopic studies on phagocytosis have
used a wide range of optical markers rang-
ing from carbon particles, mercurial sul-
fide, colloidal gold, polystyrene balls and
ferritin molecules to intact cells, as these
substances could be visualized at various
levels of microscopic scrutiny. Ferritin
molecules of horse and inbred rat origin
were used in this study for the following
reasons. (1) Ferritin being composed of
a cluster of micelles of ferric hydroxide
and ferric phosphate covered by a protein
coat, has a molecular weight of 495,000
or so and is antigenic when introduced
into heterologous animals. (2) Being a
protein ampholyte with an isolectric point
at 4.4, ferritin is soluble at neutral pH.
(3) It does not induce phagocytosis in
nonphagocytic cells (Nachmias and Mar-
shall, Jr., ’61). (4) Because of its uniform
molecular size, there is a greater chance
for cellular uptake that is proportional to
the intrinsic capacity of cells to endocytose
it. (5) The appearance of micellar clusters
can be recognized unmistakenly by elec-
tron microscopy. (6) The small size of the
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molecules (—~110A in diameter) permits
relatively free migration of the molecules
through tissue spaces (Bruns and Palade,
’68).

The present study demonstrates immu-
nologically specific recognition of heter-
ologous ferritin by macrophages of the rat.
The topographic and subcellular distribu-
tion of such ferritin molecules in various
types of reticuloendothelial elements of
the draining lymph node are illustrated.

MATERIALS AND METHODS

Animals. A total of 212 rats were used.
Inbred Lewis rats were purchased from
Microbiological Associates, Walkersville,
Maryland. Sprague-Dawley rats were taken
from an inbred colony being developed at
the University of Michigan.

Antigen. Horse splenic ferritin was
purchased from Pentex, Inc., Kankakee,
Illinois and was used as heterologous anti-
gen. Rat ferritin was extracted from the
spleen and liver of the inbred Lewis strain
rats with ammonium sulfate followed by
crystalization with cadmium. Excess cad-
mium was removed by dialysis against 0.1
M ethylenediaminetetraacetate followed by
prolonged dialysis against 0.1 M phosphate
buffer at pH 7.2. Rat ferritin preparations
were injected into Lewis and Sprague-
Dawley rats for the isologous and homol-
ogous series, respectively. The antigen
preparations were labeled with I'* by a di-
rect oxidation with chloramine-T using 0.5
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mc of I'* per mg of protein (McConahey
and Dixon, ’66). The protein concentration
was determined spectrophotometrically.

Antigen dose. A preliminary study (ex-
periment 1) showed that the minimal dose
of horse ferritin capable of invoking a pri-
mary antibody response in Sprague-Dawley
rats was 0.1 mg per animal and that an
injection of 1 mg was needed in order to
induce a consistent antibody production in
all animals. Therefore, a uniform dose of
1 mg per rat was used throughout most of
the experiments.

Experimental design. Table 1 records
the nature of several different experiments
in the present series. It may be noted that,
following the preliminary studies on dose
response and organ retention of heterolo-
gous ferritin, three consecutive experiments
were made dealing with the same antigen
(experiments 3-5). These experiments
were performed in an effort to clarify our
failure to observe primary antigen locali-
zation in germinal centers, an observation
which has been a point of emphasis in
other studies (Hanna et al., ’67). Experi-
ment 6 was a comparative study in which
all animals from heterologous, homologous
and isologous groups were processed simul-
taneously under identical conditions.

Determination of radioactivity and anti-
body titer. The level of radioactivity in
organs and sera was determined by use
of the Packard 3320 liquid scintillation
spectrometer. The corrected counts per

TABLE 1
Summary of experiments!

Rats
Experiment Dose Nature of work
No. Strain
mg
1. Dose response 0.01-20.00 20 SD Antibody titration
2. Organ retention 1 12 sD Radioactivity determination in various
organs during 24 hours
3. Heterologous 1 24 SD Radioactivity determination in sera
4. Heterologous 5 24 SD Radioautography of liver, PLN,?
spleen and kidney
5. Heterologous 10 24 SD Electron microscopy
Sacrificed at 10 and 30 minutes, 3 hours and
1, 3, 7, 14, 21 and 30 days
Heterologous 1 36 SD Radioactivity determination in selected
organs. Antibody titration
6. Isologous 1 36 Lewis Radioautography of PLN
Electron microscopy of PLN
Homologous 1 36 SD Sacrificed at 5, 10, 30 and 60 minutes, 3 and

24 hours, and 3, 14 and 30 days

1 In all experiments antigen preparations were injected into the foot pad.

2 PLN, Popliteal lymph node.
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minute (CPM) were converted to CPM/gm
or ml of the sample. Characterization of
antibodies in circulation was achieved by
a passive hemagglutination technique using
tannic acid-treated sheep red blood cells
(Boyden, '51).

Preparation of tissues for radioauto-
graphy. Pieces of the liver, kidney, spleen
and popliteal lymph node were fixed in
Bouin’s solution or in 2% paraformalde-
hyde, and double-embedded in Parlodion
and Paraplast in a routine manner. Sec-
tions 4, in thickness were coated with
Kodak NTB-3 liquid emulsion and stored
in slide boxes containing packets of Drie-
rite at 5°C. Exposure was for varying
lengths of time ranging from two weeks
to three months.

Tissue preparation for electron micro-
scopy. Small pieces of popliteal lymph
nodes were fixed either in 1% 0Os0. in
phosphate buffer or in 2% paraformalde-
hyde in cacodvlate buffer at pH 7.4 fol-
lowed by fixation in OsQO. The fixed tis-
sues were embedded in a mixture of epoxy
resin and polymerized by graded tempera-
tures. Thin sections were stained with lead
citrate and uranyl acetate.

RESULTS

Serum clearance and organ retention
of ferritin-I"*® preparations

Comparison of retention of heterologous,
homologous and isologous ferritin-I'** prep-
arations. The results from experiment 2
indicated that, of the spleen, mesentric
lymph node, thymus, liver, lung and kid-
ney, only the spleen and liver retained a
consistently high level of radioactivity
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during the 24 hours following injection
of ferritin-I'*, Hence, comparison of heter-
ologous, isologous and homologous prepa-
rations were studied only in these organs
plus kidney (experiment 6). Although the
radioactivity in sera was reduced rapidly
in all animals, its reduction was most
pronounced in heterologous animals which
showed only 24% of the ten minute value
by 24 hours after injection (table 2). After
the third day, when antibodies began to
appear in the circulation, radioactivity in
the heterologous serum was down to a
value less than 10% of that at ten minutes.
This should be compared to rats receiving
isologous and homologous ferritin that
showed only a moderate reduction at 24
hours and thereafter.

In contrast to the sera the amount of
radioactivity retained by the spleen and
liver was large (table 2). During the first
24 hours both of these organs in the het-
erologous series reached and maintained
values over 100% of those at ten minutes
and, thereafter, the values decreased. Com-
pared to this, in the livers and spleens of
isologous animals, the values on day 3
were less than 10% of the values at ten
minutes. Although the results from the
homologous series were somewhat variable,
the amount of radioactivity retained in the
liver of homologous animals was interme-
diate between the isologous and heterolo-
gous counterparts.

Unlike radioactivity in the spleen and
liver, radioactivity levels in the kidneys
were similar whether they were from the
heterologous, isologous or homologous rats.
The generally greater amount found in

TABLE 2
Clearance of ferritin-I'?5 preparations from various organs !

Time after Serum Spleen Liver Kidney
injection Het.2 Iso.8 Homo.* Het. Iso. Homo. Het. Iso. Homo. Het. Iso. Homo.
10 minutes 100 100 100 100 100 100 100 100 100 100 100 100
30 minutes 108 90 99 244 24 128 349 231 127 291 188 211
3 hours 61 81 73 239 18 120 312 34 137 223 216 320
24 hours 24 70 60 131 13 40 160 10 36 104 110 200
3 days 11 72 63 93 9 34 68 6 23 41 72 217
7 days 9 64 55 48 9 51 46 5 8 22 63 68
14 days 8 66 51 45 22 72 29 10 11 19 33 35
21 days 6 66 55 93 15 78 53 6 17 14 24 15
30 days 6 66 48 89 10 60 20 4 6 9 9 16

1 Radioactivity remaining: corrected CPM/ml or gm of tissuc expressed as per

2 Heterologous ferritin-1125,
3 Isologous ferritin-T1%3,
4 Homologous ferritin-I125,

cent of ten minute count.
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isologous and homologous kidneys might
reflect the highly vascular nature of the
organ rather than a significant uptake by
phagocytosis.

Radicautographic observations of popliteal
lymph nodes

Figures 1 and 2 compare the electron
microscopic appearance of ferritin mole-
cules from the horse spleen and those from
rat tissues. It may be noted that both
preparations are essentially the same in-
sofar as the ultrastructure is concerned
and show a few to several dense micellar
cores in the individual molecules. The
radioautographic illustrations used in this
section are taken from experiment 6.

Localization in sinusoidal macrophages.
Within minutes after the injection of the
heterologous ferritin-I'** preparation into
the foot pad, radioautographs of the pop-
liteal lymph node indicated the localization
of I'® in the subcapsular and perinodular
sinuses as well as in the more distal por-
tion of the medullary sinuses. Those med-
ullary sinuses that are near the hilar region
appeared to be empty (fig. 3). Within
the first hour there was a gradual move-
ment of I'* from the peripheral sinuses
toward the hilar region and by 24 hours
the sinusoidal macrophages in the deep
medulla were labeled intensely (fig. 4).
From that time on the amount of radio-
activity remaining in the lymph node de-
creased gradually through day 3 (figs. 5,
10). By day 7, only a few silver grains
could be recognized at low power magni-
fications (fig. 6).

On the other hand, radioautographs of
both isologous and homologous ferritin
molecules showed no distinctly concen-
trated patterns. This was true even at a
time when there was a maximal concen-
tration in heterologous animals (compare
figs. 4, 7). At a higher magnification one
could see numerous silver grains scattered
over the sinusoidal space in a random
manner (fig. 8). The same tendency was
observed throughout later periods. For in-
stance, figure 9 which represents a day 3
animal receiving isologous antigen, shows
a number of identifiable macrophages not
containing I'* while the I'* is visible else-
where in the sinus.
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Localization in mnodules and germinal
centers. 'The rather discrete aggregates of
I'* throughout the sinusoidal spaces and
medullary cords represent individual mac-
rophages presumed to have taken up a
large number of radioiodinated ferritin
molecules. The latter were mostly absent
in cortical nodules (fig. 10), but were oc-
casionally found in clusters in the diffuse
cortical tissues (fig. 11). In four separate
experiments, only small amounts of het-
erologous ferritin were found in germinal
centers (fig. 12); the germinal centers
were overlaid with a limited number of
randomly distributed silver grains and,
moreover, these were not over the macro-
phages (fig. 13).

Electron microscopic observation of the
reticulo-endothelial elements

Macrophages of rats receiving isologous
and homologous ferritin showed only an
occasional uptake of ferritin molecules. Of
those cells that endocytosed them, few
were concentrated ferritin molecules in
their cytoplasmic vacuoles. Therefore, illus-
trations presented here are limited to those
from rats injected with heterologous ferri-
tin molecules.

Phagocytic reticular cells and macro-
phages. In essence the initial steps in-
volved in uptake of various ferritin prep-
arations confirmed previous observations
on membrane vesiculation. In figure 14 is
a profile of a macrophage which showed
the usual cytoplasmic features character-
istic of phagocytic cells, namely, the irreg-
ular surface membrane, and the presence
of numerous small vesicles and large vac-
uoles which contained varying numbers of
ferritin molecules. The process of endo-
cytosis was initiated by the production of
a surface invagination which was relatively
small and eventually pinches off by con-
striction of its orifice, producing small ves-
icles that contained ferritin molecules (fig.
15). That these vesicles might fuse to
form vacuoles of larger sizes was suggested
by the apparent contiguity of small ves-
icles (fig. 15) and by an increase in num-
ber of large ferritin-containing vacuoles at
a later time (fig. 16). Some of them be-
came several microns in diameter.

Phagocytosis of ferritin by these cells
was evident as early as ten minutes after
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injection. By 60 minutes a number of large
vacuoles, presumed to be produced by
coalescence of smaller ones, appeared.
Such large vacuoles contained aggregates
of ferritin molecules that were present in
association with an amorphous cloudy sub-
stance of moderate electron density and
localized along the more peripheral por-
tions of the vacuolar spacé (fig. 16). At
later intervals, there appeared to be a
gradual condensation of many of these vac-
uoles, apparently due to the crowding of
many ferritin molecules (figs. 14, 17, 18,
19). By day 3 when the blood was largely
cleared of ferritin, the cytoplasm of mac-
rophages had, in addition to the ferritin-
containing vacuoles, a number of vacuoles
that were devoid of ferritin granules (fig.
17). This suggested a cessation of ferritin
uptake while pinocytosis continued, result-
ing in the production of chronologically
younger vacuoles that lacked ferritin mole-
cules. The vacuoles having an interior
packed with ferritin molecules resembled
phagosomes described elsewhere and con-
tained typically large aggregates of ferritin
granules along with membranous and other
obscure substances (figs. 18, 19).

One other notable feature which might
be of functional significance was the ob-
servation that some macrophages of het-
erologous animals after 24 hours had a
fair number of free ferritin molecoles in
their nucleoplasm (fig. 19). The intranu-
clear ferritin granules appeared to be at-
tached to the stringy and loose chromatin
mass (arrow, fig. 19). With the exception
of the aforementioned vacuoles, no other
cytoplasmic organelles including mitochon-
dria, endoplasmic reticulum and mem-
branes of the Golgi apparatus, contained
ferritin molecules. The presence of ferritin
in the nucleus was not observed in homol-
ogous and isologous rats.

Littoral cells. In general, the endothe-
lial cells that line the surface of the lym-
phatic sinusoids are intermediate between
macrophages and fiber-associated reticular
cells in terms of morphology and their ca-
pacity to take in heterologous antigen. This
was evidenced by numerous invaginations
of the surface plasma membrane and the
presence of many vesicles and occasional
vacuoles containing a considerable number
of ferritin molecules (fig. 20). At the same
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time, they resembled fiber-associated retic-
ular cells in that some of their cytoplasmic
processes surrounded the reticular fibers
of the sinusoid (fig. 21). These character-
istics support our earlier radioautographic
observation which indicated that littoral
cells did take up a fair amount of radio-
active materials but not quite as much as
the fully mature macrophages and phago-
cytic reticular cells (Han et al., '67).

Fiber-associated reticular cells. Previous
studies had established the presence of a
group of reticular cells that were closely
associated with reticular fibers of the mes-
enteric lymph node and spleen (Han, '61;
Han and Baker, ’62). The perinuclear cyto-
plasm of such reticular cells shared certain
fine structural characteristics that were
common to fibroblasts, namely, a relatively
abundant rough-surfaced endoplasmic re-
ticulum, the appearance of fine intracellu-
lar fibrils along the cortical cytoplasm and
the presence of long slender mitochondria
often with irregularly shaped cristae (fig.
22). In addition, occasional dense granules
similar to residual bodies were found. The
nucleus of these cells was generally ovoid
but the nuclear membrane showed a fre-
quently jagged contour. A fairly well de-
veloped nucleolus, but of variable size, was
found in it. The fiber-associated reticular
cells had elaborate cytoplasmic processes
which surrounded reticular fibers (insert,
fig. 22) or insinuated between neighboring
lymphoid elements as found in secondary
nodules.

In the present study, the fiber-associated
reticular cells did not engulf and concen-
trate ferritin molecules to an appreciable
extent. However, in small micropinocytic
vesicles along the surface plasma mem-
brane a limited number of ferritin mole-
cules were seen (arrows, fig. 22).

Elsewhere in the intercellular space nu-
merous ferritin molecules were associated
with a cloudy substance that was presumed
to be proteins of the lymph (fig. 22). Fer-
ritin molecules were often present within
individual reticular fibers. They were us-
ually located at the interface between the
plasma membrane and the fiber or attached
to the surface of collagen fibrils in varying
numbers (arrows, insert, fig. 22).

The uptake of ferritin by rounded ele-
ments of the lymph node has not been
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illustrated herein, due to difficulties in
quantitating the relative specificity of up-
take by lymphocytes which is being studied
in vitro using isolated thoracic duct lym-
phocytes. As of now, it could be stated that
the present study has confirmed the earlier
finding that small lymphocytes pinocytosed
heterologous ferritin (Han and Johnson,
’66) and that no visible ferritin molecules
have been located in plasma cells or
plasmablasts.

DISCUSSION

Despite increased interest in localization
of antigen in lymphoid organs, there have
been relatively few studies which compared
the uptake of isologous and heterologous
proteins by lymphoid organs. Hanna et al.
(’67) studied the uptake and radioauto-
graphic distribution of isologous and het-
erologous macroglobulins by dark field
microscopy. They suggested that a major
topographic difference between the two
preparations was the specific concentration
of the label in the germinal center of mice
receiving heterologous protein throughout
a 20-day period. Our experiments, by taking
advantage of the relatively high antige-
nicity of the horse ferritin-I'** in rats and
its visibility in the electron microscope,
allow comparison in detail of the antigen
clearance from sera, the pattern of dis-
tribution, and the process of pinocytosis
and intracellular processing of antigen be-
tween isologous, heterologous and homol-
ogous recipients.

The immunologic specificity of recogni-
tion by macrophages. The comparison of
serum clearance of various radioiodinated
ferritin preparations demonstrates that re-
moval of heterologous ferritin occurs at a
significantly greater rate than either ho-
mologous or isologous preparations during
the early induction (table 2). This is also
borne out by the fact that both the spleen
and liver contain a much greater amount
of radioactivity in rats receiving heterolo-
gous ferritin when compared to isologous
and homologous recipients. The large
amount of heterologous ferritin molecules
concentrated by those organs that are rich
in reticuloendothelial elements is in sup-
port of our radioautographic and electron
microscopic observations. These observa-
tions reinforce the previous contention that
foreign protein molecules are removed
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rapidly from the serum by active macro-
phages and are stored in the form of phago-
cytic vacuoles (Novikoff, ’63; Cohen et al,
66 ).

In this connection, an important point
is the apparent similarity between isologous
and heterologous animals in the fine struc-
ture of endocytosis of ferritin by macro-
phages. The only notable difference be-
tween the two groups was the relatively
large quantity of ferritin molecules taken
up and subsequently concentrated in the
heterologous recipients. This would support
the concept that endocytosis per se may
or may not be an immunologically mean-
ingful phenomenon, and that in macro-
phages, as well as in many of the unrelated
cells such as fibroblasts and nerve cells
(Rosenbluth and Wissig, '64), there is a
level of pinocytosis which occurs inde-
pendent of cellular mechanisms pertinent
to immune recognition and, therefore,
should be considered an epi-immunologic
phenomenon. This roughly parallels the
capacity of many primitive unicellular or-
ganisms to engulf almost any “non-toxic”
substances present in the immediate vi-
cinity, and hence can be explained in terms
of phylogenetic requirements for nutritive
activities of primitive organisms that lack
a differentiated digestive system.

This being the case, one of the questions
that can be asked now is how can one
delineate an immunologically meaningful
uptake of antigen from what might be a
residual pinocytic activity of macrophages
irrelevant to their defense functions. On
the basis of information at hand, the fol-
lowing points can be made. Assuming that
the formation of phagocytic vacuoles and
the subsequent concentration of engulfed
materials represent consequences of the
endocytic activity occurring at the cell sur-
face, the increased clearance of heterolo-
gous ferritin by macrophages must be as-
cribed to a heightened pinocytosis of the
antigen. This would necessarily incrimi-
nate the antigen as responsible for in-
ducing the additional pinocytosis as it
comes in contact with the plasma mem-
brane. Furthermore, the loci on the mem-
brane where antigen-specific endocytic ac-
tivities begin should be equipped with a
molecular receptor(s) capable of recog-
nizing antigenicity.
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However, conclusive elucidation of the
precise molecular mechanism of immuno-
genic induction of phagocytosis will have
to remain speculative until a more decisive
answer to the question is obtained. Future
insight may be gained by in vitro ap-
proaches such as those that have been at-
tempted by a number of workers (Cohn
and Parks, ’67; Ehrenreich and Cohn, '67,
’68; Robinovitch, '69).

Intracellular processing of heterologous
ferritin. For reasons stated previously, we
have characterized three different types of
mature reticuloendothelial cells in the
lymph node, namely, the macrophages and
phagocytic reticular cells, the sinusoidal
endothelium, and the fiber-associated retic-
ular cells. Of the three cell types, it is
certain that macrophages and phagocytic
reticular cells represent the major cells
that are concerned with the specific uptake
and subsequent intracellular digestion of
foreign protein molecules. The close simi-
larity in morphology of the ferritin-con-
taining vacuoles of these cells and phag-
osomes of non-immune systems can be
taken as indicative of the possibility that
many of the ingested ferritin molecules
were extensively hydrolyzed (Ehrenreich
and Cohn, ’67). Such an observation may
not necessarily conflict with published
claims about the important role macro-
phages play in the retention of antigenicity
of ingested materials and subsequent anti-
body induction (Fishman and Adler, '63),
as can be explained by considering the
following points.

First, the extent of intracellular diges-
tion of antigens has not been determined
accurately in this system as in many other
systems. Second, there is increasing evi-
dence that a significant amount of anti-
genicity of different antigens is spared
from macrophagic digestion and is im-
parted to other immuno-competent cells
(Shands, Jr., ’69). Third and finally, the
induction of antibody response requires
only a small amount of active antigens
(Nossal et al., ’68).

The entry of ferritin into the nucleo-
plasm of heterologous macrophages is of
great interest in view of the possible im-
plication of nucleus-mediated transfer of
antigenic information. Heterologous ferri-
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tin has also been noted to enter the nucleus
of lymphocytes (Han and Johnson, ’66;
Han et al., ’67). Wellensiek and Coons
(’64) reported the presence of heterologous
ferritin in the nucleus of phagocytic retic-
ular cells, although their observation was
made in animals receiving a secondary
challenge of the antigen. The theoretical
significance of these observations will have
to be clarified through future experimen-
tation. However, it is noteworthy that little
explanation is available regarding the mo-
lecular mechanism of lysosome induction
which follows phagocytosis.

Comparison of antigen uptake by dif-
ferent cell types and the nature of fiber-
associated reticular cells. Whereas pre-
vious electron microscopic workers have
seldom compared critically different types
of stromal cells with respect to their ca-
pacity to take up antigen, this study clearly
demonstrates that, following the phagocytic
reticular cells and macrophages, littoral
cells of the sinusoids rank next in endo-
cytosis of ferritin. This is in agreement
with a recent histochemical study by Straus
(’70). Along with the classical claims of
activation of certain portions of the vas-
cular endothelium under challenge (Ben-
ninghoff, ’30), these observations suggest
that littoral cells may be intermediate in
terms of their phagocytic capability and
serve as a cellular reservoir for the macro-
phage system.

With respect to the fiber-associated retic-
ular cells which are least active in endo-
cytosis, their identity and morphological
characteristics have been dealt with pre-
viously (Han, '61). The teleologic signifi-
cance for the evolution of this cell type is
understandable when one considers the
necessarily rapid modification that a lymph
node, challenged by an antigen, must
undergo in terms of its size and, therefore,
the organization of its reticular framework
during a relatively short induction period.
Since there are few mature fibroblasts in
the lymphoid reticulum, the fiber-associated
reticular cells would fulfill the functional
roles of building, maintaining and modify-
ing the fibrous reticulum of this ever-
adapting organ; these roles are played by
fibroblasts in other fibroelastic connective
tissues of the body. The broad range of
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adaptation of the reticular framework may
account for the wide variation in intra-
cellular structure which may resemble that
of a robust fibroblast or a quiescent fibro-
cyte.

The fact that many ferritin molecules
are found along the surface of the fiber-
associated reticular cell, especially in areas
where it is in contact with reticular fibers,
suggests that the cell may be comparable
to the so-called “dendritic reticular cell”
which is often called a “dendritic macro-
phage.” Our findings indicate that the cell
clearly does not belong to the macrophage
variety insofar as morphologic criteria are
concerned. The original proponents of the
term “dendritic macrophage” now regularly
refer to the cell as “dendritic reticular cell”
(Nossal et al., '68).

Insofar as the mechanism of antigen
trapping by the cell is concerned, the glyco-
protein coat along the labyrinthine cell
processes and the mucopolysaccharide pro-
tein complex of the ground substance that
holds individual collagen fibrils in the form
of a reticular fiber, may serve as ideal
traps for charged protein molecules. If this
be so, then one would expect ferritin mole-
cules to be bound in these locations. This
concept becomes particularly attractive
when one recognizes the fact that the flow
of lymph in these regions, i.e., the inter-
faces between reticular fibers and the fiber-
associated reticular cell, would be much
slower than in sinusoidal spaces. Such a
condition makes the surface of this cell
anatomically well suited for trapping and
holding antigens, and, hence, the antibody
at a later time. Thereafter, the region
would become an immunologically prefer-
ential place where a specific and increased
retention of antigen becomes possible, if
the latter is to be introduced again. These
aspects are especially pertinent in the func-
tional consideration of primary nodules
and germinal centers where reticular fibers
are much finer and more delicate (de-
Sousa, '69), and where antigen deposits
are located at an “intercellular web”
(Straus, '70).

In view of the foregoing, it is tempting
to suggest that the terms “fiber-associated
reticular cell,” dendritic reticular cell” and
“dendritic macrophage” be regarded as
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synonymous and that the cell, by virtue of
its unique anatomy, may play a dual role
of maintaining the fibrous reticulum and
trapping antigens.

Comments on the radioautographic re-
sults. Radioautographs of the present
studies support earlier work and convinc-
ingly augment the scintillation and elec-
tron microscopic results in terms of de-
fining the comparative topography of
retained antigens at the histological level.
The results show clearly that isologous and
homologous preparations are not taken up
in significant amount by macrophages of
the draining lymph node.

It is not as easy, however, to surmise an
explanation for the absence of antigen
concentration in germinal centers of pri-
mary nodules. The few silver grains over
germinal centers (fig. 13) appear to be
rather diffuse, although they may still rep-
resent a functionally meaningful distribu-
tion. Inasmuch as sensitivity of the radio-
autographic technique depends on a num-
ber of important factors such as precursor
concentration, exposure time, etc., we have
used a wide range of exposure periods and
precursors of high specific activity, as well
as repeating experiments in which increas-
ing doses of antigen were employed. De-
spite these efforts, we have not been able
to observe concentrated silver grains in
germinal centers. Kerr and Middleton
(’68) and Straus (*70) have also reported
their failure to localize antigen in primary
nodules, using horseradish peroxidase
technique.

These observations suggest that localiza-
tion of certain antigens in lymphoid nod-
ules, particularly in germinal centers, dur-
ing the primary response at best might oc-
cur at a very low rate. This is not to be
taken as evidence against previous claims
for the function germinal centers play in
antibody production (Ward et al., ’59)
antigen retention (Nossal et al., ’68);
Hanna et al., ’68) and immunologic mem-
ory (Wakefield and Thorbecke, '68). The
recent reports that germinal centers may
be responsible for IgG production and that
early histologic changes in the nodules
closely parallel the rise of circulating IgG
calls for continued and intensified research
in this area.
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PLATE 1

EXPLANATION OF FIGURES

1-2 Electron micrographs of purified ferritin preparations from the
horse and rat spleen, respectively. Many molecules show the micel-
lar cores in both preparations (arrows). Approximately x 285,000.

3-6 Low power radioautographs of the popliteal lymph node taken from
rats receiving 1 mg of heterologous ferritin-I1?5, sacrificed at ten
minutes (fig. 3), 24 hours (fig. 4), three days (fig. 5) and 7 days
(fig. 6) after the injection. Note the changes in the pattern of
topographic distribution and the number of silver grains. X 36.

7 A low power radioautograph of the popliteal lymph node from a
rat sacrificed at 24 hours after the injection of 1 mg of isologous
ferritin-I*>> preparation. In contrast to figure 4, which is the com-
parable heterologous recipient in terms of sacrifice time, there is a
conspicuous lack of silver grains over this node. X 40.
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PLATE 2

EXPLANATION OF FIGURES

Radioautographs of the popliteal lymph node from rats sacrificed
at 24 hours and three days after the injection of isologous ferritin-
1125 preparation, respectively. Note the presence of fairly abundant
but randomly distributed grains in figure 8, Although some grains
are seen in figure 9, few macrophages appear to concentrate the
silver grains (arrows). x 480.

Radioautographs of popliteal lymph nodes from rats sacrified at
three or seven days after the injection of heterologous ferritin-
1125, Figure 10 (3 days) shows numerous patches of silver grains
located in the region of cortical sinuses and medullary cords
(upper left). The lower right half of the photograph is a portion
of a cortical nodule which is devoid of silver grains. In figure 11
(3 days) are present several patches of silver grains in the diffuse
cortical lymphoid mass. Figure 12 (7 days) illustrates a germinal
center. Note the presence of tingeable body macrophages and the
lightly stained cells of the center (GC). Figure 13 (7 days) depicts
a portion of the germinal center at a higher magnification and
shows few concentrated silver grains, although there are a fair
number of them scattered throughout the germinal center. x 120
(figs. 10, 11, 12) and X 480 (fig. 13).
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PLATE 3

EXPLANATION OF FIGURE

14 A low power electron micrograph of a macrophage from the popliteal
lymph node of a rat sacrificed at 24 hours after injection of the
heterologous ferritin-I1'?>, The cell shows the usual characteristics of
the macrophages in action, namely, numerous small vesicles and
vacuoles(v), some of which are packed with ferritin molecules
(arrows), X 6,400,
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PLATE 4

EXPLANATION OF FIGURES

A portion of a macrophage from the popliteal lymph node of a rat
sacrificed at ten minutes after injection of the heterologous ferritin-
1125, Note the invaginations(l) of the surface plasma membrane
which appear to pinch off to form small vesicles(2) containing fer-
ritin; they may coalesce to form a larger vacuole(3). E; extracellular
space. X 48,000.

A portion of a macrophage of the popliteal lymph node of a rat
sacrificed at 60 minutes after injection of the heterologous ferritin-
1125, Note the two large vacuoles containing a large number of fer-
ritin molecules aggregating near their periphery. It appears that most
of the ferritin molecules are present in association with the cloudy
electron-dense matrix of the region(arrows). X 48,000.
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PLATE 5

EXPLANATION GF FIGURES

A portion of a macrophage from the popliteal lymph node of a rat
sacrificed at three days after the injection of heterologous ferritin-I'?5,
By this time many macrophages show cytoplasmic vacuoles some of
which are filled with ferritin molecules(long arrows) whereas others
are devoid of visible molecules(short arrows). Most of the empty
ones are of small size. Since many of the blood-borne ferritin mole-
cules have been cleared up by this time, the picture suggests that the
clear and small vacuoles represent more recently formed vacuoles
rather than ferritin-containing ones, X 17,600.

A portion of a large aggregate of ferritin and unidentified materials
present in a macrophage of the popliteal lymph node of a rat sacri-
ficed at three days after injection of heterologous ferritin-I125, Al-
though this is one of the unusually large masses, there are many
such aggregates that may reach 2 to 3 u in diameter. X 18,200.
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EXPLANATION OF FIGURE

19 A portion of a macrophage from the popliteal lymph node of a rat
sacrificed at 24 hours after the injection of heterologous ferritin-I'?5,
In addition to usual aggregates and isolated ferritin molecules that
are found in the ground cytoplasm, the nucleoplasm also contains a
fair number of ferritin granules(circles). Most of them appear to be
attached to loose strands of chromatin materials(arrow)., Note also
the absence of ferritin granules in the perinuclear cisternae, rough-
surfaced endoplasmic reticulum and mitochondria. X 42,600.
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PLATE 7

EXPLANATION OF FIGURES

Portions of endothelial cells that line the sinusoidal wall of the
popliteal lymph node of a rat sacrificed at 60 minutes after the
injection of heterologous ferritin-I1'?5, Note the active pinocytosis
of ferritin molecules by the surface membrane of the cell in
figure 20(arrows). Figure 21 shows two reticular fibers(f) that
are completely surrounded by the cytoplasm of an endothelial cell.
% 8,600.
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PLATE 8

EXPLANATION OF FIGURE

22 A fiber-associated reticular cell from the popliteal lymph node of a
rat sacrificed at three days after injection of the heterclogous fer
ritin-1'25 preparation, It has a cytoplasm containing a fair amount
of rough-surfaced endoplasmic reticulum, elongate mitochondria, and
a nucleus with jagged contour and fair sized nucleolus. This cell
is associated closely with reticular fibers(F) and takes up a small
number of ferritin molecules(arrows). Often the fibers are surrounded
completely by the cytoplasm of the fiber-associated reticular cell as
indicated in the insert. Note also that the insert shows small ferritin
molecules in association with the cell surface, as well as with the
surface of individual collagen fibrils that make up the reticular fiber
(arrows). X 10,200. Insert x 28,000,
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