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In bone marrow, an intact system of  vascular sinuses and fibroblastic s t roma has 
been shown to be the structural basis necessary for hemopoiet ic activity under  
physiologic (1, 2) and  pathologic (3) conditions. The  predominant  cells of  this 
hemopoiet ic microenvironment  are believed to be ret iculum cells which expand a 
three-dimensional network (reticulum) of  cytoplasmic extensions throughout  the 
marrow parenchyma (4). It is generally agreed, however, that  the term reticulum 
(reticular) cell might  include several cell types that have not yet been precisely 
characterized (5). So far, two main types o f re t i cu lum cells have been distinguished in 
the rodent marrow by electron microscopy: a nonphagocyt ic  ret iculum cell which is 
believed to be mainly fibroblastic (4, 6-8) and a phagocyt ic  reticulum cell or 
macrophage,  which is known to be the center of  erythropoietic islets (9). Whether  
either cell type is a constituent of  the sinus system is still a mat ter  of  controversy (4, 
10). 

There  have been relatively few reports of  studies combining electron microscopy 
and cytochemistry for the characterization of  these two stromal cells. Initial findings 
indicate, however, that  abundan t  acid phosphatase (Ac-Pase) l activity is localized in 
in t raparenchymal  bone marrow macrophages (11-12) and in certain endothelial  cells 
of  the vascular sinuses (13). No comparable  fine structural da ta  have been published 
for alkaline phosphatase (Alk-Pase), a l though its activity has been observed on smears 
of  bone marrow stromal cells by several investigators ( |4-16).  

To  further define the cells in the reticular network, we obtained core biopsy samples 
of  intact bone marrow which were fixed by immersion without  disturbing the basic 
organizat ion of  the tissue. Some biopsy specimens were embedded in plastic, l- to 3- 
micron sections were cut, and enzymatic  incubat ion for Alk-Pase and Ac-Pase were 
conducted on the sections; they were subsequently examined by light microscopy. 
Othe r  specimens were fixed, incubated,  processed, and examined by electron micros- 
copy. By this approach,  we provide evidence that  two types of  stromal cells can be 
differentiated in the bone marrow of small rodents: (a) a fibroblast-type of  reticulum 
cell which is characterized by its membrane-bound  Alk-Pase associated mainly with 
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g r a n u l o c y t i c  precursors .  (b) a m a c r o p h a g e  type  o f r e t i c u l u m  cell  wh ich  is c h a r a c t e r i z e d  

by  its a b u n d a n c e  o f  lysosomai  Ac-Pase  associa ted  m a i n l y  wi th  e r y t h r o i d  precursors .  

M a t e r i a l s  a n d  M e t h o d s  

Animals. A total of 85 mice (BALB/c and NRBI) and 56 rats (Sprague-Dawley and Wistar) 
of both sexes up to the age of 2 yr was studied. Out  of these, 24 mice (BALB/c) and 17 rats 
(Sprague-Dawley) of various sexes and ages were used for electron microscopic examinations; 
the other animals were analyzed by light microscopic techniques. 

Biopsy of Bone Marrow. The animals were killed by ether inhalation. Femoral bone marrow 
cores, 1 mm in diameter (mice) or 2 mm in diameter (rats), were punched out of the femoral 
cavity with small glass tubes and blown into the appropriate fixative within seconds. Other  
small pieces of marrow were squashed between two coverslips, and air-dried. To further 
elucidate the relationship between marrow parenchyma and bone structure, the entire femurs 
of 10 male and 10 female rats (Wistar) up to 18 mo old, and of 4 mice (NRBI) of both sexes 
were split longitudinally and were placed into the appropriate fixative en bloc. 

Histochemistry of Tissues Examined by Light Microscopy. Core samples of bone marrow were 
fixed at 4°C for 2 h in 4% paraformaldehyde in phosphate buffer. Specimens were then 
dehydrated within 2 h in ethyl alcohol at 4°C, embedded in glycol methacrylate at 4°C, 
according to Rudell (17) (JB-4 plastic embedding medium from Polysciences, Inc., Warrington, 
Pa.), and sections (1- to 3-micron sections) were cut. 

The split femurs of the rats were fixed at 4°C for 2 h in a mixture of equal parts of 2- 
hydroxyethyl methacrylate and methyl alcohol. After dehyration in 2-hydroxyethyl methacry- 
late, the specimens were impregnated with methyl methacrylate, and then they were postim- 
pregnated in glycol methacrylate and embedded as above at 4°C. Undecalcified 2- to 3-micron 
sections were cut on a motor-driven microtome (1140/Autocut, Reichert-Jung, 6901 Nuflloch, 
West Germany). 

The  method of Kaplow (14) was used, with Naphthol AS phosphate and fast blue BBN, to 
demonstrate the presence of Alk-Pase activity. All substrates were obtained from Sigma 
Chemical Co., St. Louis, Mo., unless stated otherwise. Ac-Pase activity was demonstrated by 
the method of Burstone (18) using Naphthol  AS-BI phosphoric acid and fast garnet GBC salt. 
In several instances, sections were sequentially incubated, first to assay alkaline, and then acid 
phosphatase, with 1% methyl green as a counterstain. In addition, we simultaneously processed 
smears or cryostat sections of unfixed or formaldehyde-fixed tissue. Inhibition studies of AIk- 
Pase were carried out by adding 0.2 mg t-p-bromotetramisole to 10 ml of incubation medium 
(19). (This material was kindly provided by Dr. M. Borgers, Janssen Pharmacuetical  Inc., 
Beerse, Belgium). 

Cytochemistry of Tissues Examined by Electron Microscopy. To demonstrate Alk-Pase activity, 
cores of bone marrow were fixed for 20 min in 1% glutaraldehyde in 0.1 M sodium cacodylate 
buffer, pH 7.4, at 4°C. Samples were subsequently cut into 40-micron slices with the Smith- 
Farquhar  tissue chopper (Ivan Sorvall, Inc., Norwalk, Conn.), rinsed in 0.1 M sodium cacodylate 
buffer (pH 7.4) with 7% sucrose, incubated in Millonig's medium (20) with the addition of 20% 
glycerol for 60 min at 37°C, rinsed, and again fixed for 2 h in 1.5% glutaraldehyde. These 
tissue specimens were then postfixed in 1% OsO4 in 0.05 M acetate-veronal buffer with 5% 
sucrose for 1 h at 4°C, and stained en bloc for 60 min at 22°C in 0.5% uranyl acetate in 
Michaelis buffer, pH 6.0. All tissues were dehydrated in ethanol and embedded in araldite. 
Grids were stained with alkaline lead citrate. 

As a control for cross-reactivity with other phosphatases, the specific inhibitor for Alk-Pase, 
u-p-bromotetramisole (19), was added to the incubation mixture. 

In the assays for Ac-Pase activity, the best results were obtained with a fixation time of 2 h 
in 1.5% glutaraldehyde at 4°C, as described above, and incubation at 37°C for 10 min (rats) 
or 20 min (mice) in Barka and Anderson's medium (21) at pH 5.0. To provide a control for 
nonspecific background staining, incubation for Ac-Pase was performed in the absence of 
substrate. 

R e s u l t s  

Light Microscopy. As m e n t i o n e d  in the  I n t r o d u c t i o n ,  the  presence  o f  Alk-Pase  in 
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certain stromal elements can be observed in smear preparations of bone marrow both 
in rats (Fig. 1 a) and mice (Fig. 1 b). However, because smears show a gross distortion 
of cellular architecture of the marrow, the cells that exhibited Alk-Pase activity could 
not be identified with certainty. Examinations of sections, however, after incubation 
for enzymatic activity, revealed that besides small arterioles (22), two types of stromal 
cells contained high concentrations of Alk-Pase: certain intraparenchymal reticulum 
cells (Figs. 1 c, d, e, and 2) and certain cells of the sinus wall (Figs. 1 c, d, and f). 
Furthermore, using a sequential double assay for both enzymes, we found that the 
stromal cells that stained positively for Alk-Pase were low, or lacking in Ac-Pase, and 
that another type of nonhemopoietic cell, probably the bone-marrow macrophage, 
contained large amounts of Ac-Pase but no detectable Alk-Pase (Fig. 1 d). 

In the mouse, these alkaline-phosphatase-positive reticulum cells (AL-RC) were 
characterized by their long cytoplasmic extensions, which radiated haphazardly into 
the hemopoietic parenchyma. Often the bone marrow was interspersed with a fine 
network of the blue reactive cell processes, although the small and ovoid nuclei of 
these cells were mostly difficult to identify (Figs. 1 c, and d). Furthermore, parts of the 
sinus walls were clearly outlined by reaction product as well, sometimes over consid- 
erable distances (Figs. 1 c, d, and e). Rarely, an elongated nucleus of the corresponding 
cell became visible (Figs. 1 c, and d). It was not clear, however, whether these cells 
were a real constituent of the sinus wall itself or merely adjacent to it. 

Although AL-RC were consistently found in both mice and rats, certain variations 
were observed with respect to strength of reactivity and overall distribution pattern 
in the marrow: the reactive reticular network often seemed to be generally sparser in 
the axial marrow region than in the marrow periphery where it usually tended to 
outline the sinuses. In addition, a few core biopsies of mice showed hardly any 
reactivity in the marrow stroma except for the small arterioles (not illustrated) which 
were always reactive. An intense Alk-Pase deposition, however, was usually observed 
at the periphery of the core biopsies, and we initially interpreted this phenomenon as 
a crush artifact. To clarify the nature of this activity, we made a study of the 
enzymatic reaction in areas close to the bony structures by embedding entire rat and 
mouse femurs, without prior decalcification, and then analyzing the cut sections as 
previously described. Our results indicated that reticulum cells that stain for Alk-Pase 
are consistently present in large numbers near the endosteum in both mice and rats 
(Fig. 1 f). In contrast, stromal cell elements heavily loaded with reaction products of 
Ac-Pase (macrophages), were found to be more or less evenly distributed throughout 
the marrow (Fig. 1 d). 

Sections of rat marrow were more difficult to interpret because of the abundant 
Alk-Pase reaction product in the differentiating neutrophils. Occasionally, AL-RC 
sectioned through their nuclei were seen (Fig. 1 e). Sometimes reactive cell processes 
seemed to outline individual fat droplets or to directly border upon megakaryocytes 
(not illustrated). An abundant layer of AL-RC was always present, however, near the 
bony tissue (Fig. 1 f). From this point, the AL-RC extended towards the marrow 
parenchyma, often outlining the sinuses for considerable distances. Adjacent to the 
endosteum, the Alk-Pase activity of osteoblasts was evident. Note that enzyme 
reactivity of the AL-RC was also apparent in areas where the AL-RC were separated 
from the osteoblastic rim by a marginal sinus. Furthermore, abundant AL-RC were 
usually present in the stromal-cell layer which surrounds the large central sinus of the 
rat marrow (not illustrated). In the epiphysial and metaphysial region of the rat 
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f e m u r ,  a t i g h t  n e t w o r k  o f  A L - R C  w h i c h  e x t e n d e d  b e t w e e n  t h e  s p o n g e w o r k  o f  t h e  

t r a b e c u l a ,  was  c o n s i s t e n t l y  o b s e r v e d  p a r t i a l l y  o u t l i n i n g  t h e  s inuses  (no t  i l l u s t r a t ed ) .  

Electron Microscopy 
ALKALINE PHOSPHATASE. (a) N o n v a s c u l a r  s t r uc tu r e s .  2 A l k a l i n e  p h o s p h a t a s e  r e a c t i o n  

p r o d u c t  in  n o n v a s c u l a r  s t r o m a l  cells of  b o t h  species  was  f o u n d  to  b e  r e s t r i c t e d  to 

s t e l l a t e  n o n h e m a t o p o i e t i c  cells (Figs. 2 a n d  3), w h o s e  m a j o r  m o r p h o l o g i c a l  c h a r a c t e r -  

is t ic  c o n s i s t e d  o f  long ,  t h i n  c y t o p l a s m i c  e x t e n s i o n s  t h a t  r a d i a t e d  h a p h a z a r d l y  i n t o  t h e  

a d j a c e n t  cell  p o p u l a t i o n .  W e  refer  to  th i s  cell  t y p e  as t h e  A1-RC.  E n z y m e  a c t i v i t y  was  

s i t u a t e d  o n  t h e  o u t e r  s u r f ace  o f  t h e  p l a s m a  m e m b r a n e ,  b u t  o n l y  p o r t i o n s  o f  t h e  

m e m b r a n e  we re  r eac t ive .  T h e r e  was  also e v i d e n c e  for  t he  p r e s e n c e  o f  A l k - P a s e  in 

o c c a s i o n a l  vesic les  o f  t h e s e  cells. T h e  c y t o p l a s m i c  e x t e n s i o n s  w e r e  e spec ia l ly  r e a c t i v e  

in  a r e a s  o f  i n t i m a t e  c o n t a c t  w i t h  t h e  v a r i o u s  types  o f  n e i g h b o r i n g  cells (Fig. 3); t hese  

c o n s i s t e d  m a i n l y  o f  g r a n u l o c y t i c  p r ecu r so r s .  O c c a s i o n a l l y ,  c o n t a c t  w i t h  m e g a k a r y o -  

cytes  was  o b s e r v e d ,  b u t  h a r d l y  eve r  w i t h  e r y t h r o i d  p recurso r s .  E x c e p t  for t h e  far-  

r e a c h i n g  c e l l u l a r  e x t e n s i o n s  w h i c h  f r e q u e n t l y  r e a c h e d  t h e  o u t e r  wa l l  o f  t h e  s inuses  

(Fig. 2), t h e  m o r p h o l o g i c a l  a spec t s  o f  t he se  A I - R C  were  i n c o n s p i c u o u s .  W h e n  t h e  

n u c l e u s  was  in t h e  p l a n e  o f  t h e  sec t ion ,  it was  u s u a l l y  a s s o c i a t e d  w i t h  a n a r r o w  r i m  o f  

c y t o p l a s m ,  a n d  s h o w e d  a m a r k e d  c o n d e n s a t i o n  o f  h e t e r o c h r o m a t i n  n e a r  t h e  n u c l e a r  

e n v e l o p e .  N u c l e o l i  we re  s e l d o m  p re sen t .  E x c e p t  for t h e  o n e  to t h r e e  s tacks  o f  Go lg i  

c i s t e r n a e ,  g e n e r a l l y  o n l y  a s c a n t  n u m b e r  o f  o r g a n e l l e s  was  f o u n d  in t h e  c y t o p l a s m ,  

2 In small bone marrow arterioles and capillaries, localized Alk-Pase activity was detected in pinocytotic 
vesicles, the intravascular lumina, and portions of the basement membrane, as well as between adjacent 
endothelial cells. These data have been published in abstract form (22), and will appear in a separate 
paper. 

FIc. 1. Light micrographs of rat and mouse bone marrow preparations reacted for Alk-Pase (blue 
reaction product) (a-c, and f) or both Alk-Pase and Ac-Pase (reddish reaction product) (d). (a) 
Squash preparation of rat bone marrow reacted for Alk-Pase. Individual stromal-cell elements (AI- 
RC) with long blue cytoplasmic extensions (arrow) are heavily reactive for Alk-Pase, as are the 
granulocytic precursors (NG), which often are associated with AI-RC. The tissue was fixed in 
paraformaldehyde-acetone, incubated with naphthol-AS phosphate and fast blue BBN (pH 9.2), 
and counterstained with neutral red. × 650. (b) Squash preparation of mouse bone marrow reacted 
for AIk-Pase. Reaction product is heavily concentrated on individual stroma[ cells (A1-RC) with 
long cell processes (arrows). In contrast to the rat, the granulocytic precursors (NG) are not reactive 
in this species. A light overall distribution of reaction product (granular blue) appears between the 
hemopoietic cells. Preparation as in (a). × 500. (c) Bone marrow section (1 micron) of a mouse 
reacted for Alk-Pase. Several reticulum cells (AI-RC) of the axial marrow region show enzyme 
activity in the hemopoietic parenchyma and along the sinus (Sin) walls. The tissue was fixed in 
buffered formalin, embedded in glycol methacrylate, and incubated as in (a). (d) Bone marrow 
section (l micron) of a mouse consecutively reacted for Alk-Pase and Ac-Pase. The reddish-brown 
reaction product of Ac-Pase marking the fixed macrophages (Mac) has a different distribution 
pattern than that of the blue deposits which mark the Alk-Pase-positive reticulum cells (AI-RC) and 
their cytoplasmic processes in the hemopoietic parenchyma and at the sinus (Sin) walls. Tissue 
treated as in (c), and then incubated in naphthol AS-BI phosphoric acid and fast garnet GBC (pH 
5.0), counterstained with methyl green, x 500. (e) Section (2 microns) of rat bone marrow reacted 
for AIk-Pase. Star-like reticulum cell (AI-RC) with reaction product on its cell membranes, located 
in the axial marrow parenchyma, and bordering upon a sinus (Sin). Neutrophilic granulocytes, 
(NG). The tissue was fixed in methanol-hydroxyethyl methacrylate and embedded in glycol/methyl 
methacrylate without previous decalcification. Incubation as in (a). × 1,050. (f) Section (2 microns) 
of rat bone marrow reacted for AIk-Pase. Alk-Pase-positive retieulum cells (AI-RC) are abundantly 
present in areas near bony structures (Bone), and partially outlining sinuses (Sin). They form a 
stromal cell layer that is adjacent to osteoblasts (O) which are also reactive at the bony rim. 
Preparation as in (e). × 420. 



FIG. 2. Low-magnification electron micrograph of rat bone marrow reacted for Alk-Pase. Reaction 
product (large arrows) is visible as a black precipitate on portions of the plasma membrane of a 
fibroblast-like reticulum cell (A1-RC), and is particularly prominent on the elongated cytoplasmic 
extensions. The center of the cell is located intraparenchymally but parts of the cell processes reach 
the outer wall of a sinus (Sin), where some intra- and extra-cytoplasmic (small arrows) leakage of 
enzyme has occurred. Typically, reaction product is also present in individual cytoplasmic vesicles 
(v). Cells of the neutrophilic series almost completely surround the reticulum cell. Some are obvious 
promyelocytes (NPM) and myelocytes, whereas others are blast-like cells, or presumably myeloblasts 
(MB). The tissue was fixed for 10 min in 1% glutaraldehyde, incubated for 60 min in Millonig's 
medium, and subsequently postfixed for 2 h in 1.5% glutaraldehyde and for 1 h in OsO4, then 
embedded in araldite. × 8,000. 
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Fro. 3. (a) Higher magnification electron micrograph of rat bone marrow reacted for Alk-Pase. 
An intraparenchymal reticulum cell (AI-RC) contains reaction product on parts of the plasma 
membrane  (arrow) and in an intracytoplasmic vesicle (v). It is encircled by cells of the granulopoietic 
line, mainly myeloblasts and promyelocytes (NPM), and closely apposes several of them. In addition, 
its intimate relationship with intercellular reticulin fibers (rf and inset) is obvious. No reaction 
product is visible in the sinus wall cell (SWC). Sinus (Sin). Tissue preparation as in Fig. 2. × 1,000; 
inset, × 35,000. (b) The Alk-Pase-positive cytoplasmic extensions of the reticulum cells are in 
intimate contact with neighbouring cells (three seen here), one of which is a neutrophilic promye- 
Iocyte (NPM). In this example it is impossible to conclude whether or not the cell membranes  of the 
myeloid cells are also reactive. × 22,000. 
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i.e., a scarcely developed endoplasmic reticulum (ER), small, slightly ovoid mitochon- 
dria, and some indistinct vesicles. We rarely observed a single small vesicle filled with 
reaction product (Figs. 2 and 3), but several times, a few nonreactive multivesicular 
bodies were visible (Fig. 4b). Occasionally, microfilaments were present, especially 
inside the stretched-out cytoplasmic extensions, and they were more conspicuous in 
the rat than in the mouse. We did not see any microtubules, probably because these 
cells were fixed at 4°C. A notable feature was the close proximity of A1-RC to 
extraceilular fibrillar material (Fig. 3 a inset, reticulum fibers). The fine structure of 
these fibers was not well preserved after incubation in alkaline medium, but was more 
intact in the specimens analyzed for acid phosphatase activity (Fig. 5 b). 

Only in rare cases could we observe an AI-RC that had been sectioned through its 
nucleus. In contrast, reactive processes which either extended into the hemopoietic 
parenchyma (Fig. 3 b) or which were adjacent to the inner lining cell of the sinuses 
(Fig. 4 a) or close to arterioles (not illustrated) were readily observed. Furthermore, in 
both species, a greater number  of reactive cell extensions was found in the peripheral 
areas of the biopsy cores than in the femoral axis, as observed before by light 
microscopy. It should be stressed, however, that multiple fine-cellular processes were 
always present between hematopoietic cells, with no evidence of plasma-membrane 
enzymatic activity. (See the acid phosphatase Results section). 

(b) Sinuses. In both species, Alk-Pase-positive cellular extensions were often found 
adjacent to the sinus wall (Fig. 4a), where they sometimes accompanied the inner 
lining cells for a considerable distance. Occasionally, the location of these cells 
deviated from this position, and they bordered directly upon the sinus lumen, as 
shown in two fortuitously obtained serial sections (Figs. 4a  and b). Note that there 
was a heavy deposit of lead phosphate, as usual, between the inner and outer sinus- 
wall cells in the first section, (Fig. 4a) whereas in the other section of the same cell, 
there was no visible enzymatic activity on the segment of the plasma membrane of 
the A1-RC that was in contact with the sinus lumen. (Fig. 4b). 

In the first micrograph (Fig. 4a), the nucleus is irregular in shape whereas the 
cytoplasm has few distinctive organelles. However, at a different sectioning level, (Fig. 
4 b), the same cell reveals a more regular-shaped nucleus as well as several organelles, 
including well-defined multivesicular bodies, a sidersome, and ER. 

ACID PHOSPHATASE. (a) Nonvascular structures. In mice and rats, reaction product 
for Ac-Pase was abundant  in stromal cells functioning as macrophages in the bone 
marrow. The activity was so great, in fact, that only after brief incubation could 
enzyme activity be specifically localized within large lysosomes. The Golgi cisternae, 
too, usually exhibited strong enzymatic activity (not illustrated). 

In the hematopoietic parenchyma, two types of highly reactive macrophages 
warranted particular attention: (1) a vast number  of phagocytic reticulum cells 
typical of erythropoietic islets (Fig. 5a) with far-reaching irregular processes; (2) a 
very rare, rounded type of macrophage with no signs of cellular extensions (Fig. 6 a). 
Once, in the center of an erythropoietic island, a reticulum cell dense with Ac-Pase 
reaction product was observed undergoing mitosis (Fig. 6 b). 

Compared with the stellate reticulum cells which reacted for Alk-Pase, the majority 
of these macrophages had a considerably lower nuclear:cytoplasmic ratio and a much 
larger content of organelles, i.e., mitochondria, vesicles, and especially lysosomes of 
various sizes; also, nucleoli were more frequently seen. These cells were often found to 



FIC. 4. Mouse bone-marrow reticulum cells reacted for Alk-Pase. The two electron micrographs 
illustrate serial sections prepared from the same block of tissue. (a) An Alk-Pase-positive reticulum 
cell (AI-RC) lies adjacent to the sinus (Sin) but is separated from it by the inner lining cells (ILC). 
X 15,000. (b) In a serial section, the same retieulum c611 (AI-RC) as in (a) is seen to be part of the 
lining of the sinus wall itself. In this micrograph, the reaction product of the AI-RC is not present 
where direct contact between the cell and the sinus lumen is apparent (short arrow). The cytoplasm 
of the reticulum cell, inconspicuous in (a) except for its one reactive vesicle (v), displays multivesic- 
ular bodies (mvb), a siderosome (s), a few mitochondria (m), and some endoplasmic reticulum (er). 
Tissue fixed for 30 min in 1.5% glutaraldehyde, otherwise treated as in Fig. 2. X 15,000. 
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Fie. 5. (a) Electron micrograph of macrophages from mouse bone marrow reacted for Ac-Pase. 
An intraparenchymal macrophage (Mac) surrounded by erythroblasts (EB) forms a typical eryth- 
ropoietic island, t luge secondary lysosomes (sl) are filled with reaction product, while others contain 
very little. The close relationship with intercellular reticulum fibers (rf) is obvious. × 18,000. (b) 
High magnification electron micrograph of mouse bone marrow macrophage reacted for Ac-Pase. 
The picture reveals the intimate contact of an intraparenchymal macrophage, forming an erythro- 
poietic island, with intercellular reticulin (rf). Note also the intracellular foci of  filaments (ill). Small 
reactive secondary lysosomes (sl) are also present. Tissue fixed for 2 h in 1.5% glutaraldehyde, 
incubated for 20 min in Barka and Anderson's medium, and embedded in araldite. × 22,000. 
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FIG. 6. (a) Electron micrograph of a macrophage from rat bone marrow reacted for Ac-Pase 
depicting a rare type of a rounded macrophage (Mac), without obvious cell extensions. The 
secondary lysosomes (sl) of the Mac and a few lysosomes and remnants of a Golgi cisternae (Gc) of 
a neighbouring reticulocyte (RCI) also show signs of enzyme reaction. Tissue preparation as in Fig. 
5. × 15,000. (b) Electron micrograph ofa  macrophage in mitosis in mouse bone marrow reacted for 
Ac-Pase. This macrophage, clearly marked by its heavily reactive secondary lysosomes (sl), is 
undergoing cell division, as evidenced by aggregated chromatin (ch) and the absence of a nuclear 
membrane. This was a rare observation. EB -- erythroblast. Tissue preparation as in Fig. 5. × 
9,OOO. 
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extend their cytoplasmic processes for long distances before making contact with the 
sinus-wall cells. Significantly, the vast majority of the abundant  stromal cell extensions 
between the hematopoietic cell compartments  displayed huge, reactive lysosomes. An 
intimate association of these phagocytic reticulum cells with extracellular fibrillar 
material (reticulum fibers), similar to that seen in the case of the A1-RC, was 
frequently noted (Fig. 5b). In a few instances, the extraeellular reticulum fibers 
seemed to be extensively surrounded by the cytoplasmic extensions of phagocytic 
reticulum cells which formed an erythropoietic islet (Fig. 5 b). 

(b) Vascular structures. No sign of Ac-Pase activity was observed in arteries, 
arterioles, or capillaries after brief periods of incubation. In contrast, large secondary 
lysosomes (Fig. 7) and, occasionally, the Golgi cisternae and vesicles, as well as the 
sinus-wall cells, were intensely reactive for Ac-Pase. Even at sites that were distant 
from the nucleus, enormous reactive lysosomes were conspicuous. There were obvious 
histochemical similarities between these sinus-wall cells and the intraparenchymal 
macrophages, i.e., both types of cells are Alk-Pase-negative and contain abundant  Ac- 
Pase, respectively. In these cell types, close contact with the aforementioned intercel- 
lular reticulum fibers was apparent (Fig. 7). When there was more than one cell layer 
in the lining of the sinus, Ac-Pase activity seemed to be restricted primarily to the 
cells lining the lumen. 

(c) Enzymatic controls. 1. Alkaline phosphatase. L-p-bromotetramisole com- 
pletely inhibited the deposition of reaction product as judged by examination of 
specimens at both the light and electron microscopic levels. To exclude the possibility 
that the fixation or embedding procedures were inhibiting significant quantities of 
enzyme, unfixed cryostat sections were incubated together with the usual smears and 
plastic sections of bone marrow of the same animal. Examination of this material 
disclosed no detectable differences in the amount or distribution pattern of  Alk-Pase. 
Also, no significant differences in either the distribution pattern or the intensity of 
Alk-Pase activity were observed when we compared data obtained from specimens 
analyzed by electron microscopy and the results from light microscopic studies of 
plastic sections. 

2. Acid phosphatase. As a control for the determination of Ac-Pase background 
activity, we omitted substrate during the incubation and there was no demonstrable 
formation of reaction product. 

Discussion 

In this study, we have identified the morphology and distribution of a distinct 
group of nonphagocytic reticulum cells which have high concentrations of Alk-Pase 
on their plasma membranes (Figs. 2-4). This cell type was easily distinguishable from 
another stellate stromal cell, the macrophage (phagocytic reticulum cell), which was 
negative for Alk-Pase but contained numerous large secondary lysosomes identifiable 
by their abundant  content of  Ac-Pase (Fig. 5 a). 

It is significant that the A1-RC were consistently found in close association with 
granulocytic precursors (Figs. 2 and 3), whereas the acid phosphatase-positive mac- 
rophages were associated mainly with developing erythroid precursor cells (Fig. 5 a), 
as reported by others (23, and 24). 

The fine-structural features of the AI-RC reported here resemble those of a similar 
cell type which was first described by Ito (6) and Huhn (7) in the rat, and was later 
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FIG. 7. Electron micrograph of a sinus-wall cell from rat bone marrow reacted for Ac-Pase. The 
depicted sinus wall cell (SWC) shows a large secondary lysosome (sl) with a heavy enzyme reaction. 
Also reactive are parts of the Golgi complex (G) and some vesicles of a monocyte (M) within the 
sinus. Reticulin fibers (rf') can usually be seen close to the sinus-wall cell as well. Sin = Sinus. 
Tissue preparation as in Fig. 5. × 16,000. 
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extensively characterized by Weiss (4) who called it a fibroblast-like reticular cell. It 
is likely to be identical with the nonphagocytic reticulum cell with intracytoplasmic 
fibrils as described in the human (25). 

The  considerable content of cytoplasmic filaments detected by all cited authors led 
them to the conclusion that these filaments were an important distinguishing feature 
of such cells. In the specimens examined by us, the number  of filaments in the AI-RC 
showed wide variations, and although the amount was never very striking, these 
filaments were more obvious in the rat than in the mouse. This discrepancy from 
previous findings may be partly a result of morphologic changes induced by the 
fixation at 4°C and subsequent incubation procedure required by our method. It 
must, therefore, remain open whether or not the AI-RC is fully identical with the 
reticular cell of the aformentioned authors. Tanaka  (25), for example, when dealing 
with reticulum cells of the nonphagocytic type, differentiated between cells with 
intracytoplasmic fibrils and cells with an immature appearance of both nucleus and 
cytoplasm. On the basis of electron microscopical observations, Huhn (7) similarly 
found a close resemblance of reticular stromal elements, i.e., nonphagocytic reticulum 
cells, fibroblasts, angioblasts, and osteoblasts. Thus, the variations in morphology of 
the AI-RC may reflect different functional states of  the fibroblast-like reticulum cells 
or its participation in one of the other stromal functions in the marrow ranging from 
supporting hemopoiesis to bone formation (see below). 

Although the plasma membrane-bound AIk-Pase serves as a useful marker to 
differentiate these stromal-cell elements, its biological function is as yet unknown. Alk- 
Pase is a rather nonspecific enzyme with many molecular forms and probably many 
functions (26, 27). In intestine and kidney, Alk-Pase has been related to the sodium 
pump and associated with the rapid passage of ions across cell membranes (27). When 
correlating the morphological findings of this study with the different functions which 
have been hypothesized for Alk-Pase throughout the body (27, 28), the following 
biological roles of the A1-RC may be postulated: (a) The membrane-bound reaction 
product of Alk-Pase may be related to the production of intercellular fibrillar material 
which in this study was consistently observed in the vicinity of the AI-RC. It is well 
known that Alk-Pase can be induced in cultured fibroblasts (26), and that this enzyme 
may be indicative of collagen synthesis (18, 26-29). The possibility that reticulum 
cells are the source of the intercellular reticulum fibers in the bone marrow has long 
been postulated (30), and was re-emphasized by Weiss (4). The presence of Alk-Pase 
on the plasma membrane would then merely reflect a certain functional state of the 
fibroblast-like nonphagocytic reticulum cell observed by others (4, 6-8). It may also 
be closely related to the fiber-associated reticulum cell which is thought to be reactive 
for Alk-Pase when actively producing extracellular fibrous material in the human 
spleen, as proposed by Heusermann and Stutte (28). 

(b) The intimate association of A1-RC with granulocytic precursors (Figs. 2, and 3), 
and their concentration at sites typical of myelopoiesis such as bone surface (31-33), 
and blood vessels (32, 34) are very suggestive of a functional relationship with 
granulopoiesis. The well-known regulatory influence of stromal cells on hemopoiesis 
(3) was proposed to be mediated by cell contact processes and/or  humoral factors 
(35) such as colony-stimulating activity (CSA). This glycoprotein induces granulo- 
poietic and /or  monocytic colonies in vitro (36), and was shown to be produced in 
greater amounts from stromal cells adjacent to bone (35). Thus, the proper microen- 
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vironment for the differentiation of granulocytes probably requires a local source of 
CSA as well as contact with an appropriate type of stromal cell. These stromal cells 
adjacent to bone could provide the local source of CSA, although it is now evident 
that CSA is produced by several types of cells, including macrophages (35). The 
intimate association of AL-RC with early precursors of granulocytes makes it a strong 
candidate for the stromal cell responsible for their differentiation. Furthermore, it is 
also possible, although at present completely speculative, that the function of a 
membrane-associated Alk-Pase could be to enzymatically modify glycoproteins 3 in its 
immediate vicinity. The substrates could be integral glycoproteins of the plasma 
membrane of adjacent cells, or a substance in the immediate microenvironment, such 
as CSA. Recently, two distinct stromal cells were identified in granulopoietic and 
erythropoietic spleen colonies by LaPushin and Trentin (38) who assumed that these 
cells may regulate the hemopoietic inductive microenvironment of such colonies. 
Whether or not these cells correspond cytochemically to the two stromal cell types 
described in this paper remains to be investigated. 

(c) Finally, as AL-RC were seen to be especially concentrated in subendosteal 
regions (Fig. 1 f), their possible function as osteoprogenitor cells (39) cannot be 
excluded. This latter cell type was reported to have the appearance of undifferentiated 
mesenchymal cell elements and to be located within a certain distance of the bone 
surface. Preosteoblasts have also been shown to be reactive for Alk-Pase (40). Perhaps 
pertinent to this point is the work of Amsel et al. (41), who disrupted the center of 
femoral bone marrow with a small needle and subsequently observed the formation 
of new cancellous bone within the injured cavity, far away from the endosteum (and 
obvious osteoblasts). In this regard, Friedenstein et al. (42) have isolated from bone 
marrow a self-perpetuating population of determined osteogenic precursors. In mono- 
layer cultures, these cells form clones of fibroblast-like cells. Upon transplantation 
subcutaneously, they initiate a certain cascade of events which includes the formation 
of bone, resorption, the formation of stroma, and overt hematopoiesis. Furthermore, 
the stroma is of donor origin whereas the cells of the host repopulate hematopoiesis. 
Further study will be necessary to clarify the possible interrelationships of these 
mesenchymal cells. Finally, it should be mentioned that it is unlikely that A1-RC are 
in any way related to another stellate-shaped cell, the dendritic cell, recently identified 
by Steinman et al. (43), because mature dendritic cells have not been found in bone 
marrow but are present in spleen and lymph nodes. 

Although the new findings of this paper focus on AI-RC, a few comments should 
also be made about the phagocytic reticulum cells, i.e., macrophages, which are 
characterized by their abundance of Ac-Pase within large secondary lysosomes. Fixed 
marrow macrophages are known to be closely associated with developing erythroblasts, 
as reviewed by Ben-Ishay and Yoffey (24). Their function as the nursing cell of 
erythropoiesis or in iron metabolism remains to be further clarified, whereas their role 
in the removal of expelled erythroblastic nuclei by phagocytosis has clearly been 
demonstrated by Bessis (23). In addition, we have noted a close relationship between 
marrow macrophages and extracellular reticulin (Fig. 5 b), as reported by Watanabe 
(44) and Marton (12). In view of present-day knowledge regarding macrophage 

s In this regard, it has ben demonstrated that treatment with highly purified Alk-Pase converts high- 
uptake forms of j~-glucuronidase to a less acidic, low-uptake form; that is, the enzymatic modification 
affects the rate of pinocytosis of the altered enzyme by fibroblasts (37). 
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function, it seems more likely that these cells may remove reticulin fibers rather than 
produce them. 

The current consensus is that bone marrow macrophages are part of the mononu- 
clear phagocyte system (45, 46). However, only very few data dealing with the possible 
origin and fate of fixed macrophages of the bone marrow (47) have been published 
thus far. One interesting finding of our study is that macrophages forming erythro- 
poietic islets are capable of mitosis (Fig. 6b). However, it should be emphasized that 
this was a rare finding. 

As for the sinuses, the findings of this study show that they are composed mainly of 
endothelial cells which contain a large amount of lysosomal Ac-Pase (Fig. 7), and a 
fibroblast type of adventitial cells characterized by their membrane-bound Alk-Pase 
(Fig. 4). The cytoplasmic extensions of the AI-RC usually surround the endothelial 
cell but occasionally also border directly upon the sinus lumen. This is of interest 
because the sinus wall has previously been described as a continuous squamous 
endothelium, the cells being held together by maculae occludentes (4, 48).4 The close 
association between these sinus-wall cells and extracellular fibrillar material was also 
remarkable (Fig. 7). One function of the sinus-wall cells has been shown to be the 
removal of particulate material from the circulation (13). The function of the 
fibroblast-like adventitial cell, on the other hand, may be the production of extracel- 
lular reticulin to provide structural support for the sinus. 

S u m m a r y  

In the bone marrow, an elaborate stroma forms the structural basis of the hemo- 
poietic microenvironment. In this study, two different types of stromal cells were 
identified with certainty on tissue sections of intact bone marrow of rats and mice 
using light and electron microscopic histochemistry: 

(a) a fibroblast-type of reticulum cell which is characterized by having alkaline 
phosphatase associated with its plasma membrane.  We refer to this cell as the alkaline- 
phosphatase-positive reticulum cell (A1-RC). It is closely associated with granulocytic 
precursors, particularly myeloblasts and neutrophilic promyelocytes. These reticulum 
cells may be found throughout the marrow but are concentrated near the endosteum. 

(b) a macrophage-type of reticulum cell which is characterized by its abundance of 
lysosomal acid phosphatase and is mainly associated with erythroid precursors (as 
observed by others). In contrast to the above-mentioned cell type, this latter cell was 
found to be distributed uniformly throughout the marrow. 

We speculate that the A1-RC are mesenchymal stromal cells necessary for granu- 
locytic differentiation in bone marrow. 

We wish to thank Harvey Patt, Mary Maloney, and Steve Wissig for valuable discussion and 
Janet Boyles, Ivy Hsieh, Yvonne Jacques, and Anneliese Scholze for excellent technical 
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4 By freeze fracture, the tight junction strands can frequently be demonstrated to be incomplete. 
(Westen, H. and D. S. Friend. 1979. Loosely structured tight junctions and focally aggregated fenestrations 
in the sinuses of rat bone marrow. A freeze-fracture study. Manuscript in preparation.) 



HANNES WESTEN AND DOROTHY F. BAINTON 935 

Re fe r ences  

1. Calvo, W., and R. J. Haas. 1969. On the histiogenesis of the bone marrow in the rat: 
Innervation, stroma and their relations to hemopoiesis. Z. Zellforsch. Mikrosk Anat. 95:377. 

2. Chen, L.-T., and L. Weiss. 1975. The development of vertebral bone marrow of human 
fetuses. Blood. 46:389. 

3. Patt, H. M., and M. A. Maloney. 1975. Bone marrow regeneration after local injury: A 
review. Exp. Hematol. ( Oak Ridge). 3:135. 

4. Weiss, L. 1976. The hematopoietic microenvironment of the bone marrow: An ultrastruc- 
tural study of the stroma in rats. Anat. Rec. 186:161. 

5. Heyden yon, H. W. 1978. Die ortsstS.ndigen Knochenmarkzellen. In Das Knochenmark. 
W. Queisser, editor. Thieme-Vlg. Stuttgart. 99. 

6. Ito, U. 1965. Electron microscopic study on benzene intoxicated rat bone marrow, with 
special reference to its reticuloendothelial structure. Bull. Tokyo Med. Dent. Univ. 12:1. 

7. Huhn, D. 1966. Die Feinstruktur des Knochenmarks der Ratte bei Anwendung ueuerer 
Aldehydfixationen. Blut. 13:291. 

8. Tanaka, Y., and J. R. Goodman. 1972. Electron Microscopy of Human Blood Cells. Harper 
& Row, Publishers, Inc., New York. 348. 

9. Policard, A., and M. Bessis. 1958. Sur un mode d'incorporation des macromol~cules par la 
cellule, visible au microscope ~lectronique: la rhoph~ocytose. C. R. Acad. Bulg. Sci. 246:3194. 

10. Ferguson, R. J., E. R. Hayes, and R. H. Webber. 1972. The nature of the reticulum cell of 
the bone marrow of the rat: an electron microscopic study of the effects of methotrexate. 
Acta Anat. 83:556. 

11. Wetzel, B. K., S. S. Spicer, and R. G. Horn. 1967. Fine structural localization of acid and 
alkaline phosphatases in cells of rabbit blood and bone marrow. J.  Histochem. Cytochem. 15: 
311. 

12. Marton, P. F. 1975. Ultrastructural study of erythrophagocytosis in the rat bone marrow. 
&and. J .  Haematol. Suppl. 23:1. 

13. De Bruyn, P. P. H., S. Michelson, and R. P. Becker. 1975. Endocytosis, transfer tubules, 
and lysosomal activity in myeloid sinusoidal endothelium.J. Ultrastruct. Res. 53:133. 

14. Kaplow, L. S. 1955. A histochemical procedure for localizing and evaluating leukocyte 
alkaline phosphatase activity in smears of blood and marrow. Blood. 10:1023. 

15. L6ffler, H. 1961. Untersuchungen fiber die Aktivitat der alkalischen Phosphatase und der 
unspezifischen Esterase in den Retikulumzellen des Knochenmarkes: Ein Vergleich 
zwischen Knochenmark und Lymphknoten. Folia Haematol. (Leipz). 6:164. 

16. Trubowitz, S., and B. Masek. 1968. A histochemical study of the reticuloendothelial system 
of human marrow--its possible transport role. Blood. 32:610. 

17. Ruddell, C. L. 1967. Embedding media for 1-2 micron sectioning. 2. Hydroxyethyl 
methacrylate combined with 2-butoxyethanol. Stain Technol. 42:253. 

18. Burstone, M. S. 1962. Enzyme Histochemistry and Its Application in the Study of 
Neoplasms. Academic Press, Inc., New York. 160. 

19. Borgers, M., and F. Thong. 1975. The inhibition of alkaline phosphatase by L-p-bromotet- 
ramisole. Histochemistry. 44:277. 

20. Millonig, G., and J. Millonig. 1973. Comparison of alkaline phosphatase reactions on sea 
urchin embryos. In Electron microscopy and cytochemistry. E. Wisse, W. T. Daems, I. 
Molenaar, and P. van Duijn, editors. North Holland Publishing Co., Amsterdam. 55. 

21. Barka, T., and P. J. Anderson. 1962. Histochemical methods for acid phosphatase using 
hexazonium pararosanilin as coupler.J. Histochem. Cytochem. 10:741. 

22. Westen, H., and D. F. Bainton. 1979. Association ofalkaline-phosphatase-positive reticulum 
cells (AI-RC) in bone marrow with granulocytic precursors. Fed. Proc. 38:923. (Abstr.) 

23. Bessis, M. 1973. Living blood cells and their ultrastructure. Springer-Verlag New York, 
Inc., New York. 



936 ALKALINE PHOSPHATASE IN BONE MARROW RETICULUM CELLS 

24. Ben-lshay, Z., and J. M. Yoffey. 1972. Ultrastructural studies of erythroblastic islands of 
rat bone marrow. II. The resumption of erythropoiesis in erythropoietically depressed 
rebound marrow. Lab. Invest. 26:637. 

25. Tanaka, Y. 1969. An electron microscopic study ofnonphagocytic reticulum cells in human 
bone marrow. I. Cells with intracytoplasmic fibrils. Acta Haemat. Jpn. 32:275. 

26. Lundgren, E. 1977. Conditions for induction of alkaline phosphatase in cultured human 
fetal skin fibroblasts. Exp. Cell Res. 110:25. 

27. Pearse, A. G. E. 1968. Histochemistry, theoretical and applied. 3rd edition. V. 1. Little, 
Brown, & Co., Boston. 510. 

28. Heusermann, U., and H. J. Stutte. 1977. Enzymhistochemische, histometrische undul tra-  
strukturelle Untersuchungen von Milzen bei der Vinylchlorid-Krankheit. Virch. Arch. A. 
Path. Anat. und Histol. 375:303. 

29. Lennert, K., and K. Nagai. 1962. Quantitative und qualitative Gitterfaserstudien im 
Knochenmark. I. Mitteilung. Normales Knochenmark. Virchows. Arch. A Pathol. Anat. Histol. 
336:151. 

30. Fresen, O. 1964. The submicroscopical structure of the reticular cell tissue. Acta Haemat. 
(Basel.). 32:193. 

31. Wienbeck, J. 1938. Das Zellbild des kindlichen Knochenmarkes bei infektionskrankheiten. 
Verb. Deut. Ges. Pathol. 30:375. 

32. Burkhardt, R. 1965. Zytologie und histologie des menschlichen knochenmarkes. Hamatol. 
Bluttransf 4:11. 

33. Burkhardt R. (trans. from German by H. J. Hirsch). 1971. Bone marrow and bone tissue. 
In Color Atlas of Clinical Histopathology. Springer-Verlag, Heidelberg. 

34. Zollinger, H. U. 1945. Fftale Entziindung und heterotope Blutbildung. Schweiz. A. Allg. 
Path. 8:311. 

35. Chan, S. H., and D. Metcalf. 1972. Local production of colony-stimulating factor within 
the bone marrow: Role of nonhematopoietic cells. Blood. 40:646. 

36. Metcalf, D. 1970. Studies on colony formation in vitro by mouse bone marrow cells. II. 
Action of colony stimulating factor. J. Cell Physiol. 76:89. 

37. Kaplan, A., D. Fischer, D. Achord, and W. Sly. 1977. Phosphohexosyl recognition is a 
general characteristic of pinocytosis of lysosomal glycosidases by human fibroblasts. J. Clin. 
Invest. 60:1088. 

38. LaPushin, R. W., and J. J. Trentin. 1977. Identification of distinctive stromal elements in 
erythroid and neutrophil granuloid spleen colonies: light and electron microscopic study. 
Exp. Hematol. (Oak Ridge). 5:505. 

39. Young, R. W. 1962. Cell proliferation and specialization during endochondral osteogenesis 
in young rats.J. Cell Biol. 14:357. 

40. Owen, M. 1970. The origin of bone cells. Int. Rev. Cytol. 28:213. 
41. Amsel, S., A. Maniatis, M. Tavassoli, and W. H. Crosby. 1969. The significance of 

intramedullary cancellous bone formation in the repair of bone marrow tissue. Anat. Rec. 
164:101. 

42. Friedenstein, A. J., U. F. Gorskaja, and N. N. Kulagina. 1976. Fibroblast precursors in 
normal and irradiated mouse hematopoietic organs. Exp. Hematol. (Oak Ridge). 4:267. 

43. Steinman, R. M., G. Kaplan, M. D. Witmer, and Z. A. Cohn. 1979. Identification of a 
novel cell type in peripheral lymphoid organs of mice. V. Purification of spleen dendritic 
cells, new surface markers, and maintenance in vitro.J. Exp. Med. 149:1. 

44. Watanabe, Y. 1966. An electron microscopic study of the reticuloendothelial system in the 
bone marrow. Tohoku J. Exp. Med. 89:167. 

45. Leder, L.-D. 1978. On the terms "reticulosis" and "reticulum cell sarcoma" with regard to 
the modern concept of the monocyte macrophage system. Klin. Wochenschr. 56:1091. 

46. Van Furth, R., H. L. Lange Vourt, and A. Schaberg. 1975. Mononuclear phagocytes in 



HANNES WESTEN AND DOROTHY F. BAINTON 937 

human pathology--proposal for an approach to improved classification. In Mononuclear 
Phagocytes in Immunity, Infection, and Pathology. R. van Furth, editor. Blackwell 
Scientific Publications, Ltd. Oxford, England. 1. 

47. Virolainen, M. 1968. Hematopoietic origin of macrophages as studied by chromosome 
markers in mice.J. Exp. Med. 127:943. 

48. Tavassoli, M., and M. Shaklai. 1979. Absence of tight junctions in endothelium of marrow 
sinuses: possible significance for marrow cell egress. Br. J.  Haernatol. 41:303. 


