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Abstract This is the first description of haematopoiesis
in snakes. Studies were carried out on the following species belonging to Ophidia: Bothrops jararaca, Bothrops
jararacusu, Waglerophis merremii, Elaphe taeniura
taeniura, Boa constrictor, and Python reticulatus. Smears
of the peripheral blood and histological preparations from
the vertebrae, ribs, liver, and spleen were studied under a
light and electron microscope. Myeloid cells were present
in the following locations in the vertebrae: the neural
spine, zygoapophysial processes, floor of the neural
canal, lacunae in the bodies of vertebrae and also inside
the ribs. Although the vascular system was well developed, especially around the ribs, vessels inside the marrow cavities were scarce, both in the ribs and elsewhere
where haematopoiesis was found. Venous sinuses were
well developed in the vertebrae and in the rib regions
from their costal head towards the middle area. They consisted of one layer of fine endothelial cells. Mature cells
in the process of migration into the general circulation
were only sporadically encountered when venous sinuses
were studied on perfusion-fixed specimens. In contrast,
almost every sinus venosus contained protrusions directed towards the lumen, filled mostly with mature and
immature blood cells. Various stages of their formation
were seen in the cross sections of venous sinuses ranging
from small, newly formed to large, elongated ones, filled
with many fully developed and some maturing blood
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cells. In many cases the apices of the protrusions were
ruptured, and mature blood cells, as well as a few immature ones, were seen in their vicinity. This observation led
us to a new hypothesis that blood cells are released from
the extravascular space into the lumen of venous sinuses.
In snakes, these cells are released into the systemic circulation mainly via the rupture of protrusions filled with
mature blood cells and, to a lesser degree, by transcytosis
as known in mammals. In the spleens from young specimens, 1–2 foci of haematopoiesis were encountered
where lymphopoiesis predominated. Haematopoiesis was
not detected in the liver.
Keywords Haematopoiesis · Lymphopoiesis ·
Blood cells · Blood-cell release · Ophidia

Introduction
Haematopoiesis is a highly complicated and variable
process. Also the processes that regulate blood cell
egress into the systemic circulation are complex and not
fully understood. In order to understand this process, further studies in the animal orders lower than mammals,
such as reptiles, could yield simpler and easier data regarding these processes. Moreover, it is evident that in
this respect, among Reptilia, snakes are the least-studied
group. The process of haematopoiesis among the reptilian class has been studied in certain lizards – Lacerta
hispanica (Zapata et al. 1981), Cordylus vittifer (Pienaar
1962), Lacerta muralis (Taïb-Cazal 1973), Agama stellio
(Efrati et al. 1970) – and in a turtle Gopherus agessizii
(Garner et al. 1996). Lymphopoiesis has been studied in
snakes (Chapman and Conklin 1935; Kotani 1959).
However, there are no studies to our knowledge on haematopoiesis in snakes. Frye (1978) gave a description of
cells obtained from the vertebral column and also in his
Atlas of Reptilian Care (intended for veterinarians) (Frye
and Frye 1991) described a method of obtaining marrow
tissue from large and smaller snakes, but without a detailed description of that tissue. Until now the majority
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Materials and methods
Studies were carried out on the following species: Bothrops jararaca (Wied), n=4; Bothrops jararacusu (Lacerda), n=4; Waglerophis merremii (Romano et Hoge), n=2, all living in the wild, caught
in the São Paulo area; Elaphe teaniura taeniura (Cope), n=12;
Boa constrictor L., n=5; and Python reticulatus (Schneider), n=4
from Cracow Zoo. Animals were anaesthetised with an s.c. injection of thiopental, and 20 U of heparin was injected into the exposed heart. They were then perfused with a fixative containing
1.5% glutaraldehyde, 1% paraformaldehyde, in 0.75% NaCl. Samples of liver, spleen and kidney were removed from each specimen
and immersed in fresh Schaffer’s fixative (1 part of 35% formol
and 2 parts of 80% ethyl alcohol) for 24 h. Marrow plugs were removed from the marrow cavity located in the ribs and fixed separately. Whole dissected bones (ribs and vertebrae) were decalcified in 10% buffered EDTA. All tissue samples were routinely
processed in paraffin or methylmethacrylate. Tissue embedded in
paraffin was cut into 5- to 7-µm-thick sections and stained with
the following methods: Goldner, Movat, H&E, and Giemsa.

Smears of the peripheral blood and marrow were fixed in methyl
alcohol or formaldehyde vapour and stained according to Wright,
Giemsa, or Leischman using phosphate buffers, pH 6.4–7.5. The
percentage of immature cells present in smears was calculated.
For electron microscopy, tissues were fixed in Karnovsky’s fixative and routinely processed in Epon. Ultrathin sections were double stained with lead citrate and uranyl acetate. Semi-thin sections
approximately 1–2 µm thick were cut and stained with an alkaline
solution of azur and methylene blue according to Richardson.

Results
Vertebral column
Haematopoietic marrow was found in cross sections of
vertebrae from the following locations:
1. The dorsal part of vertebrae (depending on the animal’s age) in the neural spine (Fig. 1, ns) (haemal
spine after Chapman and Concklin 1935). In young
specimens there were 2–3 lacunae, while in older
ones up to 5 were observed.
2. At both ends of the neural arch (Fig. 1, na) in well-developed paired transverse processes (Fig. 1, na, za)
where large marrow lacunae could be easily seen.
3. The ridge of the anterior wall of the vertebral canal –
comprising two layers, namely a bony and cartilaginous one (endoosteum, pia, and dura mater not taken
into account).

Fig. 1 Cross section through the vertebrae from the trunk part of
the spine. In the neural spine (ns) there are two lacunae in which
marrow is located (just barely seen here). On the left side of a neural arch (na), the postzygapophysial process (za) is filled with
bone marrow. In the ventrally oriented hypapophysis (h) bone
marrow is present in the thoracic vertebrae (arrow). In the vertebral centre (lvc) numerous lacunae are filled with bone marrow
(bm). Stained according to the Goldner method, ×50
Fig. 2 In the lower part the cross section through the vertebral
centre has numerous lacunae (lvc) filled with bone marrow (bm).
Lacunae occur in the cartilage part and central bony part of that
vertebral centre. Above the vertebral centre the arch-shaped
“floor” of the neural canal is formed by two layers, the lower
cartilaginous one and the upper bony one. In the lower part the
lacunae are filled with myeloid tissue (fvc). Goldner staining
method, ×100
Fig. 3 The arrangement of arteries (art) and veins (ven) originating from the aorta and posterior vena cava supplying the ribs and
vertebrae
Fig. 4 a Cross section through a rib below the costal head showing dark-coloured haematopoietic tissue (bm). In the centre the vena centralis (vc) is filled with erythrocytes. Goldner staining,
×250. b Longitudinal section through a rib, also below the costal
head. The bone marrow is dominated by both immature and mature heterophils. On the upper part of the vena centralis (vc) the
sinus venosus (sv) can be seen (arrow). H&E, ×250
Fig. 5 Replica from the spleen of a young specimen of Bothrops
jararaca [erythroblastic islet (erb) and erythrocytes (er)]. Giemsa
staining, benzidine reaction for the presence of haemoglobin; immersion magnification, ×1000

▲

of researchers, starting with Mandl (1839) and Gulliver
(1840, 1875), have only occasionally been interested in
the quantitative studies on the peripheral blood cells
of reptilian species, including snakes (Bergman 1957;
Hutton 1958; Saint-Giron 1961; Binyon and Twigg
1965; Saint-Giron and Saint-Giron 1969; Wirth 1972;
Otis 1973; McMahon and Hamer 1975; Board et al.
1977; Al-Badry and Nuzhy 1983; Pati and Thapliyal
1984; Troiano et al. 1997, 1999), or in describing the
morphology of various blood cells at both the light and
electron microscopy level (Kélenyi and Németh 1969;
Montali 1988; Sano-Martins et al. 1994; SpadacciMorena et al. 1998; Alleman et al. 1999). Excellent work
on that subject has been done by Pienaar (1962), Sypek
and Borysenko (1988) and Frye and Frye (1991). The
issue of haematopoiesis in snakes will require many
more studies directed towards ontogenetic development
and the impact of changing seasons of the year. Saint
Girons (1970) was only partially right when she stated
that there is no blood-marrow barrier in snakes, as inferred from the presence of immature cells in the peripheral circulation.
Since the earliest morphological and quantitative descriptions of blood cells (Gulliver 1840, 1842) there has
been little information regarding the location and structure of haematopoietic tissues in snakes. Interesting papers do exist, describing in particular the problem of hemosomes (Spadacci-Morena et al. 1989); however, these
papers do not refer to where haematopoiesis occurs. A
brief report concerning this issue can be found only in a
treatise by Frye (1978). Also, Frye and Frye (1991) in
the first volume of an atlas described how bone-marrow
samples could be obtained, but did not discuss marrow
structure in detail with regard to peripheral blood cells.
Moreover, there was little mention of the various sites
where haematopoiesis could occur. Therefore, the aim of
the present study was to determine the possible anatomical locations of haematopoiesis as a model for future
studies regarding the problem of blood-cell egress from
marrow into the general circulation.
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4. In the distal part of the cartilaginous layer; there were
numerous lacunae filled with haematopoietic tissue
(Fig. 2, fvc).
5. Bodies of vertebral centrum, especially in young
specimens, where lacunae were detected both in the
cartilage and in the central bony part with myeloid
tissue (Fig. 2, lvc).
6. A medullar cavity was also found in the ventrally oriented hypapophysis, present in the thoracic vertebrae
(Fig. 1h). In mature specimens of Python and Boa
lacunae in the bodies of vertebrae were restricted to
two narrow lateral strands of fat tissue. In these species haematopoiesis was restricted to the ribs. In the
case of Bothrops, Wagleropis, and Elaphe, mixed haematopoietic tissue was present in all haematopoietic
lacunae, with either erythropoietic tissue or granulocyto-thrombocytic tissue being predominant in some
places.
Ribs

▲

The skeletal muscles surrounding the ribs are extensively
vascularised (Fig. 3). In all the ribs studied from the representative samples of Ophidia the marrow cavity was
filled with the haematopoietic tissue (Fig. 4, bm). This
tissue is supplied with blood by an artery (arteria nutritiva) that bifurcates into an arteriole (one or a few, depending on the age and size of the specimen) and extends to the distal regions of the ribs. The central artery
and vein (Fig. 4a, vc) run longitudinally through the centre or near the wall of the rib. It is extremely rare to find
venous sinuses in the distal part of a rib, especially in
young specimens. The proximal part of the rib has one
large sinus venosus or a few smaller ones and sparse arterioles where granulopoiesis, via heterophils, was believed to occur (Fig. 4b, bm).

Fig. 6 The structure of the Python spleen. Dark-coloured nodular
lymphoid tissue (nld) can be seen. Giemsa, ×200
Fig. 7 a Endothelial layer (endot) demarcating the sinus venosus
(sv). On the extravascular side (bm) are cells belonging to the
erythroid cell line adhering to the wall of sinus venosus. Semithin
section, stained with azur/methylene blue. Immersion mamgnification. b Endothelial cells (endot) (lining cells) imbricating each
other. Electron microscopy, ×14,000. c Young myeloid cell with a
filopodium-like process penetrating through an endothelial cell
(endot) into the sinus lumen (sv). Electron microscopy, ×11,200.
d Young granulocytic leucocyte with filopodium-like process into
the lumen of sinus venosus (sv). Endothelial layer (endot). Electron microscopy, ×14,000
Fig. 8 a. Protrusion (prt) directed towards the lumen of a sinus
venosus (sv), at an early stage. Semithin section not yet filled with
blood cells. Azur/methylene-blue staining. Immersion magnification. b Protrusion (prt) directed towards the lumen of a sinus venosus (sv) – a well-developed stage, filled with blood cells in various stages of development. Semithin section. Azur/methylene blue
staining, ×400

Spleen and liver
Lymphopoiesis occurred in the spleen of mature specimens of Boa and Python (Fig. 6) but there were no signs
of haemopoiesis, myelopoiesis, or thrombocytopoiesis.
In Bothrops jararaca, and B. jararacusu small, sparse,
and inconspicuous erythropoietic foci were seen (Fig. 5,
erb). These were not mentioned in either of the
published monographs on the lymphatic system in
snakes (Chapman and Conklin 1935; Kotani 1959).
The presence of erythropoietic foci most probably depends on several factors such as time of year, age, and
physiological status (Tischendorf 1985). In addition, the
spleen is dispensable for haematopoiesis in snakes and
in mature specimens there was no haematopoiesis in the
liver.

Mechanisms underlying the release of blood cells
from the bone marrow into the systemic circulation
The vertebral column
Walls of marrow sinuses are formed by a very fine
structure composed of a single layer of endothelial cells
(Fig. 7a, endot). In EM pictures they imbricate each
other (Fig. 7b), but no basal lamina was found. In the
marrow fixed using both methods, i.e. perfusion fixation and immersion fixation, cells in the process of
transit through the wall were rarely encountered
(Fig. 7c, d). In observations carried out under light and
electron microscopes, protrusions of various size were
seen in the lumen of marrow sinuses. In small protrusions undifferentiated cells dominated, while in larger
ones (Fig. 8a) mostly mature cells accumulated in their
apices (Fig. 8b). However, ruptured apices of protrusions were observed in perfusion fixed tissues, and
above them, in the sinus lumen, a population of both
mature and immature blood cells was seen (Fig. 9a, b,
prt o).

Ribs
In all species studied, each rib, in its paravertebral part
had well-developed venous sinuses with visible protrusions. Vascularisation of the marrow cavity was poorly
developed between the middle of a rib arch and the distal
region. In the cross sections of Boa and Python ribs arteria nutritiva and a few small arteries and venules with a
very narrow lumen were observed, whereas in the remaining species studied, especially the young animals,
there was usually only one small arteriole and 2–3 venules. The extravascular space was tightly filled with the
myelopoietic tissue.
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Fig. 9 a Large protrusions: closed (prt c) and opened (prt o) to the
lumen of marrow sinus venosus. In its apical part there are erythroblasts that are being released into the lumen of the central sinus
(vc). On the left side of the sinus are erythroblasts (erb) passing
through the endothelium (endot) in a “traditional” way. A group of
thrombocytes (tr) is also visible. Bone marrow (bm). Marrow isolated from a rib of Bothrops jararaca. Perfusion-fixed specimen.

H&E staining. Immersion magnification. b On the left side of the
central sinus venosus (vc) is an opened protrusion (prt o) emptying erythroblasts, thrombocytes, and heterophilic leucocytes. In
the lower part of this protrusion and above it preserved endothelium of the central sinus (endot) can be seen. Marrow isolated from
a rib of Bothrops jararaca. Perfusion-fixed specimen. H&E, immersion magnification
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Discussion
Our studies employing perfusion fixation have shown
that there are considerable numbers of venous sinuses
with a single layer of extremely delicate endothelial cells
that disintegrate with traditional fixation methods. In the
walls of venous sinuses (even in perfusion-fixed samples), cells captured during the process of migration
from the haematopoietic space into the lumen of sinuses
were seen extremely rarely. Endothelial cells clearly inhibit the passage of immature cells into the general circulation, although according to our estimate there were
18–22% in the blood. These values are especially higher
in the lumen of venous sinuses where blood flow decreases. Here protrusions in various stages of development were found. In the apical parts of large protrusions
were numerous mature cells. Frequently various types of
blood cells were present around such a ruptured apex.
There is no doubt that the opening of such a protrusion
must have occurred on the well-known basis of interactions between specific membrane proteins present on
mature blood cells and those on endothelial cells (Masek
et al. 1994). Haemonectin plays a role in this process,
especially in the case of granulopoiesis (Campbell et al.
1987). It is not known whether these factors play a similar role in reptiles.
This vascularisation has two important physiological
functions. Firstly, muscles are necessary for body movement and therefore effective delivery of respiratory gases
and nutrients and removal of metabolic end products are
of importance. Secondly, these vessels directly penetrate
the marrow cavity inside the ribs and vertebrae and permit the above-mentioned processes and, in addition, the
uptake of mature and a few immature blood cells to
occur.
This kind of structure suggested a slightly different
mechanism of blood-cell egress. Proliferating myelopoietic cells from the lower part of a rib exerted pressure – a force called vis a tergo by Lichtman and
Santillo (1986). This was directed towards the venous
sinuses where they formed protrusions, which after rupture released blood cells into the bloodstream. This happened especially in the case of reticulocytes and erythrocytes (which are known to be incapable of diapedesis)
located close to the sinus walls, which helped them enter into the sinus lumen. This resulted in the entrance of
blood cells, being pushed by other maturing cells – vis a
tergo – which also must have played a role in the opening of these protrusions.
Several papers on the subject of blood-cell egress
from marrow into the general circulation were published
between 1970 and 1990 (De Bruyn et al. 1971; Leblond
1973; Muto 1976; Tavassoli 1977; Lichtman et al. 1978;
Chamberlain and Lichtman 1978; Tavassoli and Shaklai
1979; De Bruyn and Michelson 1979; Dabrowski et al.
1981; Petrides and Dittman 1990). However, since then,
interest in the mechanism governing the release of mature blood cells from marrow into the general circulation

has waned. Nevertheless, there are still many uncertainties in this process that should be looked into. It seems
that our theory is correct, but some supravital studies are
needed. Campbell (1967) has published detailed studies
on the structure of the walls of venous sinuses in chickens and pigeons. He proposed that in these species erythropoiesis takes place inside venous sinuses while heterophil myelocytes develop only in the extravascular spaces. Moreover, he stated that in contrast to the capillary
endothelial cells, lining cells lack a basement membrane
along their external surface. According to Campbell this
favours the entrance of immature cells into the general
circulation. However, in his studies no perfusion fixation
was used, which could have resulted in the lack of a
clear delineation of the endothelium. This could have led
to the description of a sinus lumen being filled with
maturing erythrocytes. In our material this would be
equivalent to a large protrusion seen in the lumen of a
sinus venosus.
An interesting stochastic model of the mechanism of
blood-cell egress from marrow into the general circulation in mammals was outlined by Waugh et al. (1984).
Calculations performed by them proved that in mammals
the process of the flux of cells out of the haematopoietic
space into the blood depends on several factors and thus
is highly complicated. In these calculations they took
into account values of the hydrostatic pressure, pore
dimensions, and intrinsic cellular resistance to deformation on the egress process. However, in mammals only
mature cells are allowed to get into the blood. In the
snakes studied by us as representatives of Reptilia, located lower on the phylogenetic scale than mammals, the
mechanism of cell egress relying on the rupture of protrusions is more primitive. This is indicated by the presence of many immature cells in the systemic circulation.
It seems that such a process can be facilitated by the unusual structure of a particularly well-developed vascular
system in the vicinity of the vertebral column recently
described by Zippel et al. (2001).
We are aware that because of the phylogenetic distance separating reptiles from mammals, and differences
in the structure of venous sinuses, there is some difficulty in accepting such an interpretation. Nevertheless,
such boluses of cells entering the blood, by means of
a rupture of a protrusion, may lead to a revision and
new interpretation of this process. The histological
structure and vascularisation of the studied snake
spleens closely resembled that described in detail by
Tanaka and Hirahara (1995) in Elaphe climacophora. In
the spleens of all species studied by us the prevalence of
the white pulp over the red pulp was also evident. The
compact structure of the spleen limits the size of venous
sinuses, resulting in their diameter being considerably
smaller than in the bone marrow. That prevents the formation of protrusions, and perhaps this is why we did
not observe them.

74

References
Al-Badry KS, Nuzhy S (1983) Hematological and biochemical
parameters in active and hibernating sand vipers. Comp Biochem Physiol A 74:137–141
Alleman AR, Jacobson ER, Raskin RE (1999) Morphologic, cytochemical staining, and ultrastructural characteristics of blood
cells from eastern diamondback rattlesnake (Crotalus adamanteus). Am J Vet Res 60:507–14
Bergman AM (1957) The erythrocyte of snakes. Folia Haematol
75:92–111
Binyon EJ, Twigg GI (1965) Seasonal changes in the blood and
thyroid of the grass snake, Natrix natrix. Nature 4998:779–
780
Board PG, Roberts J, Shine R (1977) Studies on the blood of Australian elapid snakes. I. Morphology and composition. Comp
Biochem Physiol B 5:353–356
Campbell AD (1967) Fine structure of the bone marrow of the
chicken and pigeon. J Morphol 123:405–440
Campbell AD, Long MW, Wicha MS (1987) Haemonectin: a bone
marrow adhesion protein specific for cells of granulocytic
lineage. Nature 329:445–446
Chamberlain JK, Lichtman MA (1978) Marrow cell egress: specificity of the site of penetration into the sinus. Blood 52:959–968
Chapman SW, Conklin RE (1935) The lymphatic system of the
snake. J Morphol 58:385–417
Dabrowski Z, Szygula Z, Miszta H (1981) Do changes in bone
marrow pressure contribute to the egress of cells from bone
marrow? Acta Physiol Pol 32:729–736
De Bruyn P, Michelson S (1979) Changes in the random distribution of sialic acid at the surface of the myeloid sinusoidal
endothelium resulting from the presence of diaphragmed
fenestrae. J Cell Biol 82:708–714
De Bruyn PPH, Michelson S, Thomas T (1971) The migration of
blood cells of the bone marrow through the sinus wall.
J Morphol 133:417–437
Efrati P, Nir E, Yaari A (1970) Morphological and cytochemical
observation on cells of the hematopoietic system of Agama
stellio (Linnaeus). Israel J Med Sci 6:23–31
Frye FL (1978) Hematology of captive reptiles. In: Fowler MF
(ed) Zoo and wild animal medicine. Saunders, Philadelphia,
pp 146–149
Frye FL, Frye FL (1991) Reptile care: an atlas of diseases and treatments: hematology as applied to clinical reptile medicine,
vol I. T.H.F. Publications, Neptune City, New York, pp 209–276
Garner MM. Homer BL, Jacobson ER, Raskin RE, Hall BJ,
Weiss WA, Berry KH (1996) Staining and morphological features of bone marrow hematopoietic cells in desert tortoises.
Am J Vet Res 57:1608–1615
Gulliver G (1840) On the blood corpuscles of the Crocodilia. Proc
Zool Soc Lond 8:131–133
Gulliver G (1842) On the blood corpuscles of the British Ophidians, reptiles and other viviparous vertebrates. Proc Zool Soc
Lond 10:108–111
Gulliver G (1875) Observations on the sizes and shape of the red
corpuscles of the blood of vertebrates with drawings of them
to a uniform scale, and extended and revised tables of measurements. Proc Zool Soc Lond 67:474–495
Hutton K (1958) The blood chemistry of terrestrial and aquatic
snakes. J Cell Comp Physiol 52:319–328
Kelényi G, Németh Á (1969) Comparative histochemistry and
electron microscopy of the eosinophil leucocytes of vertebrates. 1. A study of avian, reptile, amphibian and fish leucocytes. Acta Biol Acad Sci Hung 20:405–422
Kotani M (1959) Lymphgefässe, lymphatische Apparate und extravasculäre Saftbahnen der Schlange (Elaphe quadrivirgata
Boie). Acta Sch Med Univ Kioto 36:121–171
Leblond PF (1973) Étude au microscope électronique a balayage,
de la migration des cellules sanguines a travers les paroi des
sinusoïdes spléniques et médullaires chez le rat. Nouv Rev Fr
Hématol 13:771–788

Lichtman M, Santillo P (1986) Red cell egress from the marrow?
Vis-a-tergo. Blood Cells 12:11–19
Lichtman M, Chamberlain JK, Santillo PA (1978) Factors thought
to contribute to the regulation of egress of cells from marrow.
In: Gordon AS, Silber R, Lobue J (eds) The year in hematology, Plenum, New York, pp 243–279
Mandl L (1839) Note sur les globules sanguins du Protée et des
Crocodiliens. Ann Sci Nat 2- éme sér 12:289–291
Masek LC, Sweetenham JW, Whitehouse JMA, Schumacher U
(1994) Immuno, lectin-, enzyme- histochemical characterization of human bone marrow endothelium. Exp Hematol
22:1203–1209
McMahon JA, Hamer AH (1975) Hematology of the sidewinder
(Crotalus cerestes). Comp Biochem Physiol A 51:53–58
Montali RJ (1988) Comparative pathology of inflammation in the
higher vertebrates (reptiles, birds and mammals). J Comp
Pathol 99:1–26
Muto MA (1976) Scanning and transmission electron microscopic
study on rat bone marrow sinuses and transmural migration of
blood cells. Arch Histol Jpn 39:51–66
Otis VS (1973) Hemocytological and serum chemistry parameters
of the African puff adder, Bitis arietans. Herpetologica
29:110–116
Pati AK, Thapliyal JP (1984) Erythropoietin, testosterone, and
thyroxine in the erythropoietic response of the snake,
Xenochrophis piscator. Gen Comp Endocrinol 53:370–
374
Petrides PE, Dittman KH (1990) How do normal and leukemic
white blood cells egress from the bone marrow? Blut 61:3–
13
Pienaar UdeV (1962) Haematology of some South African reptiles. Wittwatersrand University Press, Johannesburg, pp 1–
299
Saint Girons MC (1961) Étude de l’érythropoïèse chez le Vipere
bérus (Vipera berus) en fonction de l’activité thyroïdienne et
des phénomènes cycliques de la mue. Bul Soc Zool France
86:59–67
Saint Girons MC (1970) Morphology of the circulating blood. In:
Gans C, Parson TS (eds) Biology of the Reptilia. Academic
Press, NewYork, pp 73–91
Saint Girons MC, Saint Girons H (1969) Contribution a la morphologie comparée des érythrocytes chez les reptiles. Br J Herpetol 4:67–82
Sano Martins IS, Jared C, Brunner A Jr (1994) Ultrastructural
alterations in thrombocytes of the snake Waglerophis merremii
after activation by ADP. Comp Haematol Int 4:226–231
Spadacci Morena DD, Morena P, Cianciarullo AM, Brunner A Jr
(1989) Hemoglobin biosynthesis in bone marrow and peripheral blood erythroid cells of the snake Waglerophis merremii
(Reptilia, Ophidia, Colubridae). Mem Inst Butantan 51:131–
133
Spadacci Morena DD, Jared C, Antoniazzi MM, Brunner O,
Morena P, Brunner A Jr (1998) Comparative cytomorphology
of maturing amphisbaenian (Amphisbaena alba) and snake
(Wglerophis merremii) erythroid cells with regard to haemoglobin biosynthesis. Comp Haematol Int 8:7–15
Sypek J, Borysenko M. (1988) Reptiles. In: Rovley AF,
Ratcliffe NA (eds) Vertebrate blood cells. Cambridge University Press, Cambridge, pp 211–256
Taib-Cazal E (1973) Morphologie de l’érythropoïèse chez Lacerta
muralis (Laurenti). Acta Haematol 50:56–63
Tanaka Y, Hirahara Y (1995) Spleen of the snake (Elaphe climacophora) and intrasplenic vascular architecture. J Morphol
226:223–235
Tavassoli M (1977) Adaptation of marrow sinus wall to fluctuation in the rate of cell delivery: studies in rabbits after bloodletting. Br J Haematol 35:25–32
Tavassoli M, Shaklai M (1979) Absence of tight junctions in
endothelium of marrow sinuses: possible significance for
marrow cell egress. Br J Haematol 41:303–307
Tischendorf F (1985) On the evolution of the spleen. Experientia
41:145–152

75
Troiano JC, Vidal JC, Gould J, Gould E (1997) Haematological
reference intervals of the South American rattlesnake (Crotalus durissus terrificus, Laurenti, 1768) in captivity. Comp
Haematol Int 1:109–112
Troiano JC, Vidal JC, Gould EF, Malinskas G, Gould J, Scaglione
M, Scaglione L, Heker JJ, Simoncini C, Dinápoli H (1999)
Haematological and blood chemical values from Bothrops ammodytoides (Ophidia, Crotalidae) in captivity. Comp Haematol
Int 9:31–35
Waugh RE, Hsu LL, Clark P, Clark A Jr (1984) Analysis of cell
egress in bone marrow. In: Meiselman HJ, Lichtman MA,

LaCelle P (eds) White cell mechanics: basic science and clinical aspects. Alan R. Liss, New York, pp 221–236
Wirth MT (1972) Contribution à l’étude des lignées médullaires
chez les Reptiles: les lignées granulocytaires, lymphocytaires
et monocytaires. C R Acad Sci Paris Ser D 274:1871–1873
Zapata A, Leceta J, Villena A (1981) Reptilian bone marrow. An
ultrastructural study in the Spanish lizard, Lacerta hispanica.
J Morphol 168: 137–149
Zippel KC, Lillywhite HB, Mladinich CR (2001) New vascular
system in reptiles: anatomy and postural hemodynamics of the
vertebral venous plexus in snakes. J Morphol 250: 173–184

