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SUMMARY
The early developmental stages of haemopoiesis are
thought to be regulated by paracrine growth factors and
by the haemopoietic environment. Are gap junctions
involved here? Gap junctions are structures in cell
membranes allowing the direct transfer of ions and small
molecules between adjacent cells and are known to be
involved in development. We have found that although
connexin43 gap junctions are rare (0.00016±0.0002/µm2
tissue) in normal adult mouse marrow their expression is
80-fold higher (0.0292±0.0147/µm2) in neonatal marrow.
One difference between neonatal and adult haemopoietic
tissue is that in the latter more haemopoietic cells are
dividing. To test if more gap junctions were due to
increased division we altered adult blood-formation by
mobilizing or destroying end cells - granulocytes and red
cells - or by forcing stem cells to divide by making them
regenerate an ablated blood-forming system. Mobilizing

end cells had no effect on the number or distribution of gap
junctions in marrow but forced stem cell division caused a
100-fold increase in gap junction expression and did so
before any recognizable haemopoietic cells formed. There
were greater than normal numbers of gap junctions in
radio-protected adult mouse marrow. The cells coupled by
gap junctions are TE-7+ mesodermally derived fibroblasts,
STRO-1+ stromal cells, and CD45+ and CD34+ haemopoietic cells. We propose that there is a latent network of
Cx43+ gap junctions in normal quiescent marrow. In
response to events that call for active division of stem cells
this network is amplified and coupled to haemopoietic stem
cells, perhaps enabling them to divide.

INTRODUCTION

and they can be detected electrophysiologically or by dyetransfer (reviewed by Warner, 1988) when a dye such as
Lucifer Yellow (Mr 457), micro-injected into one cell, spreads
to another through intercellular junctions.
The presence of gap junctions has often been reported in
vitro in haemopoietic model systems (Levy et al., 1976;
Porvaznik and MacVittie, 1979; Kapsenberg and Leene, 1979);
Allen, 1981; Neumark and Huynh, 1989; Rosendaal et al.,
1991; Dorshkind et al., 1993).
Morphological evidence for the presence of many gap
junctions in normal adult marrow however is not compelling.
Only Campbell (1980, 1982) found them in any number and it
is probable that tannic acid, which he used as a fixative, may
have been deposited in cell membranes to create the appearance of gap junctions (see discussions by Campbell, 1982; and
Watanabe, 1985). Watanabe (1985), who used either 2% gallic
acid instead of tannic acid with glutaraldehyde or conventional
aldehyde fixatives, found gap junctions between peri-arterial
fibroblasts and on fibroblasts in the haemopoietic tissue
between sinusoids. Yamazaki (1988; Yamazaki and Allen,
1991) noted rare gap junctions in Sl/Sld and C57Bl6 mouse
stromal cells. Weiss (1976, 1981), who examined normal
rodent marrow extensively, did not note many gap junctions.

At least two mechanisms are held to regulate blood-formation,
paracrine haemopoietic growth factors (see reviews by
Metcalf, 1989; Arai et al., 1990), and the effects of cell
adhesion molecules and the extracellular matrix on the relationship between haemopoietic cells and the haemopoietic
stroma (reviewed by Long, 1992). Blood-formation withstands
perturbations so rapidly and successfully, however, that additional mechanisms are likely to be involved.
This paper is concerned with an investigation into the
possible role of gap junctions. They are thought to play a part
in the development of many tissues (Green, 1988; Warner,
1988; Loewenstein and Rose, 1992). They form specialized
regions of intercellular contact, and consist of aggregates of
channels that allow the direct transfer between cells of ions or
small molecules up to a molecular mass of 1 kDa (Loewenstein, 1981; Warner, 1988). A channel consists of two
connexons, one contributed by each of the adjacent cells. Each
connexon is made up of six identical protein subunits,
connexins (Cx; Zimmer et al., 1987; Milks et al., 1988). As
seen by thin-section and freeze-fracture electron microscopy
gap junctions have a characteristic appearance (Severs, 1990),
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Functional assays such as dye-transfer give a different picture
and there is an interesting relationship between the incidence of
dye-coupling and the length of time that haemopoietic tissue has
been out of the animal. In fresh ex vivo clumps of bone marrow
we observed that dye-transfer takes place between cells in about
one clump in 20, but after 48 hour’s culture more than eight
clumps in ten are coupled and in long-term bone marrow cultures
there is extensive dye-coupling (Rosendaal et al., 1991). It is as
though removing marrow from bone removes a restraint on the
expression of gap junctions. Confocal microscopy reveals that
these dye-coupled haemopoietic cells are coupled to the microinjected cell through the fine processes of certain stromal cells
(Rosendaal et al., 1991). In haemopoietic long-term bone
marrow cultures, moreover, these stromal cells are dye-coupled
to each other and to groups of smaller, round haemopoietic cells.
Freeze-fracture electron microscopy confirms that there are
numerous gap junctions between cultured stromal cells
(Rosendaal et al., 1991). Are these in vitro gap junctions just due
to an artefactual up-regulation of gap junction formation, a consequence of tissue culture, or are they the remains of a gap-junctional communicating network that is latent but restrained in
normal marrow and, if so, which haemopoietic states will release
that restraint so that the expression of gap junctions in marrow
is up-regulated in the animal? To try and answer answer these
questions we have developed techniques to preserve marrow
microanatomy and stain immuno-histochemically large volumes
of it for gap junctions.
Eleven mammalian connexins, named by their molecular
mass, have been cloned and sequenced (Beyer et al., 1990;
Kumar and Gilula, 1992), so site-specific antibodies to
synthetic peptides matching unique regions of each connexin
can be raised (Milks et al., 1988; Beyer et al., 1989; Harfst et
al., 1990). One such antibody (HJ) raised against a unique
sequence of Cx43 (Harfst et al., 1990)-labelled gap junctions
in undisturbed mouse and human haemopoietic tissue. We
found haemopoietic conditions in which their number and distribution differed from normal.

MATERIALS AND METHODS
Animals
B10C mice were used as prescribed by the Animal (Scientific Procedures) Act, 1986.
Normal adult controls
Male and female mice were 10 weeks old or more. They were killed
and their long bones placed immediately into fixative (see below).
Experiments were repeated three or more times.
Neonatal
These were collected 9, 16 and 24 days after birth.
Treatments to alter haemopoietic demand, end cells
Escherichia coli lipopolysaccharide (0.55:B5, Difco; 25 mg/mouse)
was injected subcutaneously to mobilize granulocytes, phenylhydrazine-HCl was injected for three days (Sigma, cat. no. P 7126; 1.0
mg/mouse, pH 7.4) to destroy red blood cells, or mice were bled
(0.4 ml) to remove red cells.
Stem cell division
5-Fluorouracil (Chadwick and Rogers, 1972) was injected intra-

venously (Sigma F 6627, 150 mg/kg body weight). Mice were gamma
irradiated (9.35 Gy) or radio-protected by the intraperitoneal administration of cytosine arabinoside (Sigma, C1768, 200 mg/kg body
weight) three days before 6.5 Gy gamma irradiation.
Perturbing the expression of gap junctions
Susphrine, long-acting adrenaline (Forrest Pharmaceuticals Inc.
Missouri), was injected subcutaneously in a dose that did not stress
mice (16.7 µg adrenaline). 6-Hydroxydopamine (6-OHDA, Sigma, H
6507) was administered intraperitoneally (100 mg/kg body weight in
PBS, twice with an 8-hour interval). Mice were X-irradiated
(Marconi, 125 kV, 20 mA, HVL 4mm Al) to compare shielded (5 mm
lead) with exposed limbs.
Human marrow
Segments of human trephines obtained for diagnostic purposes were
fixed as below.
Immunohistochemistry and gap junction quantification
Bones were segmented and fixed in Zamboni’s fixative (2%
paraformaldehyde, 0.2% picric acid in 0.1 M phosphate buffered
saline, (PBS) pH 7.4) for 1-2 hours, decalcified over seven days in
0.3 M EDTA containing sodium azide (0.02%), pH 7.4, dehydrated
through an ethanol and chloroform series, and embedded in wax
according to standard procedures. Sections (10 mm) were dewaxed in
xylene, rehydrated through an ethanol series and placed into PBS.
They were then treated for 10 minutes at room temperature with 0.1%
trypsin (Sigma T 8128) in 20 mM Tris-buffer (pH 7.4) containing
0.1% CaCl2 to re-expose antigenic sites. Sections were blocked with
0.1 M L-lysine in PBS containing 0.1% Triton X-100 for 30 minutes
and incubated overnight at 4°C with an anti-peptide antibody (HJ,
1:500 dilution) raised against a synthetic peptide constructed to match
a portion (amino acids 131-142) of the Cx43 gap junction protein
described by Beyer et al. (1987). Cx43 mRNA has previously been
reported in mouse macrophages (Beyer et al., 1991). The secondary
antibody was biotinylated donkey anti-rabbit (Amersham RPN 1:250)
and the third layer was streptavidin-fluorescein (Amersham RPN 1232
1:250). For full details of the primary antibody see Harfst et al. (1990)
and Gourdie et al. (1991). Control labelling experiments were carried
out in which immune serum was omitted during the labelling run.
Cx43+ gap junctions in rat heart have now been immunolabelled
with the primary Cx43 antibody, gold-labelled and localized in transmission electron micrographs (Severs et al.,1993; Green and Severs,
1993).
Appropriate specimens were double-labelled with CD34 (Serotec
QBEND/10 1:100), with CD45 (2D1 supernatant 1:1, generous gift
of Professor Peter Beverley, London), with TE-7 (Haynes et al., 1984;
1:20, generous gift from Dr Rafaella Schiro, Milan), with STRO-1
(Simmons and Torok-Storb, 1991; supernatant, 1:1, Developmental
Studies Hybridoma Bank at the Department of Biology, University of
Iowa, Iowa, Contract no. NO1-HD-2-3144 NICHD), with F4/80
(Austyn and Gordon, 1981; supernatant, 1:1, a generous gift from
Professor Siamon Gordon, Oxford), with MTS-7 (Godfrey et al.,
1990; a generous gift from Dr R. L. Boyd), with E13 161 (Spangrude
et al., 1988; Sca+, ATCC) and with polyclonal rabbit anti-mouse type
IV collagen (Biogenesis, 2150 2288, 1:10,000). The second layer antibodies for these were obtained from Vector and were conjugated with
Texas Red, which is optimal for viewing double-labelled images on
our confocal microscope.
Image acquisition and analysis
Single images were collected on a Bio-Rad MRC-500 laser scanning
confocal microscope (CLSM) using a ×60 objective (Nikon PlanApo,
1.4NA), at zoom ×1.5 and at 256 levels of brightness. One confocal
aperture was used throughout.
The number of gap junctions in marrow was assessed by quantifying gap junctions and tissue area. The number of gap junctions was
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counted with an algorithm that exploited their compactness and circularity, and their being brighter than surrounding tissue. The
technique is based on the computation performed by infant vision
(Marr, 1982). The confocal image I(x,y) was convolved with the difference-of-Gaussian function G(x,y):

s1
G(x,y) = ––––– e
σ1√2π

−

(xw + yw)
2σœw

s2
− ––––– e
σ2√2π

−

(xw + yw)
2σ∑w

,

which we approximate with a 11×11 local neighbourhood mask. By
controlling the scaling factors s1, s2 and the standard deviations σ1,
σ2 it is possible to detect gap junctions of a given size. Large objects
such as autofluorescing bone give a poor response to the DOG
operator.
The convolved image has a characteristic intensity distribution that
is easy to threshold. The threshold value tg is obtained as follows: a
least squares regression line is fitted to the early part of the intensity
distribution, finding the x-axis intercept tx of this line and then adding
a small constant offset tc:

tg = tx+tc.
For each object r, in the binary image, we determine the area ar,
the mean brightness br, and cirularity cr (defined as perimeter2/area),
and classify the object as a gap junction if:
amin < ar < amax
and
bmin < br < bmax
and
cmin < cr < cmin
where amax, amin, bmax, bmin, cmax and cmin are the emperically derived
maximum and minimum values for area, brightness and circularity,
respectively.
Since tissue without junctions stains weakly it was transformed
with greyscale morphological closing (Gonzalez and Woods, 1992),
which provided a good threshold between tissue and background so
that tissue area could be counted.
Gap junctions and tissue were counted for 10 images that tessellated the most heavily gap-junction-populated region of the specimen.
Gap junction density was defined as:
total number of gap junctions
gap junction density = –––––––––––––––––––––––––––– .
total tissue area

freeze-fracture and electron microscopy (Rosendaal et al., 1991)
they were probably Cx43+ plaques. There were also bright dots
between stromal and haemopoietic cells in cultures to which
fresh marrow had been added a week previously (Fig. 2).
Gap junctions in normal adult mouse marrow
When control adult marrow was stained with HJ there were
few bright dots, some were along the junction between bone
and haemopoietic tissue, the endosteal-haemopoietic margin,
beside the first layer of cells (osteoblasts) between bone and
marrow. In normal marrow gap junctions are extremely rare,
0.00016±0.0002 gap junctions per µm2 of tissue and
osteoblasts are slightly autofluorescent (Fig. 3).
Gap junctions in neonatal mouse haemopoietic
tissues
In neonatal marrow there were up to 80-fold more junctions
than in controls (Fig. 4); they still line the endosteal-haemopoietic margin in association with osteoblasts but also occupy a
ten-cell-deep band extending into the marrow. These are called
‘organized, pericellular junctional plaques’ here. There are
none about the venous sinuses. Most are seen at 16 days
(0.023±0.006 per µm2, Fig. 5) but the variability in their distribution means that these numbers should be interpreted qualitatively.
Gap junction expression following haemopoietic
stresses
End cell treatments
There are no detectable alterations compared with adult
controls after these procedures (data not shown).
Effects of forced stem cell division
For 7 days after fluorouracil treatment the amount of haemopoietic tissue in marrow diminishes. After nine days marrow
regrows and the bone is filled by 11 days. There is nearly a 100fold increase in the number of gap junctions in post-fluorouracil
marrow, which peaks between days 4 and 6 (Fig. 6). It precedes
recognizable haemopoietic cell formation; when that occurs the
number of junctions falls rapidly. Many gap junctions lie within
five and ten cell diameters of the endosteal-haemopoietic

Electron microscopy
Thin-section electron microscopy was carried out on control and fluoruracil-treated bone marrow five days after administrating the drug.
Bone segments were immersion-fixed in 3% glutaraldehyde in 0.13
M phosphate buffer for 3 hours and decalcified over 10 days in 0.1
M EDTA, pH 7.4. The tissue was then post-fixed in 1% OsO4, en bloc
stained with uranyl acetate, dehydrated in a series of ethanols and
propylene oxide, and embedded in Araldite. Sections were poststained in lead citrate and uranyl acetate prior to viewing.

RESULTS
Gap junctions on the processes of cultured stromal
cells
Long-term bone marrow cultures were immuno-stained with HJ
and scanned. Numerous bright fluorescent dots were found on
the processes of stromal cells crossing others (Fig. 1). Since
these lay where plaques of gap junctions had been detected by
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Fig. 1. Immunohistochemical labelling with HJ of Cx43+ gap
junctions (arrowheads) in cultured mouse haemopoietic stromal
cells. Gap junctions are labelled with arrowheads. There is a high
background level of auto-fluorescence on these stromal cells. Bar,
10 µm.
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After fluorouracil but not in neonatal marrow there is immunostained material within cells. For comparison these are called
‘up-regulated, recently formed, intracellular structures’ (Fig. 7).
The appearance of gap junctions after 9.35 Gy of irradiation
does not differ from that after fluorouracil.

Fig. 2. Immunohistochemical labelling (HJ) of plaques of gap
junctions (arrowheads) in long-term bone mouse marrow cultures.
Note the many junctions (labelled with arrowheads) close to the
haemopoietic cell (H). These plaques may be larger than those in
Fig. 1 for functional reasons. Bar, 10 µm.

margin, but in post-fluorouracil marrow there are also gap
junctions deeper in the marrow space, which are arranged in
chains along the processes of stromal cells and there are
haemopoietic pockets within bone with many junctions in them.

Peptide competition
To test that all immuno-stained material in post-fluorouracil
marrow represented Cx43 sequences this marrow was
immuno-stained with HJ antibody to which excess peptide
(0.015 µg peptide/100 µl serum) was added prior to incubation. This is the middle of a range (0.0015 to 0.15 µg) shown
to be effective in eliminating specific labelling in rat heart that
expresses large amounts of Cx43 (Gourdie et al., 1992). No
labelling was observed in post-fluorouracil marrow when the
antibody had been exposed to excess peptide, consistent with
HJ antibody staining intracellular gap junction sequences.
Gap junctions in human marrow after combined
chemotherapy
To test if Cx43+ gap junctions also formed in human marrow,
human trephine samples were immuno-stained. These were
collected for diagnostic or therapeutic purposes from patients
with haemopoietic malignancies regenerating their marrow

Fig. 3. Immunohistochemical labelling (HJ) of normal adult B10C marrow. Surrounding bone, which is out of focus, is labelled B, the layer of
osteoblasts, O, and haemopoietic tissue, H. Two kinds of gap junction are arrowed. Filled arrows point to junctions between osteoblasts, which
are lightly autofluorescent, at the endosteal-haemopoietic margin. Open arrows denote junctions between deeper cells that are not
autofluorescent and which lie in the haemopoietic part of the marrow. Bar, 25 µm.
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Gap junctions/µm2×103

Gap junctions in radio-protected mouse marrow
Immediately after sublethal irradiation and for the next two
days there were more than twice as many gap junctions in
radio-protected marrow as in controls. During the next four
days radio-protected mice sustained less tissue damage than
controls (so that their gap junction count per area of tissue was
less than that of controls) and this was accompanied by a more
sustained wave of gap junction formation.

Age in days

Fig. 4. The number of gap junctions (×1000) ± s.d. per µm2 of
neonatal B10C marrow 9, 16 and 24 days after birth. The highest
number is more than 80-fold that found in normal marrow. The large
s.d. bars reflect the variable distribution of junctions in this tissue.
The age in days is indicated over the s.d. bars.

after combined chemotherapy a month previously. There are
Cx43+ gap junctions in these. They are organized peri-cellular
junctions rather than the up-regulated, recently formed, intracellular structures seen in post-fluorouracil marrow.

Regulation of gap junction formation
Hormonal regulation of haemopoietic gap junctions
The number of gap junctions increases within 24 hours of the
administration of long-acting adrenaline and remains higher
than controls for 6 days (data not shown). These are upregulated, recently formed, intracellular structures. Inconstantly the number of gap junctions increases 24 hours after 6OHDA, consistent with the sudden release of stored
catecholamines.
Local regulation of gap junction expression
Mice were exposed to 6.5 Gy of X-irradiation and the number
of gap junctions in whole body irradiated femora was
compared with that of mice whose left femora were shielded
and whose right was exposed. Gap junctions in shielded

Fig. 5. Immunohistochemical labelling (HJ) of neonatal (9 days old) ex vivo B10C marrow. As in Fig.3, bone is labelled, B, osteoblasts, O, and
haemopoietic tissue, H. Two kinds of gap junctions are arrowed. Junctions between osteoblasts at the endosteal-haemopoietic margin are
marked with filled arrows. Organized, pericellular junctions deeper within haemopoietic marrow are marked by open arrows. Bar, 25 µm.
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Days since fluorouracil

Fig. 6. The number of gap junctions (×103) ± s.d. on a µm2 of B10C
marrow at intervals after treating mice with 5-fluorouracil.

junctions within a single grid square (200 mesh grid). They
vary up to 0.7 µm in length and most lie between osteoblasts
along the endosteal-haemopoietic margin, as shown in Fig. 7.
Many are also found between stromal processes contacting
osteoblasts, between stromal processes, between stromal
processes and early haemopoietic cells further into marrow
(recognised by their rounded shape and size) and between
haemopoietic cells alone (Fig. 8). The junctions have a typical
pentalaminar structure (detail) although the bilayer structure of
the cell membrane is difficult to distinguish in this tissue.
Cells coupled by Cx43+ junctions in human marrow include
TE-7+ mesodermally derived fibroblasts, STRO-1+ stromal,
and CD45+ and CD34+ cells. In post-fluorouracil and neonatal
marrow Cx43+ junctions are found on cells beside Sca+ cells
and rarely on MTS7+ cells (thymic cortical epithelial marker).
F4/80+ cells and mouse collagen-IV+ stromal processes are not
Cx43+.

femora were normal, and there were more gap junctions in
whole body irradiated and exposed femora.
Electron microscopic confirmation of haemopoietic
gap junctions
HJ labelling of gap junctions was confirmed by electron
microscopy. In marrow of controls no gap junctions were
found. Five days after fluorouracil, there were several gap

DISCUSSION
Our major finding, that the number of gap junctions is 80- to
100-fold higher in neonatal marrow and adult marrow during
forced stem cell divison, is based on our immunological
detection of Cx43+ gap junctions. The evidence that HJ detects

Fig. 7. Immunohistochemical labelling (HJ) of ex vivo B10C marrow collected 5 days after treating the animal with fluorouracil. Typical upregulated, recently formed gap junctions are marked with filled arrows. Intracellular immuno-stained material is marked with open arrows.
Bone and red cells in a venous sinus are also indicated. Bar, 25 µm.
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Fig. 8. Electron micrographs of B10C mouse marrow five days after fluorouracil
treatment. In (A) gap junctions (arrows) are seen between an osteoblast and a stromal cell
and between stromal cells. The scale bar overlies bone. In (B) a gap junction is arrowed at
the bottom between a stromal cell and a haemopoietic cell and, in the middle, between
haemopoietic cells. Bar, 1 µm. Detail (C) shows a higher magnification view of a gap
junction in mouse bone marrow five days after fluorouracil treatment. Even though the
cell membrane bilayer does not stain well the typical gap junction structure is evident.
Bar, 0.2 µm.

Cx43+ gap junctions between cells is 5-fold. Firstly, HJ identifies a sequence that is unique for Cx43 (Beyer et al., 1990;
Harfst et al., 1990). Secondly, in cardiac myocytes, gap
junctions immunogold-labelled with HJ colocalize with
junctions identified by conventional transmission electron
microscopy (Severs et al., 1993; Green and Severs, 1993).
Thirdly, peptide competition of HJ in marrow and rat heart
(Gourdie et al., 1992) abrogated antibody binding to Cx43 gap
junctions. Fourthly, freeze-fracture electron microscopy and
HJ detect gap junctions in the same site on the processes of
cultured stromal cells; and finally, in post-fluorouracil marrow
detection of gap junctions with TEM correlates with detection
of gap junction by the antibody and there are numerous gap
junctions whereas there are none in normal marrow. However,
HJ appears also to detect intracellular Cx43 sequences that are
not yet present in the membrane. This makes possible a distinction between functional, organized, pericellular gap
junctions and up-regulated, recently formed, intracellular
structures. The former are found in neonatal haemopoietic
tissue and in human marrow collected a month after combined
chemotherapy. The latter are formed after stress, fluorouracil
or adrenaline. The fact that organized junctions form in human
marrow a month after injury argues that they may form from
up-regulated, recently formed material.

Administration of catecholamines or 6-OHDA increased the
number of gap junctions. The observation was in agreement
with findings with rat C-6 glioma cells (Radu et al., 1982). 6OHDA has a biphasic action on catecholamine levels. First, it
binds to catecholamine storage granules so they release stored
catecholamine. Then it blocks catecholamine release until new
granules are synthesized (Jonsson, 1980).
Gap junctions allow the direct transfer of regulatory
molecules (<1 kDa) between cells and are thought to play an
important role during development (see, for example, Warner
et al., 1984; Fraser et al., 1987). Several lines of evidence
indicate that they also play a role in allowing the transfer of
growth-regulating molecules between cells (for review, see
Loewenstein and Rose, 1992). In proliferating hepatocytes
there are fewer gap junctions than normal (Dermietzel et al.,
1987), but the incorporation of connexin genes into transformed cells normalizes their level of intercellular communication and subsequently they grow (Mehta et al., 1991). Both
epidermal growth factor and platelet-derived growth factor
have been shown to modulate communication between cells
(Loewenstein and Rose, 1992), so a role for gap junctions in
regulating haemopoiesis would not be unexpected.
This report provides two sorts of information about
increased expression of gap junctions: when the junctions form
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and where. Most gap junctions are found in neonatal
haemopoietic tissues, which are laying down the bloodforming system by the proliferation of stem cells. In neonatal
and up-regulated adult marrow most gap junctions lie close to
bone, near the endosteal-haemopoietic margin, whence
surviving stem cells will regenerate blood-formation after
administration of cytotoxic drugs (Shackney et al., 1976;
Rosendaal et al., 1979; Hodgson et al., 1982; Rosendaal and
Adam, 1987; Bartelmez et al., 1991).
We propose that in normal marrow there is a latent CX43
gap junction communicating network between certain stromal
cells. This network is up-regulated before stem cells divide and
then embraces haemopoietic as well as stromal cells. Possibly
this network is involved in the transfer of information between
stromal and stem cells to enable these developmentally early
cells to divide. There is no evidence for the network in foetal
liver and in this respect hepatic blood-formation differs from
the adult. There may be traces of the network in semi-solid
cultures of canine macrophages (Porvaznik and MacVittie,
1979) and human T-cells (Neumark and Huynh, 1989), and the
network is extensive in long-term bone marrow cultures
(Rosendaal et al., 1991).
In studies in progress we are classifying haemopoietic cells
coupled by gap junctions and examining the effects in model
blood-forming systems of cultures over stromal cells coupled
to different extents.
This work is supported by the Wellcome Trust. C.R.G. was a Royal
Society University Research Fellow. A.R. is supported by the SERC.
M.R. thanks Anne Warner and Ruth Bellairs for stimulating reading
and discussion of these findings and J.R., P.R. and I.B.P. for their
support during this study.

REFERENCES
Allen, T. D. (1981). Haematopoietic microenvironments in vitro:
Ultrastructural aspects. In Stem Cells and Tissue Homeostasis (ed. B. I. Lord,
C. S. Potten and R. Cole), pp. 217-240. Cambridge University Press, London.
Arai, K., Lee, F., Miyajima, A., Miyatake, S. and Yokata, T. (1990).
Cytokines: coordinators of immune and inflammatory responses. Annu. Rev.
Biochem. 59, 783-836.
Austyn, J. M. and Gordon, S. (1981). F4/80, a monoclonal antibody directed
specifically against the mouse macrophage. Eur. J. Immunol. 11, 805-815.
Bartelmez, S. H., Andrews, R. G. and Bernstein, I. D. (1991). Uncovering
the heterogeneity of hematopoietic repopulating cells. Exp. Hematol. 19,
861-862.
Beyer, E. C., Paul, D. L. and Goodenough, D. A. (1987). Connexin43: A
protein from rat heart homologous to a gap junction protein from liver. J. Cell
Biol. 105, 2621-2629.
Beyer, E. C., Kistler, J., Paul, D. L. and Goodenough, D. A. (1989). Antisera
directed against connexin43 peptides react with a 43-kd protein localized to
gap junctions in myocardium and other tissues. J. Cell Biol. 108, 595-608.
Beyer, E. C., Paul, D. L. and Goodenough, D. A. (1990). Connexin family of
gap junction proteins. J. Membr. Biol. 116, 187-194.
Campbell, F. R. (1980). Gap junctions between cells of the bone marrow: An
ultrastructural study using tannic acid. Anat. Rec. 196, 101-117.
Campbell, F. R. (1982). Intercellular contacts between migrating blood cells
and cells of the sinusoidal wall of bone marrow. An ultrastructural study
using tannic acid. Anat. Rec. 203, 365-374.
Chadwick, M. and Rogers, W. I. (1972). The physiological disposition of 5fluorouracil in mice bearing solid 1210 lymphocytic leukaemia. Cancer Res.
32, 1045-1056.
Dermietzel, R., Yancey, S. B., Traub, O., Willecke, K. and Revel, J-P.
(1987). Major loss of the 28-kD protein of gap junction in proliferating
hepatocytes. J. Cell Biol. 105, 1925-1934.
Dorshkind, K., Green, L., Godwin, A. and Fletcher, W. H. (1993).

Connexin-43-type gap junctions mediate communication between bone
marrow stromal cells. Blood 82, 38-45.
Fraser, S. E., Green, C. R., Bode, H. R. and Gilula, N. B. (1987). Selective
disruption of gap junctional communication interferes with a patterning
process in Hydra. Science 237, 49-55.
Godfrey, D. I., Izon, D. J., Tucek, C. L., Wilson, T. J. and Boyd, R. L.
(1990). The phenotypic heterogeneity of mouse thymic stromal cells.
Immunology, 70 66-74.
Gonzalez, R. C. and Woods, R. E. (1992). Digital Image Processing.
Addison-Wesley, Reading, MA.
Gourdie, R. G., Green, C. R. and Severs, N. J. (1991). Gap Junction
distribution in adult mammalian myocardium revealed by an anti-peptide
antibody and laser scanning confocal microscopy. J. Cell Sci. 99, 41-55.
Gourdie, R. G., Green, C. R., Severs, N. J. and Thompson, R. P. (1992).
Immunolabelling patterns of gap junctions connexins in the developing and
mature rat heart. Anat. Embryol. 185, 363-378.
Green, C. R. (1988). Evidence mounts for the role of gap junctions during
development. BioEssays 8, 7-10.
Green, C. R. and Severs, N. J. (1993). Distribution and role of gap junctions in
normal myocardium and human ischaemic heart disease. Histochemistry 99,
105-120.
Harfst, E., Severs, N. J, and Green, C. R. (1990). Cardiac myocyte gap
junctions: Evidence for a major connexon protein with an apparent molecular
mass of 70,000. J. Cell Sci. 96, 591-604.
Haynes, B. F., Scearce, R. M., Lobach, D. F. and Hensley, L. L. (1984).
Phenotypic characterization and ontogeny of mesodermal-derived and
endocrine epithelial components of the human thymic environment. J. Exp.
Med. 159, 1149-1168.
Hodgson, G. S., Bradley, T. R. and Radley, J. M. (1982). The organization of
hemopoietic tissue as inferred from the effects of 5-fluorouracil. Exp.
Hematol. 10, 26-35.
Jonsson, G. (1980). Chemical neurotoxins as denervation tools in
neurobiology. Annu. Rev. Neurosci. 3, 169-187.
Kapsenberg, M. L. and Leene, W. (1979). Formation of B type gap junctions
between PHA-stimulated rabbit lymphocytes. Exp. Cell Res. 120, 211-222.
Kumar, N. M. and Gilula, N. B. (1992). Molecular biology and genetics of gap
junction channels. Semin. Cell Biol. 3, 3-16.
Levy, J. A. Weiss, R. M. Dirksen, E. R. and Rosen, M. R. (1976). Possible
communication between murine macrophages oriented in linear chains in
tissue culture. Exp. Cell Res. 103, 375-385.
Loewenstein, W. R. (1981). Junctional intercellular communication. The cellto-cell membrane channel. Physiol. Rev. 61, 829-913.
Loewenstein, W. R. and Rose, B. (1992). The cell-cell channel. Semin. Cell
Biol. 3, 59-79.
Long, M. W. (1992). Blood cell cytoadhesion molecules. Exp. Hematol. 20
288-301.
Marr, D. (1982). Vision: a Computational Investigation into the Human
Representation and Processing of Visual Information. W. H. Freeman, San
Francisco.
Metcalf, D. (1987). The molecular control of normal and leukaemic
granulocytes and macrophages. Proc. Roy. Soc. Lond. B 230, 389-423.
Mehta, P. P., Hotz-Wagenblatt, A., Rose, B., Shalloway, D. and
Loewenstein, W. R. (1991). Incorporation of the gene for the cell-cell
channel into transformed cells leads to normalized growth. J. Membr. Biol.
124, 207-225.
Milks, L. C., Kumar, N. M., Houghten, N., Unwin, N. and Gilula, N. B.
(1988). Topology of the 32-kD liver gap junction protein determined by sitedirected antibody localizations. EMBO J 7, 2967-2975.
Neumark, T. and Huynh, D. C. (1989). Gap junctions between human Tcolony cells. Acta Morphol. Hungarica 37, 147-153.
Porvaznik, M. and MacVittie, T. J. (1989). Detection of gap junctions
between the progeny of a canine macrophage colony-forming cell in vitro. J.
Cell Biol. 82, 555-564.
Radu, A., Dahl, G. and Loewenstein, W. R. (1982). Hormonal regulation of
cell junction permeability: Upregulation by catecholamine and prostaglandin
E1. J. Membr. Biol. 70, 239-251.
Rosendaal, M., Hodgson, G. S. and Bradley, T. R. (1979). Organization of
haemopoietic stem cells: The generation-age hypothesis. Cell Tiss. Kinet. 12,
17-29.
Rosendaal, M. and Adam, J. (1987). Haemopoietic progenitors in different
parts of one femur perform different functions during regeneration. Blood
Cells 12, 629-640.
Rosendaal, M., Gregan, A. and Green, C. R. (1991). Direct cell-cell
communication in the blood-forming system. Tissue & Cell 23, 457-470.

The Cx43+ gap junction network in haemopoietic tissue
Severs, N. J. (1990). The cardiac gap junction and intercalated disk. Int. J.
Cardiol. 26, 137-173.
Severs, N. J., Gourdie, R. G., Harfst, E., Peters, N. S. and Green, C. R.
(1993). Intercellular junctions and the application of microscopical
techniques: the cardiac gap junction as a case model. J. Microsc. 169, 299328.
Shackney, S. S., Bunn, P. A. and Ford, S. S. (1976). The effects of colcemid
on mouse bone marrow. Cell Tiss. Kinet. 9, 363-369.
Simmons, P. J. and Torok-Storb, B. (1991). Identification of stromal cell
precursors in human bone marrow by a novel monoclonal antibody, STRO-1.
Blood 78, 55-62.
Spangrude, G. J., Heimfeld, S. and Weissman, I. L. (1988). Purification and
characterization of mouse hematopoietic stem cells. Science 241, 58-62.
Warner, A. E., Guthrie, S. C. and Gilula, N. B. (1984). Antibodies to gap
junctions selectively disrupt junctional communication in the early
amphibian embryo. Nature 311, 127-131.
Warner, A. E. (1988). The gap junction. J. Cell Sci. 89, 1-7.
Watanabe, Y. (1985). Fine structure of bone marrow stroma. Acta Haematol.
Japn 48, 1688-1700.

37

Weiss, L. (1976). The haemopoietic micro-environment of the bone marrow:
an ultrastructureal study of the stroma in rats. Anat. Rec. 186, 161-184.
Weiss, L. (1981). Haemopoiesis in mammalian bone marrow. In
Microenvironments in Haemopoietic and Lymphoid Differentiation (ed. R.
Porter and J. Whelan), pp. 5-21. Ciba Foundation Symposium.
Yamazaki, K. (1988). Sl/Sld mice have an increased number of gap junctions in
their bone marrow stromal cells. Blood Cells 13, 421-431.
Yamazaki, K. and Allen, T. D. (1991). Ultrastructural and morphometric
alterations in bone marrow stromal tissue after 7 Gy irradiation. Blood Cells
17, 527-549.
Zimmer, D. B., Green, C. R., Evans, W. H. and Gilula, N. B. (1987).
Topological analysis of the major protein in isolated intact rat liver gap
junctions and gap junction-derived single membrane structures. J. Biol.
Chem. 262, 7751-7763.

(Received 23 July 1993 - Accepted 27 September 1993)

