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A B S T R A C T  

The intercellular junctions of the epithelium lining the hepatic caecum of Daphnia were 
examined. Electron microscope investigations involved both conventionally fixed material 
and tissue exposed to a lanthanum tracer of the extracellular space. Both scptate junctions 
and gap junctions occur between the cells studied. The septate junctions lie aplcally and 
resemble those commonly discerned between cells of other invertebrates. They are atypical 
in that the high electron opacity of the extracellular space obscures septa in routine prepa- 
rations. The gap junctions are characterized by a uniform 30 A space between apposed 
cell membranes. Lanthanum treatment of gap junctions reveals an array of particles cf 
95 A diameter and 120 A separation lying in the plane of the junction. As this pattern 
closely resembles that described previously in vertebrates, it appears that the gap junction 
is phylogenetically widespread. In view of evidence that the gap junction mediates inter- 
cellular electrotonlc coupling, the assignment of a coupling role to other junctions, notably 
the septate junction, must be questioned wherever these junctions coexist. 

I N T R O D U C T I O N  

In the past few years it has beccme clear that there 
are specialized pathways for the exchange of ions 
(and perhaps larger materials ) between neighbor- 
ingcells. In many instances there is good, if largely 
circumstantial, evidence that the gap junction 
found between both excitable and nonexcitable 
cells may provide a pathway for such intercellular 
exchange. Although gap junctions are found be- 
tween most electrically coupled cells, there arc 
several instances of cell coupling where this 
specialization appears to be absent. A case in point 
is the giant salivary gland of Drosophila larvae, in 
which cell-to-ceil coupling has been extensively 
studied by Loewenstein and his coworkers. They 
suggest that the septate junction (septate des- 
mosome), a type of contact often encountered be- 
tween cells of invertebrates, may play a role in 
low-resistance coupling (16). Recently published 
work on freeze-etched preparation of septate junc- 
tions in the mussel has supported this view (6). 

The present report documents the existence, side 
by side with septate junctions, of cell contacts 
which closely resemble the gap junctions of ver- 
tebrates. This finding again raises the question of 
the identity of the contact specialization(s) re- 
sponsible for cell-to-cell, low-resistance coupling. 

M A T E R I A L S  A•D METH O D S  

Da~hnia were obtained from the Connecticut Valley 
Biological Supply Co. (Hampton, Mass.) and identi- 
fied as DabhMa ~ulex de Geer (Arthropoda: Crus- 
tacea). They were maintained as continuous cul- 
tures in distilled water at room temperature and 
fed with an infusion of wilted lettuce leaves. 

Animals were fixed by immersion for 1-3 hr at 
room temperature in a modified Karnovsky's fixa- 
tive (7) containing 2% formaldehyde and 5% glut- 
araldehyde buffered with 0.08 M sodium eacodylate 
to pH 7.4. They were then rinsed for 1/~ hr in 0.08 M 
sodium eacodylate buffer and postfixed for 1-2 hr 
at room temperature in 1-2% osmium tetroxide in 
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0.7 M collidine buffer, pH 7.4. A brief wash with 
0.2 M sodium maieate buffer, pH 5.2, preceded en 
bloc staining with 1-2% uranyl acetate in sodium 
maleate buffer at pH 5.2. After another brief 
wash in maleate buffer, specimens were dehydrated 
in a graded series of ethanol and embedded in Aral- 
dite 6005 resin (Ciba Products Co., Summit, N.J.). 
En bloc staining with uranyl acetate was omitted in 
several experiments, as a control for possible altera- 
tions in structure due to staining. 

In experiments employing lanthanum as a tracer 
of the extracellular space, one of two techniques 
was used. Animals were generally fixed in aldehydes 
as described above, and exposed to 1-2% lanthanum 
hydrosol (10) in the osmium tetroxide postfixative 
solution. Alternatively, the initial aldehyde fixation 
was omitted, and the animals were fixed only in the 
lanthanum-containing osmium tetroxide solution. 
Subsequent steps followed the outline above. 

For electron microscopy, silver-to-grey sections 
were cut with glass or diamond knives on either a 
Porter-Blum Sorvall MT-2 or on an LKB Ultro- 
tome I I I  ultramicrotome. The sections were col- 
lected on carboned, celloidin-eoated copper grids, 
stained with lead citrate (15), and examined with a 
Siemens IA electron microscope at 80 kv. For light 
microscopy, 0.5-2-~ sections were cut and stained 
with toludine blue in borax. Whole animals were 
examined as wet mounts immediately following 
immobilization with low concentrations of osmium 
tetroxide. 

O B S E R V A T I O N S  

General Appearance of Caeca] Cells 

The hepatic caeca of Daphnia pulex are paired 
diverticula of the anterior midgut. These caeca are 
simple tubes, approximately 0.2 m m  long and 
about 0.1 m m  in diameter in adult animals of 2.5 
m m  body length. The  wall of each caecum con- 
sists of a simple cuboidal epithelium 25 ~ thick, 
with a prominent  apical brush border and a thick 
basement lamina (Fig. 1). The  epithelium is sur- 

rounded by several small groups of striated muscle 

fibers, and the whole structure lies within an open 

blood space (hacmocoele). The  cytoplasm of these 

cells is unremarkable except for the frequent 

occurrence of microtubules adjacent to the lateral 

cell boundaries. 

The  l~teral surfaces of a cell are not extensively 

convoluted, and their most striking specializations 

arc iqtercellular junctions. Approximately the 

apica~ third of the cell membrane  is involved in a 

~eptate junction, which forms a belt or zonulc sur- 

rounding the whole cell. The  numerous gap junc- 
tions have a more basal location. A third structure, 
possibly also an intercellular junction, occurs as 
small plaques of regularly arranged intercellular 
material. 

A description of these specializations is outside 
the scope of this paper, especially as there is good 
evidence to indicate that the structures do not 
really represent a cell-to-cell junction. 

Septate Junction 

The  septat¢ junction forms a belt-like structure 
(zonula) around the cells. I t  reaches the luminal  
border of every caecal cell, and from there extends 
basally for up to I0/z  (Fig. 1). The  junction runs 
uninterruptedly in the aplcal-basal direction save 
for the occasional appearance of structures re- 
sembling interracial canals. In  the areas of junc- 
tional contact the apposed plasma membranes are 
separated by an intercellular space 175 A wide 
(Figs. 2 and 3). In routinely prepared specimens 
the septa which extend between cells are best seen 
when they are cut  transversely. Because the inter- 
cellular space has a relatively high inherent density, 
the septa are not  well defined in other planes of 
section. The  septa may appear to be continuous 
with the central, clear zone of the adjacent unit 
membrane,  while in other instanccs a dense line, 
corresponding to the outer leaflet of the plasma 
membrane,  can be seen at the root of the septum. 

Introduction of lanthanum hydrosol into the 
preparation reveals additional details of the caccal 
septate junction. Transverse sections of the june-  
don stained with lanthanum still show an extra- 
ceUular space 175 A wide (Fig. 4). Now, however, 
density of this space has increased considerably and 
the septa appear in striking relief. As shown by 
en face views of lanthanum-treated junctions, 
contiguous septa in some regions arc paraUcl to 
each other and separated by as little as 35 A, 
while in other areas the septa are separated from 
one another by variable distances, and are inclined 
at various angles to one another (Figs. 5-7). 

Large numbers (20 or more) of mutually parallel 

septa are observed only rarely. The  scpta do not 

always follow courses parallel to the apical surfaces 

of the cells; the obliquity of many septa with 

respcct to the apical cell surface explains the 

paucity of septa ob~rved  in some transverse sec- 

tions of septate junctions in normally prepared 

material. 
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FIauR~ 1 A low-power electron mlcrograph of a typical caecal cell, with lanthanum hydrosol filling 
the lateral and basal extracellu]ar spaces and staining the basement membrane. Various organdies, 
including the nucleus (N), mitochondria, apical mierovilli, and endoplasmic reticulum can be recog- 
nized. Septate junctions are situated apically (between paired arrows); lanthanum has been largely 
excluded from these junctions in this preparation. Several gap junctions (*), seen as regions less densely 
stained by the lanthanum tracer, occur along the cell boundaries. X 4700. 
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Ftoua~s 2-4 Electron mierographs of transverse sections of apical septate junctions. 

FIGVR~ 2 A septate junction in which the transversely sectioned septa are seen as interruptions of the 
dense extracellular space. Although some septa appear thicker than others, tangential sections of similar 
material reveal that this results from varying obliquities of septa of identical thickness. X 1~5,000. 

FIGURE $ A similar junction situated immediately adjacent to the caecal lumen. Here the septa are 
so oblique with respect to the plane of section that they are not evident. )< 1~5,000. 

FtOURE 4 A septate junction treated with lanthanum hydrosol; the tracer increases the contrast in 
densities d septa and extracellular space. Note the regular substructure in some septa (arrow). I t  is 
unclear whether this periodicity lies within the septum itself, or at the point of septal insertion into the 
membrane. X 1~5,000. 

Gap Junction 

Beneath the septate junct ion of a caecal cell, the 
intercellular space expands to an irregular width 
of 150-500 A. This basic conformation persists to 
the point  at which basal infoldings begin, where 
the intercellular space characteristically enlarges. 

Macula r  structures of two varieties interrupt this 

pattern over small areas of membrane  apposit ion 

(Fig. I). Of  these only one, the gap junction, will 

be discussed. The  other, consisting of an array of 

regularly spaced electron densities in the inter- 

cellular space, will be described elsewhere. The  
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FIGURES 8-10 Electron micrographs of gap injunctions of caecal cells in transverse section. 

FIGURE 8 The gap junction in routinely fixed material, with an extraccllular space of approximately 
30 A clearly visible between the arrows. X 173,000. 

Fmva~. 9 A gap junction after infiltration of the extracellular space with lanthanum hydrosol. Part of a 
septate junction is also seen in the lower part of the field. X 173,000. 

FIGURE 10 Another lanthanum-treated gap junction. As the junction twists, one can compare the 
transverse appearance of the gap junction with the tangential view which is characterized by an array 
of electron-lucent particles. X 175,000. 

two types of intercellular specializations occur with 
no apparent  relationship to one another;  they may 
lie contiguously, or may be separated widely. 
Either structure may occur as an isolated macula, 

or as a cluster of several maculae separated by small 
regions of intercellular space of typical nonjunc- 
tional dimensions. 

At  a caecal gap junction, the irregular inter- 

FIGITRES 5--7 Electron micrographs of lanthanum hydrosol-treated septate junctions. 

FIGURE 5 A section tangential to the cell membrane, showing the septa as elongated structures forming 
a loose, irregular pattern. This is the most frequently encountered configuration of the septate junc- 
tion of Daphnla. X 145,000. 

FIGURE 6 Another tangentially sectioned septate junction displaying a compact, moderately regular 
array of septa. X 145,000. 

FIOURE 7 A septate junction, demonstrating the continuity of the structure giving rise to the trans- 
verse and tangential appearances shown in preceding figures. X 145,000. 
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cellular space abruptly narrows to a 30 A "gap," 
slightly wider than that generally reported for 
mammalian gap junctions (11, 14) (Fig. 8). Ob- 
servations of tangential sections and of serial cross- 
sections of these junctions indicate that they have 
the shape of a macula approximately 0.5 # in 
diameter (Figs. 11 and 13). Throughout the extent 
of a junction, the membranes involved maintain a 
uniform separation; regions of actual contact of 
the outer leaflets of adjacent membranes are not 
observed. 

Treatment of the hepatic caecum with lan- 
thanum tracers during or after fixation reveals 
additional features in the gap junctions. In sections 
transverse to the plane of a junctional macula, 
lanthanum is observed to fill the attenuated inter- 
cellular region (Figs. 9 and 10). In some transverse 
sections, the density of the tracer-filled junction 
shows periodic interruptions by less dense regions. 
Sections oblique to the macular plane, and those 
cutting the macula en face, reveal that the inter- 
cellular space of the caecal gap junction contains 
rounded, electron-lucent particles of approxi- 
mately 95 A diameter (Figs. 11-13). These particles 
are variously disposed in different regions of a 
junction; some particles are tightly packed in 

hexagonal array, while others lie more widely 
separated and less regularly arranged. In regions 
of close hexagonal packing, center-to-center dis- 
tances approximate 120 A. The majority of the 
particles have at their centers punctate densities 
15 A or less in diameter. 

Some of the material examined was fixed after 
exposure to hypertonic saline solutions. Under 
these conditions the cells decreased in volume, 
greatly enlarging the extracellular space. As in 
previously studied cases, the apposed cell mem- 
branes at the sites of gap junctions retained their 
normal spacing. 

D I S C U S S I O N  

It  has been postulated that both gap and septatc 
junctions mediate low-resistance electrical coupling 
between cells. A correlation between the presence 
of gap (then termed "tight") junctions and elec- 
trical coupling was established as early as 1963 by 
Robertson, who studied an clectrical synapse cf 
the goldfish brain (13). In the cases of cardiac 
muscle and smooth muscle, two other excitable 
tissues in which elcctrotonic coupling has been 
demonstrated (1, 3), gap junctions can again be 
found (4, 1 l, 12). They have also been observed 

I~GURE 11 An electron micrograph of lanthanum-treated caecal tissue, demonstrating the coexistence 
of gap (G J) and septate (S J) junctions between two cells. Both junctions have been cut tangentially. 
It is apparent that the gap junction is macular i~ shape and lies largely within the section. Several micro- 
tubules (M) lie in the cytoplasm adjacent to the junctions. X 91,000. 
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Fmtm~s 1~ and 13 Electron micrographs of tangential sections of lanthanum hydrosol-treated gap 
junctions in caecal cells. 

FmvaE 1~ A gap junction consisting of an array of electron-lucent particles, some with small central 
densities. Particle diameters here are approximately 95 A, and the closest center-to-center spacings are 
roughly 1~0 A. This structure closely resembles the gap junction of mammalian tissues except that  
the particle dimensions of caecal junctions are slightly larger than those found in mammalian tissues. 
X 144,000. 

F m u r ~  13 A large portion of a gap junctional macula. Note that  this macula is sharply circumscribed, 
and that  it is enclosed by a belt of relatively electron-lucent material (arrows). Such boundaries are 
frequently encountered in the present material. X 144,000. 
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between nonexcitable cells such as li~er cells (11), 
which are linked to one another by low-resistance 
electrical pathways (10). The  most direct evidence 
for the involvement of gap junctions in electrical 
communicat ion is the persistence of coupling be- 
tween cardiac muscle cells after disruption of the 
desmosomal components of the intercalated discs 
(5). 

The  involvement of septate junctions in electrical 
coupling has been inferred by Loewenstein and 
his collaborators after study of the salivary glands 
of Drosophila and of Chironomus (8, 9). They have 
examined the intercellular contacts of these tissues 
and have concluded that the junctions most 
suitable for mediating electrotonic coupling are 
septate junctions (14). This idea has recently been 
amplified by studies of freeze-etched junctions in 
the mussel gill filaments (6). 

The  relationship between any particular junc- 
tion and the physiological phenomenon of low- 
resistance intercellular coupling is at present only 
circumstantial. However,  the evidence supporting 
a coupling function for the gap junction is now 
compelling, and the widespread occurrence of this 
structure argues for its universal application in this 
role. I t  seems unlikely that, if the gap and the 
septate junctions carry out the same physiological 
functions, both would occur in the same tissues. 
However,  there have recently been several un- 
published reports of the presence of gap junctions, 
along with septate junctions, in the Drosophila 
salivary gland, x Preliminary investigations on Mya 
and on Hydra by Revel,  Hay, and Rosenblith, ~ 
and results described orally by Gilula and Satir, s 

as well as the observations reported in the present 

communication,  indicate that gap and septate 

iunctions can defintely coexist. Accordingly, it 

may be unnecessary to postulate a coupling func- 

tion for the septate junction;  those coupled 

invertebrate systems which have been considered 

to contain only septate junctions merit  reinvestiga- 

I Unpublished observations; D. M. Phillips and 
B. Rose, personal communications; R. S. Reese, 
personal communication in Bennett and Trinkaus, 
1970 (2). 
2Presented as a demonstration at the meeting 
of the American Association of Anatomists, Kansas 
City, Mo., April, 1968. 
3 Additional data on the occurrence of gap junc- 
tions along with septates was presented by Gflula 
and Satir at the meeting of the American Society 
for Cell Biology, San Diego, Calif., November, 1970. 

tion with the more refined methods that are now 

available. Such study may well provide a simpler 

and more coherent view of the relationship be- 

tween structure and function in cell-to-cell com- 

munication. 

We appreciate the technical assistance of 1VIrs K . 
Wolken and Mrs. M. Morton, and acknowledge the 
kindness of Dr. J .  Nicholls in allowing us the use of 
microtome facilities. 

We gratefully acknowledge the support of 
United States Public Health Service Grants GM 
11380 and 5 T02 CH1078-04, 05. 

Received for publication 25 September 1970, and in 
revised form 14 December 1970. 

R E F E R E N C E S  

1. BARR L. M., M. DEWEY, and W. BEROER. 1965. 
Propagation of action potentials and the 
structure of the nexus. J. Gen. Physiol. 48:797. 

2. BENNETT, M. V. L., and J,  P. Tmm~AUS. 1970. 
Electrical coupling between embryonic cells 
by way of extracellular space and specialized 
junctions. J. Cell BioL 44:592. 

3. BURNSTOGK, G., and R. W. STRAUB. 1958. A 
method for studying the effects of ions and 
drugs on thc resting and action potentials in 
smooth muscle with external electrodes. J .  
Physiol. 140:156. 

4. DEWEY, M. M., and L. BARR. 1964. A study of 
the structure and distribution of the nexus. 
J. Cell Biol. 23:553. 

5. DREIFU~, J.  J. ,  L. GIRARDIER, and W. G. 
FORSSMANN. 1966. Etude de la propagation de 
l'excitation dans le ventricule de rat au moyen 
de solutions hypertoniques. Pfliigers Arch. 
Gesamte Physiol. Menschen Tiere. 292:13. 

6. G m u ~ ,  N. B., D. BRANTON, and P. SATIn. 
1970. The septate junction: a structural basis 
for intercellular coupling. Proc. Nat. Acad. 
SCi. U.S.A. 67:213. 

7. KAm~OVS~r, M. J .  1965. A formaldehyde- 
glutaraldehyde fixative of high osmolarity for 
use in electron microscopy. J. Cell BioL 27(2): 
137A. (Abstr.) 

8. LOEW~NSTEm, W. R., and Y. KANNO. 1964. 
Studies on an epithelial (gland) cell junction. 
I. Modifications of surface membrane per- 
meability, or. Cell BioL 22:565. 

9. LOEWENSTEm, W. R., S. J .  SOOOLAR, S. HIGA- 
SmNO, Y. KANNO, and N. DAVIDSON. 1965. 
Intercellular communication: renal, urinary 
bladder, sensory, and salivary gland cells. 
Science (Washington). 149:295. 

100 THE JOURNAL OF CELT, BIOLOGY • VOL~rME 50, 1971 



10. PENN, R. D. 1966. Ionic communication be- 
tween liver cells. J. Cell BioL 29:171. 

11. R~V~L, J.  P., and M. J .  KARNOVSKY. 1967. 
Hexagonal array of subunits in intercellular 
junctions of the mouse heart  and liver. J .  
Cell BioL 33:C7. 

12. REVEL, J .  P., W. OtSON, and M. J .  K~,RNOVSX~Y. 
1967. A twenty-angstrom gap junction with a 
hexagonal array of subunits in smooth muscle. 
J. Cell BioL 35(2, Pt. 2):112A. (Abstr.) 

13. ROBERTSON, J .  D. 1963. The  occurrence of a 
subunit pattern in the unit  membranes of 

club endings in Mauthner  cell synapses in 
goldfish brains. J. Cell Biol. 19:201. 

14. SmVErtBLATT, F. J . ,  and R. BUt~ER. 1970. Gap 
junctions occur in vertebrate renal proximal 
tubule cells. J. Cell BioL 47:513. 

15. VENAELE, J . ,  and R. COGGESHALL. 1965. A 
simplified lead citrate stain for use in electron 
microscopy. J. Cell Biol. 25:407. 

16. WIENER, J., D. SPIRO, and W. R. LOEWENSTEIN. 
1964. Studies on an epithelial (gland) cell 

junction. II.  Surface structure. J. Cell Biol. 
22:587. 

A. J. HUDSPETH AND J. P. REVEL Intercellular Junctions in Daphnia 101 


