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ABSTRACT. Evidence suggests that intestinal transport
of water and electrolytes may be altered in zinc deficiency.
We examined the structural features of intestinal epithelial
cells of zinc-deficient rats using electron microscopy and
assessed the integrity of the junctional complexes using a
heavy metal tracer, lanthanum hydroxide. The absorptive
cells, as well as Paneth cells and chromaffin cells, were
not found to have ultrastructural changes of a consistent
nature in zinc deficiency. Moreover, the integrity of the
junctional complexes was found to be preserved. These
findings suggest that the abnormalities in intestinal trans-
port previously reported are not secondary to increased
tight junction permeability in zinc deficiency. (Pediatr Res
19: 968-973, 1985)

Abbreviations

7.D, zinc deficient
PF, pair fed

Zinc is an essential trace element for humans and animals. Its
biological importance stems primarily from its key role in many
vital enzyme systems. Moreover, zinc appears to have a major
role in nucleic acid metabolism, protein synthesis, and in the
maintenance of the structurc and function of biomembranes.
Deficiency of this nutrient may lead to diarrhea, weight loss, and
growth retardation (1, 2).

Although the association of chronic diarrhea and growth re-
tardation has been extensively studied (3-5), there have been no
detailed studies on the mechanisms underlying those entities
during zinc deficiency. Intestinal mucosal histology is relatively
preserved (6. 7): however, recent studies have demonstrated that
the intestinal transport of sodium and water is impaired in zinc-
deficient rats (8). Further, increased losses of fecal nitrogen (9)
and amino acid (10) have been reported. Hence, intestinal perme-
ability may be altered during zinc deficiency and may contribute
to the diarrhea and growth retardation.

Intercellular spaces of epithelia are thought to have important
regulatory functions in the transepithelial movement of ions and
water (11). Specifically, the component of the junctional complex
closest to the lumen, the tight junction, plays a major role in
regulating epithelial permeability by influencing paracellular flow
of fluid and solute. Moreover, structural changes in tight junc-
tions have been described in a variety of epithelia under experi-
mental conditions in which epithelial permeability has been
correspondingly altered (12). Alteration in tight junction perme-
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ability may lead to backleaking of ions and macromolecules into
the intestinal lumen and may prevent diffusion from proceeding
down a concentration gradient in the paracellular space into the
lamina propia. The end result of this may be deficient net
absorption of ions and water and, consequently, chronic diar-
rhea.

The experiments described herein were undertaken to assess
the integrity of junctional complexes in rats with severe zinc
deficiency using an extracellular marker, lanthanum hydroxide.
Knowledge of tight junction structure and permeability would
provide an insight in the pathogenesis of the diarrhea of zinc
deficiency.

METHODS

Animals and diets. Male, weanling Sprague-Dawley rats
(Charles River Breeding Laboratories, Wilmington, MA) were
randomly separated into two groups. All rats were housed indi-
vidually in stainless steel cages, water bottles were equipped with
silicone stoppers, and stainless steel feeders were used. The
animals in the ZD group were fed ad libitum double distilled
water plus a semipurified pelleted diet (Teklad Co., Madison,
WI) containing only 0.5 ppm zinc. A PF group was fed tap water
plus a diet identical in composition except for zinc content of 50
ppm. These animals were fed an amount of diet equal to that
consumed by ZD.

After 5 wk on their respective diets, the ZD animals exhibited
loss of hair and diarrhea. At 6 wk, unfed (12 to 18 h) rats were
sacrificed with an overdose of an intraperitoneal injection of
ethylurea-phenobarbital mixture (6:1) (K & K Laboratories,
Plainview, NY). After opening the abdominal cavity, 10-cm
segments of jejunum and the entire colon excluding the cecum
were isolated and serial biopsies were obtained.

Trace metal analysis. The levels of zinc in plasma, tissues, and
diets were measured by atomic absorption spectrophotometry
(Perkin-Elmer Model 603, Perkin-Elmer Corp, Norwalk, CT)
with an air-acetylene flame. Jejunum and colon were dried at
110°C for 20 h and dry weights were recorded. Dried tissues were
ashed at 500°C for 24 h and residues were dissolved and appro-

Table I. Wt of rats and jejunum, colon, and serum zinc at
death in the two study groups (means £ SE)

PF ZD
n 8 8
Initial wt (g) 60+ 3 58+3
6-wk wt (g) 191 £ 8 96 + 7*
Jejunum zinc (ug/g) 32.1£26 16.9 + 1.6*
Colon zinc (ug/g) 169+ 1.6 10.7 + 1.1t
Serum zinc (ug/dl) 167 + 40 59 + 10t

*p<0.01 versus PF.
tp < 0.05 versus PF.
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Fig. 1. Select region of the epithelium contrasting the ultrastructure of the two classes of absorptive cells in a ZD animal. The major cell type (/)
is characterized by highly organized, organelle-rich cytoplasm with numerous mitochondria, a basally located nucleus and a complex perinuclcar
Golgi. The second class of cells (2) has highly vaculated cytoplasm and a central nucleus with dense heterochromatin. X 1,500.

priately diluted in 0.24 N ultrapure HCI for metal analysis.
Plasma samples were deproteinized by treating with three vol-
umes of 0.77 N trichloroacetic acid, and the concentrations of
zinc were measured in the soluble fraction (13).

Diets were wet ashed with HNO;/HCIO, prior to measuring
the levels of zinc.

Tissue preparation for electron microscopy. Tissue was fixed at
room temperature in 3% glutaraldehyde, which was buffered to
pH 7.3 with 0.1 M cacodylate. Biopsies were then rinsed in the
same buffer, postfixed in 1% osmium tetroxide, dehydrated
through a graded series of ethanols, and embedded in Epon 812
(14). Tissues were divided and stained with lanthanum hydroxide
before embedding.

Lathanum staining was carried out by a modification (15) of
the technique described by Doggenweiter and Frank (16). Lan-
thanum hydroxide, prepared by titration of a 3% lanthanum
nitrate solution with 0.01 N NaOH, was added to the fixatives
and dehydration alcohols so that the final lanthanum concentra-
tion was 1%.

Sections obtained with a diamond knife in a Sorvall MT-2
ultramicrotome (Sorvall Instruments, Newtown, CT) were ex-
amined in a Philips EM 400 electron microscope. Ultrastructural
studies were done on tissue segments from two animals in the
control group and two of the ZD group. The histological studies
for the latter group were prepared from the animals who had the
lowest serum and tissue zinc concentrations. Six tissue blocks
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were processed from each of the animals (a total of 24 segments)
and six to eight grids with sections were collected from each
block studied. Individual grids contained 10 to 12 epoxy sections.
The final microscopic analysis encompassed a total sample in
excess of 300 sections. Approximately 50% of these were from
the ZD group. To minimize bias during ultrastructural analysis,
tissue samples were encoded by EM laboratory personnel with a
dated five digit identification number. Samples were processed,
sectioned, and observed as identified only by sample number.
The experimental identity of the samples was unknown during
ultrastructural analysis, and all observations were made and
recorded using the digital identification code. Microscopic analy-
sis of the samples was done by one of the investigators (JCL)
who recorded all observations on standardized data flow-sheets.
Notations were made on cellular features in both the villus tip
and crypt regions where the structural integrity of Paneth cells,
argentafin cells, absorptive cells, and goblet cells was recorded.
With all samples, particular attention was paid to the presence
or absence of lanthanum tracer in the junctional complex re-
gions. The number of junctional complexes observed was not
tabulated: however, each of the sections contained 100 to 200
clearly identifiable complexes, therefore the observational base
encompassed several thousand junctions. Cross-identification of
the samples as ZD or control was not done until completion of
microscopic analysis.

RESULTS

Serum and intestine zinc concentrations were significantly
depressed in the ZD rats compared to the PF controls (Table 1).
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As previously reported, animals on the ZD diet demonstrated
depressed growth rate and developed skin lesions typical of zinc
deficiency.

The morphology of intestinal cells in the ZD animals is illus-
trated in Figures 1 and 2. General architecture in zinc deficiency
was normal with an intact brush border, well-defined goblet cells,
and a highly organized absorptive epithelium. The absorptive
cells comprised two ultrastructural classes. the major of which
was characterized by cells having an electron-dense, organelle-
rich cytoplasm and a basally positioned nucleus. The second
class, which accounted for less than 10% of the population, was
characterized by cells having a vacuolated cytoplasm and a
prominent, centrally positioned nucleus containing distinct het-
erochromatin (Fig. 1). The mitochondria, Golgi apparatus, and
endoplasmic reticulum were intact in the electron-dense cells,
whereas slight dilatation of mitochondria and endoplasmic retic-
ulum was typical of the electron lucent cells. Both absorptive cell
types had residual body-like lysosomes with diameters in the
range 0.5 to 1.0 um. Such lysosomes were not appreciably
increased in the ZD animals (Fig. 1). In addition to these major
cell types, both Paneth cells and chromaffin cells were identified
in the crypts; and, as with the other cell types, ultrastructural
changes of a consistent nature were not associated with zinc
deficiency (Figure 2).

It was conceivable that altered intestinal transport, although
not associated with specific structural changes in the cells, could
result from subtle changes in cell association, particularly at the
junctional complexes. To explore this question, tissues were fixed
and processed in the presence of lanthanum, a heavy metal tracer

Fig. 2. Overview micrograph of the crypt region from a ZD animal. Normal Paneth (P) and Argentaffin cells (A) were observed in all animals.

x4500.
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Fig. 3. Cross-section through the apical region of a villus from a lanthanum stained tissue in a ZD animal. The electron dense tracer is
concentrated along the luminal aspect of the brush border (BB), as well as at the plasma membrane (arrows) of the absorptive cells (4C). X12,500.

which displaces plasma membrane calcium resulting in an elec-
tron-dense deposit along all exposed cell surfaces. In both the
normal and ZD animals, the tracer was deposited along the
tuminal surface of epithelium where microvilli were enshrouded
coth at the apical and basal surfaces (Fig. 3). Typically, lan-
hanum was concentrated on the luminal aspect of the plasma
membrane immediately adjacent to the junctional regions (Fig.
1). At these locations, the tracer penetrated to the zona occludens
‘tight junction) region of the junctional complex but at no time
vas observed in the lateral extracellular space in any of the
sections examined.

DISCUSSION

The association of chronic diarrhea and zinc deficiency has
een established (1, 2) and previous studies have suggested that

the pathogenesis of the diarrhea may be multifactorial. Reduced
intestinal disaccharidases activities (17) and abnormal lipid ab-
sorption have been reported (18). Thus, maldigestion and mal-
absorption of nutrients may, at least in part, account for the
diarrhea and malnutrition seen in zinc deficiency. Moreover, a
recent study has suggested that ZD rats have decreased net
transport of sodium and water when measured in vivo (8).
However, the mechanisms underlying these findings could not
be defined.

There is now substantial evidence that tight junctions play a
major role in regulating epithelial permeability by influencing
paracellular flow of fluid and solute (19). Tight junctions consist
of an apical circumferential band in which the lateral membrane
of adjacent cells are closely opposed. This structure is formed by
a meshwork of interconnecting strands that are composed of a
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Fig. 4. High magnification of a junctional region between two absorptive cells (C1 and C2) in a ZD animal. The tortuous junctional region (JR)
between the cells is devoid of lanthanum, yet the tracer is concentrated on the luminal side of the junctional complex (arrow). x40,000.

chain of closely spaced particles. These particles are assumed to
represent integral membrane proteins (11). Since zinc plays an
important role in the stability of biomembranes and tight junc-
tion structure appears to correlate closely with permeability, it
seemed reasonable to hypothesize that the abnormalities in so-
dium and water reported to occur in zinc deficiency might be
explained by alterations in the structure or function of the tight
junction. We reasoned that any change in permeability might be
detectable with the extracellular marker lanthanum. When used
as in the present study. the lanthanum nitrate molecule disso-
ciates resulting, in the free lanthanum cation having an atomic
radius of 1.15 A. In this ionic form lanthanum movement is not
size restricted and. therefore, serves as an excellent tracer for
discontinuities between cells. In addition the ion will penetrate
cells having damaged membranes and serve as an indicator of
general cell pathology.

The present study shows no demonstrable structural altera-
tions of junctional complexes when examined using a specific
extracellular stain. After inducing severe zinc deficiency, no
major changes were found in rat jejunum and colon epithelia.
Further, junctional areas in the jejunum and colon appear to
exclude the penetration of extracellular stain. Our results are
consistent with those of Machen ¢t al. (20) who reported no
significant penetration of lanthanum between adjacent epithelial
cells of normal rabbit ileum when tissue was fixed and then
exposed to lanthanum.

Despite the apparent absence of specific morphological
changes and preserved paracellular permeability, significant al-
terations in the transport of nutrients, ions, and water seem to
occur during zinc deficiency. It is conceivable, therefore, that
these abnormalities may be due to deficient transepithelial trans-
port processes where “carrier proteins” are involved. Further
studies are currently underway to examine this hypothesis.
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