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ABSTRACT: Bothhistological and histochemical anal-
yses of the midgut of the Brazilian millipede “Rhinocricus”
padbergi reveal the presence of lipids, carbohydrates,
calcium and proteins in certain cell elements of this region
of the digestive tract. The midgut epithelium might partic-
ipate directly in the processes of digestion and/or synthe-
sis of lipidic and proteic compounds, and is involved in
the transport of calcium. It also takes part in the produc-
tion of neutral polysaccharides, performed by mucus
cells, as well as in the synthesis of digestive enzymes, as
demonstrated by an apocrine release of the secretions.

PE3IOME: Kak rucToIoruuecKuid, TaKk ¥ TACTOXUMHU-
YECKUH aHAJIN3 CPEAHEH KUIIKK Opa3HIIbCKOTrO KUBCSKa
“Rhinocricus” padbergi BHISIBUIN TPUCYTCTBUE JKHPOB,
YTIIEBOJIOB, KAIBIINS 1 OSIIKOB B ONIPE/ICNICHHBIX KIIETOY-
HBIX BJIEMEHTAX 3TOT'0 OT/EJa MUIIEBAPUTEILHOTO TPAK-
Ta. DMUTETUH cpelHed KUIIKH, BO3MOXKHO, HETIOCPE/I-
CTBEHHO y4YacTBYET B IIpoLleccax pa3foKeHHs H(WIIH)
CHHTE3a >KUPOBBIX W OCIKOBBIX COCIMHEHMH, a TaKKe
3a7eliCTBOBaH B TpaHCHOpTe Kaublusa. Kpome Toro, o
MPUHUMACT YYaCTHE U B BEIPAOOTKE HEHTPAITBHBIX ITOJTH-
CaxapuioB, OCYIIECTBIAEMOH CIN3UCTHIMU KIIETKAMH, U
B CHHTE3€ IHIIEBAPUTEIBHBIX ()EPMEHTOB, KaK ITOKA3bI-
BACT allOKPHHHOE BBICBOOOIK/ICHNE CEKPETOB.

Introduction

The digestive tract of millipedes (Diplopoda) con-
sists of a straight tube extending from mouth to anus.
Three major regions can be discerned: foregut, midgut,
and hindgut. Flanking the foregut, a pair of salivary glands
can be observed. Atthe junction between the midgut and
hindgut, there is a pair of Malpighian tubules.

Studies on the anatomy and histology of the digestive
tract of millipedes are scarce and, in most cases, limited

to members of the orders Polydesmida and Julida. The
works of Verhoeff [1914] (cited after Hubert [1978]),
Randow [1924], Hefner [1929] and Miley [1930] are
among the first on the subject. More recently, Nunez &
Crawford [1977] discussed the anatomy and histology
of the digestive tract of Orthoporus ornatus (Girard,
1853), Fontanetti & Camargo-Mathias [1997] of Plu-
sioporus setiger (Brolemann, 1902), both these species
representing the family Spirostreptidae, order Spiro-
streptida, and Fantazzini et al. [1998] studied the foregut
of “Rhinocricus” padbergi Verhoeff, 1938 (Rhinocri-
cidae, Spirobolida).

A few other papers focused on the morphology and
histology of certain regions or cellular types that form
the digestive tract of millipedes, such as the studies made
by Bowen [1968], Schluter [1979], Crawford et al.
[1983] and Schluter & Seifert [1985].

The present contribution shows the histology and
histochemistry of the midgut of the Brazilian species,
“Rhinocricus” padbergi Verhoeff, 1938. The quotation
marks in the generic name reflect the fact that most of the
South American rhinocricid species still assigned to RAi-
nocricus actually belong to other genera [Hoffman, 1999].

Materials and Methods

The specimens were collected by E. R. Fantazzini at the
Instituto de Biociéncias of the UNESP Campus at Rio Claro,
Sdo Paulo State, Brazil, between November and March of
1999 and in 2000.

The individuals were anesthetised with ether and dissect-
ed in physiological solution in order to extract the digestive
tract, which was fixed in 4% paraformaldehyde and/or Carnoy
1. The material was then dehydrated in ethanol and embedded
in JB4 resin during 24 h at 4°C. The material was then
transferred to plastic moulds previously filled with resin
containing a catalyzer. After resin polymerisation, the mate-
rial was sectioned using a Sorvall JB4 microtome (Bio Rad)
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Figs 1A—E. Intestine of “Rbinocricus” padbergi stained with hematoxiline and eosin. A — general aspect; B — details of epithelial
structure; C — transition between midgut and hindgut; D — region where the hepatic cells are located; E — release of an apocrine
secretion.

e — epithelium; m — muscle fibers; he — hepatic cells; cm — cell membrane surrounding the intestine externally; fb — fat
body cells; 1 — lumen; mg — midgut; hg — hindgut; g — regenerative cell; n — nucleus, bm — basal membrane; pm — peritrophic
membrane; s — secretion vesicle; Filled arrow in Fig. B indicating a brush-like border (microvilli); Filled arrow in Fig. C indicating
the transition point between midgut and hindgut; Empty arrow in Fig. B indicating clear cells (mucus cells).



Midgut of “Rhinocricus® padbergi

and stained with hematoxiline and eosin, following routine
histological procedures.

Histochemical tests were applied in order to detect the
presence of the following compounds: proteins (using Bro-
mophenol Blue as proposed by Pearse [1985]); lipids (using Nile
Blue as proposed by Lison [1985], and Sudan Black, according
to Junqueira & Junqueira [1983]); polysaccharides (simulta-
neous staining with PAS/Alcian Blue, according to Junqueira
& Junqueira [1983]); and calcium (following the method of
Von Kossa as proposed by Junqueira & Junqueira [1983]).

Results and Discussion

1. Histology

The midgut of millipedes extends from the esopha-
ryngeal valve to the hindgut, which is marked by the
insertion of the Malpighian tubules. In “R.” padbergi,
the midgut represents about 39% total length of the
digestive tract [Fantazzini et al., 1998].

The midgut is provided with a cylindrical epithelium,
which folds forming numerous microvilli directed toward
the lumen. Histologically, the midgut of padbergi con-
sists of the epithelium, a basal lamina and a muscular
layer surrounded by perivisceral fatbody cells (Fig. 1 A).

The epithelial cells show nuclei localised in the
upper half, with shapes varying from rounded to oval
(Figs 1A, B); the apical membrane of these cells shows
numerous microvilli forming a well-defined brush bor-
der (Fig. 1B, arrow). These cells are commonly known
as principal cells.

Located at the basal region and interspersed with the
principal cells, smaller cells showing spherical and basal
nuclei can be found. These cells are known as generative
cells (Fig. 1B). This cellular arrangement suggests the
presence of a pseudo-stratified epithelium. Among the
principal cells, another cell type can be revealed in being
much lighter than the principal cells and resembling
mucus cells (Fig. 1B, empty arrow). The basal mem-
brane can be observed being in direct contact with the
epithelium, with muscular cells adhering to the latter
(Figs 1A, B). Right underneath the basal membrane,
there is a continuous layer of fat body cells. These cells
are irregular in shape and possess spherical nuclei and a
highly vacuolated cytoplasm (Figs 1A, D).

Strongly stained cells showing a more homogeneous
cytoplasm when compared to the fat body cells are
observed underneath the muscle layer, right beneath the
epithelium (Fig. 1D); these cells are probably the hepat-
ic cellsastermed by Verhoeff(cited after Hubert [ 1978]).
Due to their function and their similarity to the gastric
coecae or hepatopancreas of other arthropods, these
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groups of cells are also known as “liver” and/or “hepatic
tissue”. According to Hubert [1978, 1988], these cells
accumulate substances that are transported into the
haemolymph to be excreted.

At the junction site between the midgut and hindgut,
ahigher muscular development and a thicker epithelium
are observed (Fig. 1C, arrow).

The presence of a peritrophic membrane can be no-
ticed throughout the midgut, being intimately associated
with the intestinal cells. However, at the junction point
with the hindgut this membrane is in poor contact with the
epithelial cells of the hindgut (Fig. 1C). According to
Nunez & Crawford [1977], the presence of this structure
is well established in the digestive tract of Diplopoda. The
fact that this membrane is in intimate association with the
epithelial cells of the midgut of padbergi supports the
hypothesis suggesting that this membrane originates from
delamination of the brush border of the midgut epithelial
cells [Mason & Gilbert, 1954]. This has also been docu-
mented in the Brazilian species, Plusioporus setiger
[Fontanetti & Camargo-Mathias, 1997].

Numerous secretion vesicles can be observed being
released toward the lumen (Fig. 1E). The vesicles show
varying degrees of condensation of their content (* and
** in Fig. 1E), thus suggesting the presence of either
maturation or a dehydration process of the secretions
during their transport from the cytoplasm into the intes-
tinal lumen. It is also possible that the vesicles contain
different secretion materials.

The type of secretion release can be classified as
apocrine, similar to the one described by Caetano et al.
[1994] for ants of the genus Pachycondyla, and by Fon-
tanetti et al. [2001] in the millipede, Plusioporus setiger.
On the other hand, Hefner (1929) observed a merocrine
type of secretion release by epithelial cells of the midgut
in Parajulus impressus and suggested that, in other milli-
pedes, the release should be of the holocrine type.

Bowen [1968] reported the presence of a pseudo-
stratified columnar epithelium in the midgut of Flori-
dobolus penneri Causey, 1957 and Narceus gordanus
(Chamberlin, 1943) (both Spirobolida); all the other
species of millipedes studied showed a simple prismatic
epithelium. This was confirmed at the ultrastructural
level by Hubert [1979] in Cylindroiulus londinensis
(Leach, 1815), who described this epithelium as being
constituted by principal cells and clear cells, inter-
spersed with generative cells in the basal region.

In "Rhinocricus” padbergi, our light microscopy
observations suggest that the midgut of this species is
composed by a pseudo-stratified epithelium. Neverthe-
less, an ultrastructural analysis reveals the presence of a
stratified epithelium [Fantazzini etal., unpublished data].

Puc. 1A—E. Kumteunnx “Rbinocricus” padbergi, okpalieHHbITI TeMaTOKCMAMHOM ¢ 909MHOM. A — 0b1yuit Bua; B — Aetaan crpoenms
srmreans; C — IEPEXOA MEKAY CPEAHEN M 3aAHei KMImKoil; D — paiioH, TAe PacloAOYKEHBI KACTKHU IedeHy; E — BricBoboskAeHMEe

AKOKPMHHOTO CEKPeTa.

€ — SIUTEANI; M — MBILIEIHBIE BOAOKHA; he — KACTKM IeYeHn; cm — KACTOYHAsT MEHeMOPaHa, OKPY>KAIOIasl KMUIIEIHUK CHAPYIKH;
fb — kaerku >xmposoro Teaa; | — mpocser; mg — cpeAmsis Kuiuka; hg — 3aAHSS KMINKA; § — pereHepaTUBHAsI KAETK; N — SIAPO,
6asaspHas membpana; pm — nepurpoduyeckas membOpaHa; s — IIY3BIPEK CEKpeTa; JaloAHeHHas cTpeaka Ha Puc. B yxaspisaer ma
IJETKOBUAHBIN Kpail (MUKPOBOPCMHKN); 3amosHeHHas crpeaka Ha Puc. C yKasbiBaeT Ha TOYKY IIEPEXOAA CPEAHEV KMIIKM B 3aAHIO;
Hesamoasennas crpeaka Ha Puc. B yxasbiBaeT Ha mpospadsbie KACTKM (CAM3VCTBIC KACTKM).
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Fig. 2A & B. Midgut of “R..” padbergi subjected to tests for the detection of proteins. Bromophenol Blue.

g — generative cells; Filled arrows indicating microvilli; Empty arrow indicating clear cells (mucus cells); (*) = poorly compacted
secretion vesicle; (**) = highly compacted secretion vesicles. Scale bars = 25mm. Other designations as in Fig. 1.

Puc. 2A n B. Cpeansist xumxa “R.” padbergi mocae onbitos Ha mpucyrersue Oeakos. Bpomdenoa cummit.

g — TCHEPATMBHBIC KACTKV; 3allOAHEHHBIC CTPEAKM YKa3BalOT HAa MMUKPOBOPCMHKYM; HesamoaHeHHas cTpeaka yKasslBaeT Ha
npospaynble kKaeTku (camsmctsie KaeTkn); (¥) = caabOKOMIAKTHBINA Iy3bIpeKk ¢ cekperom; (**) = CMABHOKOMIIAKTHBIE ITY3BIPHKM C
cexperom. Macmrab = 25 mm. [Tpoune obosHauenns, kax Ha Puc. 1.

2. Histochemistry

The histochemical analyses show a strong positive
reaction for proteins in the epithelium and fat body, yet
the basal membrane (Fig. 2A) and the clear (mucus) cells
located at the epithelium (Fig. 2A, empty arrow) demon-
strate a weak positive reaction. The hepatic cells and the
secretion released by the intestinal cells also reveal a
strong positive reaction, indicating the presence of high
concentrations of proteins (Fig. 2B).

With the exception of the clear cells (Fig. 3A, empty
arrow), the epithelium reacted weakly to the tests for
neutral polysaccharides. The microvilli and the basal
lamina show the same results. The strong positive reac-
tion observed for the clear cells suggests that they take
part in the production of polysaccharides. The fat body
also shows a strong positive reaction to these tests and a
large amount of small granules are observed in the
cytoplasm, which probably represent aggregations of
glycogen (Fig. 3A).
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Fig. 3. Midgut of “R” padbergi subjected to tests for the detection of polysaccharides. A. PAS; B & C. Simultaneous staining with

PAS/Alcian Blue.

s — secretion; Filled arrows indicating microvilli; Empty arrows indicating clear cells reacting positive to PAS (mucus cells). Scale

bars = 25 mm. Other designations as in Fig. 1.

Puc. 3. Cpeansist kuika “R.” padbergi nocae onbtos Ha mpucyTersue noancaxapupos. A. PAS; B u C. OpHoBpemeHHOe OKpalmpanme

PAS u Alcian Blue.

s — CeKpeT; 3alOAHEHHbBIE CTEAKM YKa3BaIOT Ha MUKPOBOPCMHKM; HesarmosHeHHbIE CTpeAKa YKasbIBAIOT HA IPO3HAYHBIE KACTKM C
HOAOSKMTEABHON peakymeil Ha PAS (camsmersie kaetkn). Macimrab = 25 mm. I[Ipoune obosHavenns, kak Ha Puc. 1.

The histochemical tests reveal that, at the basal
membrane, there is predominance of glycoproteic com-
pounds in relation to proteins.

Acid polysaccharides are noted by the microvilli; such
areaction is probably related to the presence of amorphous
material (glycoaminoglycanes of an acid nature) between
the microvilli (Figs 3B & C). While studying the ventricle
of ants, Caetano [1988] also showed the presence of
polysaccharides in the microvilli of epithelial cells.

The tests performed for the detection of lipids dem-
onstrate the presence of strongly positive droplets in the

medio-apical cytoplasm of the principal cells (Figs 4A,
B & C, arrows). This observation suggests that the lipids
liberated in the lumen (* in Fig. 4B) might originate in
principal cells.

The fat body appears moderately positive to the Nile
Blue test and negative to the Sudan Black test (Fig. 4A),
thus suggesting that the fat body contains lipids phos-
pholipidic in nature.

The presence of calcium is detected in the midgut
cells. In some individuals, this element is observed in the
apical portion of principal cells (Fig. 5A, arrow). Yet in
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Fig. 4A—C. Midgut of “R.” padbergi subjected to staining by Sudan Black (A & B) and Nile Blue (C) for the detection of lipids.

Arrows = lipid droplets in the apical portion of the principal cells; (*) = release of these compounds into the lumen. Scale bars
= 25 mm. Other designations as in Fig. 1.

Puc. 4A—C. Cpepnsia xumka “R” padbergi ipn oxpammsarmnn Cypanom gepusim (A 1 B) u Huaom roaybeim (C) Ha mpucyTeTBme SKUpOB.

CrpeAKkM = KalleAbKV KUPa B BEPIIMHHOM 9acTV TAABHBIX KACTOK; (¥) = BBICBOOOSKACHME STUX COEAMHEHMIL B IIPOCBET KUIIETHUKA.
Macmrab = 25 mm. [Tpoune obosnavenns, xax Ha Puc. 1.

other specimens, evidence of calcium is revealed in fat ~ might be involved in the transport of this element.

body cells, between the muscular fibers located under- Theresults of the histochemical tests are summarised
neath the epithelium (Fig. 5C), and in the mediobasal  in Table.
portion of epithelial cells (Fig. 5B, empty arrow). There The observation of secretion vesicles being released

is also a strong positive reaction in the microvilli (Fig.  from the epithelial cells towards the lumen of the diges-
5B, filled arrow). These results imply that the epithelium  tive tract suggests that the midgut liberates proteic
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Fig. 5SA—C. Midgut of “R.” padbergi subjected to the Von Kossa technique and stained by hematoxiline for calcium detection.

Empty arrow in Fig. B = calcium in the mediobasal portion of the epithelial cells; Filled arrow in Fig. B = calcium at the crush-like
edge; Empty arrow in Fig. A = calcium in the apical portion of the intestinal cell. Scale = 25 mm. Other designations as in Fig. 1.

Puc. SA—C. Cpeansist xumka “R” padbergi nocae obpaborkm no meroay Von Kossa u OKpammpaHUsl IeMaTOKCMAMHOM Ha
IPUCYTCTBUE KAABLIMSL

Hesamoanennas crpeaka Ha Prc. B = xaapymii B MeAMODA33aABHON 4acTM SMMUTEAMAABHBIX KACTOK; AIIOAHEHHAs CTpeAKka Ha Puc.
B = kaapymii y 1oxosKero Ha paspyuieHHbIi kpas; Hesanoanennas crpeaka Ha Prc. A = KaabLuii B alIMKAABHOM YaCTM KMUIIEYHOM KACTKMN.
Macmrab = 25 mm. [Tpoune obosnauenms, xax Ha Puc. 1.
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Table. Results of histochemical tests applied to the midgut of the millipede, “Rhinocricus” padbergi.
Tabanya. PesyAbTaTh TMCTOXMMMIECKMX OIIBITOB HaA CPEAHEN KUIIKOM Kuscsaxa Rbinocricus” padberg.

Applied tests
Structure Calcium Polysaccharides Proteins Lipids
Von Kossa | Neutral | Acidic | Bromophenol Blue | Nile Blue | Sudan Black

Principal cells + + + - ++ + ++ + ++ 4+
Epithelium | Microvilli + ++ + - ++ + _ _

Mucus cells - +++ - + - -
Basal membrane ++ + 4+ - - - -
Fat body cells + + ++ + - ++ + + + +
Muscle fibers - - - + o+ o+ _ _

+ + + strongly positive; + + moderately positive; + weakly positive; — negative; ( * ) positive in individuals, in which the

presence of secretion was verified.

compounds, which are probably involved in the produc-
tion of digestive enzymes. Nevertheless, this process is
probably not continuous and might depend on the physio-
logical moment the individual is undergoing.

The histochemical results suggest that the fat body in
association with the midgut of padbergi might be an
important site for the storage of neutral polysaccharides,
proteic compounds and calcium.

The hepatic cells observed are probably associated
with the digestion or synthesis of proteins but are involved
in the metabolism of neither carbohydrates nor calcium.
Hubert [1988] observed that these cells branch between
the regenerative cells of the midgut. This author also
noticed the presence of junctions with a structure suggest-
ing an open transport between the two cellular types.

Our data indicate that the midgut epithelium of
padbergi might participate directly in the processes of
digestion and/or synthesis of lipidic and proteic com-
pounds, and is involved in the transport of calcium. It
also takes part in the production of neutral polysaccha-
rides, performed by mucus cells, as well as in the
synthesis of digestive enzymes, as demonstrated by an
apocrine release of the secretions.
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