CHAPTER 1

Blood Chemistry of Reptiles:
Physiological and Evolutionary Aspects
HERBERT C. DESSAUER
Department of Biochemistry, Louisiana State University, School of Medicine,
New Orleans, Louisiana, U.S.A.
I. Introduction
Active multicellular organisms require efficient circulatory systems to carry
gases, nutrients, and waste materials to and from their tissues. Both volume
and composition of the circulating fluids must be maintained within narrow
limits (Lockwood, 1961), in spite of the changing availability of water, salts,
and metabolites and their exchange with cells and extravascular fluids. In
ectotherms, whose cells function or remain viable over broad ranges in
temperature, mechanisms regulating blood volume and composition may be
different from those characteristic of mammals (Bullock, 1955).
Homeostatic control systems and cellular requirements place far less
stringent limits on the composition of the blood of reptiles than on that of
endothermal animals. In a single species of turtle an osmotic pressure as low
as 150 mOs/liter can occur under one circumstance and one as high as 450
mOs/liter under other conditions. Plasma of crocodilians may become virtually chloride free after feeding, with bicarbonate making up two thirds of
total plasma anions. Calcium may exceed 200 mg % during estrus in snakes.
Seventy per cent of the total hemoglobin of certain turtles may be nonfunctional in oxygen transport, existing as the methemoglobin derivative.
Blood pH's of 6.5 and 8.1 have been observed under physiological conditions.
Such values are unheard of in mammalian physiology, and probably are incompatible with endothermal life. "The maxim that life can exist only within
a relatively small pH range . . . may only be true for homothermal animals"
(Robin, 1962).
There is no such creature as a "typical" reptile. Chemical, physiological,
and immunological findings impress upon one the differences between major
groups. This chapter gathers information on the composition of the blood of
reptiles and attempts to synthesize the resultant data in terms of reptilian
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physiology and evolution. Only a bare beginning has been made in these
areas. Many intriguing problems await the physiologist interested in reptiles,
problems not answered by reference to concepts based upon mammalian
physiology. Likewise, the biologist interested in evolution will find in blood
a source of much information on speciation and on the interrelationships of
living forms.

II. Blood Letting and Handling
Blood usually is obtained from unanesthetized animals, but on occasion,
and especially with snakes, animals must be anesthetized. Anesthetics given
by inhalation or by injection are useful (Kaplan and Taylor, 1957). As
reptiles do not catabolize barbiturates rapidly, the dose of drugs such as
nembutal must be chosen carefully (Karlstrom and Cook, 1955). Betz (1962)
summarizes the literature on anesthesia of reptiles and describes the use of
the tail and tongue reflexes for controlling the surgical plane of anesthesia
in snakes. Fluothane appears to be an especially useful inhalation anesthetic
(Hackenbrock and Finster, 1963).
Heparin, oxalate, citrate, ethylenediamine tetracetic acid, and ion exchange
resins are effective anticoagulants (Kaplan, 1956). For direct decalcification
of small samples, collect blood through a small column of resin attached to
the syringe (Lund et al., 1957). Heparin is the anticoagulant of choice with
turtles such as Chelydra serpentina whose red cells hemolyze in solution
lacking calcium ion (Lyman, 1945).
Cardiac puncture of crocodilians, lizards and snakes is relatively easy as
their hearts are located readily by the pulsations visible on the anteroventral
body wall (Tiegel, 1880; Hopping, 1923; Cohen et al, 1964). Cardiac
puncture is more complex with turtles (Gandal, 1958). One can approach the
heart laterally by directing a long needle through the soft tissues between the
plastron and carapace at the level of a front or rear leg. A more common
practice is to tap the heart through a hole trephined in the anteromedial
corner of the right abdominal plate of the plastron (Rapatz and Musacchia,
1957; Musacchia and Sievers, 1962). Reptiles generally survive a cardiac
puncture if it is carefully done. Coulson and Hernandez (1964) have bled
individual alligators as often as 10 times in a 24 hour period without causing
any apparent injury. Turtles survive numerous blood lettings, living in
laboratory tanks for years with the hole in their plastron sealed with a cork,
wax or tape.
Other sites for blood letting are often useful in physiological experiments
which require multiple sampling of blood. For crocodilians a convenient
method is to cut the tip of the tail and "milk" the sample into a tube containing anticoagulant (Coulson and Hernandez, 1964). Major vessels of
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large lizards can be cannulated (Tucker, 1966; Moberly, 1968a). Turtle blood
may be obtained from a femoral (Robin et al., 1964; Haning and Thompson,
1965) or jugular vein (Lopes, 1955) or a carotid artery (Crenshaw, 1965;
Berkson 1966). Microliter samples can be obtained from the retroorbital
space (Riley, 1960; Frair, 1963).
Analyses of blood constituents of reptiles date back to the late nineteenth
century. Methods of analyses have undergone great changes in precision over
the years. A listing of modern, simple micro-methods applicable to work on
reptiles is given in the monograph on the alligator by Coulson and Hernandez
(1964).

III. Composition of Blood Plasma
A. GENERAL

Plasma, making up some 60 to 80 per cent of blood volume, is a colorless
or straw colored fluid in many species but is intensely pigmented in others
(Brocq-Rousseu and Roussel, 1934, 1939; Putnam, 1960, 1965). In iguanid
lizards and African chameleons its bright orange or yellow color reflects a
high content of carotenoid pigments. Plasma of the snakes Python, Bothrops
and Mastigodryas is greenish yellow due to a high content of carotenoids
and riboflavin (Villela and Prado, 1945; Villela and Thein, 1967).
Plasma of reptiles, like that of all vertebrates, contains a great variety of
different substances with most being present in trace quantities. "Representative" levels of major constituents, especially those commonly measured
in blood studies, are collected in Tables I and II. When a number of laboratories have contributed data on the same species such results have been
averaged. Only analyses on active animals, maintained at room temperature
under fasting conditions, have been included. These averaged values represent orders of magnitude rather than fixed levels as the range of variability
for most constituents is great even between individuals of a single population
sample. Too little is known of reptilian physiology to define strictly basal
conditions for any reptilian species.
B. Low MOLECULAR WEIGHT COMPONENTS

1. Electrolytes
a. Representative levels. Plasma of each of the several orders of the Reptilia
shows certain trends in osmotic pressure, pH, and concentration of sodium,
chloride, and bicarbonate ions (Table I; Dittmer, 1961). Total Osmolarity,
due primarily to electrolytes in all reptiles, is relatively high in snakes, lizards,
and sea turtles, but is low in fresh water turtles. Even snakes such as Natrix,
which live close to or in fresh water, have blood with a high salt content.

TABLE I

Plasma Electrolytes
Species

Osmotic
pressure
mOs/liter

pH

Na+

K+

Ca++

Mg++

Cl-

HCO3-

Pi

SO4-

Source a

48
30
25
47
39
40
39
40

13
17
18
10
13
21
12
11

03

12, 29,40,47
12,47
12

08
13

12

36

24
08
30
35

03

24,47,57,60
47,57
4,37,55
47
12,7,24,26,
45,47,50,51,
52,57
12,24,34
§
12
4, 5,18,19,
31,44,47
47
3,31
5
25
12
22

mM/liter
TESTUDINES

Chelydra setpentina
Kinostenon subrubrum
Sternotherus odoratus
Chrysemys picta
Emydoidea blandingii
Emys orbicularis
Graptemys geographica
Pseudemys scripta

315
288
282

Terrapene carolina
Terrapene ornata
Caretta caretta

345
317
408

Lepidochelys olivacea
Chelonia mydas
Testudo graeca
Testudo het mannt
Trionyx ferox
Trionyx spiniferus

132
121
126
143
140

32
42
38
32
38

38
35

27
10

25
33

48
21

76
98
84
85
91

7 56

124
121

24
41

34
28

05
22

87
81

7 68

130

47
46
22

13
31

35
20
29

108
104
110

52

14

108

15

100
95
90

7 62
7 44
7 77

249

157
7 45

321
317
274

163
158
127
113
144

66
15
78
44
68

17

40
23
17

29
33

20

04
02

SQUAMATA (Sauria)
Gekko gecko
Anolis carolinensis
Anolis
Ctenosaura acanthura
Ctenosaura pectinata

7 26

7.22

157
171
159
171

46
45
29
44

29
29

11

123
127

15

26

133

15

23

12
12,35
42
30
49

Iguana iguana

7.48

Sauromalus obesus
Sceloporus occidentalis
Amphibolurus ornatus

7.50

157

16

3.5

2.7

0.-9

118

4.9

9

24

2.0

127

2·5
150

Agama agama
179
Agama
impalearis
349
Uromastyx
acanthinurus
307
Chamaeleo chamaeleon
Eumeces fasciatus
Trachydosaurus
rugosus
Cnemidophorus sexlineatus
Tupinambis nigropunctatus
Ophisaurus ventralis
388
7.16
Gerrhonotus
multicarinatus
Heloderma
suspectum
Heloderma horridum
Varanus
griseus

152
150

5.0

5.2
7.1

2.9
2.5
114
130

151

4.7

136

128
110

3.5

353
7.20
158
181

3.5

130
4.1
3.1

2.3

27
114
148

30,56,58

16,49
41
61

31

2.5

53
59
59
12
12
1,46
12
12
12
12
23
54
27

SQUAMATA (Ophidia)
Lichanura roseofusca
Coluber constrictor
Elaphe
obsoleta
Farancia abacura
Heterodon
platyrhinos
Lampropeltis
getulus
Masticophis
flagellum
Pituophis
catenifer
Rhinocheilus lecontei
Natrix erythrogaster
Natrix natrix
Natrix rhombifera
Natrix sipedon
Regina
grahamiae
Thamnophis
elegans
Thamnophis ordinoides
Thamnophis sauritus

375
384
313

7.63
7.53
7.46

345
341

381

151
162
147
155
148
156
176

4.1
4.9
5.4
4.5
3.9
5.9

164
7.22
359
318

7.32
7.29

354
347
7.20
349
7.27
324
7.19

192
159
155
159
156
161
159
159

6.4
4.0
4.6
3.5
4.3
5.4

3.2

1.5
3.6
3.3

4.4
2.9
3.4

1.9
2.1

3.6
4.1
5.0

146

3.9
3.8

1.3
3.8

3.4
5.4
2.7

106
101
2.5
115
126
121
120
136

0.8
2.0

139
127
120
134
126
125

14
131

2.5

12
10

2.4
1.1

122
10
7
11
14
10
14

2.3
1.9
1.6

12
12,32
12
12
12
12,32
12
12
12
12
42
12
10,12,32,38
12
12
12
12,13

TABLE I—continued

Species

Osmotic
pressure

PH

Na+

mOs/liter

K+

Ca++

Mg++

CL-

HCO-3 Pi

SO4

Source a

mM/liter
SQUAMATA (Ophidia)-—continued

Thamnophis sirtalis
Homalopsis buccata
Micrurus fulvius
Agkistrodon contortrix
Agkistrodon piscivorus
Crotalus atrox
Crotalus horridus
Crotalus viridis
Vipera aspis
Laticauda semifasciata

329

Alligator mississippiensis
Crocodylus acutus

284

361
401
345

7.30

7.32

325
320
7.48

152
162

5.9
4.8

3.0
4.2

1.5

154
151
154

5.1
5.0
3.7

3.5
3.4
3.7

2.3
1.7
1.8

146
170
159

3.6
6.5

141
149

3.5

CROCODILIA
1.5
3.8
2.6
1.9
7.9
3.4

0.7

130
134
138
116
131
112
123
130

112
117

12
10

12,14
2
12
12

1.8

3.5

20
11

12,32
12,39
6
12
36
21

C.
C

8,9
15

a - Numbers designate reference source given in key below
1. Bentley, 1959
2. Bergman, 1951
3. Berkson, 1966
4. Bottazzi, 1908
5. Burian, 1910
6. Carmichael and Petcher, 1945
7. Collip, 1921 a, b; 1920
8. Coulson and Hernandez, 1964
9. Coulson et al, 1950a
10. Dantzler, 1967
11. Dastugue and Joy, 1943
12. Dessauer, Unpublished, 1952
13. Dessauer and Fox, 1959

14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.

Dessauer et al, 1956
Dill and Edwards, 1931
Dill and Edwards, 1935
Dill et al, 1935
Drilhon and Marcoux, 1942
Drilhon et al, 1937
Dunlap, 1955
Dunson and Taub, 1967
Dunson and Weymouth, 1965
Edwards and Dill, 1935
Gaumer and Goodnight, 1957
Gilles-Baillien and Schoffeniels, 1965
Grollman, 1927

27. Haggag et al., 1965
28. Haning and Thompson, 1965
29. Henderson, 1928
30. Hernandez and Coulson, 1951
31. Holmes and McBean, 1964
32. Hutton, 1958
33. Hutton, 1960
34. Hutton and Goodnight, 1957
35. Hutton and Ortman, 1957
36. Izard et al, 1961
37. Laskowski, 1936
38. LeBrie and Sutherland, 1962
39. Luck and Keeler, 1929
40. McCay, 1931
41. Mullen, 1962
42. Munday and Blane, 1961
43. Nera, 1925
44. Prosser et al, 1950

45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.

Robin et al, 1964
Shoemaker, et al, 1966
Smith, 1929
Sutton, Unpublished
Templeton, 1964
Urist and Schjeide, 1960/61
Williams, Unpublished
Wilson, 1939
Wright and Jones, 1957
Zarafonetis and Kalas, 1960
Verbiinskaya, 1944
Tucker, 1966
Stenroos and Bowman, 1968
Moberly, 1968a, b
Tercafs and Vassas, 1967
Clark, 1967
Bradshaw and Shoemaker, 1967
D
n
X

I

TABLE II

Packed Cell Volume and Certain Organic Constituents of Blood

Species

Packed
Cell
Volume

Total
Plasma
Protein

Hemoglobin

Glucose

Urea

mg%

mg%

Uric
Acid
mg%

Source -a

TESTUDINES
Chelydra serpentina

25

Kinosternon subrubrum
Sternotherus odoratus
Sternotherus minor
Deirochelys
reticularia
Chrysemys picta

23
33
35
23

Clemmys guttata
Emys orbicularis

24

20

5.9*

4.7

11.2
9.9
8.3
11.2

5 .6
4.5
4.0
4.2
4.4

4.5*

33

6,13,20,23,35,37,
42, 66, 76, 79, 84,
86,102
20,35

96

20,35,39
39,79
76

35,39,79
35,37,57,70,75,
79,92,98
20,71
2,35,52,54,74,

37

6.1
6·6*

50

87,95
Malaclemys terrapin
Kachuga smithii
Pseudemys
dorbigni
Pseudemys
floridana
Pseudemys scripta
26
Terrapene carolina
Testudo
kleinmanni
Testudo hermanni
Gopherus polyphemus
Caretta Caretta
Chelonia mydas
Dermochelys coriacea

39
97
15,34,63,89,99
82
20,35,36,39,44,45,

9.2
78
91
8·1
8.0

28
27

3.6

5·9*

4.5
6·6

70
36

22

48,50,55,56,91,92,
98
3,4,20,35,37,50
60
38
35,79,102
12,32,35,62,85,102
8, 35, 58, 62, 79, 102
12,50

30
78

30
32
30

3.5
4.7
6.6*

60
2.9
3·8

Trionyx ferox
Lissemys punctata
Pelusios
Chelodina longicollis
Phrynops geoffroanus

45
52
70

20,35
97
35
35
34

5·3
46
4.3
3.3
99
SQUAMATA (Sauria)

Gekko gecko
Coleonyx
Hemidactylus
ANOLIS carolinensis

93
94
54

variegatus
-

10.8
28

7.0*

Crotaphytus
collaris
7.8*
Ctenosaura acanthura
35
6.0*
Iguana iguana
30
7.1*
Phrynosoma
cornutum
7.0*
Phrynosoma
douglassii
7.7*
Phrynosoma
modestum
9.1*
Sauromalus obesus
31
8.4*
Sceloporus clarkii
6.2*
Sceloporus graciosus
8.2*
Sceloporus jarrovii
6.1*
Sceloporus occidentalis
7.1*
Sceloporus
poinsettii
7.5*
Sceloporus undulatus
7.2*
Uta stansburiana
35
6.5*
Cordylus cataphractus
Uromastyx
4.6
Lacerta muralis
9.0
Lacerta viridis
Chamaeleo
Chamaeleo
Eumeces fasciatus
3.0
Eumeces obsoletus
9.4*
Anguis
fragilis
11.3
Cnemidophorus
sexlineatus
Cnemidophorus tigris
7.2*
Cnemidophorus sackii
8·7*

4.1

172

6.8
4.5
4.4

192
155
191

4
5

20
39,83
39,97
20,51,67
19
43

43,79,102
19,93
19
19
26
19

4.9

19
19
19
3.0

141
120
4.6
173
107
112
93

19
19,20
19,101
20
97,104
2,74
65
20
20
18,67,68
2,29,74
20
19
19

TABLE II—continued

Packed Cell Volume and Certain Organic Constituents of Blood

Species

Packed
Cell
Volume
%

Hemoglobin
g%

Total
Plasma
Protein
g%

Glucose

Urea

Uric

mg%

mg%

mg%

Source - a

SQUAMATA (Sauria)—continued
Tupinambis nigropunctatus
Tupinambis teguixin
Gerrhonotus multicarinatus
Ophisaurus ventralis
Heloderma horridum
Heloderma suspectum
Varanus

20,79
72
19,20
20
94
20,31,76
20,40,41,60,97,103

7.8
104
31
30
26
27

7.2 *
6.9
8.0
*

8.1*

4.5
5.4
6.3
6.9

45
109
106

3
1
2

SQUAMATA (Ophidia)
Boa constrictor
Lichanura roseofusca
Epicrates cenchria
Eryx johnii
Coluber constrictor
Coluber florulentus
Heterodon platyrhinos
Lampropeltis getulus
Rhinocheilus lecontei
Coluber viridiflavus
Xenodon merremii
Natrix cyclopion
Natrix natrix
Natrix tessellatus
Natrix rhombifera
Natrix sipedon

6.5

29

26
26

50
6.2
4.5
5.8

23

6.5
37
33

4.3
6.2
5.5
5.7

23

70
73
93
25
75
52
59
88
65
55
65
57
30
49

>

6

9,102
20,79
9
97
11,12,13,20,48
60
20
12,48,76,77,79
20
78
47
20,39
69,80
59,60
20
12,13,17,20,22,23,

6

73
11,12,20,22,79
20,22
20,22
20,39,79
20,39
9
12,13,79,97
20
12,13,20,23,48,76,

6

1

4

6

5
2
2

6

5

5
3

4S

Philodryas
Thamnophis sirtalis
Thamnophis elegans
Thamnophis sauritus
Farancia abacura
Storeria dekayi
Micrurus nigrocinctus
Naja naja
Agkistrodon contortrix
Agkistrodon piscivorus
Bothrops atrox
Crotalus atrox
Crotalus horridus
Crotalus ruber
Crotalus viridis
Vipera aspis
Vipera
Typhlops

63
33
25
30

8.1

4.5
4.0
4.4
4.9
3.5

7.5
10.8

4.4
5.2
4.6

28
19

45

5.2
3.5
5.2
2.9
5.5

8.6

10.5

5

107
29
52
60
60
60
70
48
40
34
84

5

1
11

2
3

0
10

2
4

1

79
9,73
20,23,64,79
12,23,79
9,12,13,20
12,13,20
1,28,33
88,97
20

εo
α
n
X

CROCODILIA
Alligator mississippiensis
Caiman
Crocodylus niloticus
Crocodylus acutus

20
26
35
26

7.1 *
*
8.6*
9·0*

5.1
5.9
6.5

74

0

3

101

5, 7, 16, 25, 46, 102
20,24,79,102
60
9,24,102

*Calculated from oxygen capacity measurement: values based on oxygen capacity were given preference in tabulation.
Numbers designate reference source given in key below:

a

1.
2.
3.
4.
5.
6.
7.
8.

Agid et al., 1961a
Alder and Huber, 1923
Altland and Parker, 1955
Altland and Thompson, 1958
Andersen, 1961
Andreen-Svedberg, 1933
Austin et al., 1927
Berkson, 1966

9.
10.
11.
12.
13.
14.
15.
16.

Britton and Kline, 1939
Carmichael and Petcher. 1945
Clark, 1953
Cohen, 1954
Cohen,1955
Cohen and Stickler, 1958
Corréa et al., 1960
Coulson and Hernandez, 1964

17.
18.
19.
20.
21.
22.
23.
24.

Dantzler, 1967
Dawson, 1960
Dawson aand Poulson, 1962
Dessauer, Unpublished, 1952
Dessauer and Fox, 1959
Dessauer et al.. 1956
Deutsch and McShan. 1949
Dill and Edwards, 1931a, 1931b
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TABLE II—continued

25. Dill and Edwards, 1935
26. Dill et al, 1935
27. DiMaggio and Dessauer, 1963
28. Duguy, 1962
29. Duguy, 1963
30. Dunlap, 1955
31. Edwards and Dill, 1935
32. Fandard and Ranc, 1912
33. Fine et al, 1954
34. Foglia et al, 1955
35. Frair, Unpublished, 1964
36. Frankel et al, 1966
37. Gaumer and Goodnight, 1957
38. Gilles-Ballien and Schoffeniels, 1965
39. Goin and Jackson, 1965
40. Haggag et al, 1965
41. Haggag et al, 1966
42. Henderson, 1928
43. Hernandez and Coulson, 1951
44. Hirschfeld and Gordon, 1961
45. Hirschfeld and Gordon, 1965
46. Hopping, 1923
47. Houssay and Biasotti, 1933
48. Hutton, 1958
49. Hutton, 1960
50. Hutton and Goodnight, 1957
51. Hutton and Ortman, 1957

52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
77.
78.

Issekutz and Végh, 1928
Izard et al, 1961
Kanungo, 1961
Kaplan, 1960b
Kaplan and Rueff, 1960
Karr and Lewis, 1916
Khalil, 1947
Khalil and Abdel-Messeih, 1962
Khalil and Abdel-Messeih, 1963
Korzhuev and Kruglova, 1957
Lewis, 1964
Lopes, 1955
Luck and Keeler, 1929
Lustig and Ernst, 1936
McCay, 1931
Miller and Wurster, 1956
Miller and Wurster, 1958
Munday and Blane, 1961
Musacchia and Sievers, 1962
Payne and Burke, 1964
Penhos et al, 1965
Prado, 1946a
Prosser et al, 1950
Rapatz and Musacchia, 1957
Rapoport and Guest, 1941
Rhaney, 1948
Saviano and De Francisis, 1948

79.
80.
81.
82.
83.
84.
85.
86.
87.
88.
89.
90.
91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.

Seal, 1964
Seniow, 1963
Sheeler and Barber, 1965
Southworth and Redfield, 1925/26
Sutton, Unpublished
Steggerda and Essex, 1957
Tercafs et al, 1963
Vars, 1934
Vlädescu, 1964, 1965b
Vlädescu, 1965a
Wagner, 1955
Wiley and Lewis, 1927
Wilson, 1939
Wilson et al, 1960
Wolfe, 1939
Zarafonetis and Kalas, 1960
Verbiinskaya, 1944
Tucker, 1966
Zain-ul-Abedin and Qazi, 1965
Stenroos and Bowman, 1968
Marques and Kraemer, 1968
Rao and David, 1967
Hadley and Burns, 1967
Thorson, 1968
Menon, 1952
Khalil and Yanni, 1959
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Osmolarity of blood of crocodiles and fresh water turtles most commonly is
equal to or slightly less than that of human blood, about 290 mOs/liter.
Sodium, chloride, and bicarbonate ions account for over 85 per cent of the
osmotically active components in plasma of all reptiles. Sodium, contributing
about 90 per cent of the cations, is high in lizards, snakes, and marine turtles.
Chloride plus bicarbonate contribute 80 to 90 per cent of the anions. Chloride
levels above 115 mEq/liter typify lizards and snakes; other reptiles have
lower levels. Bicarbonate is generally high in turtles, making up about a third
of the total anions; it contributes only 10 to 15 per cent of the anions in other
reptiles. Carbonic anhydrase is involved in renal aspects of the control of
anion levels in the alligator (Hernandez and Coulson, 1954; Coulson and
Hernandez, 1957). Curiously, the alligator produces an alkaline urine, conserving both sodium and chloride of plasma by excreting high concentrations
of ammonium bicarbonate (Coulson and Hernandez, 1955). Blood pH of
turtles is relatively alkaline, paralleling the elevated bicarbonate. A pH of 7.8
is common in control animals; blood of other reptiles is more acidic, often
with a pH below 7.4. Marked changes in rate and depth of breathing are
common features of reptilian behavior. These affect carbon dioxide tension
and may lead to sudden changes in blood pH (Stullken et al., 1942; Andersen,
1961; Schmidt-Nielsen et al., 1966). Ionic gradients between cells and plasma
are also affected (Collip, 1921b).
Plasma potassium concentration appears to be under relatively stringent
control. A level of 3 to 6 mEq/liter characterizes all reptiles; higher values
usually indicate analyses on hemolyzed samples. The significance of the low
potassium values for the turtles Chelonia and Caretta is not known. Potassium
levels undergo only minor alterations during feeding, temperature changes,
osmotic stress, and other episodes in the life cycle of reptiles which drastically
alter electrolyte balance. The reptilian kidney is very efficient in clearing
potassium from the blood (Smith, 1951; Coulson and Hernandez, 1964;
Shoemaker et al., 1966). Nasal glands play an effective role in potassium
excretion in the lizards Ctenosaura pectinata and Sauromalus obesus (Templeton, 1964). The adrenal gland is involved in the control of potassium and
sodium levels in the lizards Trachydosaurus rugosus and Agama agama and
a snake Natrix natrix (Wright and Jones, 1957; Bentley, 1959).
Magnesium increases during winter torpor in the turtles Pseudemys and
Terrapene (Hutton and Goodnight, 1957) and in the lizard Varanus griseus
(Haggag et al., 1965). Total plasma calcium and magnesium attain remarkably
high levels during estrus (see Sect. III C, Part 6), but levels of ionic calcium
and magnesium may not undergo great change (Grollman, 1927) as most of
the alkaline earths appear to be protein bound (Dessauer and Fox, 1959).
Large fluctuations in ionic calcium or potassium seriously affect cell permeability (Maizels, 1956; Lockwood, 1961) and cardiac rhythms (Mullen,
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1962). However, the lizard Ctenosaura pectinata survived an injection of
potassium which tripled its usual plasma level (Templeton, 1964).
b. Temperature and electrolytes. Body temperature has a major role in the
control of fluid and electrolyte balance in reptiles; the physical properties of
electrolytes in solution and also the metabolic rate of the organisms are
altered by temperature change. Carbon dioxide production and its hydration,
solubility, and dissociation are all affected (Edsall and Wyman, 1958).
Temperature changes can drastically affect acid base balance. In both a
living turtle Pseudemys scripta and in an in vitro sample of its plasma, a rise
in temperature results in an increase in carbon dioxide tension and a decrease
in pH; bicarbonate remains constant in the in vitro system but rises in the
intact animal (Robin, 1962; see also Dontcheff and Kayser, 1937; Gordon
and Frankel, 1963; Frankel et al, 1966). Similar responses have been observed
in crocodiles (Austin et al., 1927) and lizards (Edwards and Dill, 1935;
Tucker, 1966). Blood pH dropped as low as 6.75 in a chuckwalla, Sauromalus
obesus, maintained at 38°C (Dill et al., 1935). Acid base changes noted in
reptiles during winter torpor may result from low temperature (Grundhauser, 1960; Haggag et al., 1965).
Inhibition of ion-transport at low temperatures has the overall effect of
lowering plasma sodium. The emydine turtles Chrysemys picta and Pseudemys
scripta often incur hemodilution during cold torpor (Musacchia and Sievers,
1956; Musacchia and Grundhauser, 1958; Hutton, 1960). The softshell
turtle Trionyx spiniferus may lose over half of its plasma sodium during
winter because active sodium transport by pharyngeal villi is suppressed by
cold (Dunson and Weymouth, 1965). Short term cold exposure of the snake
Natrix and the lizard Anolis leads to a decrease in both sodium and potassium
(Munday and Blane, 1961). Contributing to such changes is the shift of
sodium into intracellular fluids (Maizels, 1956) and probably losses of sodium
through the kidney whose tubules lose their capacity for reabsorbing sodium
when cooled (Hernandez and Coulson, 1957; Coulson and Hernandez, 1964).
In the Greek tortoise Testudo hermanni, however, osmotic pressure and
plasma sodium and chloride attain maximum values during the winter
(Gilles-Baillien and Schoffeniels, 1965).
c. Water and salt availability. Reptiles tolerate marked extremes of hydration. Regulation of plasma Osmolarity seems less critical than in many
other vertebrates. The range of variation among 7 specimens of a tortoise
(species not given), 278 to 400 mOs/liter, was three times greater than ranges
observed in a frog and a number of birds and mammals (Aldred, 1940). Sea
turtles Chelonia mydas (Holmes and McBean, 1964) and Caretta Caretta are
also able to live in fresh water. The osmotic pressure of Caretta Caretta,
accidently maintained in fresh water for three years, dropped from above
350 mOs/liter to 211 mOs/liter. The change chiefly involved a marked
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decrease in sodium and chloride (Tercafs et al., 1963). A turtle of estuarian
ecology, Malaclemys terrapin centrata, survived an experiment in which it was
maintained for 14 days in 3.3% saline followed by 10 days in 6.6% saline - a solution of twice the Osmolarity of sea water. Plasma sodium rose to about
170 mEq/liter in the hypertonie environment. The land turtle Terrapene
carolina survived only 4 days in the 3.3% saline (Bentley et al., 1967). Some
regulation of salt content occurs, however, since blood Osmolarity of species
that survive such treatment remains very different from that of either sea or
fresh water.
Some lizards and probably also snakes have high tolerance to hypernatremia. In desert dwelling agamid lizards blood osmotic pressure during
dehydration may exceed 400 mOs/liter (Tercafs and Vassas, 1967). Trachydosaurus rugosus, a lizard of the Australian desert, usually has 150 mEq/liter
of plasma sodium. During the summer water loss through the kidney is nil,
but sodium rises to an average 195 mEq/liter as a result of evaporation. In
their arid habitat Trachydosaurus apparently "conserves body water at the
expense of abandoning maintenance of body fluid composition" (Bentley,
1959). Similar changes occur in Amphibolurus ornatus (Bradshaw and Shoemaker, 1967). During periods of water excess the lizard Varanus griseus
stores water in its tissues (Khalil and Abdel-Messeih, 1954, 1959a and b,
1961). Subspecies of the water snake Natrix sipedon adapted to brackish water
habitat avoid drinking salty water (Pettus, 1958). Widely different values for
plasma sodium are often reported for the same species of lizard or snake, e.g.
for Lampropeltis getulus of 124 mEq/liter (Hutton and Goodnight, 1957) and
165 mEq/liter (Dittmer, 1961).
In maintaining the osmotic pressure of the blood, the kidney is of prime
importance (Smith, 1932, 1951), but specialized accessory organs contribute
to the control. Fresh water turtles lack sodium ion in their environment.
Their kidneys conserve sodium by excreting a dilute urine low in sodium.
Specialized cells in the pharynx of Trionyx spiniferus contribute to salt stores
by absorbing sodium from "fresh water" which contains as little as 5 mM/
liter (Dunson and Weymouth, 1965). The kidney of reptiles cannot produce a
urine of higher Osmolarity than blood. Turtles living in marine habitats,
Caretta Caretta and Malaclemys terrapin, maintain the osmotic pressure of
their blood lower than that of sea water by excreting concentrated salt
solutions through orbital salt glands. In the marine iguana Amblyrhynchus
cristatus a nasal salt gland performs this function (Schmidt-Nielsen and
Fänge, 1958; Schmidt-Nielsen, 1962-1963). The sea snake Laticauda semifasciata maintains an osmotic pressure of between 290 and 350 mOs/liter by
extrarenal salt excretion through a gland lying in the roof of its mouth
(Dunson and Taub, 1967).
d. Excitement and feeding. No other group of animals is known to undergo
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the drastic shifts in blood pH and anion distribution that occur in reptiles
during daily physiological events. Moderate excitement can lead to falls in
pH which could be considered severe acidosis in a mammal. A drop in pH
follows a rise in lactic acid; the lactate produced in mild excitement displaces,
equivalent for equivalent, bicarbonate ions in the extracellular fluids. Periods
of apnea may contribute to the fall in pH (Schmidt-Nielsen et al., 1966).
Handling, marked sudden changes in temperature (Austin et al, 1927), and
anesthesia will induce such responses. Bicarbonate levels of snakes anesthetized with ether may drop to 4 or 5 mEq/liter and blood pH may fall to 6.7
(Dessauer, unpublished). In alligators injected with epinephrine to magnify
the response, lactic acid rose to 30 mEq/liter and the pH dropped as low as
6.54. Early in the experiment the rise in lactate was matched by an equivalent
fall in bicarbonate; later, lactate production was buffered by the release of
sodium from intracellular spaces (Hernandez and Coulson, 1956, 1958;
Coulson and Hernandez, 1964). Anaerobic glycolysis, which often provides
most of the energy during activity, contributes high concentrations of lactate
to the blood. The return of lactate to the resting level is most rapid in lizards
near their preferred body temperature (Moberly, 1968a).
All reptiles become acidemic when excited, but with alligators "the simple
act of eating forces them into an equally pronounced alkalosis" (Coulson and
Hernandez, 1964). Soon after a meal a shift in the anion distribution begins.
Plasma chloride is slowly replaced, equivalent for equivalent, by bicarbonate.
Total osmotic pressure and sodium and potassium concentration remains
almost constant (Fig. 1). In one alligator plasma chloride dropped to 7 mEq/
liter and bicarbonate rose to 105 mEq/liter. The maximum blood pH observed

FIG. 1. Electrolyte changes in blood plasma of an alligator (A. mississippiensis) following feeding.
Graph illustrates the reciprocal nature of the exchange of chloride for bicarbonate and the reverse
exchange after the 18th hour of the experiment (from Coulson and Hernandez, 1964).
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following feeding was 8.09. Bicarbonate rises for about 18 hours after which
the reverse exchange commences. Ingestion of food apparently stimulates the
cells of the stomach to secrete gastric juice containing copious quantities of
hydrochloric acid. Chloride is transferred from the blood with hydrogen ions
produced by the metabolic activities of stomach cells. Bicarbonate, another
product of the cells, replaces the chloride in the blood (Coulson et al., 1950b).
The lizards Iguana iguana and Ctenosaura acanthura do not exhibit such a
marked "alkaline tide" (Hernandez and Coulson, 1951). Although feeding
leads to the secretion of hydrochloric acid into the stomach of Chrysemys
picta (Fox and Musacchia, 1959), the effect of feeding on blood electrolytes
of turtles is not known.
e. Diving and burrowing. Diving and burrowing reptiles are often exposed
to oxygen lack for prolonged periods (Andersen, 1966). Crocodiles, lizards,
and snakes are usually able to survive without oxygen about 45 minutes at
22°C. The tolerance of turtles to anoxia is remarkable, exceeding that of all
other tetrapod vertebrates. Turtles of all families except the Cheloniidae (sea
turtles) commonly survive without oxygen at 22°C for about 12 hours; sea
turtles are less tolerant, having an average survival time of 2 hours (Belkin,
1963, 1965). In the laboratory some Chrysemys picta have lived for 3 to 4
months submerged at 1.5 to 3.5°C. Many turtles probably spend the entire
winter under water (Musacchia, 1959).
Blood composition changes drastically during a dive, but the patterns of
changes are different in land and fresh water turtles than in other reptiles. In
1933 Johlin and Moreland found that a fresh water turtle (species not given)
would survive over 24 hours in an atmosphere of pure nitrogen or carbon
monoxide even though its blood pH fell to 6.8 and lactate rose to a reported
110 mEq/liter. Bellamy and Petersen (1968) have noticed similar responses
in Testudo and Podocnemis. Robin and coworkers (1964) have followed the
course of blood changes in such turtles during an extended submergence
(Fig. 2). Soon after Pseudemys scripta submerge, blood oxygen tension drops
to near zero where it remains throughout the dive; carbon dioxide tension
increases to about 100 to 150 mm of mercury, reaching a plateau after 24
hours. Blood pH falls steadily to about 6.8 and then decreases more slowly.
Lactate rises throughout submersion; increases of 50 mEq/liter occur in 24
hours. Nothing is known of the fate of other electrolytes during the dive or of
the pattern of blood changes which occur after the turtle emerges from the
water.
A number of adaptations make possible the remarkable diving capability of
turtles. Bucco-pharyngeal and cloacal absorption contribute minor quantities
of oxygen (Root, 1949; Girgis, 1961; Musacchia and Chládek 1961; Belkin,
1962; Robin et al., 1964). The heart beats more slowly (Belkin, 1964) and a
functional ventricular shunt allows blood to bypass the lungs (Millen et al,
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1964). Their energy requirement under water may be less than in air,
allowing glycolysis and other anaerobic pathways to meet their needs (Belkin,
1963a, 1968; Robin et al, 1964). Stores of glycogen in tissues of turtles

Pseudemys scripta, blood changes are relatively slight in the alligator during
submergence. The pH of the blood and levels of bicarbonate and lactate do
not change as excessively. The animals apparently remain submerged only as
long as some oxygen is present in circulating blood. When the animal surfaces, the vascular beds of the muscles dilate and the lactate produced during
submersion diffuses into the blood. The profuse influx of lactate causes a
sharp drop in pH and a marked decrease in bicarbonate. Within an hour
blood levels adjust to predive values. The lizard Iguana iguana (Moberly,
1968b) and the water snakes, Natrix cyclopion and N. sipedon, undergo
similar changes during a dive (Murdaugh and Jackson, 1962). Sea turtles
Chelonia mydas do not exhibit large volumes of interstitial fluids (Smith,
1929; Thorson, 1963) and seem to respond to oxygen lack more like the
alligator than like other turtles (Berkson, 1966). Most such experiments involve animals forced to dive. The demonstration that changes in physiological parameters may involve both submergence and withdrawal components (Gaunt and Gans, 1969) suggests the merit of partitioning as well
as the observed changes in the blood.
2. Organic Components

FIG. 2. Electrolyte changes in blood plasma of reptiles following a dive. Upper curves: time sequence
of changes in blood of the turtle Pseudemys scripta (plotted from data of Robin et al., 1964). Lower
curves: time sequence of blood changes in Alligator miisissippienus; note difference in time scale
from upper graph (plotted from data of Andersen, 1961).

(Issekutz and Végh, 1928; Daw et al, 1967) exceed those of other reptiles
(Dessauer, 1953; Agid et al, 1961b; Coulson and Hernandez, 1964).
Although pyruvate is a receptor for the hydrogen produced by glycolysis,
other acceptors probably are involved which yield products causing less
disturbance of tissue pH than lactic acid (Belkin, 1963a). The disulfidesulfhydryl interchange involved in polymerization of turtle hemoglobins may
represent such an acceptor system (see Section IV B below). Hydrogen ions
generated during the dive are partially buffered by bicarbonate of plasma and
probably by pools of coelomic fluids. Fresh water and land turtles store large
volumes of such extravascular, extracellular fluids. These contain high concentrations of sodium bicarbonate (Smith, 1929; Thorson, 1963; Robin
et al, 1964).
Adaptations to diving in alligators, lizards, snakes, and, to some extent,
sea turtles are similar to those of diving birds and mammals: (1) marked
bradycardia with decreased cardiac output, and (2) vasoconstriction, preventing blood from circulating through muscle beds during the dive
(Andersen, 1961, 1966; Murdaugh and Jackson, 1962; Murphy et al, 1964;
Berkson, 1966). Andersen (1961) has analyzed certain blood constituents of
alligators during and after emergence from a dive (Fig. 2). In contrast to

Blood plasma of reptiles contains a large variety of organic compounds of
low molecular weight. Some, such as glucose, are present in moderate concentration but many occur only in trace amounts. Daily events in the life of a
reptile as well as seasonal metabolic cycles influence the blood levels of a
number of these substances.
a. Glucose. Representative levels of one major metabolite, glucose, appear
in Table II. The majority of these values represent total reducing substance
and give somewhat high estimates of glucose. The data of Coulson and
Hernandez (1964) on Alligator mississippiensis and that of Zain-ul-Abedin
and Qazi (1965) on a variety of turtles, snakes, and lizards were obtained by
means of the glucose oxidase method, a technique of high specificity. Glucose
levels in lizards are consistently higher than in other reptiles. Values exceeding 150 mg% are commonly observed, especially among the Iguanidae.
Among other vertebrates only birds have such elevated blood sugars (Miller,
1961). Most of the reducing substance of lizards is probably glucose; only
27 mg% of reducing substance in Anolis carolinensis was not fermentable
(Dessauer, 1953). Analyses for glucose are commonly carried out on blood
rather than plasma, but glucose is largely absent from red blood cells. Cells
of the snapping turtle (McCay, 1931; Andreen-Svedberg, 1933) and the
American alligator (Coulson and Hernandez, 1964) do not contain glucose.
Physiological events are accompanied by appreciable fluctuations in blood
sugar in all major groups of reptiles. A rise in temperature leads to an increase
in glucose in alligators (Austin et al, 1927) and in the snake Vipera aspis
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(Agid et al, 1961b), but a fall in glucose in the turtle Emys orbicularis
(Vlädescu, 1964). Glucose rises sharply in slider turtles (Pseudemys) subjected to sudden drops in temperature (Hutton, 1964). Crocodiles and snakes
(Britton and Kline, 1939) exhibit an emotional hyperglycemia of between
10 and 25 per cent. During extended dives the fresh water turtles Pseudemys
scripta and Chrysemys picta utilize anaerobic glycolysis as a source of energy
and their blood glucose increases markedly (Robin et al, 1964; Daw et al.,
1967). Similarly, after 24 hours in an atmosphere of nitrogen or carbon
monoxide, glucose rises to as high as 1200 mg% (Johlin and Moreland, 1933).
Neither force-feeding meat to the snake Bothrops jararaca (Prado, 1946b)
nor fasting the adder Vipera aspis (Agid et al., 1961a, b; Duguy, 1962) or the
house snake Natrix natrix (Vlädescu and Baltac, 1967) will cause an appreciable change in blood sugar. Fasting the turtle Chrysemys picta (Rapatz and
Musacchia, 1957; see also Vlädescu, 1965d) for six to eight weeks results in a
drop in glucose from 79 mg% to 49 mg%.
Glucose given by mouth is rapidly absorbed, producing hyperglycemia in
turtles (Corréa et al., 1960), snakes (Vlädescu, 1964), and other reptiles.
Glucose apparently distributes throughout the extracellular fluid, so that
the magnitude of the rise depends upon the volume of extracellular fluid as
well as upon the quantity of glucose fed (Coulson and Hernandez, 1953).
The rate at which glucose returns to control levels depends upon metabolic
rate and thus upon temperature. Such observations, analogous to glucose
tolerance studies in mammals, have been made on turtles (Lopes et al., 1954;
Vlädescu, 1964, 1965d), alligators (Coulson and Hernandez, 1953), lizards
(DiMaggio and Dessauer, 1963; Vlädescu, 1965c; Vlädescu et al., 1967),

F I G . 3. Effect of temperature on blood glucose utilization in Alligator mississippiensis (from Coulson
and Hernandez, 1964).
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and snakes (Prado, 1946b; Vlädescu and Baltac, 1967). In Alligator mississippiensis glucose decreased three times faster at 20°C than at 16°C (Fig. 3;
Coulson and Hernandez, 1953, 1964). A turtle Emys orbicularis utilized
glucose more rapidly at its optimal temperature of 20°C than at either 10° or
32°C (Vlädescu, 1964).
The concentration of glucose in the blood varies with the season in a
number of reptiles (Fig. 4). Of the species examined only the turtles Emys

FIG. 4. Seasonal variation in blood glucose levels of fasted reptiles. Open circles = the lizard Anolis
carolinensis (from Dessauer, 1953); closed circles = the snake Vipera aspis (from Agid et al., 1961a);
triangles = Alligator mississippiensis (from Coulson and Hernandez, 1964); squares = the turtle
Emys orbicularis (from Vlädescu, 1964).

orbicularis (Vlädescu, 1964) and Pseudemys scripta (Hutton, 1960) failed to
exhibit a seasonal cycle in blood sugar. The most rapid fall in glucose level in
the lizard Anolis carolinensis occurs in later summer when the species begins
to store fat and glycogen in its tissues (Dessauer, 1953, 1955). In the lizard
Varanus griseus glucose averages 95 mg% during the summer when the animals are active and 36 mg% during winter torpor (Haggag et al., 1966). The
lowest blood glucose levels in alligators (Hopping, 1923; Coulson et al.,
1950a; Hernandez and Coulson, 1952; Coulson and Hernandez, 1964), and
in snakes (Agid et al., 1961b; Duguy, 1962) occur in autumn or early winter.
Seasonal cycles in metabolic controls, rhythms inherent or related to photoperiod, are responsible in part for such differences (Bartholomew, 1959).
Even when maintained at constant summer temperature, Anolis carolinensis
(Fig. 5; DiMaggio and Dessauer, 1963) and Alligator mississippiensis
(Coulson and Hernandez, 1964) remove glucose from the blood more rapidly
in spring and summer than in winter (see Barwick and Bryant, 1966).
The control of blood sugar levels of reptiles is only poorly understood
(Vlädescu, 1967), but it appears to be somewhat different in Squamata than
in Testudines and Crocodilia. Small quantities of bovine insulin lead to
marked decreases in glucose in alligators (Coulson and Hernandez, 1953,
1964; Stevenson et al, 1957) and turtles (Issekutz and Végh, 1928; Lopes
et al, 1954). Insulin is present in the plasma of Chrysemys (Marques, 1967)
and reaches its highest level in the turtle pancreas in winter when blood
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glucose is minimum (Marques and Kraemer, 1968). Bovine insulin, even in
large doses, produces only small drops in blood sugar in lizards (Miller and
Wurster, 1956, 1958, 1959; Miller, 1961; DiMaggio, 1961, 1961/1962; see
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1964), and hydrocortisone (Coulson and Hernandez, 1953, 1964; DiMaggio,
1961, 1961/1962; Vlădescu et al, 1967) also produce hyperglycemia.
Xanthine derivatives such as caffeine cause a rise in glucose and have pronounced sympathomimetic effects in alligators (Hernandez and Coulson,
1956).
Intense hyperglycemia followed pancreatectomy in the turtle Phrynops
geoffroanus hilarii (Foglia et al, 1955; Marques, 1955a) and alloxan injections
in the turtle Pseudemys ďorbigni (Lopes, 1955). Pancreatectomy or alloxan
injections caused only mild hypoglycemia in the lizard Eumeces obsoletus
(Miller and Wurster, 1959). Hypophysectomy caused a marked decrease in
the blood sugar of turtles (Houssay and Biasotti, 1933; Lopes et al, 1954;
Wagner, 1955; Foglia et al, 1955), but led to only a mild hypoglycemia in
Eumeces obsoletus (Miller and Wurster, 1959).
b. Amino acids. Plasma of reptiles contains a complex of small molecular
weight, ninhydrin-positive compounds. These separate into about 35
fractions upon ion-exchange chromatography. These fractions contain the
nineteen amino acids that are common constituents of proteins, ornithine,
citruline, alpha-amino butyric acid and ten to fifteen unidentified compounds.
The latter include cardioactive peptides in the turtles Chelodina longicollis
and Pseudemys scripta, the lizard Tiliqua scincoides, and the crocodilian
Alligator mississippiensis. They reach a bradykinin equivalent of 0.2 mg% in

F I G . 5. Effect of season on blood glucose utilization in the lizard Anolis carolinensis, illustrating the
presence of an annual metabolic rhythm. Each bar graph shows differences in blood glucose levels
of lizards one day after receiving a standard amount of glucose. Horizontal I = mean; vertical I =
range; vertical bar indicates standard deviation (from DiMaggio and Dessauer, 1963).

also Vlădescu et al, 1967, and Vlădescu and Motelica, 1965) and snakes
(Prado, 1947; Saviano, 1947a,b; Saviano and Francisis, 1948). Beta cells are
sparse in pancreatic islets of lizards such as Eumeces (Miller, 1960).
Marked hyperglycemia is produced in reptiles just as in mammals by injections of glucagon (Coulson and Hernandez, 1953; Stevenson et al, 1957;
Miller and Wurster, 1959; Miller, 1961; DiMaggio, 1961, 1961/1962;
Marques, 1967). The initial rise in glucose level commonly observed following injections of many insulin preparations into reptiles seems to be largely,
but not entirely, due to glucagon contamination (Coulson and Hernandez,
1953, 1964). Epinephrinc (Prado, 1947; Lopes et al., 1954; Stevenson et al,
1957; DiMaggio, 1961, 1961/1962), bovine somatotropin (Marques, 1955b;
Stevenson et al, 1957; DiMaggio, 1961,1961/1962; Coulson and Hernandez,

FIG. 6. Amino acid composition of plasma of fasted reptiles and mammals (from Coulson and
Hernandez, 1965).
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Pseudemys and 0.14 mg% in Alligator (Nayler et al., 1965; Erdos et al.,
1967).
Amino acid nitrogen, a composite measurement of this complex mixture
of substances, ranges from 1 to 10 mM/liter in fasted reptiles (Wiley and
Lewis, 1927; Nera, 1925; Carmichael and Petcher, 1945; Khalil, 1947;
Nair, 1955a; Hutton, 1958, 1960; Menon and Sathe, 1959; Coulson and
Hernandez, 1959, 1961, 1962, 1964, 1965, 1966, 1968; Nair, 1960; Izard et
al, 1961; Hernandez and Coulson, 1961; Herbert et al, 1966). Relative
concentrations of specific amino acids vary over 100 fold. Some such as aspartic acid are often barely detectable, but together glycine, alanine, and
glutamine make up half of total amino nitrogen. Distributions of amino acids
in blood plasma of vertebrate animals show remarkable similarities (Fig. 6).
After feeding, amino nitrogen rises higher and falls more slowly in reptiles

FIG. 7. Effect of feeding on total amino acid content of plasma of individual alligators. Heavy curve
= average of 24 alligators (from Coulson and Hernandez, 1965).
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than in endothermal animals. Coulson and Hernandez (1964, 1965) have
followed the fate of absorbed amino acids in the Crocodilia and to a lesser
extent in other reptiles. One to 3 days after alligators consumed 7 per cent of
their body weight in fish, total amino acids reached a peak of between 8 and 15
mM/liter in the plasma and did not return to the control level for 5 or 6 days
(Fig. 7). Glycine, alanine, and glutamine increased out of proportion to
their content in the diet, suggesting their synthesis from other amino acids.
Histidine, glutamic acid, and aspartic acid were concentrated in the extracellular fluid, but all other amino acids were distributed throughout body
water (Hernandez and Coulson, 1967).
The rate at which each amino acid returns from an elevated to its fasting
level has been followed in Alligator and in the turtle Pseudemys scripta. The
concentrations of the majority of those amino acids known to be "essential"
nutrients for mammals decrease slowly in the reptilian as in mammalian
forms. Only lysine and histidine in the alligator and histidine in the turtle fall
more rapidly than might be expected. Glycine, alanine, and glutamine are
catabolized most rapidly. They appear to be the transport form of amino
acid nitrogen fated for excretion, the major precursors of urinary ammonia,
urea and uric acid. The plasma levels of amino acids are affected by insulin
and a number of the other hormones that are involved in controlling blood
glucose (Coulson and Hernandez, 1964, 1965, 1966, 1968; Hernandez and
Coulson, 1961, 1968; Herbert et al, 1966).
c. Ammonia, uric acid and urea. Representative levels of uric acid and
urea, which with ammonia form the major products of protein catabolism
in reptiles, appear in Table II. Ammonia is probably present in only trace
amounts in the blood (Dessauer, 1952; Hutton and Goodnight, 1957;
Coulson and Hernandez, 1964). The larger amounts occasionally reported in
the blood (Hopping, 1923; Khalil, 1947; Coulson et al, 1950a) may have
originated from the decomposition of amide residues of blood proteins.
Uric acid does not normally reach a much higher blood level in reptiles
than in mammals in which uric acid is a less important catabolite (Table II).
Kidney tubules of reptiles are highly efficient in clearing uric acid from blood
(Smith, 1951; Coulson and Hernandez, 1964; Dantzler, 1967). The decreased tubular function at low temperatures, observed in Alligator mississippiensis and Pseudemys scripta (Hernandez and Coulson, 1957), may explain
the high uric acid level observed during winter torpor in a lizard Varanus
griseus (Haggag et al, 1966) and in the turtles Terrapene carolina and
Pseudemys scripta (Hutton and Goodnight, 1957) and Testudo hermanni
(Gilles-Baillien and Schoffeniels, 1965). Dehydration does not greatly impair
uric acid excretion in alligators. The feeding of D-serine, however, causes
severe renal damage leading to uric acid concentrations as high as 70 mg%.
Uric acid deposits in the tissues, produce a condition resembling gout in
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these alligators (Coulson and Hernandez, 1961, 1964). Gout has also been
described in turtles and lizards (Appleby and Siller, 1960).
Urea is present in relatively high concentrations in turtles, and low concentrations in lizards and snakes; has not been detected in the blood of crocodilians (Table II). The quantity of urea in the blood of lizards and snakes is
small, generally less than 5 mg%, but this value is significant as analyses were
by the highly specific urease method. Livers of Squamata lack the full
complement of urea-cycle enzymes (Cohen and Brown, 1960), yet they do
synthesize some urea. During pregnancy in the viviparous snake Thamnophis
sirtalis blood urea rises to about 10 mg% due to urea produced by the embryo.
Sixty per cent of the nitrogenous waste of the developing snake is urea (Clark,
1953, 1955). If carefully collected from hydrated animals, the urine of adult
Squamata also contains urea (Hernandez and Coulson, 1951; Dessauer,
1952). Urea reaches an extremely high level in the spring in the turtle Testudo
hermanni when the animal is at the end of a season of inactivity (GillesBaillien and Schoffeniels, 1965).
d. Lipids. Total lipid levels of between 300 and 1670 mg% are reported for
reptilian blood (Nera, 1925; Chaikoff and Entenman, 1946; Menon, 1954;
Izard et al., 1961). Carotenoid pigments are present in relatively high concentrations in many squamates (see Section III C, 3 d below). Neutral fat
accounts for the major share of the total. Fat levels change slowly during
starvation and cold torpor in the turtle Chrysemys picta. Total fatty acids
decreased only 89 mg% in turtles fasted 6 to 8 weeks (Rapatz and Musacchia,
1957). Total cholesterol averages 50 mg% in Alligator mississippiensis
(Coulson and Hernandez, 1964), 100 to 172 mg% in the blood of rattlesnakes
(Luck and Keeler, 1929; Carmichael and Petcher, 1945), and over 220 mg%
in the snake Vipera aspis (Izard et al., 1961). Averages as low as 69 mg% and
as high as 480 mg% are reported in different species of emydine turtles
(Chaikoff and Entenman, 1946; Jackson and Legendre, 1967; Stenroos and
Bowman, 1968). Approximately half of the cholesterol is esterified in
Chrysemys and Vipera. Total fat, cholesterol, cholesterol esters, and phospholipids are elevated in Chrysemys and probably in other reptiles during
estrus (See Section III C, 6 below). Phospholipids are elevated in both male
and female Pseudemys during the spring (Hutton, 1960). Atherosclerosis has
been observed in reptiles (Finlayson, 1964).
C. H I G H MOLECULAR WEIGHT COMPONENTS

1. General
Three to 7 per cent of blood plasma is comprised of a complex mixture
of proteins (Table II). This mixture separates into three or four molecular
weight fractions with sedimentation constants in three ranges: (1) 3.3 to 4.8,

(2) 5.8 to 9.6, and (3) 12.2 to 16.2 Svedbergs. A small percentage of heavier
components is occasionally present (Svedberg and Andersson, 1938; Baril et
al., 1961; Roberts and Seal, 1965). Molecular weights as estimated with molecular sieves (Fig. 8) include fractions (1) between 40,000 and 120,000, (2)

FIG. 8. Molecular weight fractions of plasma proteins of reptiles. For each species, patterns on the
left are of unfractionated plasma; patterns on the right are of rivanol soluble proteins. Separation
was carried out on thin layers of Sephadex G-200 (Pharmacia Co.). Uppermost spots on plasma
patterns are due to proteins of lowest molecular weight, primarily albumin and transferrin; lowermost spots are due to proteins of highest molecular weight, e.g. fibrinogens; intermediate spot on
human pattern contains the 7 S gamma-globulins. Uppermost spots of the rivanol soluble proteins
represent transferrins; the fraction of intermediate size in the human sample is gamma-globulin;
the identity of this protein in reptiles is not known.

between 120,000 and 190,000, and (3) greater than 180,000 (Masat and
Dessauer, 1968).
Plasma proteins resolve into 5 to 7 major fractions of different charge
density upon electrophoresis in alkaline buffers (Fig. 9). Although mobilities
fall within ranges comparable to the albumin, alpha, beta, and gamma
fractions of human plasma protein patterns (Seniow, 1963), one should use
such designations only as reference standards of mobilities. Proteins
migrating in fractions of similar mobility may often have very different
structures (Dessauer and Fox, 1964). The extreme heterogeneity of plasma
proteins is shown by high resolution techniques such as starch gel electrophoresis (Smithies, 1959) and immunoelectrophoresis (Lewis, 1964; Neužil
and Masseyeff, 1958). Proteins of individual reptiles resolve into as many as
30 components. Stage of development (Kaplan, 1960a), sex, season, and
physiological state affect the protein complement. Individuals of a population may exhibit inherited differences in specific proteins (Dessauer and
Fox, 1964; Masat and Musacchia, 1965; Dessauer, 1966). Hypophysectomy
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of the turtle Clemmys caspica leprosa leads to an increase in plasma protein
and to a relative decrease in albumin (Aron et al., 1959).
Some plasma proteins of reptiles have specialized transport functions;
others are involved in the complex immune and coagulation functions of
blood. Most are conjugated with either lipid or carbohydrate. Two or three
electrophoretic fractions contain lipoproteins (Uriel et al, 1957; Crenshaw,
1962; Coulson and Hernandez, 1964). Plasma proteins are conjugated to
considerable carbohydrate. Lustig and Ernst (1936) found that an average of
3.0% of the protein mass was carbohydrate in Testudo, 3.4% in Lacerta,
6.4% in Anguis, 6.9% in Natrix, 4.5% in Vipera and 6.3% in Elaphe. The
albumin-like component, based upon experiments with concanavalin A,
appears to be the only quantitatively important plasma protein that lacks
carbohydrate in its structure (Nakamura et al., 1965; Masat and Dessauer,
1968). Plasma proteins of all groups of reptiles contain sialic acid as part of
their structure, but those of snakes contain unusual amounts of this carbohydrate (Seal, 1964). A number of varieties of enzymes have been observed
in the plasma of reptiles. Very active esterases of a number of varieties are
present (Augustinson, 1959, 1961; Dessauer et al., 1962b; Dessauer, 1967;
Holmes et al, 1968). Leucine aminopeptidase (Ehrensing, 1964; Dessauer,
1967, see also Section V, C 3 below and Fig. 14), arginase (Goodcase et al,
1964), phenylenediamine oxidases (See Section 3 c below) trehalase, maltase,
(Van Handel, 1968) and proteins such as haptoglobin with peroxidase
activities (Liang, 1957) are present in the plasma of some reptiles.
2. Albumin and Plasma Volume
The volume of fluid within the circulatory system must be maintained
even while water, metabolites, and electrolytes exchange with intracellular
material. The delicate balance between hydrostatic and colloid osmotic
pressures across capillary walls controls plasma volume (Macfarland and
Robb-Smith, 1961). Colloid osmotic pressure in mammals is exerted largely
by proteins of low molecular weigh*; and high charge such as albumin which
is responsible for 75 per cent of osmotic pressure of human plasma.
The identity of the principal "volume expander" of reptilian plasma has
been in question (Cohen and Stickler, 1958). Plasma of reptiles of all major
groups, however, contains a protein with properties analogous to human
albumin: a low molecular weight, hydrophilic protein of relatively high
charge. One fraction of their plasma proteins falls in the molecular weight
range of albumins, 50,000 to 100,000 (Svedberg and Andersson, 1938; Roberts
FIG. 9. Electrophotetic patterns of plasma proteins of representative species from different families
of Reptilia. Patterns were obtained under comparable conditions. Migrations of human plasma
fractions form a frame of reference for comparisons (from Dessauer and Fox, 1964).
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and Seal, 1965; Baril et al, 1961; Masat and Dessauer, 1968). The low
molecular weight fraction of Pseudemys, Alligator, Natrix, and Iguana resolves into two major subfractions upon electrophoresis, with most of the
protein migrating with the subfraction of highest charge density. Protein of
this subfraction is very hydrophilic, being soluble in water, 2 M ammonium
sulfate, and alcoholic trichloracetic acid. Also like the mammalian albumins
it is insoluble in rivanol (Masat and Dessauer, 1966, 1968). Proteins of the
most highly charged electrophoretic fractions of plasma of a great variety of
turtles are soluble in 2 M ammonium sulfate (Leone and Wilson, 1961;
Frair, 1962a and b; Crenshaw, 1962). That of the turtle Clemmys japonica
has the same isoelectric point as human albumin (Michaelis and Nakashima,
1923).
The contribution of the albumin to plasma volume appears to vary greatly
among different reptiles. In Alligator, Iguana, and Lampropeltis albumin
appears to be responsible for at least 50 per cent of the colloid osmotic
pressure, whereas its contribution in emydine turtles such as Pseudemys is
often less than 20 per cent (Masat and Dessauer, 1966). High concentrations
of albumins with high charge densities are found in active species with high
metabolic rates and in those living in dry, hot environments, e.g. in those
lizards which generally have the highest metabolic rates among reptiles
(Benedict, 1932; Dessauer, 1953; Dawson, 1960) and high preferred body
temperatures (Dawson and Poulson, 1962). Total blood water of desert
species seems to relate directly to the amount of albumin in their plasma
(Khalil and Abdel-Messeih, 1963). At the other extreme are the fresh water
turtles which generally have low concentrations of albumins (Fig. 8) of low
charge (Fig. 9; Section V, C 2 below). Probably the "functional ascites"
noted in such turtles (Smith, 1929; Thorson, 1963) directly correlate with
the low colloid osmotic pressure of their plasma. In Pseudemys scripta this
was 3 to 8 mm of mercury, only 1 or 2 mm of mercury higher than the
pressure of perivisceral fluids (Campbell and Turner, 1937). Pressures were
higher for other reptiles equalling 26 mm of mercury for the sea turtle
Caretta, 23 mm for Caiman, 22 mm for Iguana, and 24 mm for Boa constrictor
(Scholander et al., 1968).

stansburiana (Hahn, 1965, 1967). Albumins of all major groups of reptiles
bind anions, but their binding affinities for dyes such as bromphenol blue are
far weaker than those of the albumins of mammals (Masat and Dessauer,
1968). Alligator albumin binds indole-3- propionate and certain other indole
derivatives (McMenamy and Watson, 1968).
b. Transferrins and iron transport. Transferrins are major constituents of
blood plasma in all vertebrates. Together with albumin they make up 95 per
cent of the mass of small molecular weight proteins of reptilian plasma.
Their molecular weights lie between 70,000 and 90,000 and are similar in
reptiles of all major groups (Fig. 8; Masat and Dessauer, 1968). In contrast,
their surface charges as indicated by electrophoresis exhibit marked variability (Figs 10 and 14). Electrophoretic mobilities of turtle transferrins are
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3. Transport Proteins
a. Albumin and anion transport. Mammalian albumins transport fatty acids
and buffer a great variety of potentially toxic anions. Practically nothing is
known of mechanisms of such transport in reptiles, although they exhibit
marked shifts in lipid distribution during estrus (Fig. 11; Section III C, 6
below) and seasonal metabolic cycles (Dessauer, 1955; Hutton and Goodnight, 1957; Rapatz and Musacchia, 1957;Duguy, 1962;Barwick and Bryant,
1966). Albumin may be involved in fatty acid transport in the lizard Uta

FIG. 10. Relative electrophoretic migrations of transferrins and hemoglobins of species of reptiles.
Migration rates of human blood proteins form the frame of reference for comparisons (from
Dessauer and Fox, 1964).

as slow as human gamma-globulin, whereas those of some gekonid lizards
are as fast as human albumin. Usually one but often two iron-binding
proteins are present in the plasma of a single reptilian species. Marked
individual variation, both within geographically limited populations and
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between populations from different geographic areas, occurs in a number of
species (Dessauer et al., 1962a).
By complexing metal ions specialized transport proteins such as transferrin
effectively remove the free ions from the blood. Heavy metal ions are generally toxic to living cells. Transferrins of reptilian plasma have considerable
iron-binding capacity. Most often less than half of the transferrin molecules
are saturated with iron (Dessauer et al., 1962a; Barber and Sheeler, 1961;
Sheeler and Barber, 1964). Plasma iron was reduced in starved turtles
(Pseudemys scripta) to approximately one-third the normal level (Hirschfeld
and Gordon, 1965). The two transferrins of Pseudemys scripta have different
unloading pH's and heat stabilities (Barber and Sheeler, 1963). Transferrins
of reptiles are soluble in water, 2 Μ ammonium sulfate, and rivanol (Fig. 8;
Masat and Dessauer, 1966, 1968). They retain their iron-binding capability
and electrophoretic mobilities after being stored at deep freeze temperatures
for as long as ten years (Dessauer, personal observation).
Transferrins of Pseudemys scripta release iron to reticulocytes, demonstrating that they can serve as a source of iron for hemoglobin synthesis. Rat
and human transferrin give up their iron readily when exposed to a pH below
6, but some iron remains in equilibrium with transferrins of turtles even at
pH 5 (Barber and Sheeler, 1963; Sheeler and Barber, 1965). By binding
traces of other metal ions, transferrins may also perform an antioxidant
function, e.g. inhibition of lipid peroxide formation (Barber and Sheeler,
1961).
c. Ceruloplasmin and plasma copper. The copper binding protein of blood
plasma, ceruloplasmin, has been implicated in copper transport, mechanism
of iron release to the tissues, and plasma oxidase reactions (Putnam, 1965).
Plasma of the Mexican beaded lizard, Heloderma horridum, contains 196
mcg% of copper; all but 8 mcg% of this is bound to protein (Zarafonetis and
Kalas, 1960; see Beck, 1956). Ceruloplasmin has been assayed in reptiles of
all major groups on the basis of its p-phenylene diamine oxidase activity
(Seal, 1964). Activity is completely absent from plasma of some species and
relatively high in others. The species distribution of activity is almost random.
Protein with oxidase activity is present in the fraction with molecular weights
between 120,000 and 190,000 (Masat and Dessauer, 1968). Its electrophoretic
migration rate is similar in widely divergent species (Dessauer and Fox, 1964).

in binding capacity with temperature. Its capacity in the alligator rises from
5 mcg/110 ml of plasma at 6°C to 43 mcg% at 14°C and drops to 8 mcg% at 37°C.
Transcortin of the garter snake has been isolated and contains hexose and
sialic acid (Seal and Doe, 1963).
A lipoprotein which contains carotenoid pigments is present in plasma
of iguanid lizards such as Iguana iguana and Anolis carolinensis. The protein
migrates in the alpha-2 region in electrophoresis (Dessauer, personal observation). Plasma of the lizard Varanus komodoensis (Jensen and With, 1939)
and Uromastyx hardwickii (Zain and Zain-ul-Abedin, 1967) and the snakes
Bothrops jararaca and Mastigodryas bifossatus (Villela and Prado, 1945)
contains considerable carotenoid pigment. Riboflavin, both free and
protein bound, is present in the remarkably high concentrations of between
165 and 333 mcg% in plasma of these snakes (Villela and Prado, 1944, 1945;
Villela, 1945) and Python molurus (Villela and Thein, 1967). Proteins to
which riboflavin is bound have L-amino acid oxidase activity and migrate as
fluorescent bands in the alpha and beta regions during electrophoresis
(Ribeiro et al., 1955; Villela et al., 1955). Vitamin B 1 2 content and binding
capacity of plasma varies widely among animal species. Most of the B 1 2
present in blood is part of red cell structure. In 100 ml of blood οf Alligator
mississippiensis 548 millimicrograms are present in the cells but only 4mmcg in
the plasma; a nearly equal amount is present in plasma of a turtle. Plasma of
alligators can bind an additional 94 mmcg% of B 1 2 . The unsaturated B 1 2
binding capacity of the turtle Pseudemys scripta is much higher, averaging 1 · 8
mcg% (Couch et al., 1950; Rosenthal and Brown, 1954; Rosenthal and Austin,
1962).

d. Hormone and vitamin transport. A number of substances which are
known vitamins or hormones for mammals and birds are transported in combination with specific plasma proteins. Thyroxine binding proteins have been
demonstrated in plasma of major groups of reptiles, although their capacity
appears to be below that of mammalian forms (Farer et al., 1962). Protein
bound iodine of alligators averages less than 0.1 mcg/100 ml of plasma (Coulson
and Hernandez, 1964). Transcortin, a corticosterone binding protein, varies
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4. Blood Clotting
Injury to the vascular system of reptiles is followed by a series of phenomena including vasoconstriction and blood coagulation (Brocq-Rousseu and
Roussel, 1939; Engle and Woods, 1960; Macfarland and Robb-Smith, 1961;
Gregoire and Taynon, 1962). Proteins involved in blood coagulation appear
to be similar to those of mammals, although their concentrations may be very
different. Cellular factors seem to have great importance. Plasma, if carefully
collected, usually exhibits slow clotting times (Dorst and Mills, 1923; Fantl,
1961; Hackett and Hann, 1967). The addition of traces of tissue fluids,
however, greatly accelerates clot formation. Clotting times of blood are often
high (Hutton and Goodnight, 1957; Rabalais, 1938). Calcium is required for
clot formation. Ion exchange resins (Lund et al., 1957) and agents which
precipitate or chelate calcium stop the clotting process (Kaplan, 1956).
Heparin is also an effective anticoagulant. A related polysaccharide is present
in low concentration in plasma of active Pseudemys scripta but rises to 4 to
6 mg% during winter torpor (Jacques and Musacchia, 1961; Jacques, 1963).
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Serum expressed from blood clots of mammals and the lizard Tupinambis
nigropunctatus retains clot promoting activity. Serum of a number of colubrid
and viperid snakes, however, exhibits marked anticoagulant activity (Brazil
and Vellard, 1928).
Fibrinogen is present in plasma of all major groups and will form a fibrin
clot if treated with bovine thrombin. The rate of fibrin formation is slower
than for mammalian plasma, presumably because of some species specificity.
Fibrinogens of Chelydra and Pseudemys are less soluble than are those of
amphibians but more soluble than those of mammals in plasma-ethanol
mixtures (Morrison et al., 1951). Fibrinogen content of plasma has been
estimated in a number of forms: Testudo graeca = 970 mg%; Dermochelys
coriacea = 120 mg%; Alligator mississippiensis = 380 m g % ; Iguana iguana
= 1200 mg% Trachydosaurus rugosus = 140 mg%; Coluber constrictor =
115 mg%; Notechis scutatus = 1 4 0 mg%; Vipera aspis = 310 mg% (Nera,
1925; Dunlap, 1955; Nair, 1958; Izard et al, 1961; Fantl, 1961; Dessauer,
personal observations).
Less is known of other clotting factors. Prothrombin level in the turtle
Chrysemys picta is only 42 per cent of that of dogs (Warner et al., 1939), but
its synthesis by the turtle also seems to require vitamin Κ (Brambel, 1941).
Prothrombin concentration is very low in plasma of the tiger snake Notechis
scutatus. One can isolate prothombin by adsorption on barium sulfate
(Hackett and Hann, 1967). The Hageman or surface factor is lacking in the
tiger snake, but is present in the lizard Trachydosaurus rugosus, the turtles
Chelodina longicollis (Fantl, 1961), Pseudemys scripta and Chelydra serpentina
and in Alligator mississippiensis (Erdos et al., 1967). Proccelerin activity
(Ac-globulin) is low in plasma of turtles and chickens but high in mammals
(Murphy and Seegers, 1948).
5. Antibodies, Complements, and Cellular Antigens

against a dose of 7 L D 5 0 of venom of the water moccasin Agkistrodon
piscivorus (Philpot and Smith, 1950). Immune hemolytic systems involving
complement occur in turtles (Frair, 1963) and are common in snakes. Plasma
of numerous snakes will hemolyze mammalian red blood cells (Bond and
Sherwood, 1939; Timourian and Dobson, 1962).
Reptiles of all groups respond on initial exposure to a variety of antigens
with the production of antibodies (Evans et al, 1965); in the light of present
knowledge, earlier negative responses can be traced to technical shortcomings (Hildemann, 1962). Alligators (Lerch et al., 1967) have an immunologic memory, that is they will respond to a second exposure to an antigen
with a rapid increase in circulating antibody. Circulating antibodies in the
carpet snake, Moreha argus, react with body fluid antigens of infecting nematodes. The presence of a specific antibody in the plasma correlates with a
particular nematode infection (Timourian et al., 1961). The immune response, like many other metabolic activities of reptiles, depends upon
temperature (Evans and Cowles, 1959; Hildemann, 1962). The lizards Dipsosaurus dorsalis and Sauromalus obesus synthesize antibodies against Salmonella
typhosa, bovine serum albumin, and rabbit gamma-globulin most effectively
when the animals are maintained at 35°C. Synthesis is poor in lizards kept at
25°C and at 40°C. If immunized at 25°C and later transferred to 35°C, the
lizards form antibodies without further immunization (Evans, 1963a, 1963b).
High titers of antibodies resulted in rat snakes and slider turtles maintained
at temperatures near the upper end of their temperature range (Frair, 1963).
The turtles Chrysemys and Chelydra maintained at 23 to 28°C developed
antibodies against bacteria (Gee, 1941). Schedules of injections must be
controlled to obtain effective antibody production and to avoid anaphylaxis
(Downs, 1928; Placidi and Placidi, 1960; Hildemann, 1962). Slider turtles
appear to vary in their resistance to infection during different periods of the
year (Kaplan and Rueff, 1960).

Plasma of reptiles contains proteins that are intimately involved in natural
immunity, anaphylaxis, and tissue tolerance (Brocq-Rousseu and Roussel,
1939; Favour, 1958; Putnam, 1960; Hildemann, 1962; Smith et al., 1966).
Isoagglutinins are present in numerous turtles (Bond, 1940a; Frair, 1962a,
1962b, 1963), but have not been found in the American alligator (Bond,
1940b) nor in a number of colubrid and crotalid snakes (Bond, 1939).
Heteroagglutinins have been discovered in all species examined, including
turtles (Bond, 1940a; Frair, 1962a, 1962b, 1963), crocodilians (Bond, 1940b),
and snakes (Bond, 1939; Dujarric de la Riviere et al., 1954; Timourian and
Dobson, 1962). Autoantibodies in plasma of the Gila monster, Heloderma
suspectum, can neutralize its venom (Tyler, 1946). Similarly, a plasma antiphosphatidase of Vipera aspis can neutralize the toxicity of its venom (Izard
et al, 1961). Plasma of the kingsnake Lampropeltis getulus protects mice

Proteins involved in the immune responses of reptiles have been poorly
characterized. Only crocodilians and turtles have electrophoretic fractions
which migrate as slowly as mammalian gamma-globulins (Dessauer and
Fox, 1964; see Fig. 9). Fractions of slowest mobility in the lizards Dipsosaurus dorsalis and Sauromalus obesus (Evans, 1963a, 1963b) contain antibodies. Immunoelectrophoretic patterns of antisera from these lizards (Evans,
1963b), alligator, and loggerhead turtle (Lewis, 1964) exhibit precipitin arcs
comparable in position and appearance to human gamma-globulin patterns.
Alligator exhibits at least two immunoglobulins that differ in electrophoretic
mobility and perhaps molecular weight (Lerch et al., 1967). Plasma of
reptiles of all major groups contains a fraction which, like human gammaglobulin, is soluble in rivanol and is of intermediate molecular weight (Fig. 8).
Antibodies of the carpet snake Morelia argus (Timourian and Dobson, 1962)

36

HERBERT C. DESSAUER

1. BLOOD CHEMISTRY OF REPTILES

and autoantibodies of the Gila monster (Tyler, 1946) are insoluble in half
saturated ammonium sulfate. Complement of turtles (Bond, 1940a; Frair
1963) and of snakes (Bond and Sherwood, 1939; Timourian and Dobson
1962) are thermolabile, being destroyed if incubated at 56° C for 5 or 6
minutes. Complement of the carpet snakes is somewhat soluble in half
saturated ammonium sulfate (Timourian and Dobson, 1962).

1965 1967)· Rates of increase of calcium and phosphoprotein were equal and
almost linear in male ribbon snakes {Thamnophis sauritus) injected with
estradiol. Plasma and associated tissue changes occurred even though the
snakes received no food for at least two weeks before or during the experi-
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6. Plasma Vitellin and Estrus
Striking increases in levels of alkaline earths, phosphorus and lipid
fractions, and protein accompany estrus in reptiles, having been noted in
turtles (Laskowski, 1936; Chaikoff and Entenman, 1946; Clark, 1967), the
lizard Uta stansburiana (Hahn, 1965), and numerous snakes (Dessauer et al.,
1956; Dessauer and Fox, 1958, 1959, 1964; Izard et al, 1961; Jenkins and
Simkiss, 1968). Stimulation with estrogens, presumably from the developing
ovary, induces the liver to enlarge and to synthesize a calcium-binding, lipophosphoprotein complex known as plasma vitellin. The latter moves via the
blood stream to the ovary where it is involved in the synthesis of yolk
(Simkiss, 1961, 1967). The rise and fall in vitellin in the plasma correlates
with successive changes in follicle composition and with weight cycles of the
liver and fat bodies in the ribbon snake, Thamnophis sauritus (Fig. 11).
Vitellin appears in the blood shortly after the follicles become hydrated but
before they begin to accumulate yolk. On the average each 100 ml of plasma
contains about a gram of phosphoprotein and an additional 20 mg of calcium
throughout the period of yolk production. About the time of ovulation extreme plasma levels occur, e.g. a total protein as high as 8.8 g% and calcium
of 360 mg%. By the time eggs attain early cleavage stages, protein, calcium,
etc. return to anestrous levels (Dessauer and Fox, 1959).
Such plasma changes can be induced in turtles (Schjeide and Urist, 1960;
Urist and Schjeide, 1960/61; Seal, 1964; Clark, 1967; Rao, 1968), lizards
(Hahn, 1965, 1967; Suzuki and Prosser, 1968), snakes (Dessauer and Fox,
1959), and crocodiles (Prosser and Suzuki, 1968) by injections of estrogens.
Natural and artificial androgens cause, at best, only slight increases in plasma
protein (Rao and David, 1967). Five days after treating turtles with estrone
total lipid increased 3 fold, calcium 4 fold, and protein 1.5 times. There was
an 8 fold rise in protein bound phosphorus. Lipid contained 38% triglyceride, 35% phospholipid, 15% sterol and 12% sterol esters (Urist and
Schjeide, 1960/61). Seal (1964) induced a protein rise to 12 g% in a turtle
injected daily with 100/mcg of 17-beta-estradiol for six weeks. Clark (1967)
needed only 20 mcg of estradiol to induce a significant response in Chrysemys.
Injections of one mcg/g body weight of estradiol into a lizard were followed
within twenty-four hours by the appearance of plasma vitellin; after injections for 4 to 6 days vitellin made up over 60% of the plasma protein (Hahn,

FIG. 11. Correlation of plasma vitellin levels with organ changes during the estrous cycle of the
ribbon snake Thamnophis sauritus. Pp = protein bound phosphorus, a measure of plasma vitellin
concentration; PT + Pi = lipid plus inorganic phosphorus; Ca = plasma calcium (from Dessauer
and Fox, 1959).

ment (Dessauer and Fox, 1959). Reptiles may be under some stress to obtain
calcium during reproduction (Simkiss, 1961, 1962). For anoles and geckos
one source of calcium may be the calcareous material that fills the saccus
endolymphaticus (Whiteside, 1922; Jenkins and Simkiss, 1968).
Plasma vitellin appears to be a complex colloidal micelle of alkaline earths
and lipid stabilized by phosphoprotein. Mere ten fold dilution of plasma with
water causes it to precipitate (Laskowski, 1936). Its gross composition is
similar to that of yolk. Plasma vitellin of Thamnophis elegans contains 43%
lipid and 57% protein. The protein fraction contains 1.7% phosphorus;
calcium associates with the protein in equimolar quantities to its phosphorus
content (Dessauer and Fox, 1959). Vitellin of Pseudemys scripta is of a similar
gross composition; it sediments in the ultracentrifuge as a single peak with a
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sedimentation constant of approximately 17 S (Urist and Schjeide, 1960/61).
Calcium sediments with vitellin and not as colloidal calcium phosphate
(Schjeide and Urist, 1960). Electrophoretic patterns of plasma proteins of
estrous females and those of male or anestrous females treated with estrogens
exhibit a vitellin fraction in the alpha-2 or beta-globulin regions (Dessauer and
Fox, 1958, 1959,1964; Urist and Schjeide, 1960/61; Hahn, 1965; Suzuki and
Prosser, 1968).

IV. Composition of the Red Blood Cells
A. NUMBER, SYNTHESIS AND LONGEVITY

The packed cell volume or hematocrit of reptiles generally falls between
20 and 35 per cent (Table II), although the value may vary with season
(Kaplan and Rueff, 1960) and temperature (Musacchia and Sievers, 1956).
Fundamental factors which control the number of circulating red cells and
erythropoesis are unknown (Pienaar, 1962). Hypoxia and cobalt salts, which
are effective stimulants of mammalian erythropoesis, do not induce red cell
formation in the box turtle Terrapene carolina. Turtles kept for long periods
at simulated altitudes over 45,000 feet retain the same hematocrit and hemoglobin levels (Altland and Parker, 1955; Altland and Thompson, 1958).
Lizards which live at high elevations have hematocrits and hemoglobin levels
similar to those of species of the same genus which live in the lowlands
(note data on Sceloporus in Table I I ; Dawson and Poulson, 1962). Likewise
hematocrits do not correlate with temperature tolerances of lizards (Dawson
and Poulson, 1962). Anemia, whether resulting from phenylhydrazine injection (Tipton, 1934; Sheeler and Barber, 1965) or blood letting (Altland and
Thompson, 1958; Hirschfeld and Gordon, 1961, 1965), is the only known
stimulant of erythropoesis in turtles and alligators. Maximum reticulocytosis
occurs about 3 to 5 weeks following onset of anemia. Folic acid is probably
necessary for blood formation in turtles as aminopterin, a folic acid antagonist,
inhibits reticulocytosis in Terrapene carolina (Altland and Thompson, 1958).
Hirschfeld and Gordon (1964) did not find an erythropoesis stimulating
factor in the blood of Pseudemys scripta. Hypophysectomy of a turtle,
Clemmys caspica leprosa, did not affect its hematocrit (Aron et al., 1959).
Starving of this turtle caused no changes in its hematocrit or hemoglobin
levels, but such starved animals appeared incapable of erythropoesis
(Hirschfeld and Gordon, 1965).
Red cells of turtles and alligators have exceptionally long life spans. The
mean life span of red cells of Terrapene carolina is 600 to 800 days (Brace and
Altland, 1955; Altland and Brace, 1962). Rate of erythrocyte turnover relates
directly to the low metabolic rate of the animal (Altland and Brace, 1962;
Rodnan et al., 1957). Mean life span of red cells of Alligator mississippiensis
is shorter if the animal is maintained at warm rather than at cool tempera-
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tures, equaling 300 days at 31°C and exceeding 1320 days at 16 to 17°C
(Cline and Waldmann, 1962). Alligator erythrocytes are also very resistant to
osmotic and mechanical stress (Cohen et al., 1961; 1964). Hoffert and Fromm
(1964) describe the tagging of erythrocytes of Chrysemys picta with hexavalent
chromium.
B. HEMOGLOBIN AND OXYGEN TRANSPORT

Hemoglobin makes up the greater share of the solid content of the red
blood cell. Total solids of red cells of the turtle Testudo graeca equal 37 per
cent (Nera, 1925). The concentration of hemoglobin in erythrocytes is
similar in all vertebrates (Wintrobe, 1934). Most estimates fall between 25
and 32 per cent of net weight in reptiles. Blood contains between 6 and 12
grams % of hemoglobin (Table II). The concentration is directly proportional to packed cell volume, unless large numbers of immature cells are
present (Sheeler and Barber, 1965). Methemoglobin is often present in
significant quantity. Prado (1946c) found 6 to 28 per cent inactive hemoglobin in the snake Bothrops jararaca. Methemoglobin is commonly found in
turtles, ranging from 5 to 60 per cent of total heme protein in newly captured
Pseudemys scripta (Sullivan, 1966; Sullivan and Riggs, 1964). Thus hemoglobin estimates based on measurements of total iron (Menon, 1955; Nair,
1955b) or total heme are often considerably higher than estimates based on
oxygen capacity measurements (see Dawson and Poulson, 1962).
Blood of individual reptiles often contains 2 or more hemoglobins, distinguishable by molecular weight, surface charge (Fig. 10), and chemical
properties. Hemoglobins with molecular weights approximately twice
68,000 are present along with those of molecular weight 68,000. Svedberg
and Hedenius (1934) first discovered these "double hemoglobins" in the
turtle Chrysemys picta, the lizard Lacerta vivipara, and the snake Coluber
constrictor. Such polymerization is of common occurrence among turtles;
apparently it results from sulfhydryl-disulfide exchange reactions (Riggs et
al., 1964; Sullivan and Riggs, 1964, 1967a, d; Sullivan, 1966). Two or more
hemoglobins of different electrophoretic mobilities are present in most
turtles and in many snakes and lizards (Sydenstricker et al., 1956; Dessauer
et al, 1957; Dessauer and Fox, 1964; Rodnan and Ebaugh, 1957; Nakamura,
I960; Crenshaw, 1962; Gorman and Dessauer, 1965; Sullivan and Riggs,
1967b). Both alkali stable and alkali unstable hemoglobins are present in
turtles, alligators, and snakes (Ramsey, 1941) and the lizard Heloderma
horridum (Zarafonetis and Kalas, 1960). The alkali stable and alkali unstable
hemoglobins of the turtle Pseudemys scripta have been isolated and characterized (Ramirez and Dessauer, 1957; Manwell and Schlesinger, 1966;
Sullivan and Riggs, 1967b).
The source of hemoglobin variability resides in the structure of the globin;
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the iron porphyrin (heme) probably has the same structure in reptiles as in
other vertebrates (Anson et al, 1924; Korzhuev and Kruglova, 1957;
Ramirez and Dessauer, 1957). Heme is easily separated from globin (Dozy
et al, 1964; Sullivan, 1966; Sullivan and Riggs, 1967b). In acid buffers
globin dissociates into polypeptides which can be separated by electrophoresis. Commonly 2 or 3 but occasionally as many as 6 bands characterize
globin patterns of reptiles (Dozy et al., 1964; Sullivan and Riggs, 1967b;
Dessauer, 1967).
In light of the remarkable degree of physiochemical variability noted
among reptilian hemoglobins, it is surprising how little is known of the
structural basis of these differences. Amino acid composition of acid digests
TABLE III
Amino Acid Composition of Reptilian Hemoglobins (Mole %)
Amino Acid
Residue

Snapping
turtle

Glycine
Alanine
Serine
Threonine
Proline
Valine
Isoleucine
Leucine
Phenylalanine
Tyrosine
Methionine
Aspartic acid
Glutamic acid
Arginine
Histidine
Lysine

10.0
5.9
5.0

.

8.9
1.4
130
6.2
2.2
0.8
12.5
2.6
11.6
9.5

a

Emydid
turtle
5.5
10.0
7,4
6,2
3.0
9.5
3.7
12.6
5.3
2.5
0.4
7.9
9.0
2.6
7.4
7.2

b

.

American a Common
alligator
iguana
6.3
11.4
7,2
0,8
0.6
9.2
2.2
10,1
7.7
2.6
1.8
7.7
9.6
4.3
10.8
8.3

9.3
10.7
2,3
:
6.1
0.7
9·7
0.6
12.1
6.2
2.6
1.0
11.8
7.3
5.0
6.6
7.3

a

11

Water
snake
10.8
8.1
5,7
3.6
0.2
8.1
1.6
13.0

5.9
.
.
2.5
0.5
9.6
8.9
3.7
9.8
7.4

a Macroclemys temminckii, Alligator mississippiensis, Iguana iguana and Natrix rhombifera. Acid
digests analyzed by ion-exchange chromatography (courtesy R. A. Coulson).
b Clemmys caspica (= Emys caspica). Acid digest analyzed by ion-exchange chromatography (Christomanos and Pavlopulu, 1968; see also Georgatsos, 1960).

of unfractionated hemoglobins appear in Table III. As compared to hemoglobins of fowl, lamprey, and man (Gratzer and Allison, 1960), those of these
reptiles have a high content of glycine and glutamic acid and very little
proline. Threonine concentration is lower in hemoglobins of Alligator and
higher in those of Iguana and Clemmys than in hemoglobins of the other
vertebrates. The presence of tryptophane is indicated by tryptophane fine
structure band at 290.0 mmcm, of absorption spectra of hemoglobin of the garter

FIG.12. Fingerprints of arginine and histidine peptides of tryptic digests of hemoglobins of representative reptiles. Peptide mixtures were applied at spots marked x, subjected to electrophoresis in
the horizontal direction (pyridine-acetic acid buffer, pH 6.4), chromatography in the vertical
direction (pyridine: isoamyl alcohol: water, 30:30:35), and then stained to localize peptides.
Arginine fingerprints shown on the left were developed with the Sakaguchi reaction; histidine
fingerprints on the right were developed with the Pauly reaction. S = the snake Natrix taxispilota;
L = the lizard Iguana iguana; A = Alligator mississippiensis; Τ = the turtle Macroclemys tern
mmckii; Μ = Homo sapiens (hemoglobin A) (from Sutton and Dessauer, unpublished).
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snake, Thamnophis sirtalis (Gratzer and Allison, 1960). "Fingerprints" of
tryptic digests of hemoglobins of reptiles (Fig. 12) exhibit from one to seven
tryptophane peptides, 12 to 17 histidine peptides, and 8 to 16 arginine peptides. A large percentage of insoluble "core" remains after treatment of
reptilian hemoglobin with trypsin (Dessauer and Fox, 1963; Dessauer and
Sutton, 1964). If the sulfhydryl groups are inactivated prior to digestion,
the quantity of "core" is diminished greatly (Christomanos and Pavlopulu,
1968). Each of the two hemoglobins of Pseudemys scripta when isolated and
digested with trypsin yields 30 peptides. The "slow" hemoglobin differs
from the "fast" hemoglobin by 10 peptides (Manwell et al, 1963; Manwell
and Schlesinger, 1966). The N-terminal amino group of the hemoglobin of
Clemmys caspica is threonine (Christomanos and Pavlopulu, 1968). The Val.
Gly- and Val. Glu N-terminal sequences of snake hemoglobin (Ozawa and
Satake, 1955) also characterize hemoglobin of a number of mammals (Gratzer
and Allison, 1960).
Oxygen transport, the primary function of hemoglobins, depends upon
hemoglobin's capability of combining reversibly with oxygen. Oxygen
equilibrium curves describing this property are available for reptiles of all
major orders (Figs 13a and b). These display the familiar S-shape typical of
equilibrium curves of mammalian hemoglobins (Redfield, 1933; Prosser et al.,
1950; Manwell, 1960; Riggs, 1965). The sigmoid shape is caused by interactions between oxygen combining sites. Sigmoid coefficients, which
measure the extent of this interaction, lie between 1 and 3 for reptilian hemoglobins (Sullivan and Riggs, 1967c; Sullivan, 1968; Dawson, 1960). Interactions between the iron porphyrin groups of turtle hemoglobins are generally lower than for human hemoglobin. The lowest yet found are for Terrapene carolina (Fig. 13b) and Clemmys guttata which have nearly hyperbolic
oxygen equilibrium curves. The hemoglobins of Clemmys, Phrynops,
Malayemys, and Kinosternon show little change in interaction constants with
pH, but those of Chelydra, Podocnemis, Terrapene, Trionyx, Gopherus, and
Pseudemys change with pH. Maximum interaction occurs at pH 7.0 in
Chelydra, Gopherus, and Trionyx; in the others interactions are highest at pH
8 (Sullivan, 1966; Sullivan and Riggs, 1967c).
A rise in temperature (Fig. 13b) or a fall in pH (Bohr effect; Figs 13c
and d) within the physiological range leads to a decrease in oxygen affinity.
Considering the broad ranges of temperature and pH which the blood of
reptiles experiences under physiological conditions, these influences on
oxygen affinity of hemoglobin must be highly significant. Usually minimum
oxygen affinity occurs near the lower limit and maximum affinity near the
upper limit of the physiological pH range (Wilson, 1939; Manwell, 1960;
Sullivan, 1966; Sullivan and Riggs, 1967c). Oxygen equilibrium curves vary
from one reptilian species to another (Figs 13b, c, and d). The alkaline Bohr

effect of hemoglobin in intact red cells (Fig. 13c) is slightly greater for
Pseudemys than Alligator (Wilson, 1939); similarly the Bohr effects for
Alligator and Crocodylus (Dill and Edwards, 1931a, 1931b, 1935) are
greater than for the lizards Sauromalus (Dill et al., 1935) and Heloderma
(Dill and Edwards, 1935). Oxygen affinities of the red cells of Uma, Sceloporous, Dipsosaurus, and Gerrhonotus, though very different when tested at
the same temperature, are remarkably similar when measured at the activity
temperature of each species (Pough, 1969).

FIG. 13. Oxygen affinities of reptilian hemoglobins.
a. Affinities of fetal and adult hemoglobins of the diamondback terrapcne compared at the same
conditions of pH and temperature (from McCutcheon, 1947).
b. Extreme species differences and dependence on temperature.
the turtle Terrapene
carolina, and
the turtle Caretta Caretta (25.5°C, pH 7.4; from McCutcheon, 1947)-______;
the lizard Eumeces obsohtus at two different temperatures (pH = 7.2; from Dawson, 1960).
c. Affinity of intact red blood cells under comparable conditions of temperature. For comparison,
the affinity of a dilute solution of alligator hemoglobin is plotted as the dashed line. P 5 0 = oxygen
Pressure at which 50% of active hemoglobin is oxyhemoglobin and 50% reduced hemoglobin. A =
the turtle Pseudemys scripta; Β = Alligator mississippiensis (from Wilson, 1939); C = Heloderma
suspectum; D = Sauromalus obesus (from Edwards and Dill, 1935; Dill et al., 1935).
d. Oxygen affinities of dilute solutions of turtle hemoglobins at the same temperature. Ε =
Terrapene carolina; F = Chelydra serpentina; G = Gopheruspolyphemus; H = human hemoglobin
A (from Sullivan, 1966).
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More extensive data are available for hemoglobins in dilute solutions
(Fig. 13d). Hemoglobin solutions of the alligator (See Fig. 13c), the turtle
Pseudemys (Wilson, 1939), and garter snakes Thamnophis (Manwell, 1960)
have stronger affinities for oxygen than intact red blood cells of the same
species. Hemoglobin of the Alligator has one of the highest oxygen affinites
(Fig. 13c; Wilson, 1939) and that of the loggerhead sea turtle Caretta Caretta
(Fig. 13c) the lowest oxygen affinity at pH 7.4 of any reptile yet studied
(McCutcheon, 1947; Sullivan and Riggs, 1967c). Hemoglobins of Natrix
taxispilota and probably other snakes have very high affinities at pH 7 and
are unusual in exhibiting larger acid than alkaline Bohr effects (Sullivan,
1968). Hemoglobins of numerous turtles (Figs 13b and d) have been compared (Southworth and Redfield, 1925/26; Wilson, 1939; McCutcheon,
1947; Gaumer and Goodnight, 1957; Sullivan and Riggs, 1964, 1967c;
Sullivan, 1966). At the upper limit of the physiological pH range, hemoglobins of active underwater foragers and swimmers (Chelydridae, Kinosternidae, and Trionychidae) tend to bind oxygen stronger than hemoglobins
of sluggish, terrestrial species. The latter have higher affinities between pH
6.5 and 6.7, as their Bohr effects are lower (Sullivan, 1966). Marine turtles,
which are very active animals, have the lowest oxygen affinities (McCutcheon,
1947; Sullivan, 1966; Sullivan and Riggs, 1967c).
During development the structure of reptilian hemoglobins changes as
does that of mammals. Fetal hemoglobin of man is much more resistant to
solutions of high pH than adult hemoglobin. Red cells of alligators less than
2 years old contain a higher percentage of an alkali resistant hemoglobin than
do those of older animals (Ramsey, 1941). Hemoglobin of embryonic diamond
back terrapins has a higher oxygen affinity than hemoglobin of adult animals
(Fig. 13a; McCutcheon, 1947). The fetal-maternal difference in oxygen
affinity observed in viviparous garter snakes Thamnophis sirtalis and Thamnophis elegans vagrans may result from differences in the intracellular environment of the hemoglobin (Manwell, 1958, 1960).
C. NON-HEMOGLOBIN COMPONENTS

Red cells of reptiles probably have broader and more typical metabolic
potentials than the highly specialized erythrocytes of mammals (Bishop,
1964). Nuclei and thus deoxyribonucleic acids (DNA) are present; from 2.8
to 3.7 per cent of cell mass in snakes, alligator, and turtle is DNA. Each red
cell of the turtles Chelonia, Clemmys, and Chelydra, the alligator and the snake
Natrix contains about 5 x 10-9 mg of DNA, slightly less than is present in
mammalian somatic cells. The DNA content per cell of other snakes (Elaphe
= 4.28 x 10-9 mg, Coluber = 2.85 x 10-9 mg) approaches levels characteristic of birds (Villela, 1947, 1949; Mirsky and Ris, 1951; Gerzeli et al,
1956; Vendrely, 1958).
.
. . . .
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Presumably nucleic acid metabolism and protein synthesis occur throughout the long life span of the reptilian erythrocyte. Nucleotides occur in high
concentration (Rapoport and Guest, 1941). Nucleic acid phosphatases are
very active in cells of the snakes Natrix and Agkistrodon, but are of weak
activity in a turtle (Rapoport et al., 1942). Carbons of labeled glucose and
succinate are incorporated into alanine, glutamic acid, and aspartic acid by the
blood of the lizard Egernia cunninghami (Barwick and Bryant, 1966). All
amino acids that are common constituents of proteins are present within the
cell. Glycine, alanine, and glutamic acid occur in higher concentration in the
red cells of Caiman than in its plasma. The level of 3-methyl-histidine, an
amino acid of unknown function, exceeds the sum of all other amino acids in
red cells of Crocodilia but is absent from erythrocytes of the turtle Pseudemys
scripta (Herbert et al, 1966).
Electrolyte gradients also exist between plasma and red cell interiors. In
an African tortoise (species not given) the red cell contains only 3.5 to 4 mEq/
liter of sodium; plasma sodium exceeds 100 mEq/liter. Potassium makes up
the osmotic deficit of cations within the cell (Maizels, 1956). Similiar electrolyte gradients between red cells and plasma characterize blood of lizards
(Dessauer, 1952), alligators (Coulson et al, 1950a), and snakes (Hutton,
1958). Carbonic anhydrase, which is important in facilitating shifts of anions
between plasma and the red cell, is present in erythrocytes of all major
groups. That of a sea turtle Caretta Caretta (?) has been isolated and purified
300 fold. It contains 0.2 per cent zinc and has a minimum molecular weight
of 32,500. Activity is proportional to its zinc content (Leiner et al, 1962).
The level of carbonic anhydrase in the red cells of the alligator is less than 10
per cent of that of the dog. It is apparently inhibited by acetazolamide
(Wistrand and Whitis, 1959; Coulson et al, 1957). In one comparison
activity was highest in red cells of Iguana and decreased in the order: man,
kingsnake, slider turtle, and alligator (Magee and Dessauer, unpublished).
Energy is required to maintain such gradients, to preserve the structural
integrity of the cell, and to keep hemoglobin in the reduced form (Bishop,
1964). Energy production by reptilian red cells is much higher than that of
mammalian red cells but somewhat lower than that of birds. Oxygen consumption at 25°C varies from about 30 mm 3 /ml of cells/hour in Alligator,
Emys, Chelydra, and Pseudemys to approximately 50 mm 3 /ml of cells/hour in
Terrapene, Natrix, and Thamnophis. Rate of oxygen utilization increases in
Alligator and Pseudemys directly with temperature up to 38°C; Alligator cells
survive only briefly above 45°C. Alligator reticulocytes consume more
oxygen than do mature red cells. Glucose and high levels of saline do
not affect rates of oxygen consumption (Tipton, 1933). Energy rich phosphate compounds which result from metabolic reactions are present in
higher concentration in the red cells of reptiles than in those of most
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mammals. The cells of lizards and snakes contain twice the level of adenosine
triphosphate than those of any other animals examined (McCay, 1931; Kerr
and Daoud, 1935; Rapoport and Guest, 1941).
The glycolytic pathway, tricarboxylic acid cycle, and probably the glucose6-phosphate pathway are involved in energy production by red cells of
reptiles. Tracer experiments using the lizard Egernia cunninghami showed
that red cells oxidize glucose and acetate readily, yielding a large number of
metabolic intermediates of the glycolytic and citric acid cycles. Succinic
dehydrogenase, however, is probably absent from red cells of Egernia (Barwick and Bryant, 1966). The respiratory system of turtles furnishes the
energy to maintain electrolyte gradients between red cell and plasma. In the
absence of oxygen, or in cells poisoned with cyanide, gradients are maintained for short periods only because of the presence of stores of high energy
phosphate (Maizels, 1956).
Stores of polysaccharides have been demonstrated histochemically in red
cells of certain reptiles (Gerzeli, 1954). Diphosphoglyceric acid, an intermediate of the glycolytic cycle and of major importance in the mammalian
red cell, was not found in the erythrocytes of snakes and turtles (Rapoport
and Guest, 1941) but was detected in Egernia (Barwick and Bryant, 1966).
Lactic dehydrogenase (LDH), a glycolytic enzyme, is present in reptiles
(Wilson et al, 1964; Kaplan, 1965). Its activity in cells of the snakes Coluber
constrictor and Drymarchon corais is only slightly less than that of human red
blood cells (Vesell and Bearn, 1961/1962; Vesell and Brody, 1964). Electrophoretic patterns usually exhibit five LDH isozymes for iguanid lizards
(Gorman and Dessauer, 1966) and alligators and one to three for snakes
(Vesell and Beam, 1961/1962; Dessauer, unpublished). Glucose-6-phosphate dehydrogenase occurs in the red cells of Anolis. Active acid and alkaline
phosphatases have been found in a turtle, a water snake, and a moccasin. The
activity of the alkaline phosphatases is enhanced by magnesium and inhibited
by oxalate and fluoride. Turtle cells contain a phytase, a phosphatase which
utilizes phytic acid as substrate and does not require magnesium. Both
phytic acid and phytase appear to be limited to the erythrocytes of turtles and
birds (Rapoport et al, 1941, 1942; see also Bishop, 1964, p. 159).

V. Blood Composition and Reptilian Systematics
A. INTRODUCTION

Blood chemistry, especially the red cell antigens and protein structure,
reflects genetic affinities of the reptiles. Structures of homologous proteins
exhibit hierarchies of variation that parallel degrees of divergence of different
taxa (Dessauer and Fox, 1964). Homologous proteins such as the transferrins
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(Figs 10 and 14) exhibit extensive variation. Such proteins and blood group
systems demonstrate biochemical individuality and are useful in studies of
population dynamics. Other proteins such as the leucine naphthylamidases
(Fig. 14) are remarkably conservative structures, exhibiting little change in
widely divergent species. Such molecules aid in grouping divergent forms
(Dessauer, 1966).

B. DEFINING THE SPECIES

The presence in different individuals of cellular antigens and structural
variants of homologous proteins emphasizes the population aspect of the
species, the presence throughout the populations of a given species of many
proteins of constant structure indicates the distinctness of the species.
Variant forms of red cell antigens and of homologous proteins, probably inherited as allelomorphic genes, have been demonstrated in numerous reptiles. Systems of blood groups probably occur in all species (Section III C, 5
above). They have been examined systematically in turtles of both the
Pleurodira and Cryptodira (Frair, 1963). Polymorphic forms of transferrin
(Dessauer et al, 1962 a and b; Gorman and Dessauer, 1965, 1966; Fox and
Dessauer, 1965), esterases (Dessauer et al, 1962b; Gorman and Dessauer,
1966), albumins (Zweig and Crenshaw, 1957; Dessauer and Fox, 1958;
Crenshaw, 1965), leucine naphthylamidases (Pough and Dessauer, unpublished), and hemoglobins (Gorman and Dessauer, 1965; Manwell and
Schlesinger, 1966) are known.
The number of structural variants may be extensive enough to identify
individual animals. Frair (1963) was able to distinguish each of 24 tortoises
Testudo hermanni on the basis of patterns of red cell antigens. The polymorphism of transferrins among the racer Coluber constrictor collected in the
sand dune area of northern Indiana was great enough to identify five of a
sample of six snakes (Dessauer et al., 1962a). Some variant forms occur in
high frequency in a population, but others are rare and emphasize the hidden
resources of variation in a species. Only one specimen out of a sample of 500
of the garter snake Thamnophis elegans had a variant form of leucine naphthylamidase (Dessauer, 1966).
Comparison of frequencies of individual proteins in adjacent populations
shows the extent of interbreeding; comparisons of frequencies in populations
throughout the range of the species may suggest clines and indicate the
direction of gene flow. Frequencies of transferrins, esterases, and other
variant proteins gave a measure of the extent of introgression of two subspecies of the lizard Cnemidophorus tigris and indicated that transferrins are
inherited on allelomorphic, autosomal genes (Dessauer et al, 1962b).
Crenshaw (1965), studying a hybrid population of slider turtles (Pseudemys),
found evidence for gene exchange between species known to be isolated over
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most of their range and was able to suggest a possible mechanism of albumin
inheritance. The distribution of transferrins among (U.S.) west coast garter
snakes showed that aquatic and terrestrial populations are distinct, do not
intergrade, and are different species (Dessauer et al., 1962a; Fox and Dessauer, 1965). Of two variant hemoglobins found in the turtle Chrysemys
picta the type with a very low oxygen affinity is frequent in turtles from the
warmer states, Arkansas and Louisiana. The type with a high oxygen affinity
is more abundant in turtles in the colder states, Wisconsin and Minnesota
(Manwell and Schlesinger, 1966). Certain populations of a species are
characterized by high frequencies of an apparently unique form of a protein.
In Anolis from the islands of the Caribbean, specific transferrins indicate the
island of origin for the lizards, though they presumably belong to the same
species (Gorman and Dessauer, 1965). Certain subspecies of Pseudemys
scripta (Zweig and Crenshaw, 1957), Natrix sipedon, Thamnophis sirtalis,
Coluber constrictor, and Lampropeltis getulus (Dessauer and Fox, 1958) are
readily distinguished by differences in plasma albumins.
Proteins often suggest genetic affinities of species and species groups.
Lactic dehydrogenase isozymes of the red cells distinguish the species of the
lizard genus Anolis indigenous to the islands of the Lesser Antilles and tentatively assigned to the roquet-species group, Specimens of Anolis aeneus
from three islands and the mainland of South America were classified as
three named forms until study of blood proteins substantiated suspicions
that populations had been recently introduced onto two of the islands and
the mainland (Gorman and Dessauer, 1965, 1966). The snakes, Regina
grahami and R. septemvittata, until recent years included in the genus Natrix,
have similar plasma protein patterns, quite different from those of other
species of Natrix (Dessauer and Fox, 1964). Numerous electrophoretic
studies have demonstrated the distinctness of the protein complement of
particular species (Bird, 1955; Plagnol and Vialard-Goudou, 1956; Dessauer
and Fox, 1964; Latifi et al, 1965; Kmetova and Paulov, 1966; Maldonado
and Ortiz, 1966; Newcomer and Crenshaw, 1967; Voris, 1967; Rider and
Bartel, 1967).

C. RELATIONSHIPS WITHIN MAJOR GROUPS

1. Crocodilia
Proteins of a few members of the Crocodylidae and Alligatoridae have been
compared by physicochemical and serological methods. Low serological
correspondence was found between Crocodylus niloticus and Alligator sinensis; however, close correspondence was indicated for Alligator sinensis of
China and A. mississippiensis of North America (Graham-Smith, 1904) and between the latter and Caiman latirostris (Lewis, 1964). Electrophoretic evidence
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is in agreement with serological findings. Plasma albumins of the Nile and
American crocodile have identical electrophoretic mobilities. Mobilities of
the transferrins of Caiman and Alligator are equal, but different from
those of the crocodiles. Hemoglobins of the four species are electrophoretically distinguishable (Dessauer and Fox, 1964; Coulson and Hernandez
1964).

2. Testudines
Immunological correspondence of serum proteins (Frair, 1964) and
physicochemical properties of plasma proteins (Dessauer and Fox, 1956,
1964; Cohen and Stickler, 1958; Tondo, 1958; Leone and Wilson, 1961;
Crenshaw, 1962; Frair, 1964; Lewis, 1964; Newcomer and Crenshaw, 1967)
and hemoglobins (Dessauer et al, 1957; Sullivan, 1966; Sullivan and Riggs,
1967a, b and c) largely support current schemes of classification and suggest
affinities of living forms. Turtles of the suborder Cryptodira show low
immunological correspondence to species of the suborder Pleurodira. Globins
of species of the Chelidae, a family of the Pleurodira, show unique properties.
Based upon blood studies the (1) marine, (2) softshell, and (3) fresh water
and land turtles of the Cryptodira appear to be divergent forms. Families of
sea turtles exhibit closer immunological correspondence to each other than to
non-marine species. The genera Chelonia and Caretta show very high
correspondence and have similar hemoglobins. Softshell turtles have unique
hemoglobins. Further, antisera against Trionyx ferox plasma proteins interact
appreciably with serum of other softshell turtles but give practically no
reaction with serum of species from other families. Species of fresh water and
land turtles divide into two groups on the basis of the electrophoretic behavior of plasma albumin (Fig. 9). Albumins of Dermatemys, Staurotypus,
Sternotherus (3 species), and Kinosternon (5 species) have relatively fast
migration rates. Plasma proteins of these genera also exhibit high immunological correspondence. The only other turtle known to have a "fastalbumin" is the pleurodire Chelodina longicollis. Hemoglobins of Chelydra,
Staurotypus, Claudius, Kinosternon and Sternotherus show some similarities
in physicochemical properties. Emydine turtles are apparently a heterogenous group; znú-Pseudemys sera exhibits 55% serological correspondence
to Chrysemys, 45% to Terrapene, but only 7% to Kachuga tecta.
3. Squantata
Immunological evidence, although almost non-existent at the subordinal
level, reveals a remote relationship between the Varanidae and lizards of the
Gekkonidae, Scincidae, and Agamidae, but almost no affinity between
Varanidae and snakes of the Boidae, Colubridae, Crotalinae, and Viperinae
(Graham-Smith, 1904; Cohen, 1955). Electrophoretic mobilites of the
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albumins, transferrins and hemoglobins of a wide variety of Squamata
(Dessauer and Fox, 1964) form overlapping series, not allowing differentiation of the suborders (Figs 9 and 10). Fingerprints of arginine peptides of
tryptic digests of hemoglobins of iguanid lizards and of snakes have a number
of common features (Fig. 12; Dessauer and Fox, 1963; Dessauer and Sutton,
1964). Blood of lizards generally contains more glucose than blood of snakes
(Table II); snake plasma contains a higher concentration of sialic acid than
that of other reptiles, including iguanid lizards (Seal, 1964).
Among sub-families of snakes the Boinae display high immunological
correspondence with the Pythoninae; the Elapinae with the Hydrophiinae;
and the Crotalinae with the Viperinae, though some authors consider members of these pairs distinct on the family level. The Colubridae show coldest
and about equal affinity to the Crotalidae and Elapidae. The Typhlopidae are
remote from all families tested (Boidae, Colubridae, Viperidae, and Elapidae),
though they exhibit some similarity to the Boidae (Graham-Smith, 1904;
Kellaway and Williams, 1931; Kuwajima, 1953; Cohen, 1955; Pearson,
1966). Leucine naphthylamidase is absent from the plasma of the Boidae,
exhibits weak activity among the Crotalidae and Elapidae, but is exceptionally active in plasma of the Colubridae (Dessauer, 1967; Ehrensing, 1964).
Fingerprints of tryptic peptides of hemoglobins of Boidae, Colubridae, and
Crotalidae are remarkably similar (Dessauer and Sutton, 1964, and unpublished).
Recent findings may help unravel relationships of genera of snakes
presently grouped in the Colubridae and Crotalidae. Within the Crotalidae,
Sistrurus is biochemically closer to Crotalus than to Agkistrodon. Moccasins
are a more divergent group of species than rattlesnakes (Cohen, 1955;
Pearson, 1966). Agkistrodon and Trimeresurus on Formosa are near relatives
(Kuwajima, 1953). Pearson (1966) classified 11 genera of the Colubridae into
four subgroups on the basis of immunological correspondence of serum
proteins. One group includes Farancia, Diadophis, and Heterodon. Species of
the second group, including Lampropeltis, Pituophis, Rhinocheilus, and
Elaphe, and the third group, including Coluber, Masticophis, and Opheodrys,
are more closely related to each other than to species in the other groups.
Pearson's fourth group, the Natricinae, also appears to be a natural category
on the basis of physicochemical evidence. Plasma of natricine genera from
Africa, Asia, Europe, and North America contains a unique esterase, which
is absent from the plasma of other colubrid snakes. One of the polypeptide
subunits of their globins is electrophoretically unique (Dessauer, 1967)
D. CHARACTERISTICS AND AFFINITIES OF MAJOR GROUPS

Both physicochemical and immunological evidence emphasize the evolutionary divergence of major groups of the Reptilia. Serology demonstrates
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the fairly close relationship of some lizards and snakes, indicates a very
remote affinity between turtles and crocodiles, and shows the wide divergence
of the Squamata from the Testudines and Crocodilia. Such conclusions find
their basis in the work of Graham-Smith (1904). Utilizing antisera against
serum proteins from two species of tortoise and a sea turtle, a Chinese
alligator, an agamid and a varanid lizard, and a boid and a colubrid snake, he
compared homologous and heterologous precipitin reactions between sera
from about 40 species of reptiles. The forms sampled by him are presently
classified in 4 families of turtles, 2 families of crocodilians, 6 families of
lizards, and 4 families of snakes. Graham-Smith's conclusions, although
obtained with the crudest of techniques, have been supported by investigators using modern methods (Wolfe, 1939; Cohen, 1955; Lewis, 1964).
Species of the three major groups of living reptiles are easily distinguished
by the electrophoretic behavior of their blood proteins (Figs 9 and 10).
Albumins and transferrins of the Testudines migrate at slower rates in
alkaline buffers than do the albumins and transferrins of the Crocodilia and
Squamata. Red cell hemolysates from turtles resolve into complex patterns of
multiple hemoglobins. Hemolysates from snakes, lizards, and crocodiles
resolve into simple patterns of one or two components. Hemoglobins of the
Squamata have uniquely slow mobilities. Their plasma usually lacks a fraction with the mobility of mammalian gamma-globulin.
Even low molecular weight blood constituents are useful in distinguishing
these forms, reflecting the many gains and losses in metabolic potential which
accompanied divergent evolution. Thus, the high concentration of urea in the
blood of turtles reflects the presence of active urea-cycle enzymes. The lack
or low concentration of urea in blood in other reptiles is the result of the loss
or suppression of the urea-cycle (Table II). Other metabolic specializations
(Section IV C above) are probably responsible for the uniquely high concentration of high energy phosphates in red cells of the Squamata, the
presence of phytic acid in erythrocytes of turtles, and the high levels of
3-methylhistidine in cells of the Crocodilia.

contain approximately the same amount of hemoglobin, but have more
complete systems of metabolic pathways and longer life spans than the
unnucleated erythrocytes of mammals.
Concentrations of many blood constituents, however, fluctuate to a much
greater extent than one would expect from a knowledge of mammalian
physiology. Daily events such as feeding, diving, and changes in the temperature or availability of water in the environment often lead to drastic
shifts in blood levels of salts and metabolites. Certain constituents undergo
marked cyclic changes in association with reproduction. During estrus in
females the yolk precursor, plasma vitellin, appears in the blood causing
increased protein, calcium, and magnesium levels. Other seasonal shifts in
metabolic capabilities result in dramatic cyclic changes in blood levels of
metabolites such as glucose.
The wide evolutionary divergence of the three major groups of living
reptiles is emphasized by blood chemistry. Major structural differences
exist between the hemoglobins, albumins, transferrins, and other blood
proteins of turtles, crocodiles, and squamates. Blood composition of one
group of the Reptilia often responds to a physiological event quite differently
from that of another group, reflecting marked differences in metabolic
potentials. The pattern of changes in the blood during a dive is different in
fresh water turtles than in other reptiles; the effect of insulin on blood sugar
is less marked in squamates than in turtles and crocodiles; feeding leads to
drastic shifts in the electrolytes of crocodiles but has little effect on salt
balance of lizards. Divergence of metabolic potential is so great that one even
observes differences in certain low molecular weight metabolites. Thus, only
turtle blood contains phytic acid and moderate amounts of urea, and lizard
blood characteristically contains a high concentration of glucose.
Homologous blood proteins exhibit hierarchies of variation that parallel
degrees of divergence of taxa of close and distant relationship. Comparative
evidence on proteins can clarify difficult problems of relationship. Such
evidence illustrates the individuality of the organism and emphasizes that
species may be composed of differing populations. It has been useful in
detecting hybrids, in comparing degree of divergence of island populations,
and in grouping and estimating degrees of divergence of species, genera, and
higher taxonomie categories.
Presumably natural selection for mutations of adaptive value has led to the
accumulation of these many differences between proteins. Variations in the
structure and concentration of plasma albumin appear to correlate with the
availability of water, metabolic rate and diving physiology. The structure of
the hemoglobin molecule often relates to the availability of oxygen in the
environment and the activity of the organism. Such meager evidence represents about all the information as yet available relating structural differences

VI. S u m m a r y
The blood of reptiles is a rich source of evidence on their heritage and on
the ways in which they have adapted to metabolic challenges. The composition of the blood of all major reptilian groups is typical of that of vertebrates
in general. It contains most of the same components of low molecular weight.
The macromolecules, though of unique and highly specific structure, include
proteins analogous to and probably homologous with the volume expanders,
transport proteins, clotting factors, and immune bodies of mammals. The
nucleated red cells, which make up 20 to 30 per cent of their blood volume,
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between homologous blood proteins of reptiles to physiological and ecological factors.
VII. Acknowledgements
I wish to express my sense of obligation to Carl Gans, Daniel Belkin,
Wayne Frair, Bob Masat, Harvey Pough, Joe Musacchia, and Aaron Taub
and to scientists unknown to me who spent much valuable time in the thankless task of reviewing the manuscript. Due to their labors I feel that my
mistakes in detail and interpretation are far fewer, and I have much more
confidence in passing this effort on to the scientific community. I am grateful
to Mr. Caral Tate and Miss Donna Berkins for valuable assistance in
preparing the manuscript and to the National Science Foundation (Grant
GB-3124) for its support.
References
Agid, R., Duguy, R., Martoja, M. and Saint-Girons, H. (1961a). Influence de la temperature et des facteurs endocrincs dans la glycorégulation chez Vipera aspis. Role de
l'adrenaline. C. r. hebd. Séanc. Acad. Sci. Paris 252, 2007-2009.
Agid, R., Duguy, R. and Saint-Girons, H. (1961b). Variations de la glycémie du glycogěne
hépatique et de l'aspect histologique du pancreas, chez Vipera aspis, au cours du cycle
annuel. J. Physiol. Paris 53, 807-824.
Aider, A. and Huber, E. (1923). Untersuchungen uber Blutzellen und Zellbildung bei
Amphibien und Reptilien. Folia haemat. Lpz. 29, 1-22.
Aldred, P. (1940). A note on the osmotic pressure of the blood in various animals. J. exp.
Biol. 17,223-226.
Altland, P. D. and Brace, K. C. (1962). Red cell life span in the turtle and toad. Am. J.
Physiol. 203, 1188-1190.
Altland, P. D. and Parker, M. (1955). Effects of hypoxia upon the box turtle. Am. J.
Physiol. 180,421-427.
Altland, P. D. and Thompson, E. C. (1958). Some factors affecting blood formation in
turtles. Proc. Soc. exp. Biol. Med. 99, 456-459.
Andersen, Η. Τ. (1961). Physiological adjustments to prolonged diving in the American
alligator, Alligator mississippiensis. Acta physiol. scand. 53, 23-45.
Andersen, Η. Τ. (1966). Physiological adaptations in diving vertebrates. Physiol. Rev. 46,
212-243.
Andreen-Svedberg, A. (1933). On the distribution of sugar between plasma and corpuscles
in animal and human blood. Skand. Arch. Physiol. 66, 113-190.
Anson, M. L., Barcroft, J., Mirsky, A. E. and Oinuma, S. (1924). On the correlation between the spectra of various haemoglobins and their relative affinities for oxygen and
carbon monoxide. Proc. R. Soc, B 97, 61-83.
Appleby, E. C. and Siller, W. G. (1960). Some cases of gout in reptiles. J. Path. Bact. 80,
427-430.
Aron, E., Combescot, C, Delcroix, C, Demaret, J. and Vargues, R. (1959). Effets de
l'hypophysectomie sur les elements figures du sange et sur l'equilibre protéique sérique
chez la Tortue d'eau Emys leprosa Schw. C. r. Séanc. Soc. Biol. 153, 1436-1438.
Augustinsson, Κ. (1959). Electrophoresis studies on blood plasma esterases. Acta chem.
scand. 13, 1081-1096.

1. BLOOD CHEMISTRY OF REPTILES

55

Augustinsson, K. (1961). Multiple forms of esterase in vertebrate blood plasma. Ann.
N.Y. Acad. Sci. 94, 844-860.
Austin, J. H., Sunderman, F. W. and Camack, J. G. (1927). Studies in serum electrolytes.
II. The electrolyte composition and the pH of serum of a poikilothermous animal at
different temperatures, J. biol. Chem. 72, 677-685.
Barber, A. A. and Sheeler, P. (1961). Iron binding by vertebrate blood sera. Comp.
Biochem. Physiol. 2, 233-240.
Barber. A. A. and Sheeler, P. (1963). A comparative study on the iron-binding proteins of
vertebrate blood sera. Comp. Biochem. Physiol. 8, 115-122.
Baril, Ε. F., Palmer, J. L. and Bartel, A. H. (1961). Electrophoretic analysis of young
alligator serum. Science N.Y. 133, 278-279.
Bartholomew, G. A. (1959). Photoperiodism in reptiles. In "Photoperiodism and Related
Phenomena in Plants and Animals". American Association for the Advancement of
Science, Washington, D.C. pp. 669-676.
Barwick, R. E. and Bryant, C. (1966). Physiological and biochemical aspects of hibernation in the scincid lizard Egernia cunninghami (Gray, 1832). Physiol. Zool. 39, 1-20.
Beck, A. B. (1956). The copper content of the liver and blood of some vertebrates. Aust. J.
Zool. 4,1-18.
Belkin, D. A. (1962). Anaerobiosis in diving turtles. Physiologist, Wash. 5, 105.
Belkin, D. A. (1963). Anoxia: Tolerance in reptiles. Science, N.Y. 139, 492-493.
Belkin, D. A. (1964). Variations in heart rate during voluntary diving in the turtle
Pseudemys concinna. Copeia. 1964, 321-330.
Belkin, D. A. (1965). Critical oxygen tensions in turtles. Physiologist, Wash. 8, 109.
Belkin, D. A. (1968). Anaerobic brain function: Effects of stagnant and anoxic anoxia on
persistence of breathing in reptiles. Science, N.Y. 162, 1017-1018.
Bellamy, D. and Petersen, J. A. (1968). Anaerobiosis and the toxicity of cyanide in turtles.
Comp. Biochem. Physiol. 24, 543-548.
Benedict, F. G. (1932). The physiology of large reptiles. Publs. Carnegie Inst. 425.
Bentley, P. J. (1959). Studies on the water and electrolyte metabolism of the lizard Trachysaurus rugosus (Gray). J. Physiol., Land. 145, 37-47.
Bentley, P. J., Bretz, W. I., and Schmidt-Nielsen, K. (1967). Osmoregulation in the
diamondback terrapin, Malaclemys terrapin centrata. J. exp. Biol. 46, 161-167.
Bergman, R. A. M. (1951). The anatomy of Homalopsis buccata. Proc. K. ned. Akad. Wet.
54,511-524.
Berkson, H. (1966). Physiological adjustments to prolonged diving in the Pacific green '
turtle (Chelonia mydas Agassizii). Comp. Biochem. Physiol. 18, 101-119.
Betz, T. W. (1962). Surgical anesthesia in reptiles, with special reference to the water
snake, Natrix rhombifera. Copeia 1962, 284-287.
Bird, G. W. G. (1955). Some serological observations on the blood of the Indian cobra
Naja tripudians. Curr. Sci. 24, 374.
Bishop, C. (1964). Overall red cell metabolism. In "The Red Blood Cell" (C. Bishop and
D. M. Surgenor, eds). Academic Press, New York. pp. 147-188.
Bond, G. C. (1939). Serological studies of the Reptilia. I. Hemagglutinins and hemagglutionogens of snake blood. J. Immun. 36, 1-9.
Bond, G. C. (1940a). Serological studies of the Reptilia. III. Hemagglutinins and hemagglutinogens of turtle-blood. J. Immun. 39, 125-131.
Bond, G. C. (1940b). Serological studies of the Reptilia. IV. Hemagglutinins and hemagglutinogens of alligator blood. J. Immun. 39, 133-136.
Bond, G. C. and Sherwood, N. P. (1939). Serological studies of the Reptilia. II. The
hemolytic property of snake serum. J. Immun. 36, 11-16.

56

57

HERBERT C. DESSAUER

1. BLOOD CHEMISTRY OF REPTILES

Bottazzi, F. (1908). Osmotischer Druck und elektrische Leitfáhigkeit der Flussigkeiten
der einzelligen, pflanzlichen und tierischen Organismen. Ergebn. Physiol. 7 161402.
Brace, K. C. and Airland, P. D. (1955). Red cell survival in the turtle. Am J Physiol
183, 91-94.
Bradshaw, S. D. and Shoemaker, V. H. (1967). Aspects of water and electrolyte changes
in a field population of Amphibolurus lizards. Comp. Biochem. Physiol. 20, 855-865.
Brambel, C. E. (1941). Prothrombin activity of turtle blood and the effect of a synthetic
vitamin Κ derivative.J. cell. comp. Physiol. 18, 221-232.
Brazil, V. and Vellard, J. (1928). Action coagulante et anticoagulante des serums coagulabilité des plasmas normaux. Annls. Inst. Pasteur, Paris 1928, 907-944.
Britton, S. W. and Kline, R. F. (1939). Emotional hyperglycemia and hyperthermia in
tropical mammals and reptiles. Am. J. Physiol. 125, 730-734.
Brocq-Rousseu, D. and Roussel, G. (1934). "Le Serum Normal. Recolte et Caracteres
Physiques. Masson and Cie, Paris.
Brocq-Rousseu, D. and Roussel, G. (1939). "Le Serum Normal. Proprietes physiologiques". Masson and Cie, Paris.
Bullock, Τ. Η. (1955). Compensation for temperature in the metabolism and activity of
poikilotherms. Biol. Rev. 30, 311-342.
Burian, R. (1910). Funktion der Nierenglomeruli und Ultrafiltration. Pfliigers Arch. ges.
Physiol. 36, 741-760.
Campbell, M. L. and Turner, A. H. (1937). Serum protein measurements in the lower
vertebrates. I. The colloid osmotic pressure, nitrogen content, and refractive index of
turtle serum and body fluid. Biol. Bull. mar. biol. Lab., Woods Hole. 73, 504-510.
Carmichael, E. B. and Petcher, P. W. (1945). Constituents of the blood of the hibernating
and normal rattlesnake, Crotalus horridus. J. biol. Chem. 161, 693-696.
Chaikoff, I. L. and Entenman, C. (1946). The lipides of blood, liver, and egg yolk of the
turtle. J. biol. Chem. 166, 683-689.
Christomanos, A. A. and Pavlopulu, C. (1968). Zur Konstitution der Háemoglobine der
Sůsswasserschildkróte Glemys caspica rivulata und des Aals Anguilla anguilla. Enzymologia. 34, 51-62.
Clark, H. (1953). Metabolism of the black snake embryo. I. Nitrogen excretion. J. exp.
Biol. 30,492-501.
Clark, Η. (1955). Urease activity related to uric acid synthesis. Anat. Rec. 122, 417—
418.
Clark, Ν. Β. (1967). Influence of estrogens upon serum calcium, phosphate and protein
concentrations of fresh-water turtles. Comp. Biochem. Physiol. 20, 823-834.
Cline, Μ. J. and Waldmann, T. A. (1962). Effect of temperature on red cell survival in the
alligator. Proc. Soc. exp. Biol. Med. 111, 716-718.
• Cohen, E. (1954). A comparison of the total protein and albumin content of the blood sera
of some reptiles. Science, N.Y. 119, 98-99.
Cohen, E. (1955). Immunological studies of the serum proteins of some reptiles. Biol.
Bull. mar. biol. Lab. Woods Hole. 109, 394-403.
Cohen, E., Hermes, P. and Miyara, A. (1964). The use of alligator erythrocytes in the
anti-human globulin consumption test for the detection of S. L. E. globulins. Proc. 9th
Congr. Int. Soc. Blood Transf. 429-433.
Cohen, E., Nisonoff, Α., Hermes, P., Norcross, B. M. and Lockie, L. M. (1961). Agglutination of sensitized alligator erythrocytes by rheumatoid factor(s). Nature, Lond. 190,
552-553.
..
..•:,.-. • -

Cohen, E. and Stickler, G. B. (1958). Absence of albumin-like serum proteins in turtles.
Science, N.Y. 127, 1392.
Cohen, P. P. and Brown, G. W., Jr. (1960). Ammonia metabolism and urea biosynthesis.
In "Comparative Biochemistry" M. Florkin and H. S. Mason, eds. Vol. II. Academic
Press, New York. pp. 161-244.
Collip, J. B. (1920). The alkali reserve of marine fish and invertebrates. J. biol. Chem. 44,
329-344.
Collip, J. B. (1921a). The alkali reserve of the blood of certain of the lower vertebrates.
J. biol. Chem. 46, 57-59.
Collip, J. B. (1921b). The acid-base exchange between the plasma and the red blood cells.
J. biol. Chem. 46, 61-72.
Corréa, P. R., Marques, M. and Wagner, Ε. Μ. (1960). Hyperglycemia caused by the
oral administration of glucose in turtles. Endocrinology. 66, 731-734.
Couch, J. R., Olcese, O., Witten, P. W. and Colby, R. W. (1950). Vitamin B 12 content
of blood from various species. Am.J. Physiol. 163, 77-80.
Coulson, R. A. and Hernandez, T. (1953). Glucose studies in Crocodilia. Endocrinology.
53,311-320.
Coulson, R. A. and Hernandez, T. (1955). Renal excretion of carbon dioxide and ammonia
by the alligator. Proc. Soc. exp. Biol. Med. 88, 682-687.
Coulson, R. A. and Hernandez, T. (1957). Role of carbonic anhydrase in anion excretions
in the alligator. Am. J. Physiol. 188, 121-124.
Coulson, R. A. and Hernandez, T. (1959). Source and function of urinary ammonia in the
alligator. Am. J. Physiol. 197, 873-879.
Coulson, R. A. and Hernandez, T. (1961). Renal failure in the alligator. Am. J. Physiol.
200,893-897.
Coulson, R. A. and Hernandez, T. (1962). Influence of plasma amino acid level on urine
volume in the alligator. Am. J. Physiol. 202, 83-87.
Coulson, R. A. and Hernandez, T. (1964). "Biochemistry of the Alligator. A Study of
Metabolism in Slow Motion". Louisiana State University Press, Baton Rouge, La.
Coulson, R. A. and Hernandez, T. (1965). Amino acid metabolism in the alligator. Fedn.
Proc. Fedn. Am. Socs. exp. Biol. 24, 927-940.
Coulson, R. A. and Hernandez, T. (1966). Importance of glutamine, glycine and alanine in
nitrogen carriage, Fedn Proc. Fedn Am. Socs exp. Biol. 25, 787.
Coulson, R. A. and Hernandez, T. (1968). Amino acid metabolism in chameleons. Comp.
Biochem. Physiol. 25, 861-872.
Coulson, R. Α., Hernandez, T. and Beebe, J. L. (1957). Effects of acetazoleamide, chlorothiazide, and dichlorphenamide on electrolyte excretion in the alligator. Proc. Soc. exp.
Biol. Med. 96, 606-609.
Coulson, R. Α., Hernandez, T. and Brazda, F. G. (1950a). Biochemical studies on the
alligator. Proc. Soc. exp. Biol. Med. 73, 203-206.
Coulson, R. Α., Hernandez, T. and Dessauer, H. C. (1950b). Alkaline tide of the alligator.
Proc. Soc. exp. Biol. Med. 74, 866-869.
Crenshaw, J. W., Jr. (1962). Variation in the serum albumins and other blood proteins of
turtles of the Kinosternidae. Physiol. Zool. 35, 157-165.
Crenshaw, J. W., Jr. (1965). Serum protein variation in an interspecies hybrid swarm of
turtles of the genus Pseudemys. Evolution, Lancaster, Pa. 19, 1-15.
Dantzler, W. H. (1967). Stop-flow study of renal function in conscious water snakes
{Natrix sipedon) Comp. Biochem. Physiol. 22, 131-140.
Dastugue, G. and Joy, M. (1943). Nouvelles recherches sur la composition du sang chez
Vipera aspis. II. Les constituante chimiques. C. r. Soc. Phys. Biol. 67, 61-68.

58

HERBERT C. DESSAUER

Daw, J. C, Wenger, D. P. and Berne, R. M. (1967). Relationship between cardiac glycogen
and tolerance to anoxia in the Western painted turtle, Chrysemys picta bellii. Comp
Biochem. Physiol. 22, 69-73.
Dawson, W. R. (1960). Physiological responses to temperature in the lizard Eumeces
obsoletus. Physiol. Zool. 33, 87-103.
Dawson, W. R. and Poulson, T. L. (1962). Oxygen capacity of lizard bloods. Am. Midi
Nat. 68, 154-164.
Dessauer, H. C. (1952). Biochemical studies on the lizard, Anolis carolinensis. Proc. Soc.
exp. Biol. Med. 80, 742-744.
Dessauer, Η. C. (1953). Hibernation of the lizard, Anolis carolinensis. Proc. Soc. exp. Biol
Med. 82, 351-353.
Dessauer, Η. C. (1955). Seasonal changes in the gross organ composition of the lizard,
Anolis carolinensis. J. exp. Zool. 128, 1-12.
Dessauer, H. C. (1966). Taxonomic significance of electrophoretic patterns of animal sera.
Bull. serol. Mus. New Brunsm. 34, 4-8.
Dessauer, H. C. (1967). Molecular approach to the taxonomy of colubrid snakes. Herpetologica 23,148-155.
Dessauer, H. C. and Fox, W. (1956). Characteristic electrophoretic patterns of plasma
proteins of orders of Amphibia and Reptilia. Science, N.Y. 124, 225-226.
Dessauer, H. C. and Fox, W. (1958). Geographic variation in plasma protein patterns of
snakes. Proc. Soc. exp. Biol. Med. 98, 101-105.
Dessauer, H. C. and Fox, W. (1959). Changes in ovarian follicle composition with plasma
levels of snakes during estrus. Am. J. Physiol. 197, 360-366.
Dessauer, H. C. and Fox, W. (1963). Electrophoretic techniques in systematics. XVI Int.
Congr. Zool. 4, 128-132.
Dessauer, H. C. and Fox, W. (1964). Electrophoresis in taxonomic studies illustrated by
analyses of blood proteins. In "Taxonomic Biochemistry and Serology". (C. A. Leone,
ed.). Ronald Press, New York. pp. 625-647.
Dessauer, H. C. and Sutton, D. E. (1964). Fingerprint correspondence of enzyme digests
of proteins as gauges of relationship. Pedn Proc. Fedn Am. Socs exp. Biol. 23, 475.
Dessauer, Η. C, Fox, W. and Gilbert, N. L. (1956). Plasma calcium, magnesium and
protein of viviparous colubrid snakes during estrous cycle. Proc. Soc. exp. Biol. Med.
92,299-301.
Dessauer, Η. C, Fox, W. and Hartwig, Q. L. (1962a). Comparative study of transferrins
of Amphibia and Reptilia using starch-gel electrophoresis and autoradiography. Comp.
Biochem. Physiol. 5,17-29.
Dessauer, H. C, Fox, W. and Pough, F. H. (1962b). Starch-gel electrophoresis of transferrins, esterases and other plasma proteins of hybrids between two subspecies of
whiptail lizard. Copeia. 1962, 767-774.
Dessauer, H. C, Fox, W. and Ramirez, J. R. (1957). Preliminary attempt to correlate
paper-electrophoretic migration of hemoglobins and phylogeny in Amphibia and
Reptilia. Archs Biochem. Biophys. 71, 11-16.
Deutsch, H. F. and McShan, W. H. (1949). Biophysical studies of blood plasma proteins.
XII Electrophoretic studies of the blood serum proteins of some lower animals. J. biol.
Chem. 180, 219-234.
Dill, D. B. and Edwards, Η. Τ. (1931a). Respiration and metabolism of a young crocodile.
(Crocodylus acutus Cuvier). Copeia. 1931, 1-3.
Dill, D. B. and Edwards, Η. Τ. (1931b). Physiochemical properties of crocodile blood
(Crocodilus adus, Cuvier).J. biol. Chem. 90, 515-530.

1. BLOOD CHEMISTRY OF REPTILES

59

Dill, D. B. and Edwards, Η. Τ. (1935). Properties of reptilian blood. IV. The alligator
(Alligator mississippiensis Daudin). J. cell. comp. Physiol. 6, 243-254.
Dill, D. B., Edwards, H. T., Bock, A. V. and Talbott, J. H. (1935). Properties of reptilian
blood. III. The chuckwalla (Sauromalus obesus Baird). J. cell. comp. Physiol. 6, 37-42.
DiMaggio, A. III (1961). Effects of glucagon and insulin on carbohydrate metabolism in a
lizard. Fedn Proc. Fedn Am. Socs exp. Biol. 20, 175.
DiMaggio, A. III (1961/62). Hormonal regulation of growth in a lizard, Anolis carolinensis.
Diss. Abstr. 22, 415.
DiMaggio, Α., III and Dessauer, H. C. (1963). Seasonal changes in glucose tolerance and
glycogen disposition in a lizard. Am. J. Physiol. 204, 677-680.
Dittmer, D. S. (ed.) (1961). "Blood and other Body Fluids". Biological Handbooks.
Federation of American Society for Experimental Biology, Washington, D.C.
Dontcheff, L. and Kayser, C. (1937). Les effets des variations de la temperature ambiante
sur le quotient respiratoire et la reserve alcaline de la tortuc. C. r. Séanc. Soc. Biol. 124,
364-366.
Dorst, S. Ε. and Mills, C. A. (1923). Comparative studies on blood clotting in mammals,
birds and reptiles. Am.J. Physiol. 64, 160-166.
Downs, C. M. (1928). Anaphylaxis. VII. Active anaphylaxis in turtles. J. Immun. 15, 77-81.
Dozy, A. M., Reynolds, C. Α., Still, J. M. and Huisman, T. H. J. (1964). Studies on
animal hemoglobins. I. Hemoglobins in turtles. J. exp. Zool. 155, 343-347.
Drilhon, A. and Marcoux, F. (1942). Etude biochimique du sang et de l'urine ďun chélonienne: Testudo mauritanica. Bull. Soc. Chim. biol. 24, 103-107.
Drilhon, Α., Fontaine, Μ. and Raffy, A. (1937). Recherches sur la composition chimique
du milieu intérieur et sur le metabolisme respiratoire de Thalassochelys Caretta. L. Bull.
Inst. océanogr. Monaco. 720, 1-6.
Duguy, R. (1962). Biologie de la latence hivernale chez Vipera aspis L. Vie Milieu. 14, 311443.
Duguy, R. (1963). Données sur le cycle annuel du sang circulant chez Anguis fragilis L.
Bull. Soc. zool. Fr. 88, 99-108.
Dujarric de la Riviere, R., Eyquem, A. and Fine, J. (1954). Les hémagglutinines et
hémagglutinogénes du sang de Vipera aspis. Experientia. 10, 159-165.
Dunlap, C. E. (1955). Notes on the visceral anatomy of the giant leatherback turtle
(Dermochelys Coriacea Linnaeus). Bull. Tulane med. Fac. 14, 55-69.
Dunson, W. A. and Taub, A. M. (1967). Extrarenal salt excretion in sea snakes (Laticauda).
Am. J. Physiol. 213, 975-982.
Dunson, W. A. and Weymouth, R. D. (1965). Active uptake of sodium by soft-shell
turtles (Trionyx spinifer). Science, N.Y. 149, 67-69.
Edsall, J. T. and Wyman, J. (1958). "Biophysical Chemistry" Academic Press, New York,
Vol. I, Chap. 10.
Edwards, H. T. and Dill, D. B. (1935). Properties of reptilian blood. II. The Gila monster
(Heloderma suspectum Cope).J. cell. comp. Physiol. 6, 21-35.
Ehrensing, R. H. (1964). Plasma oxytocinase, cystine and leucine napthylamidases of
snake, turtle and chicken. Proc. Soc. exp. Biol. Med. 117, 370-373.
Engle, R. L., Jr. and Woods, K. R. (1960). Comparative biochemistry and embryology.
In "The Plasma Proteins" (F. W. Putnam, ed.). Academic Press, New York, Vol. II,
pp. 183-265.
Erdós, E. G., Miwa, I. and Graham, W. J. (1967). Studies on the evolution of the plasma
kinins: Reptilian and avian blood. Life Sciences. 6, 2433-2439.
Evans, Ε. Ε. (1963a). Antibody response in Amphibia and Reptilia. Fedn Proc. Fedn Am.
Socs exp. Biol. 22, 1132-1137.

60

HERBERT C. DESSAUER

Evans, E. E. (1963b). Comparative immunology. Antibody response in Dipsosaurus dorsalis
at different temperatures. Proč. Soc. exp. Biol. Med. 112, 531-533.
Evans, Ε. Ε. and Cowles, R. B. (1959). Effect of temperature on antibody synthesis in the
reptile, Dipsosaurus dorsalis. Proc. Soc. exp. Biol. Med. 101, 482-483.
Evans, Ε. Ε., Kent, S. P., Attleberger, M. H., Sieberg, C, Bryant, R. E. and Booth, B.
(1965). Antibody synthesis in poikilothermic vertebrates. Ann. N.Y. Acad. Sci. 126,
629-646.
Fandard, L. and Ranc, A. (1912). Sur lc sucre du sang de la Tortue de mer. C. r. Séanc.
Soc. Biol. 2, 437-438.
Fantl, P. (1961). A comparative study of blood coagulation in vertebrates. Aust. J. exp.
Biol. med. Sci. 39,403-412.
Farer, L. S., Robbins, J., Blumberg, B. S. and Rail, J. E. (1962). Thyroxine-serum protein
complexes in various animals. Endocrinology. 70, 686-696.
Favour, C. B. (1958). Comparative immunology and the phylogeny of homotransplantation. Ann. N.Y. Acad. Sci. 73, 590-598.
Fine, J., Groulade, J. and Eyquem, A. (1954). Etude par microélectrophorěse sur papier
du sérum de Vipera aspis et Vipera ursini. Annls Inst. Pasteur, Paris 86, 378-381.
Finlayson, R. (1964). Vascular disease in captive animals. Symp. zool. Soc. Lond. 11,
, 99-106.
Foglia, V. G., Wagner, Ε. Μ., DeBarros Μ. and Marques, Μ. (1955). La diabetes por
pancreatectomia en la tortuga normal e hipofisopriva. Rev. Soc. argent. Biol. 31, 87-95.
Fox, W. and Dessauer, H. C. (1965). Collection of garter snakes for blood studies. Yb Am.
phil. Soc. 1964, 263-266.
Fox, A. M. and Musacchia, X. J. (1959). Notes on the pH of the digestive tract οf Chrysemys picta. Copeia 1959, 337-339.
Frair, W. (1962a). Comparative serology of turtles with systematic implications. Diss.
Abstr. 23, 2262.
Frair, W. (1962b). Current studies of Chelonian serology. Bull, serol. Mus. New Brunsw.
27,7-8.
Frair, W. (1963). Blood group studies with turtles. Science, 140, 1412-1414.
Frair, W. (1964). Turtle family relationships as determined by serological tests. In
"Taxonomic Biochemistry and Serology" (C. A. Leone, ed.). Ronald Press, New York,
pp. 535-544.
Frankel, H. M., Steinberg G. and Gordon, J. (1966). Effects of temperature on blood
gases, lactate and pyruvate in turtles, Pseudemys scripta elegans, in vivo. Comp. Biochem.
Physiol. 19, 279-283.
Gandal, C. P. (1958). A practical method of obtaining blood from anesthetized turtles by
means of cardiac puncture. Zoologica, N.Y. 43, 93-94.
Gaumer, A. E. H. and Goodnight, C. J. (1957). Some aspects of the hematology of turtles
as related to their activity. Am. Midl. Nat. 58, 332-340.
Gaunt, A. S. and Gans, C. (1969). Diving bradycardia and withdrawal bradycardia in
Caiman crocodilus. Nature, Lond. 223 (5202), 207-208.
Gee, L. L. (1941). Defences against trout furunculosis J. Bact. 41, 266-267.
Georgatsos, J. G. (1960). The amino acid composition of the haemoglobin of the turtle
Emys caspica. Enzymologia 22, 13-16.
Gerzeli, G. (1954). Osservazioni d'istochimica comparata: i polisaccaridi negii elementi
ematici circolanti dei Vertebrati inferiori. Arch. zool. ital. 39, 1-14.
Gerzeli, G., Casati, C. and Gennaro, A. M. (1956). I volumi nucleari e cellulari in rciazione
al tenore di acido desossiribonucleico in eritrociti di alcune specie di Vertebrati. Riv.
Istochin. Norm. Path. 110, 149-154.

1. BLOOD CHEMISTRY OF REPTILES

61

Gilles-Baillien, M. and Schoffeniels, F. (1965). Variations saisonniěres dans la composition
du sang de la tortue grecque Testudo hermanni J. F. Gmelin. Anns Soc. r. zool. Belg. 95,
75-79.
Girgis, S. (1961). Aquatic respiration in the common Nile turtle Trionyx triunguis (Forskál). Comp. Biochem. Physiol. 3, 206-217.
Goin, C. J. and Jackson, C. G. (1965). Hemoglobin values of some amphibians and reptiles
from Florida. Herpetologica 21, 145-146.
Goodcase, G. D., Cornelius, C. E. and Freedland, R. A. (1964). Plasma and tissue arginase
activities in exotic animal species. Cornell Vet. 54, 50-56.
Gordon, J. and Frankel, Η. Μ. (1963). Turtle blood gas composition at different body
temperatures. Bull. New Jers. Acad. Sci. 8, 23.
Gorman, G. C. and Dessauer, H. C. (1965). Hemoglobin and transferrin electrophoresis
and relationships of island populations οf Anolis lizards. Science, N.Y. 150, 1454-1455.
Gorman, G. C. and Dessauer, H. C. (1966). The relationships of Anolis of the roquet
species group (Sauria: Iguanidae)-I. Electrophoretic comparison of blood proteins.
Comp. Biochem. Physiol. 19, 845-853.
Graham-Smith, G. S. (1904). Blood relationships amongst lower vertebrata and arthropods, etc. as indicated by 2,500 tests with precipitating antisera. In "Blood Immunity
and Blood Relationship" (G. H. F. Nuttall ed.). Cambridge Univ. Press, London,
pp. 336-380.
Gratzer, W. B. and Allison, A. C. (1960). Multiple hemoglobins. Biol. Rev. 35, 459-506.
Gregoire, C. and Taynon, H. J. (1962). Blood coagulation. In "Comparative Biochemistry"
(M. Florkin and H. S. Mason, eds). Vol. IV, Academic Press, New York, pp. 435-482.
Grollman, A. (1927). The condition of the inorganic phosphorus of the blood with special
reference to the calcium concentration. J. biol. Chem. 72, 565-572.
Grundhauser, J. W. (1960). Water balance in the turtle in response to season and hypothermia. Diss. Abstr. 20, 3803-3804.
Hackenbrock, C. R. and Finster, M. (1963). Fluothane: a rapid and safe inhalation anesthetic for poisonous snakes. Copeia 440-441.
Hackett, E. and Hann, C. (1967). Slow clotting of reptile blood, J. Comp. path. 77,175-180.
Hadley, N. F. and Burns, T. A. (1968). Intraspecific comparison of the blood properties of
the side blotched lizard, Uta stansburiana. Copeia 1968, 737-740.
Haggag, G., Raheem, K. A. and Khalil, F. (1965). Hibernation in reptiles. I. Changes in
blood electrolytes. Comp. Biochem. Physiol. 16, 457-465.
Haggag, G., Raheem, K. A. and Khalil, F. (1966). Hibernation in reptiles. II. Changes in
blood glucose, haemoglobin, red blood cell count, protein and non-protein nitrogen.
Comp. Biochem. Physiol. 17, 335-339.
Hahn, W. E. (1965). Physiological and cytological aspects of vitellinogenesis and fat
mobilization stimulated by 1717p-estradiol in Uta stansburiana. Diss. Abstr. 26, 2296-2297.
Hahn, W. E. (1967). Estradiol-induced vitellinogenesis and concomitant fat mobilization
in the lizard Uta stansburiana. Comp. Biochem. Physiol. 23, 83-93.
Haning, Q_. C. and Thompson, A. M. (1965). A comparative study of tissue carbon dioxide
in vertebrates. Comp. Biochem. Physiol. 15, 17-26.
Henderson, L. J. (1928). "Blood: A Study in General Physiology". Yale University Press.
Herbert, J. D., Coulson, R. A. and Hernandez, T. (1966). Free amino acids in the caiman
and rat. Comp. Biochem. Physiol. 17, 583-598.
Hernandez, T. and Coulson, R. A. (1951). Biochemical studies on the Iguana. Proc. Soc.
exp. Biol. Med. 76, 175-177.
Hernandez, Τ. and Coulson, R. A. (1952). Hibernation in the alligator. Proc. Soc. exp.
Biol. Med. 79, 145-149.

62

63

HERBERT C. DESSAUER

1. BLOOD CHEMISTRY OF REPTILES

Hernandez, T. and Coulson, R. A. (1954). The effect of Carbonic anhydrase inhibition on
the composition of urine and plasma of the alligator. Science, N.Y. 119, 291-292.
Hernandez, T. and Coulson, R. A. (1956). Sympathomimetic action of the xanthine
diuretics in the alligator. Am. Jf. Physiol. 185, 201-204.
Hernandez, T. and Coulson, R. A. (1957). Inhibition of renal tubular function by cold
Am. Jf. Physiol. 188, 485-489.
Hernandez, T. and Coulson, R. A. (1958). Metabolic acidosis in the alligator. Proc Soc
exp. Biol. Med. 99, 525-526.
Hernandez, T. and Coulson, R. A. (1961). The effect of insulin on amino acid metabolism
Biochem. J. 79, 596-605.
Hernandez, T. and Coulson, R. A. (1967). Extracellular-intracellular amino acid equilibria
in caimans and turtles. Comp. Biochem. Physiol. 20, 291-298.
Hernandez, T. and Coulson, R. A. (1968). Effect of insulin on free amino acids in caiman
tissue and plasma. Comp. Biochem. Physiol. 26, 991-996.
Hildemann, W. H. (1962). Immunogenetic studies of amphibians and reptiles. Ann
N.Y. Acad. Sci. 97,139-152.
Hirschfeld, W. J. and Gordon, A. S. (1961). Studies of erythropoiesis in turtles. Anat
Rec. 139, 306.
Hirschfeld, W. J. and Gordon, A. S. (1964). Erythropoietic response of the turtle {Pseudemys scripta elegans) to bleeding. Am. Zool. 4, 305
Hirschfeld, W. J. and Gordon, A. S. (1965). The effect of bleeding and starvation on blood
volumes and peripheral hemogram of the turtle, Pseudemys scripta elegans. Anat. Rec.
153,317-324.
Hoffert, J. R. and Fromm, P. O. (1964). In vitro uptake of hexavalent chromium by
erythrocytes, liver, and kidney tissue of the turtle, Chrysemys picta. Physiol. Zool. 37,
224-230.
Holmes, W. N. and McBean, R. L. (1964). Some aspects of electrolyte excretion in the
green turtle, Chelonia mydas mydas. Jf. exp. Biol. 41, 81-90.
Holmes, R. S., Masters, C. J. and Webb, E. C. (1968). A comparative study of vertebrate
esterase multiplicity. Comp. Biochem. Physiol. 26, 837-852.
Hopping, A. (1923). Seasonal changes in the gases and sugar of the blood and the nitrogen
distribution in the blood and urine of the alligator. Am.Jf. Physiol. 66, 145-163.
Houssay, B. A. and Biasotti A. (1933). Hipofisis of diabetes pancreatica en los batracios y
los reptiles. Revta argent. Biol. 9, 29-33.
Hutton, K. E. (1958). The blood chemistry of terrestrial and aquatic snakes. J. Cell. comp.
Physiol. 52,319-328.
Hutton, Κ. Ε. (1960). Seasonal physiological changes in the red-eared turtle, Pseudemys
scripta elegans. Copeía 1960, 360-362.
Hutton, K. E. (1964). Effects of hypothermia on turtle blood glucose. Herpetologica
20,129-131.
Hutton, K. E. and Goodnight, C. J. (1957). Variations in the blood chemistry of turtles
under active and hibernating conditions. Physiol. Zool. 30, 198-207.
Hutton, K. E. and Ortman, R. (1957). Blood chemistry and parietal eye of Anolis carolinensis. Proc. Soc. exp. Biol. Med. 96, 842-844.
Issekutz, B. and Végh, F. (1928). Beitrage zur Wirkung des Insulins. III. Mitteilung:
Wirkung auf den Gasstoffwechsel der Schildkróte. Biochem. Z. 92, 383-389.
Izard, Υ., Detrait, J. and Boquet, P. (1961). Variations saisonniěres de la composition du
sang de Vipera aspis. Annls Inst. Pasteur, Paris 100, 539-545.
Jackson, C. G., Jr. and Legendre, R. C. (1967). Blood serum cholesterol levels in turtles.
Comp. Biochem. Physiol. 20, 311-312.

Jacques, F. A. (1963). Blood coagulation and anticoagulant mechanisms in the turtle
Pseudemys elegans. Comp. Biochem. Physiol. 9, 241-249.
Jacques, F. A. and Musacchia, X. J. (1961). Variations in concentrations of a metachiOmatic staining anti-coagulant in plasma of the turtle, Pseudemys scripta elegans. Copeia
222-223.
Jenkins, N. K. and Simkiss, K. (1968). The calcium and phosphate metabolism of reproducing reptiles with particular reference to the adder {Vipera berus). Comp. Biochem.
Physiol. 26, 865-876.
Jensen, H. B. and With, Τ. Κ. (1939). Vitamin A and carotenoids in the liver of mammals,
birds, reptiles and man, with particular regard to the intensity of the ultraviolet absorption and the Carr-Price reaction of vitamin A. Biochem. J. 33, 1771-1786.
Johlin, J. M. and Moreland, F. B. (1933). Studies of the blood picture of the turtle after
complete anoxia. Jf. biol. Chem. 103, 107-114.
Kanungo, Μ. S. (1961). Haemoglobin concentration in the blood of some vertebrates.
J. zool. Soc. India. 13, 113-115.
Kaplan, Η. Μ. (1956). Anticoagulants isotonic with turtle blood. Herpetologica 12,
269-272.
Kaplan, Η. Μ. (1960a). Variation with age of the electrophoretic protein pattern in turtle
blood. Herpetologica 16, 202-206.
Kaplan, Η. Μ. (1960b). Electrophoretic analysis of protein changes during growth of
Pseudemys turtles. Anat. Rec. 138, 359.
Kaplan, Η. Μ. and Rueff, W. (I960). Seasonal blood changes in turtles. Proc. Anim. Care
Panel 10, 63-68.
Kaplan, H. M. and Taylor, R. (1957). Anesthesia in turtles. Herpetologica 13, 43-45.
Kaplan, Ν. Ο. (1965). Evolution of dehydrogenases. In "Evolving Genes and Proteins"
(V. Bryson and H. J. Vogel, eds.). Academic Press, New York, pp. 243-277.
Karlstrom, E. L. and Cook, S. F., Jr. (1955). Notes on snake anesthesia. Copeia 57-58.
Karr, W. G. and Lewis, Η. Β. (1916). A comparative study of the distribution of urea in
the blood and tissues of certain vertebrates with special reference to the hen. Jf. Am.
chem. Soc. 38,1615-1620.
Kellaway, C. H. and Williams, F. E. (1931). The serological and blood relationships of
some common Australian snakes. Aust. J. exp. Biol. med. Sci. 8, 123-132.
Kerr, S. E. and Daoud, L. (1935). A study of the organic acid-soluble phosphorus of the
erythrocytes of various vertebrates. J. biol. Chem. 109, 301-315.
Khalil, F. (1947). Excretion in reptiles. I. Non-protein nitrogen constituents of the urine
of the sea-turtle Chelone mydas L. J. biol. Chem. 171, 611-616.
Khalil, F. and Abdel-Messeih, G. (1954). Water content of tissues of some desert reptiles
and mammals. J. exp. Zool. 125, 407-414.
Khalil, F. and Abdel-Messeih, G. (1959a). Water, nitrogen and lipids content of tissues of
Varanus griseus Daud. Z. vergl. Physiol. 42, 403-409.
Khalil, F. and Abdel-Messeih, G. (1959b). The storage of extra water by various tissues of
Varanus griseus Daud. Z. vergl. Physiol. 42,415-421.
Khalil, F. and Abdel-Messeih, G. (1961). Effect of water deficit and water excess on the
composition of the blood of Varanus griseus Daud. Z. vergl. Physiol. 45, 82-87.
Khalil, F. and Abdel-Messeih, G. (1962). Tissue constituents of reptiles in relation to
their mode of life-I. Water content. Comp. Biochem. Physiol. 5, 327-330.
Khalil, F. and Abdel-Messeih, G. (1963). Tissue constituents of reptiles in relation to their
mode of life III. Nitrogen content and serum proteins. Comp. Biochem. Physiol. 9,75-79.
Khalil, F. and Yanni, M. (1959). Studies on carbohydrates in reptiles. I. Glucose in body
fluids of Uromastix aegyptia. Z. vergl. Physiol. 4 2 , 1 9 2 - 1 9 8 .
. . .. ·....

64

65

HERBERT C. DESSAUER

1. BLOOD CHEMISTRY OF REPTILES

Kmetova, S. and Paulov, Š. (1966). Protein spectra of the blood serum of colubrid snakes
Natrix natrix natrix L. and Natrix tessellata Laur. Acta. Fac. Rerum nat. Univ comen
Bratisl. Zool. 23, 251-254.
Korzhuev, P. A. and Kruglova, G. V. (1957). Muscle hemoglobin of the desert tortoise
Chem. Abstr. 51, 2189i.
Kuwajima, Y. (1953). Immunological researches on the main Formosan poisonous snakes
especially on the venoms. I. Classification of poisonous snakes in Formosa by means of
serological methods based on employing snake blood-sera as antigens. Jap J. exp Med
23,21- 25.
Laskowski, Μ. (1936). Uber das Vorkommen des Serumvitellins im Blute der Wirbeltiere
Biochem. Z. 284, 318-321.
Latin, M., Shamloo, K. D. and Amin, A. (1965). Characteristic electrophoretic patterns of
serum proteins of several species of snakes of Iran. Can.J. Biochem. 43, 459-461.
LeBrie, S. J. and Sutherland, I. D. W. (1962). Renal function in water snakes. Am. J.
Physiol. 203, 995- 1000.
Leiner, M., Beck, H. and Eckert, H. (1962). Uber die Kohlensaure-Dehydratase in den
einzelnen Wirbeltierklassen. Hoppe-SeyleisZ. physiol. Chem. 327, 144-165.
Leone, C. A. and Wilson, F. E. (1961). Studies of turtle sera. I. The nature of the fastestmoving electrophoretic component in the sera of nine species. Physiol. Zool. 34, 297305.
Lerch, E. G., Huggins, S. E. and Bartel, A. H. (1967). Comparative immunology. Active
immunization of young alligators with hemocyanin. Proc. Soc. exp. Biol. Med. 124,
448-451.
Lewis, J. Η. (1964). Studies on the plasma proteins of various vertebrates. Protides biol.
Fluids 12, 149-154.
Liang, C. (1957). The formation of complexes between haemoglobins and plasma proteins
in a variety of animals. Biochem. J. 66, 552-558.
Lockwood, A. P. M. (1961). "Ringer" solutions and some notes on the physiological basis
of their ionic composition. Comp. Biochem. Physiol. 2, 241-289.
Lopes, N. (1955). The action of alloxan in the turtle Pseudemys d'orbignyi D and B. Acta
physiol. latinoam. 5, 39-45.
Lopes, N., Wagner, E., Barros, M. and Marques, M. (1954). Glucose, insulin and epinephrine tolerance tests in the normal and hypophysectomized turtle "Pseudemys d'orbignyi". Acta physiol. latinoam. 4, 190-199.
Luck, J. M. and Keeler, L. (1929). The blood chemistry of two species of rattlesnakes,
Crotalus atrox and Crotalus oregonus. J. biol. Chem. 82, 703-707.
Lund, C, McMenamy, R. H. and Neville, G. J. (1957). A syringe attachment for decalcification of small quantities of blood. Am. J. clin. Path. 28, 328-330.
Lustig, B. and Ernst, T. (1936). Uber den Eiweisszucker, Eiweissgehalt und Kohlenhydratindex der Sera und Korperflussigkeiten verschiedener Tierarten. Biochem. Z.
289,365-389.
Lyman, R. Α., Jr. (1945). The anti-haemolytic function of calcium in the blood of the
snapping turtle, Chelydra serpentina. J. cell. comp. Physiol. 25, 65-73.
Macfarland, R. G. and Robb-Smith, Α. Η. Τ. (1961). "Function of the blood". Academic
Press, New York.
Maizels, M. (1956). Sodium transfer in tortoise erythrocytes. J. Physiol. Land. 132, 414441.
Maldonado, A. A. and Ortiz, E. (1966). Electrophoretic patterns of serum proteins of some
West Indian Anolis (Sauria: Iguanidae) Copeia 179.
Manwell, C. P. (1958). The Repiratory Pigments. Diss. Abstr. 18, 1475-1476.

Manwell, C. (1960). Comparative physiology: Blood pigments. A. Rev. Physiol. 22, 191244.
Manwell, C, Baker, C. Μ. Α., Roslansky, J. D. and Foght, M. (1963). Molecular genetics
of avian proteins, II. Control genes and structural genes for embryonic and adult
hemoglobins. Proc. nat. Acad. Sci. U.S.A. 49, 496-503.
Manwell, C. and Schlesinger, C. V. (1966). Polymorphism of turtle hemoglobin and geographical differences in the frequency of variants οf Chrysemys picta "slow" hemoglobinan example of "Temperature anti-adaptation" ? Comp. Biochem. Physiol. 18, 627-637.
Marques, M. (1955a). Efeitos da pancreatectomia parcial na tartaruga Phrynops hilarii.
Revta. bras. Biol. 15, 349-354.
Marques, M. (1955b). Accion diabetogena de la smoatotrofina en la tortuga Phrynops
hilarii. Revta. Soc. argent. Biol. 31, 177-183.
Marques, M. (1967). Effects of prolonged glucagon administration to turtles {Chrysemys
d'orbignyi). Gen. Comp. Endocrinei. 9, 102-109.
Marques, Μ. and Kraemer, A. (1968). Extractable insulin and glucagon from turtle's
(Chrysemys d'orbignyi) pancreas. Comp. Biochem. Physiol. 27, 439-446.
Masat, R. J. and Dessauer, H. C. (1966). Plasma albumin of reptiles. Fedn Proc. Fedn Am.
Socs exp. Biol. 25, 704.
Masat, R. J. and Dessauer, H. C. (1968). Plasma albumins of reptiles. Comp. Biochem.
Physiol. 25,119-128.
Masat, R. J. and Musacchia, X. J. (1965). Serum protein concentration changes in the
turtle, Chrysemys picta. Comp. Biochem. Physiol. 16, 215-225.
McCay, C. M.(1931). Phosphorus distribution, sugar, and hemoglobin in the blood offish,
eels, and turtles. J. biol. Chem. 90, 497-505.
McCutcheon, F. H. (1947). Specific oxygen affinity of hemoglobin in elasmobranchs and
turtles. J. cell. comp. Physiol. 29, 333-344.
McMenamy, R. H. and Watson, F. (1968). Indole-albumin association: a comparative
study. Comp. Biochem. Physiol. 26, 392-335.
Menon, K. R. (1952). A comparative study of the protein concentration of the blood
plasma in some representative vertebrates. J. Univ. Bombay. 20B, 19-23.
Menon, K. R. (1954). The glucose and fat levels in the blood of five representative
vertebrates, J. Anim. Mor ph. Physiol. 1, 65-68.
Menon, K. R. (1955). The oxyphoric capacity of the blood in five representative vertebrates. J. Anim. Morph. Physiol. 1, 78-81.
Menon, K. R. and Sathe, A. M. (1959). Free amino-acids in the blood of some vertebrates.
Curr. Sci. 28, 401-402.
Michaelis, L. and Nakashima, T. (1923). Eine weitere Methode zur Bestimmung des
isoelektrischen Punktes von Eiweisskorpern und ihre Anwendung auf die Serumalbumine verschiedener Tiere. Biochem. Z. 143, 484-491.
Millen, J. E., Murdaugh, H. V., Jr., Bauer, C. B. and Robin, E. D. (1964). Circulatory
adaptation to diving in the freshwater turtle. Science, N.Y. 145, 591-593.
Miller, M. R. (1960). Pancreatic islet histology and carbohydrate metabolism in amphibians
and reptiles. Diabete 9, 318-323.
Miller, M. R. (1961). Carbohydrate metabolism in amphibians and reptiles. In "Comparative Physiology of Carbohydrate Metabolism in Heterothermic Animals" (A. W.
Martin, ed.). Univ. Washington Press, Seattle, pp. 125-145.
Miller, M. R. and Wurster, D. H. (1956). Studies on the blood glucose and pancreatic
islets of lizards. Endocrinology 58, 114-120.
Miller, M. R. and Wurster, D. H. (1958). Further studies on the blood glucose and pancreatic islets of lizards. Endocrinology 63, 191-200,

67

HERBERT C. DESSAUER

1. BLOOD CHEMISTRY OF REPTILES

Miller, M. R. and Wurster, D. H. (1959). The morphology and physiology of the pancreatic islets in urodele amphibians and lizards. In "A Textbook of Comparative
Endocrinology"(A. Gorbman, ed.). Wiley, New York, pp. 668-680.
Mirsky, A. E. and Ris, H. (1951). The desoxyribonucleic acid content of animal cells and
its evolutionary significance, J. gen. Physiol. 34, 451-462.
Moberly, W. R. (1968a). The metabolic responses of the common iguana, Iguana iguana,
to activity under restraint. Comp. Biochem. Physiol. 27, 1-20.
Moberly, W. R. (1968b). The metabolic responses of the common iguana, Iguana iguana,
to walking and diving. Comp. Biochem. Physiol. 27, 21-32.
Morrison, P. R., Scudder, C. and Blatt, W. (1951). The solubilities of some vertebrate
fibrinogens in plasma-ethanol mixtures. Biol. Bull. mar. biol. Lab., Woods Hole 101,
171-177.
Mullen, R. K. (1962). The effect of calcium on the electrocardiogram of two iguanid
lizards. Copeia 1962, 269-272.
Munday, K. A. and Blane, G. F. (1961). Cold stress of the mammal, bird and reptile.
Comp. Biochem. Physiol. 2, 8-21.
Murdaugh, H. V., Jr. and Jackson, J. E. (1962). Heart rate and blood lactic acid concentration during experimental diving of water snakes. Am. J. Physiol. 202, 1163-1165.
Murphy, G. P., Sharp, J. C, Johnston, G. S. and Helms, J. B. (1964). Cross-species
measurement of regional circulatory alterations during osmotic diuresis and other states.
I. Observations on primate, ovine, canine, fowl and reptile. Invest. Urol. 2, 82-91.
Murphy, R. C. and Seegers, W. H. (1948). Concentration of prothrombin and Ac-globulin
in various species. Am. J. Physiol. 154, 134-139.
Musacchia, X. J. (1959). The viability οf Chrysemys picta submerged at various temperatures. Physiol. Zoöl. 32, 47-50.
Musacchia, X. J. and Chladek, Μ. Ι. (1961). Investigations of the cloacal bladders in
turtles. Am. Zoöl. 1, 376.
Musacchia, X. J. and Grundhauser, J. W. (1958). Water content in turtle tissues. Fedn
Proc. Fein Am. Socs exp. Biol. 17, 115.
Musacchia, X. J. and Sievers, M. L. (1956). Effects of induced cold torpor on blood of
Chrysemys picta. Am. J. Physiol. 187, 99-102.
Musacchia, X. J. and Sievers, M. L. (1962). Effects of cold torpor and fasting on the
eiythrocytes of the turtle, Pseudemys elegans. Tram. Am. microsc. Soc. 81, 198-201.
Nair, S. G. (1955a). The non-protein nitrogen in the blood of some reptiles and mammals.
J. Anim. Morph. Physiol. 2, 96-100.
Nail, S. G. (1955b). The oxyphoric capacity of the blood of some reptiles and mammals.
J. Anim. Morph. Physiol. 1, 48-54.
Nair, S. G. (1958). A study of the plasma proteins of some reptiles and mammals. J.
Anim. Morph. Physiol. 5, 95-100.
Nair, S. G. (1960). Free amino acids in the blood of some reptiles and mammals./ Anim.
Morph. Physiol. 7,98-100.
Nakamura, E. (1960). Das mehrfache Hämoglobin. III. Amphibien and Reptilien.
Lymphatologia, Kyoto 4, 52-59.
Nakamura, S., Tominaga, S., Katsuno, A. and Murakawa, S. (1965). Specific reaction of
concanavalin-A with sera of various animals. Comp. Biochem. Physiol. 15, 435-444.
Nayler, W. G., Price, J. M. and Lowe, T. E. (1965). The presence of a substance with
positive inotropic activity in blood plasma of a variety of animals. Comp. Biochem.
Physiol. 15, 503-507.
Nera,M. C. D. (1925).Richerche chimiche, fisico-chimiche e morfologiche sul sangue di Testudo graeca nell'estate e duranteil sonno invernale. Boll. lst.Zool.R. Univ.Roma 3,71—85.

Neuzil, E. and Masseyeff, R. (1958). Parénte immunochimique entre le sérum humain et
celui de divers animaux: étude immunoéléctrophorétique. C. r. Séanc. Soc. Biol. 152,
599-603.
Newcomer, R. J. and Crenshaw, J. W. (1967). Electrophoretic comparison of blood
proteins of two closely related species of South American tortoises. Copeia 1967,481-483.
Ozawa, H. and Satake, K. (1955). On the species difference of N-terminal amino acid
sequence in hemoglobin, J. Biochem., Tokyo 42, 641-648.
Payne, H. J. and Burke, J. D. (1964). Blood oxygen capacity in turtles. Am. Midl. Nat.
71,460-465.
Pearson, D. D. (1966). Serological and immunoelectrophoretic comparisons among species
of snakes. Dissertation, University Kansas. Lawrence, Kansas. Abstracted in: Bull.
serol. Mus., New Brunsw. 36, 8.
Penhos, J. C, Houssay, B. A. and Lujan, M. A. (1965). Total pancreatectomy in lizards.
Effects of several hormones. Endocrinology 76, 989-993.
Pettus, D. (1958). Water relationships in Natrix sipedon. Copeia 1958, 207-211.
Philpot, V. B. and Smith, R. G. (1950). Neutralization of pit viper venom by king snake
serum. Proc. Soc. exp. Biol. Med. 74, 521-523.
Pienaar, U. de V. (1962). "Haematology of some South African reptiles". Witwatersrand
University Press, Johannesburg.
Placidi, L. and Placidi, M. (1960). Studies on the anaphylactic shock in the lower vertebrates. Negative attempts at sensitization in tortoises and snakes. Annls. Inst. Pasteur,
Paris 98,463-466.
Plagnol, H. and Vialard-Goudou, A. (1956). Electrophorese sur papier du serum de
différents serpents. Annls Inst. Pasteur, Paris 90, 276-281.
Pough, F. H. (1969). Environmental adaptations in the blood of lizards. Comp. Biochem.
Physiol. 15, 885-901.
Prado, J. L. (1946a). A glicemia normal nos ofidios. Mems Inst. Butantan 19, 59-68.
Prado, J. L. (1946b). Glucose tolerance test in Ophidia and the effect of feeding on their
glycemia. Revue can. Biol. 5, 564-569.
Prado, J. L. (1946c). Inactive (non-oxygen-combining) hemoglobin in the blood of
Ophidia and dogs. Science, N.Y. 103, 406.
Prado, J. L. (1947). Effects of adrenalin and insulin on the blood sugar of Ophidia {Bothrops
jararaca). Revue can. Biol. 6, 255-263.
Prosser, C. L., Bishop, D. W., Brown, F. A. Jr., John, T. L. and Wulff, V. J. (1950).
"Comparative Animal Physiology". Saunders, Philadelphia.
Prosser, R. L., III and Suzuki, H. K. (1968). The effects of estradiol valerate on the serum
and bone of hatchling and juvenile caiman crocodiles {Caiman sclerops). Comp. Biochem.
Physiol. 25, 529-534.
Putnam, F. W. (Ed.) (1960). "The Plasma Proteins" 2 Vols. Academic Press, New York.
Putnam, F. W. (1965). Structure and function of the plasma proteins. In "The Proteins"
(H. Neurath, ed.). Vol. III, Academic Press, New York, pp. 153-267.
Rabalais, R. (1938). Observations on the blood of certain reptiles, pisces, mollusca, and one
amphibian of the Grand Isle region. Proc. La. Acad. Sci. 4, 142-148.
Ramirez, J. R. and Dessauer, H. C. (1957). Isolation and characterization of two hemoglobins found in the turtle, Pseudemys scripta elegans. Proc. Soc. exp. Biol. Med. 96,
690-694.
Ramsey, Η. J. (1941). A comparative study of hemoglobin denaturation. J. cell. comp.
Physiol. 18, 369-377.
Rao, C. A. P. (1968). The effect of steroids on the serum protein fractions of the tortoise
Testudo elegans Schoepff. Comp. Biochem. Physiol. 26, 1119-1122.

66

68

HERBERT C. DESSAUER

Rao, C. A. P. and David, G. F. X. (1967). The effect of certain steroids on the serum
protein concentrations of the lizard, Uromastix hardwickii Gray. Gen. Comp. Endocrinol
9, 227-233.
Rapatz, G. L. and Musacchia, X. J. (1957). Metabolism of Chrysemys picta during fasting
and during cold torpor. Am. J. Physiol. 188, 456-460.
Rapoport, S. and Guest, G. M. (1941). Distribution of acid-soluble phosphorus in the
blood cells of various vertebrates. J. biol. Chem. 138, 269-282.
Rapoport, S., Leva, E. and Guest, G. M. (1941). Phytase in plasma and erythrocytes of
various species of vertebrates. J. biol. Chem. 139, 621-632.
Rapoport, S., Leva, E. and Guest, G. M. (1942). Acid and alkaline phosphatase and
nuckophosphatase in the erythrocytes of some lower vertebrates. J. cell. comp. Physiol
19,103-108.
Redficld, A. C. (1933). The evolution of the respiratory function of the blood. Q. Rev.
Biol. 8,31-57.
Rhaney, M. C. (1948). Some aspects of the carbohydrate metabolism of the kingsnake
{Lampropeltis getulus floridand). Diss. Abstr. 8, 158-159.
Ribeiro, L. P., Mitidieri, E. and Villela, G. G. (1955). Paper electrophoretic and enzimatic
studies on blood serum, venom and liver of "Bothrops jararaca". Mems Inst. Oswaldo
Cruz 53,487-497.
Rider, J. and Bartel, A. H. (1967). Electrophoretic analysis of young caiman and crocodile
serum. Comp. Biochem. Physiol. 20, 1005-1008.
Riggs, A. (1965). Functional properties of hemoglobins. Physiol. Rev. 45, 619-673.
Riggs, Α., Sullivan, B. and Agee, J. R. (1964). Polymerization of frog and turtle hemoglobins. Proc. natn Acad. Sci. U.S.A. 51, 1127-1134.
Riley, V. (1960). Adaptation of orbital bleeding technique to rapid serial blood studies.
Proc. Soc. exp. Biol. Med. 104, 751-754.
Roberts, R. C. and Seal, U. S. (1965). Sedimentation analysis of vertebrate serum proteins.
Comp. Biochem. Physiol. 16, 327-331.
Robin, E. D. (1962). Relationship between temperature and plasma pH and carbon dioxide
tension in the turtle. Nature, Land. 195, 249-251.
Robin, E. D., Vester, J. W., Murdaugh, H. V., Jr., and Millen, J. E. (1964). Prolonged
anaerobiosis in a vertebrate: anaerobic metabolism in the freshwater turtle. J. cell. comp.
Physiol. 63, 287-297.
Rodnan, G. P. andEbaugh, F. G., Jr. (1957). Paper electrophoresis of animal hemoglobins.
Proc. Soc. exp. Biol. Med. 95, 397-401.
Rodnan, G. P., Ebaugh, F. G. Jr. and Fox, M. R. S. (1957). The life span of the red blood
cell and the red blood cell volume in the chicken, pigeon, and duck as estimated by the
use of N a 2 C r 5 1 0 4 with observations on red cell turnover rate in the mammal, bird and
reptile. Blood 12, 355-366.
Root, R. W. (1949). Aquatic respiration in the musk turtle. Physiol. Zoöl. 22, 172-178.
Rosenthal, Η. L. and Austin, S. (1962). Vitamin B 1 2 unsaturated binding capacity of sera

1. BLOOD CHEMISTRY OF REPTILES

69

Schmidt-Nielsen, K. (1962/63). Osmotic regulation in higher vertebrates. Harvey Lect.
182,783-785.
Schmidt-Nielsen, K. and Fänge, R. (1958). Salt glands in marine reptiles. Nature, Lond..
58, pp. 53-93.
Schmidt-Nielsen, K., Crawford, E. C. and Bentley, P. J. (1966). Discontinuous respiration in the lizard, Sauromalus obesus. Fedn Proc. Fedn Am. Socs exp. Biol. 25, 506.
Scholander, P. F., Hargens, A. R. and Miller, S. L. (1968). Negative pressure in the interstitial fluid of animals. Science, N.Y. 161,321-328.
Seal, U.S. (1964). Vertebrate distribution of serum ceruloplasmin and sialic acid and the
effects of pregnancy. Comp. Biochem. Physiol. 13,143-159.
Seal, U. S. and Doe, R. P. (1963). Corticosteroid-binding globulin: Species distribution
and small-scale purification. Endocrinology 73, 371-376.
Seniów, A. (1963). Paper electrophoresis of serum proteins of the grass-snake, Natrix
natrix (L.). Comp. Biochem. Physiol. 9, 137-149.
Sheeler, P. and Barber, A. A. (1964). Comparative hematology of the turtle, rabbit and
rat. Comp. Biochem. Physiol. 11, 139-145.
Sheeler, P. and Barber, A. A. (1965). Reticulocytosis and iron incorporation in the rabbit
and turtle: A comparative study. Comp. Biochem. Physiol. 16, 63-76.
Shoemaker, V. H., Licht, P. and Dawson, W. R. (1966). Effects of temperature on kidney
function in the lizard Tiliqua rugosa. Physiol. Zoöl. 39, 244-252.
Simkiss, K. (1961). Calcium metabolism and avian reproductive. Biol. Rev. 36, 321-367.
Simkiss, K. (1962). The sources of calcium for the ossification of the embryos of the giant
leathery turtle. Comp. Biochem. Physiol. 7, 71—79.
Simkiss, K. (1967). "Calcium in Reproduction Physiology". Reinhold, New York.
Smith, H. W. (1929). The inorganic composition of the body fluids of the Chelonia. J. biol.
Chem. 82, 651-661.
Smith, Η. W. (1932). Water regulation and its evolution in the fishes. Q. Rev. Biol. 7,
1-26.
Smith, H. W. (1951). "The Kidney: Its Structure and Function in Health and Disease".
Oxford University Press, New York.
Smith, R. T., Meischer, P. A. and Good, R. A. (1966). "Phylogeny of Immunity".
University Florida Press, Gainesville, Florida.
Smithies, O. (1959). Zone electrophoresis in starch gels and its application to studies of
serum proteins. Adv. Protein Chem. 14, 65-113.
Southworth, F. C, Jr. and Redfield, A. C. (1925/26). The transport of gas by the blood of
the turtle. J. gen. Physiol. 9, 387-403.
Steggerda, F. R. and Essex, Η. Ε. (1957). Circulation and blood pressure in the great
vessels and heart of the turtle (Chelydra serpentina). Am. J. Physiol. 190, 320-326.
Stenroos, O. O. and Bowman, W. M. (1968). Turtle blood I. Concentrations of various
constituents. Comp. Biochem. Physiol. 25, 219-222.
Stevenson, O. R., Coulson, R. A. and Hernandez, T. (1957). Effects of hormones on
carbohydrate
in the alligator. Am. J. Physiol. 191, 95-102.
from various animals. Proc. Soc. exp. Biol. Med. 109, 179-181.Rosenthal, Η. L. and Brown, C. R., Jr. (1954). Vitamin
B ] 2 activity ofmetabolism
plasma and whole
Stullken,
D. E., Randall, W. C. and Hiestand, W. A. (1942). Respiration of the Reptilia as
blood from various animals. Proc. Soc. exp. Biol. Med. 86, 117-120.
influenced by the composition of the inspired air. Anat. Rec. 84, 533.
Saviano, Μ. (1947a). Boll. Soc. ital. Biol. sper. 23, 1290.
Sullivan, Β. (1966). "Structure, Function and Evolution of Turtle Hemoglobins".
Saviano, M. (1947b). Boll. Soc. ital. Biol. sper. 23, 1300.
Dissertation, University Texas, Austin. 384 pp.
Saviano, M. and De Francisis, P. (1948). Ricerche sull 'azione diabetogena dell'allossana
Sullivan, B. (1968). Oxygenation properties of snake hemoglobin. Science, N.Y. 157,
negii ofidi. Boll. Soc. ital. Biol. sper. 24, 1346-1347.
1308-1310.
Schjeide, O. A. and Urist, M. R. (1960). Proteins induced in plasma by oestrogens. Nature,
Sullivan, B. and Riggs, A. (1964). Haemoglobin; Reversal of oxidation and polymerization
Lond. 188,291-294.
in turtle red cells. Nature, Lond. 204, 1098-1099.

70

HERBERT C DESSAUER

1 BLOOD CHEMISTRY OF REPTILES

71

Vesell, Ε S and Beam, A G (1961/1962) Variations in the lactic dehydrogenase of
Sullivan, Β and Riggs, A (1967a) Stiucture, function and evolution of turtle hemoglobins
vertebrate erythrocytes J. gen. Physiol. 45, 553-565
I Distribution of heavy hemoglobins Comp Biochem Physiol 23,437 447
Vesell, L S and Brody, I A (1964) Biological application of LDH ísozymes Certain methodological consideiations Ann
Sullivan, Β and Riggs, A (1967b) Structure, function and evolution of turtle haemo-globins II Electiophoietic studies Comp Biochem Physiol 23, 449-458
Villela, G G (1945) Sobic a natureza de flavina do plasma de algumas cobias Revta
Sullivan, Β and Riggs, A (1967c) Structuie, function and evolution of turtle hemohas Biol 5, 113-115
globins III Oxygenation properties Comp Biochem Physiol 23, 459-474
Villela, G G (1947) Isolation and properties of snake erythrocyte nuclei Proc. Soc.
Sullivan, Β and Riggs, A (1967d) The subunit dissociation properties of turtle hemoexp Biol Med 66, 398 400
globins Biochim biophys Acta 140, 274-283
Villela, G G (1949) Ribosenucleic acid in snake erythrocytes Nature, Lond 164, 667
Suzuki, Η Κ and Piossei, R L , III (1968) The effects of estradiol valerate upon the
Villela, G G and Prado, J L (1944) Flavina e outres pigmentes do plasma sanguine de
serum and bone of the lizard Sceloporus cyanogenys Pioc Soc exp Biol Med 127,4-7
cobras Brasileiias Revta. bras. Biol. 4, 469 474
Svedberg, T and Andersson, Κ (1938) Ultracentrifugal examination of serum from the
Villela, G G and Prado, J L (1945) Riboflavin in blood plasma of some Brazilian
lower classes of vertebrates. Naure, Lond 142, 147
snakes J biol Chem 157, 693-697
Svedbeig, Τ and Hedemus, A (1934) The sedimentation constants of the respiratory
Villela, G G and Them, Μ (1967) Riboflavin in the blood serum, the skin and the venom
proteins Biol Bull mar biol Lab , Woods Hole 66, 191 223
of some snakes of Burma Expenentia 23, 722
Sydenstncker, V Ρ , Oliver, R , Chandlei, Β Μ and Sydenstncker, Ο (1956) ElectroVillela, G G , Mitidieri, Ε and Ribeiro, L Ρ (1955) Flavoproteins in the blood plasma
phoietic behavior of some animal hemoglobins Proc Soc. exp Biol Med 93,396 397
of the Brazilian snake, Bothrops jararaca .Archs.Biochem. Biophys. 56,270-273
Templeton, J R (1964) Nasal salt excretion in terreştrial lizards. Comp Biochem Physiol
Vladescu, C (1964) The influence of tempeiature on the glycaemia of Emys otbicularis L
11,223 229
Rev. Roumaine Biol, Ser. Zool 9,413-420
Tercafs, R R and Vassas, J Μ (1967) Compoitement osmotique des erythiocytes de
Vlădescu, C (1965a) Glycaemia in the Vipera berus Ret Roumaine Biol, Set Zool 10,
lezards Archs int Physiol Biochim 75,667-674
43-46
Tercafs, R R , Schoffemels, Ε and Goussef, G (1963) Blood composition of a sea-turtle
Vladescu, C (1965b) Adrenocorticotropic hormone influence on Emys orbicularis L
Caretta caretta L. , reared in fresh water. Archs int Physiol Biochim 71,614-615
tortoise glycaemia Rev Roumaine Biol, Set Zool 10, 123-128
Thorson, Τ Β (1963) Body fluid partitioning in fresh-water, manne and terrestiial
Vlădescu, C (1965c) Researches on normal glycemia and induced hyperglycemia in
chelonians Am Zool 3, 529
Laceita agilis cheisonensis Rev. Roumaine Biol, Ser Zool 10,171 175
Thorson, Τ Β (1968) Body fluid partitioning in Reptilia Copeia 1968, 592-601
Vladescu, C (1965d) Glycemia of Testudo gtaeca ibeia turtle Rev. Roumaine Biol, Set
Tiegel, Ε (1880) Notizen uber Schlangenblut Pflüget s Arch ges Physiol 23,278-282
Zool 10,257 260
Timourian, Η and Dobson, C (1962) Studies on the hemolytic and hemagglutmating
Vlădescu, C (1967) Recherches concernant les mecanismes du glycoreglage des reptiles
activities of carpet snake serum J exp Zool 150,27-32
IVth Conf of European Comp Endocrinol (In press)
Timourian, Η , Dobson, C and Sprent, J F A (1961) Precipitating antibodies in the
Vladescu, C and Baltac, M (1967) Investigations on glycoregulation in house-snake
carpet snake against parasitic Nematodes Nature, Lond, 192, 996-997
(Natrix natrix L) Rev Roumaine Biol, Set Zool 12,61 66
Tipton, S R (1933) Factors affecting the respiration of vertebrate red blood cells J cell
Vlădescu, C and Motelică, I (1965) The influence of insulin on glycemia in I acetta
comp Physiol 3, 313 340
agilis chersonensis Andrz Rev Roumaine Biol, Ser. Zool 10,451 456
Tondo, C V (1958) Paper-electrophoiesis differences between turtle and human serum
Vlădescu C , Baltac, Μ , Trandaburu, Τ and Schmit, D (1967) Researches on glycoRevta has Biol 18, 105-108
regulation in Lacerta agilis chersonensis Rev Bramliera Biol (In press)
Tucker, V A (1966) Oxygen transport by the cnculatoiy system of the green iguana
Voris, Η Κ (1967) Electiophoretic patterns of plasma proteins in the viperine snakes
{Iguana iguana) at different body temperatures J exp Biol 44,77-92
Physiol Zool 40, 238-247
Tyler, A (1946) On natural auto antibodies as evidenced by antivenin in serum and liver
Wagner, Ε Μ (1955) Effect of hypophysectomy in the turtle "Chiysemys ďoihgnyi"
extract of the Gila monster Proc. natn. Acad. Sci. USA 32,195 201
Acta physiol. latinoam. 5, 219-228
Uriel, J , Fine, J Μ , Courcon, J and I e Bourdelles, F (1957) Contribution a l'etude
Warner, Ε D , Brinkhous, Κ Μ and Smith, Η Ρ (1939) Plasma prothrombin levels in
des proteines et lipoproteines des serums animaux Bull Soc Chim biol 39, 1415—
various vertebrates Am J. Physiol 125, 296 300
1427
Whiteside, Β (1922) Remarks on the structure of the ductus and saccus endolymphaticus
Urist, Μ R and Schjeide, Α Ο (1960/1961) The partition of calcium and protein in the
in the vertebrata Am J Anat 30, 257 266
blood of oviparous vertebrates during estrus J gen Physiol 44, 743-756
Wiley, F Η and Lewis, Η Β (1927) The distribution of nitrogen in the blood and urine
Van Handel, Ε (1968) Trehalase and maltase in the serum of vertebrates Comp Biochem
of the turtle Chrysemys picta Am J Physiol 81,692 695
Physiol 26,561 566
Wilson, A C , Kaplan, Ν Ο , Levine, L , Pesce, A , Reichlin, Μ and Allison, W S
Vars, Η Μ (1934) Blood studies on fish and turtles J. biol. Chem. 105, 135-137
(1964) Evolution of lactic dehydrogenase Fedn Proc Fedn Am Socs exp Biol 23,
Vendrely, R (1958) La notion d'espece a travers quelques donnees biochimiques recentes
1258 1266
et le cycle Annls. Inst. Pasteur, Paris 94, 142 166
Verbunskaya, Ν A (1944) Comparative study of the respiratory function of reptilian
Wilson, Β , Hansard, S L and Cole, Β Τ (1960) Total blood volume of the turtle and the
blood Izv Akad Nauk SSSR, 1944(3), 156 171 (Russian, English summary)
frog Proc. La Acad. Sci. 23, 45-52

HERBERT C. DESSAUER
72
Wilson, J. W. (1939). Some physiological properties of reptilian blood. J. cell, comp.
Physiol. 13, 315-326.
Wintrobe, M. M. (1933/1934). Variations in the size and hemoglobin content of erythrocytes in the blood of various vertebrates. Folia haemat. Lpz. 51, 32-49.
Wistrand, P. and Whitis, P. (1959). Distribution of carbonic anhydrase in alligator. Effect
of acetazolamide on blood and aqueous humor CO2. Proc. Soc. exp. Biol. Med. 101
674-676.
Wolfe, Μ. R. (1939). Standardization of the precipitin technique and its application to
studies of relationships in mammals, birds, and reptiles. Biol. Bull. mar. biol. Lab.
Woods Hole 76, 108-120.
Wright, A. and Jones, I. C. (1957). The adrenal gland in lizards and snakes. J. Endocr. 15
83-99.
Zain, B. K. and Zain-ul-Abedin, M. (1967). Characterization of the abdominal fat pads of
a lizard. Comp. Biochem. Physiol. 23, 173-177.
Zain-ul-Abedin, M. and Qazi, M. H. (1965). Blood sugar levels of some reptiles found in
Pakistan. Can. J. Biochem. Physiol. 43, 831-833.
Zarafonetis, C. J. D. and Kalas, J. P. (1960). Some hematologie and biochemical findings
in Heloderma horridum, the Mexican bearded lizard. Copeia 240-241.
Zweig, G. and Crenshaw, J. W. (1957). Differentiation of species by paper electrophoresis
of serum proteins of Pseudemys turtles. Science, N.Y. 126, 1065-1066.

CHAPTER 2

Morphology of the Circulating
Blood Cells
MARIE-CHARLOTTE SAINT GIRONS
Museum National d'Histoire Naturelle,
Brunoy, France
I. Introduction
The earliest works on the blood of reptiles described only the structure of its
various elements, often comparing them with those of other vertebrates.
Treatises on hematology generally contain sections on reptilian blood;
unfortunately these are often based on the study of far too few, principally
European species. A few recent monographs consider single species and
include, besides descriptions of the different circulating blood cells, other
observations on various problems - parasites of the blood, seasonal or sexual
variation in the numbers of corpuscles, hematopoiesis, and the like.
The earliest published works are those of Mandl (1839) and Gulliver
(1840) concerning the erythrocytes of crocodilians and turtles. Important
studies of comparative morphology of the blood include those by Gulliver
(1842, 1875), Milne-Edwards (1856, 1857), Hayem (1879), Pappenheim
(1909), Werzberg (1910), Schulz and Krüger (1925), Loewenthal (1928,
1930), Babudieri (1930), Jordan (1938), Ryerson (1949), Altman and Dittmer
(1961), and Pienaar (1962); the last work contains an important bibliography. See Efrati et al. (1970) for a study of hemopoiesis in a lizard.
Many questions remain unanswered, and the difficulty in determining the
different cellular lineages appears to be one of the principal obstacles to a
comparative study of reptilian blood. Only mature cells are considered in this
chapter although various stem cells are found in the circulating blood.
Pienaar (1962) gives a synonymy of the nomenclature used by the major
previous authors (pp. 29-33) and attempts to standardize the names given
to the cells of the circulating blood. I will use a slightly simplified version of
his system of nomenclature.
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Classical reptiles and amphibians, with their three chambered hearts, cannot have a high blood pressure, and therefore cannot achieve
endothermy, will pretty much always be at the mercy of the environment for their body temperatures, and cannot sustain high
performance for very long periods. This may sound like a disadvantage, but it has some very distinct advantages of its own. Most
notably a much lower metabolism, they would require far less energy and oxygen just to simply maintain themselves (a very general
measure is that a reptile of same mass as say a mammal or a bird has about 1/40th t Most insects, reptiles, fish, and amphibians, are
not able to maintain a regular core temperature from within, and are therefore more dependent on the temperature of their surroundings.
They are therefore called ectotherms (ecto = outside + therm = heat).Â There are advantages and disadvantages to being either coldblooded or warm-blooded. In particular, since the efficiency of chemical reactions in the cell is dependent on the core temperature,
being warm-blooded allows for more activity in colder environments.Â Since temperature is one of many physiological parameters that
must be controlled to maintain life, shouldnâ€™t evolutionary biologists have to describe each of these thermoregulatory mechanisms
and how they became more sophisticated? The morphology of the reptilian heart results in the mixing of oxygenated and deoxygenated
blood (cardiac shunts). In birds and mammals cardiac shunts are detrimental, but in reptiles this condition is often considered a derived
trait, conveying important physiological functions and favored by natural selection. Alternative views are advanced suggesting that, in
reptiles, cardiac shunts represent either an ancestral condition or an embryonic trait.

