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Tight Junctions in a Fluid-Transporting Epithelium of an Insect

Abstract. Occluding junctions have been found between the lateral cell borders at
the base of the rectum of Periplaneta americana. They appear as punctate membrane
appositions in thin sections, and after incubation in physiological solutions contain-
ing lanthanum before fixation the inward penetration of tracer is impeded in this
same basal area. Moreover, freeze-fracture studies of this region reveal simple linear
ridges on fracture face P and grooves on fracture face E, which are similar to the less
complex vertebrate tight junctions. The luminal clefts, which permit free inward dif-
fusion of tracers, present no tight junctions, but do have septate junctions. These
results support the contention that, contrary to earlier speculation, arthropods do
possess tight junctions, these, rather than septate junctions, appear to form the mor-
phological basis of at least some of the permeability barriers observed in in-

vertebrates.

The existence of true tight junctions or
zonulae occludentes in a number of tis-
sues of vertebrates has been well estab-
lished (7), and they have been shown to
provide the structural basis for a variety
of physiologically important permeabili-
ty barriers (2, 3). Moreover, it has been
considered that tight junctions are a diag-
nostic feature of chordates, since the in-
vertebrate groups originally appeared
not to possess them «). Recently it has
become apparent that tight junctions,
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recognizable both in thin sections and by
their freeze-fracturing characteristics, do
exist in invertebrates, at least in insects
(5, 6), where they form the morphologi-
cal basis of the blood-brain barrier, ob-
served to be present in the central ner-
vous system (CNS) of insects by elec-
trophysiological criteria (7) and by the
exclusion of exogenous tracers (5, 6).
Discovery of tight junctions in an ar-
thropod tissue other than the nervous
system would further strengthen the con-

tention that these junctions not only ex-
ist in invertebrates but may play impor-
tant physiological roles. Evidence is pre-
sented here for the existence of such
junctions in the insect rectum.

The fluid-transporting epithelium com-
posing the rectum of insects is primarily
concerned with reabsorption of water
and ions, the feces being concentrated
and water loss prevented. Since insects
have a small body weight relative to their
surface area, this is an important consid-
eration in survival. '

The mode of action of the rectal cells
in dictyopteran insects such as the cock-
roach has been thought to involve uptake
of water by absorption of ions over the
luminal plasma membrane; the ions are
then pumped over the lateral cell mem-
brane into the intercellular spaces. The
high concentration of ions there pro-
duces an osmotic inflow of water, which
then makes its way to the hemolymph
via the intercellular spaces around the
tracheae, ion reabsorption occurring en
route (8, 9). The exit route via the si-
nuses around the tracheae may be some-
what modified by the possible presence
of basal cells (/0), but this does not affect
the model system as described or the in-
terpretation of our results. This report
describes new observations made after
freeze-fracturing the rectum of Peri-
planeta americana and incubating it, be-
fore fixation, in physiological saline con-
taining the exogenous tracer. lanthanum.
The results show that true tight junctions
exist in this system; earlier, without en
bloc staining, gap junctions were incor-
rectly described as ‘‘tight”” (8).

In previous investigations the ultra-
structure of the rectum in the cockroach
has been studied in detail in thin sections
8, 10), but not by freeze-fracture or for
tracer uptake. The tissue consists of a lu-
minal cuticle under which lie columnar
epithelial cells, the lateral borders of
which are associated at the luminal sur-
face by septate junctions and desmo-
somes. These lateral borders are thrown
into complex interdigitations there and
also deeper into the tissue, where scalar-
iform junctions occur lying in intimate
association with mitochondria; this is
thought to be the site of the ion transport
from the cytoplasm to the intercellular
spaces or sinuses (8). Toward the base of
the cells, close to the basement mem-
brane, and by the muscles and circulat-
ing hemolymph, septate junctions again
occur. But here our investigations reveal
the presence not only of gap junctions
but also of tight junctions, seen in thin
sections as punctate membrane apposi-
tions below the sinuses and near, or in
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the midst of, the basal septate junctions
(Fig. 1).

After incubation of the outer wall of
the intact rectum of P. americana in lan-
thanum, the tissue was fixed and exam-
ined. The tracer was found to have made
its way through the basement membrane
and part of the basal intercellular junc-
tions, but was then stopped (Fig. 1); the
site of this occlusion corresponds to the
position of the tight junctions. In a dif-
ferent set of incubations, the lumen of
the intact rectum was injected, through
the anus, with saline containing lantha-
num. Under these conditions, the tracer
makes its way through the cuticle and in-
to the luminal intercellular clefts, where
it is found not only in the septate junc-
tions, but also beyond them.

Freeze-fracturing of rectal tissues
demonstrates the presence of a simple

Fig. 1. Thin section through the basal region
of rectal cells from the cockroach, after in-
cubation for 30 minutes in 10 mM lanthanum
in Ringer solution followed by fixation in
phosphate-buffered glutaraldehyde and pro-
cessing. The tracer can be seen in the base-
ment membrane (BM) and, although it enters
the basal intercellular clefts, its further pene-
tration is stopped (arrows) in the regions
where tight junctions (7J) (as in inset) are situ-
ated, often near basal septate junctions and
gap junctions (GJ). Other abbreviations: T,
tracheoles; S, intercellular sinuses. Scale bar,
1 wm; inset scale bar, 100 nm.
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unbranched, intramembranous P face
ridge and E face groove system (Fig. 2)
localized in the basal part of the rectal
cells; this is typical of the insect tight
junctions observed elsewhere (5, 6) and
comparable to the simpler of the verte-
brate tight junctions seen after freeze-
cleaving (2). These beadlike ridges,
about 10 nm in diameter, lie in simple lin-
ear arrangements (Fig. 2, inset), over the
P face. The ridges sometimes overlap
and often lie in parallel arrays (Fig. 2, in-
set), up to eight having been found in any
one area. These P face ridges sometimes
display short discontinuities; this may
mean that the ridges at that point have
cleaved onto the E face, or it may reflect
the complexity of the interdigitating in-
tercellular cleft, which, as with the cells
forming the insect blood-brain barrier in
the CNS (5, 6), does not apparently re-
quire such a complex network of tight
junctional strands as do the vertebrate
permeability barriers (5). The com-
plementary E face grooves lie on the out-
er half of the membrane (Fig. 2). The
ridges and grooves are often found near
arrangements of intramembranous parti-
cles which are characteristic of septate
junctions and gap junctions in replicas,
and in thin sections these junctions are
also often found together.

Since tracers appear to have free ac-
cess from the lumen to the intercellular
clefts, it may be that water enters the
rectal system through the septate junc-
tions near the luminal surfaces rather
than, as previously thought (8), across
the plasmalemma. This theory of water
uptake via the extracellular clefts is sup-
ported by evidence such as that from
gallbladder (I1), where it has been sug-
gested that water flow occurs via the in-
tercellular space, not by intracellular os-
motic ‘‘pulling,”’ as previously thought
to occur. This theory of water transport
avoids the difficulty inherent in the tradi-
tional idea, which is that there is no obvi-
ous driving force for water flow across
the luminal plasma membrane; the ion
levels in the cells are much too low to
produce such an effect (12).

It seems likely that ionic uptake would
nevertheless occur across the luminal
plasma membrane because these areas
are enriched with numerous closely
packed intramembranous P face parti-
cles; the level of ion transport across
membranes increasingly appears to be
related to particle density (/3).

Water flowing out of the rectum would
have to attain the hemolymph via the in-
tercellular and tracheal sinuses, since the
intercellular passage in the clefts at the
base of the cells is blocked by the tight

junctions (Fig. 1). At the same time,
these basal occlusions would prevent
water in the hemolymph from rushing
back through the intercellular junctions
and subsequently into the rectal sinuses,
drawn by the osmotic gradient created
by the high ionic concentration in the
clefts of the scalariform junctions. The
presence of basal tight junctions would
therefore ensure unidirectional flow of
the conserved water from the lumen of
the rectum into the intercellular sinuses
and out into the hemolymph. Originally
it was thought to be the septate junctions
at base and lumen which sealed off the
rectal surfaces (8), but the contention
presented here, that it is the basal tight
junctions which are the occluding struc-
tures, is supported by the lanthanum
studies. These junctions in Periplaneta
appear analogous to the multilayered cel-
lular sheath of low permeability present
in Blaberus and Blattella (14).

The coexistence of septate junctions
and tight junctions in the insect rectum is
not unprecedented in arthropods; it also
occurs in the perineurium, which forms
the blood-brain barrier in the CNS of
most larval and adult insects (5) [with the
exception of the moth Manduca sexta
(6), where tight but no septate junctions

of the cockroach rectum. The cytoplasmic or
inner membrane half (fracture face P) con-
tains a simple system of ridges (arrows in in-
set), while the extracellular or outer mem-
brane half (fracture face E) contains com-
plementary grooves (thick arrows). This lin-
ear system of intramembranous ridges and
grooves forms the rectal tight junctions. Scale
bars, 100 nm.
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are found] as well as in insect testis (15)
where a blood-germ cell barrier occurs.
Other investigators who have not found
insect tight junctions, possibly because
they are difficult to detect by virtue of
their relative simplicity, have suggested
that septate junctions are the basis of all
occluding phenomena in invertebrates
(10, 16). However, I have found that trac-
ers are able to move completely through
septate junctions, and comparable
events also occur in such insect tissues
as Malpighian tubules, where inulin (mo-
lecular weight, 5200) readily traverses
the septate junctions between.adjacent
cells (I7). The tight junctions observed
appear to prevent the inward movement
of lanthanum as they do in the insect
CNS (5, 6) and so may be presumed to be
the structures which impede the inward
diffusion of molecules, forming a blood-
basal rectal cleft barrier.

It would be premature, however, to
generalize from these observations that

- the role of the septate junctions in con-
trolling transepithelial permeability has
been completely eliminated in all situa-
tions. Studies of more primitive systems
such as coelenterates and planarians (/8)
strongly implicate septate junctions as a
barrier to the paracellular flow of water
and small molecules across epithelia in
their tissues.

In summary, this report presents an-
other example of tight junctions in ar-
thropods, which strengthens the case for
their existence in invertebrates; it also
weakens the argument that septate junc-
tions are the invertebrate equivalent of
the vertebrate tight junctions in forming
the structural basis of permeability bar-
riers. Moreover, the restriction of oc-
cluding tight junctions to the basal region
of a fluid-transporting epithelium in-
volved in water and ion resorption,
wherein the luminal clefts are open to in-
ward diffusion of tracers, suggests the
possibility that the junctions are actively
involved in the regulation of uni-
directional fluid flow in a way that would
permit intercellular transport of the wa-
ter flowing into and through the system.

NAaNCY J. LANE
Agricultural Research Council Unit of
Invertebrate Chemistry and Physiology,
Department of Zoology,
University of Cambridge,
Cambridge CB2 3EJ, England
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Brain Norepinephrine and Dopamine in Schizophrenia

Farley et al. (I) reported that in-
creased levels of norepinephrine (NE)
were found in certain limbic regions of
schizophrenic brain. However, we offer
a word of caution about using small num-
bers of cases from a heterogeneous pop-
ulation. We have measured dopamine
(DA) and NE in the striatum and three
limbic regions in more than 50 patients
who died with a hospital diagnosis of
schizophrenia (Table 1). We found a sig-
nificant increase in DA concentration in
the nucleus accumbens, confirming our
finding reported in an earlier, smaller se-
ries (2). In addition, the DA concentra-
tion in the anterior perforated substance
was significantly increased (Table 1). Al-

though we, like Farley et al., found that
the NE concentration was increased in
the nucleus accumbens, this result was
not statistically significant. Similarly, the
apparent increase in NE in anterior per-
forated substance was not statistically
significant when analyzed by a non-
parametric test (since the NE values
show a skew distribution the Student’s ¢-
test is not applicable). When the NE val-
ues obtained by Farley et al. in the nu-
cleus accumbens are compared with our
own, it seems likely that differences in
defining this anatomical region may exist
between our laboratories. Although the
NE values they report for the ventral
septum and hypothalamus are in accord

Table 1. Norepinephrine and dopamine in limbic and basal ganglia regions of postmortem brain
from psychotic patients and controls. The statistical significance was determined with a two-
tailed ¢-test; S.E.M., standard error of the mean; N, number of brains.

Norepinephrine .
(ug per gram of Dopamine (ug per
Brain region protein) gram of protein)
Mean = S.E.M. N Mean = S.E.M. N
Nucleus accumbens
Controls 1.3 £0.13 40 12.2 £ 0.95 46
Psychotic 1.8 = 0.18* 47 16.3 = 1.037 S1
Anterior perforated substance
Controls 0.7 = 0.11 25 1.9 £ 0.3 32
Psychotic 1.4 = 0.24% 35 3.7 = 0.588 37
Ventral septum
Controls 4.2 = 0.71 35 1.4 = 0.14 35
Psychotic 4.2 £0.10 32 1.6 £ 0.15 32
Caudate
Controls 0.7 = 0.10 47 17.3 £ 1.27 51
Psychotic 0.5 = 0.06 44 19.7 = 1.35 50
Putamen
Controls 22.0 = 2.3 29
Psychotic 229 2.2 37

*P = .129, Mann-Whitney U test.
Whitney U test.
t-test or Mann-Whitney U test.

TP < .005 when compared with control, Student’s ¢-test or Mann-
P = .067, Mann-Whitney U test.

§P < .02, when compared with control, Student’s
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