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I. Introduction

RECENT reviews of the spleen have con-

sidered either immunological aspects of its

function (162) or its role in haemolysis (253,

255). These approaches will not be con-

sidered here. There have also been a number

of general reviews on the pharmacology of

vascular smooth muscle (222, 223). Somlyo

and Somlyo (223) considered it “axiomatic

that there can be marked differences among

the effects of drugs on different regional cir-

culatory beds or consecutive or nonconsecu-

tive vascular segments and indeed among

different smooth muscle fibres within the

same vessel.” This is the general theme of

this review since we consider it now oppor-

tune to discuss drug action in one tissue, the

spleen, in detail and to outline any differ-

ences in the responses from this tissue to the

general trend both from a qualitative aspect

and, where information exists, to compare

quantitative aspects of the drug-smooth

muscle interaction in the spleen. Further-

more, since two types of smooth muscle,

vascular and non-vascular, are present in

the spleen we have emphasised any differ-

ences in their responses to drugs.

The spleen has been used, generally, as a

test organ or tool for research since the ease

of isolation, well defined separate blood

supply, and rich sympathetic innervation

provide a preparation from which informa-

tion can be obtained easily. Information on

the responses of the smooth muscle of the

spleen to drugs is scattered widely through-

out the world literature and has not been

reviewed comprehensively before. To facili-

tate the interpretation of drug action it is

necessary that the majority of observations

and references should be easily accessible in a

framework of critical assessment.

II. General Considerations

A. Spleen Weight

There is considerable species variation in

the size, structure, and physiological role of

the spleen. In any species, the reported

spleen weight differs amongst experimental

groups. There are probably three main

sources of variation. The condition of the

animal from which the spleen is removed

may influence the result considerably, since

if surgical or traumatic shock is present, the

spleen in those species in which it is capable

of altering its volume may be contracted.

On the other hand, if deep anaesthesia is

present, it may be relaxed. The preparation

for weighing is important since adequate

removal of omentum and the presence or

absence of stored blood within the organ

may make a significant contribution to

weight. Age of the animal is also an impor-

tant factor since it has been established that

the spleen of the young of many species does

not function as a reservoir of blood but as a

blood-forming organ and its comparatively

large size after birth is explained by the

presence of immature red cells, myeloid cells,

megakaryocytes and actively developing

lymphoid tissue (121, 171). The spleen

weights and spleen weight/body weight ratio

are listed for many species in table 1 and

three groups are apparent. Species with high

spleen weight/body weight ratios include the

dog and cat; these species are known to

possess a high density of smooth muscle in

the capsule and trabeculae and experimental

observations have confirmed that the spleen

of these species actively contracts. A second

group includes the species where the spleen

contains little capsular and trabecular

smooth muscle and where the available ex-

perimental evidence strongly suggests that

active splenic contraction does not occur.

The spleen weight/body weight ratio in

these species, obtained by many groups of

workers, is consistently low and may reflect

the absence of a reservoir function. The

rabbit forms a third group with a very low

spleen weight/body weight ratio.

B. Histology

Distribution of the smooth muscle within the

spleen. A discussion of the actions of drugs

upon the spleen must include a considera-

tion of the possible sites of action. The com-

parative histology has been reviewed exten-



TABLE 1

Relationship between splenic weight and body weight in different species

g

Dog

98 (29-185)

Spleen Wt., mean (range)
± S.E.

S�leen Wt./
isody Wt.

No. Condition Ref. No.

%

0.54
0.25

1.5

0.19

1.7

2.0

0.42
0.86

3.0

0.22

0.7

0.25

0.8

0.35

0.96

0.83

0.43

0.35

0.69

1.03

0.39

0.25

0.24

0.31

0.30

0.19

0.13

0.25

0.13

0.18
0.13

0.18

10

23

1

4

3

16

26

23
5

10

19

10

2

69

32

3

10

3

180
100

24

12

3400

20
8

2

1

7

2

1

1

5

9

46
160
12

225

188
96

124

70
32

254

12

184

202

73
112

224
70

254

208

231

49

254

159

259

6
250

254

160

12

254

165

70
205
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67

31(19-41)

370 (345-394)

300
51 ± 4.5

104 (47-255)
938 (430-1500)

Cat

5.1

21 (12-45)

7.4 (3-11)

27 (8-45)
8.9 ± 2.1

28 (12-56)

24 ± 1.8
12.3 (5-24)

Mouse

0.05

0.15 ± 0.005
0.31 ± 0.05

0.10 ± 0.01

Man

142 (96-241)

151 (50-400)

191 (60-350)

212 (60-370)

194 (152-235)

Monkey

7.5

6.6 (5.7-7.5)

Guinea pig
0.54

0.90

0.75 (0.35-1.2)

0.97 ± 0.10

Anaesthetized

No details

Estimate from x-ray outline.
Post mortem check

Light anaesthesia, bled out

Anaesthetized, wt. after perfusion

Anaesthetized
Anaesthetized, wt. after perfusion

Anaesthetized, trimmed

No details

Fresh post mortem after decapi-

tation
Estimated from x-ray outline.

Post mortem check
Post mortem-contracted by trau-

matic shock
Anaesthetized

Anaesthetized
Anaesthetized, weighed in situ

Anaesthetized, weighed in situ
Anaesthetized, trimmed

Fresh post mortem after decapi-

tation
Neck broken, trimmed
Killed by stunning and bleeding
Neck broken

Fresh post mortem after decapi-

tation

Post mortem after death by ac-

cident or disease
Fresh post mortem

Removed during surgery

No details

Fresh post mortem after decapi-

tation
No details

Estimate from x-ray outline.

Post mortem check

Fresh post mortem after decapi-

tation
Bled out

Neck broken, trimmed
Anaesthetized
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TABLE 1-Continued

Spleen Wt.,rnean (range) S�eenWt./ No. Condition Ref. No.

g %

Rat

0.66 0.27 Killed by ether, trimmed 150
0.53 ± 0.08 0.29 5 Killed by stunning and bleeding 231
0.64 ± 0.03 0.13 11 Anaesthetized, ether 105
0.59 ± 0.08 0.26 24 Decapitation 139

0.86
0.65

± 0.07

± 0.09
0.23
0.27

58’�
26J

Killed by ether or bleeding,
trimmed

238

0.67 (0.5-0.9) 0.34 6 Killed by stunning, trimmed 70

Rabbit

0.5 0.05 Fresh post mortem after decapi-
tation

254

1.02 (0.1-5.0) 0.045 645 Killed by ether and bleeding,

trimmed

39

1.4 (0.6-2.5) 0.058 26 Anaesthetized, trimmed 99

sively (121, 152, 240, 256) and the distribu-

tion of smooth muscle in the spleen of many

species has been described (48, 235, 240).

In most species the spleen has a framework

of collagen containing a network of reticular

fibres. The limiting capsule of the organ

consists of an outer serosal layer with an

inner layer of elastic, collagen, and smooth

muscle fibres. The important and varying

histological feature of this inner layer is the

extent and distribution of the smooth muscle

component. In many species (dog, cat) the

capsular smooth muscle is abundant al-

though in other species (man, rabbit) it is

very sparse. The inner layer of the capsule,

containing the smooth muscle, invaginates

into the pulp of the spleen to form trabeculae

dividing the organ into compartments or

lobules. The presence and density of the

smooth muscle in the capsule and the

number of trabeculae is an indication of the

reservoir function of the organ in any species.

In some animals (cat, dog) the spleen acts as

a store of erythrocytes for acute emergen-

cies; contraction of the smooth muscle of the

capsule and trabeculae reduces the capacity

of the organ expelling red cells into the

circulation. In this way the systemic haema-

tocrit is raised and the oxygen-carrying

capacity of the blood increased. In an im-

portant paper (171) McCance and Widdow-

son have shown that in contrast to the adult

dog, the spleen of the newborn puppy has

poorly developed trabeculae represented by

delicate, rather inconspicuous networks of

strands of spindle-shaped cells lacking the

distinctive staining reactions of muscle.

They are probably immature muscle cells

which have not yet become contractile. The

capsule of the spleen at birth also lacks

mature muscle fibres. The trabeculae and

capsule were a little better developed by the

17th day but still resembled those of the

newborn rather than the adult.

Blood vessels and intermediate circulation.

The blood supply and distribution of smooth

muscle in the splenic vascular bed has been

studied in the dog (164, 176) and other

species (207, 240). The arterial blood is de-

rived from a major branch of the coeliac

axis, the gastroepiploic arcade system, and

short gastric branches from the stomach.

The enormous variation in the course of the

human splenic artery has been well described

(180). The main tortuous splenic arteries

enter the spleen at the hilum, divide, and

pass along the trabeculae dividing with

them. Eventually when the arteries are re-

duced to about 250 � in diameter they leave

the trabeculae. In most species a periarterial
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lymphatic sheath, the white pulp, accom-

panies the artery along its length; the artery

is usually eccentric to the lymphopoietic

centre. Upon attaining a particular size, the

arteries lose their investment of lymphocytes

and enter the red pulp. The pulp arteriole

possesses a thin tunica of smooth muscle

before narrowing and dividing into the

sheathed arterioles with very thick walls of

reticular tissue.

The nature of the splenic circulation

between the arterioles and venules has been a

field of controversy for many years. Bjork-

man in 1947 (28), and more recently Gray-

son and Mendel (108) and Weiss (253)

have reviewed the literature and critically

discussed the various theories. A compromise

between the “closed” circulation, where blood

within the spleen always flowed within endo-

thelially lined channels and the “open”

pattern, where it was believed that the

sheathed capillaries pour their blood into

the pulp cords from which it passes through

sinus wall stomata into the veins, is probably

more correct. Subsequent investigation (220,

221) has resolved many of the original differ-

ences on the basis of species variation. In

addition the difference in appearance of the

red pulp in those species where the splenic

capsule is contractile obviously depends

upon the size of the spleen at fixation. The

interpretation of drug action on the splenic

vascular bed does not require the interme-

diate circulation of the spleen to be clearly

defined. However, there is general agreement

that at this stage of the microcirculation,

the circulating blood cells come into intimate

contact with the phagocytic cells of the

reticuloendothelial system lining the pulp

cords and venous sinuses. It is here that a

further function of the spleen is revealed

in the removal of effete erythrocytes, toxins,

and cell debris. The venous sinuses consist

of bands of reticulum with fibrillar elements;

however, it is not suggested that these are

contractile (98).

The venous sinuses empty into the pulp

veins, lined by endothelium, which unite to

form larger veins entering the trabeculae as

trabecular veins. These latter channels ap-

pear to consist of only an endothelium sup-

ported by the smooth muscle and collagen

of the trabeculae. They eventually drain

into the splenic vein at the hilum. The in-

fluence of alteiations in the tone of the

trabecular smooth muscle on the venous

drainage from the spleen and on the func-

tions of the spleen as a filter and red cell

store have not been examined sufficiently.

It has been suggested that the spleen is

segmental and that each segment is drained

by its own vein (36, 37). In the rat additional

drainage is afforded by collateral segmental

veins and this is the channel by which sub-

stances pass from one splenic segment to

another rather than diffusion through the

pulp. Experimental advantage has been

taken of this arrangement in the cat (30, 73)

and two halves of the spleen have been per-

fused with separate circuits to give control

and experimental preparations in the same

olgan.

Lymphatic supply. The lymphopoietic cen-

tres of the white pulp drain mainly into the

venous system but also by afferent lym-

phatics in the larger trabeculae. Lymphatic

channels draining the spleen are so incon-

spicuous that they are often not mentioned

or their presence is denied in the histological

literature. However, it has been observed

that injection of a patent blue dye into the

parenchyma of the spleen of rats, mice, and

guinea pigs (104) was quickly and clearly

visible in lymph capillaries and appeared

later in lymph channels. Contractions of the

lymphatic walls were seen to move the dyed

lymph into the splenic lymph node. The

actions of drugs on these contractions, pre-

sumably mediated through a sparse smooth

muscle distribution, and on the lymphatic

drainage from this important lymphopoietic

centre is almost unknown.

Innervation. The innervation of the mam-

malian spleen has been investigated by

classical staining techniques and there is

general agreement that it is almost entirely

sympathetic and postganglionic in origin

(239, 240). A few nerve cells have been
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found along the course of the splenic artery

but none of these lie within the spleen. A

parasympathetic innervation from the vagus

nerve has been discounted in the cat (242)

by a study involving counts of fibre types

in the splenic nerves after chronic section

of the vagus. This study also concluded that

any sensory innervation to the spleen was

small.

Recent studies in the cat spleen tracing

the routes of nerve fibres have combined

histochemical methods with either autoradi-

ography (102) or electronmicroscopy (90).

Only noradrenergic nerve fibres were present

in the spleen and these were distributed

sparsely suggesting to the author (90) that

extensive diffusion of the transmitter must

occur. The specific fluorescence of catechol-

amines which was confined to the nerve

fibres among the smooth muscle of the cap-

sule, trabeculae, arteries, and veins in the

normal cat was not present after treating

the cat with reserpine or after degeneration

of the postganglionic splenic nerve fibres

(102). Similar histochemical investigation

in the dog (53) indicated that the normal

spleen in this species has a very rich supply

of adrenergic fibres situated around the

vessels in the white and red pulp and in

the trabecular network. Occasionally single

terminal bundles were scattered in the red

pulp without any obvious relation to blood

vessels or trabeculae. No fluorescence char-

acteristic of adrenergic neurons was ob-

served if chronic denervation had been

carried out.

C. Splenic Blood Flow

Splenic blood flow has been measured in

many species and by many different methods

and the reported values, even within the

same species, show considerable variation.

The resting splenic blood flows measured

in several species appear in table 2. Possible

sources of variation are different experi-

mental approaches necessitated by different

recording probes and limitations inherent in

the methods, but the majority of measure-

ments in all species give resting splenic

blood flows of between 40 and 100 ml/min/

100 g. No obvious species grouping is ap-

parent as with spleen weights since the

universal function of the spleen as a cellular

sieve and its role in immunological processes

necessitate a large blood flow. Therefore,

the absence of a red cell reservoir function

in the spleen of any particular species may

not be apparent as a diminished splenic

blood flow.

D. Appraisal of the Methods of Investigation

Many different preparations have been

used for the study of the action of drugs on

the spleen and it is apparent that many of

the conflicting results in the literature have

arisen from these variations in preparation.

In the following brief, general discussion,

the main advantages and disadvantages of

the three basic techniques are considered.

In situ preparations. The majority of the

earlier studies were performed on in situ

preparations in which changes in splenic

volume were measured with an oncometer

or by plethysmography. Splenic blood flow

was seldom recorded because of technical

difficulties. If the spleen remained innervated

and drugs were administered by intravenous

injection, interpretation of the results was

difficult because of the many sites outside

the spleen at which a drug could act and

thereby indirectly elicit changes in the

smooth muscle of the spleen. It was con-

sidered that denervation of the spleen and

bilateral adrenalectomy revealed a direct

action on the spleen if subsequent ad-

ministration of the drug evoked responses

from the splenic capsule or blood vessels.

Recent work has shown that substances

released from the kidney or neurohypophysis

can affect the smooth muscle of the spleen

and this possibility should be considered in

the analysis of the results of experiments

in which drugs have been administered by

intravenous injection.

Advances in instrumentation, particularly

the use of non-cannulating electromagnetic

flow probes, has made it possible to carry

out in situ recording of splenic arterial



Splenic Blood Flow, mean
(range) ± SE.

TABLE 2

,Splenic blood flow in different species

sal/mm

Splenic Blood Flow, mean
(range) ± S.E.

ml/100 g/min

Method of Measurement Ref. No.No.

16

4

1

12

10

16

26

5

18

10

21

32

42
3

4

15

128 ± 17

258

257

143

32

156

188
116

46

96

124
3

70
199
261

32

156

202

112

31

224

70

99

206

20566 ± 6.4
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Man

500-700

100-200

150 (approx.)

298

313 ± 16

Dog

30 (approx.)

97
57 (17-137)

30

20 ± 1.3

78 (60-100)

47 (24-85)
10-28

164 (71-356)

Cat
14 ± 2.4

29 (12-88)
7 ± 0.5

41 ± 10.4

6 (2-11)

Rabbit
1.7 (0.6-6.4)

Rat
0.5

Guinea pig

0.6 ± 0.09

300 (approx.)

96 (60-140)

83 (approx.)

391 ± 21

10 (approx.)

58 (29-185)

10

45 ± 4

52 (23-163)

30-100

18 (6-36)

52

88 (41-163)

171
42 (29-53)

108 (40-196)

83

51Cr labeled red cells

133Xe clearance, wt. estimated
from x-ray

51Cr labeled red cells (assumed
spleen wt.)

“Xe clearance + electro-
magnetic flowmeter

Dye dilution

Electromagnetic flowmeter
Thermostromuhr

Stromuhr in vein

Pressure/flow studies
Electromagnetic flowmeter
Nycotron electromagnetic flow-

meter
Perfusion, rotameter

Venous outflow

Exteriorized spleen, “Xe
clearance

“Xe clearance + electromag-
netic flowmeter (very heavy

spleens)

Dye dilution

Electromagnetic flowmeter

Electromagnetic flowmeter
In situ, venous collection

Electromagnetic flowmeter

In situ, venous collection

Venous collection

86Rb dilution (assumed spleen

wt.)

9 ‘33Xe clearance

blood flow. When drugs are administered

intravenously, however, changes in sys-

temic arterial pressure and consequently

splenic perfusion pressure may occur. Any

changes in splenic blood flow must then be

related to the pressure-flow curves for the

splenic vascular bed. These have not been

studied extensively, and it is, therefore,

essential to calculate changes in splenic

vascular resistance. These difficulties have

been overcome by either the administration

of drugs by close arterial injection, or by

the fine control of splenic perfusion pressure

despite changes in the systemic blood pres-

sure. This latter technique, used in con-

junction with a recording of splenic weight

to monitor changes in volume, is an excel-

lent preparation for the study of reflex

alterations in the activity of splenic vascular

and capsular smooth muscle.

Isolated perfused spleen& This technique

provides a controlled preparation, which is
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probably the most satisfactory for a study

of drug responses. The preparation may be

perfused with either blood or an artificial

perfusion medium at either constant flow or

constant pressure. Perfusion of the spleen

at constant flow eliminates the technical

difficulties of continuously recording splenic

arterial blood flow, but may result in very

high perfusion pressures during vasocon-

striction with consequent damage to small

vessels and oedema, particularly with arti-

ficial perfusion media. Constant pressure

perfusion is the more “physiological” method

and there is an inverse relationship between

the recorded changes in splenic arterial

blood flow and the calculated changes in

splenic vascular resistance. Volume changes

can be measured by plethysmography with

little risk of venous obstruction.

Drugs may be administered easily by close

arteriai injection, which limits their site of

action to the spleen and facilitates the inter-

pretation of experimental results. Distinct

differences have been observed in the action

of a drug on the spleen of the same species,

when perfused with either blood or an artifi-

cial perfusion medium. This may be related

to the immediate fate of a drug when ad-

ded to blood (e.g., enzymatic degradation or

binding), or may be due to changes in the

sensitivity of the smooth muscle caused by

the artificial perfusion medium.

Isolated spleens or spleen strips. Prepara-

tions in organ baths limit observations to the

responses of the capsular smooth muscle.

Since the majority of species have a sparse

distribution of smooth muscle in the splenic

capsule, high concentrations of agonist

drugs have been used, with a corresponding

lack of specificity of response. The inevitable

loss of tone in these prepara.tions makes an

analysis of relaxant drugs difficult unless

tone is superimposed by drugs which cause

contraction. Thus the qualitative nature of

a response may be different from that ob-

tained in the intact, in situ or perfused spleen

preparation (e.g., isoprenaline and hista-

mine). The advantage of this type of prepa-

ration is its stability and the rapidity of its

response, which facilitates the quantitative

study of drug-receptor interaction.

III. Effects of Nerve Stimulation

The ability of the spleen to contract was

predicted by the histologists, who had made

detailed studies of structure. Rudolf Wagner

in 1849 (248) was probably the first person

actually to observe a contraction. He applied

electrodes to the cross axis of the spleen of

an anaesthetized dog and observed that the

spleen instantly paled and the surface be-

came wrinkled, almost like goose flesh. The

substance of the spleen also felt much harder

to the touch. Exactly the same phenomena

were found with the cat spleen, whereas the

rabbit spleen did not exhibit them. Wagner

posed the question, “How far is the rich

nerve supply to the spleen involved in these

phenomena?” and added that he hoped

to demonstrate this later. No report can

be found, however, that he ever did. Three

years later Henle (130) had access to the

fresh dead body of a beheaded criminal

and 35 mm after death stimulated the nerves

to the spleen and also attempted direct

stimulation, but could not observe any effect.

He then removed the spleen, which was

previously pale and wrinkled, and observed

that it became smoother and darker; evi-

dence, he suggested, that the organ had

contracted. During the following 10 years

there were a number of reports of contrac-

tion of the spleen in various animals (89,

227, 241) but little further progress was

made until Schiff in 1867 (211) reported

contraction of the spleen in response to

stimulation of the splanchnic nerves in cats

and rabbits. The role of the splanchnic

nerves was confirmed by Tarchanoff in 1874

(233) who observed that the contractions in

response to stimulation of the medulla ob-

longata and various sensory nerves were

dependent on an intact innervation. The

possible involvement of the vagus nerve was

suggested by Oehl in 1874 (186) when he

obtained splenic contraction in response to

stimulation of the peripheral end of the

nerve in the neck of dogs, cats, and rabbits.
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Bulgak (40) reviewed work on the subject

up to 1877 and reported his own work,

most of which had been published in Russian

some 5 years previously. In contrast to

previous reports (186), he could not observe

any contraction of the spleen in response

to stimulation of the peripheral end of the

cut vagus nerve in either the neck or the

thorax, but he reported contraction after

stimulation of the central end. He suggested

that this was an effect secondary to the

depression of respiration. In addition he

investigated the effects of stimulation of

various regions of the spinal cord and found

that only in the region of the nerve roots of

the greater splanchnics did stimulation

cause contraction of the spleen.

In 1881, Roy (203) published a paper,

which was probably the first report of ex-

periments in which changes in spleen volume

were continuously recorded in situ by means

of an oncometer. He demonstrated contrac-

tion of the spleen in response to electrical

stimulation of the medulla oblongata, of

the central end of sensory nerves (vagus

and sciatic) and of the peripheral ends of

the splanchnic and vagus nerves. He also

showed that after section of the vagi and

splanchnic nerves, stimulation of a sensory

nerve still caused contraction and suggested

that the “influence may pass from the

cerebro-spinal centres to the spleen by

some other route or routes than the nerves

named.” He also noted that a large fall in

arterial blood pressure accompanied the

splenic contraction produced by stimulation

of the peripheral vagus but because of their

different time-courses he felt that the two

events were unrelated. Schafer and Moore

(209) carried out a detailed investigation of

the contractility of the spleen of the dog

and cat., which confirmed the motor innerva-

tion of the spleen through the splanchnic

nerves. On the evidence of their results they

concluded that there were no vagal fibres

that directly influenced the contraction of

the spleen thus supporting the views of

Bulgak (40) rather than those of workers

who had suggested a direct vagal innervation

(186, 203). At the turn of the century,

detailed anatomical studies of the “involun-

tary” nervous system were in progress and

the sympathetic and parasympathetic sub-

divisions were defined.

A. Syni pathetic Nerve Stimulation

Contraction of the spleen in response to

stimulation of its pre- or postganglionic

nerve supply had been demonstrated clearly

in the dog and cat and this basic fact was

subsequently confirmed by many groups

with different techniques including in situ

volume recording with a plethysmograph

(14, 50, 229), volume recordings of isolated

preparations perfused either with blood

(33, 66, 110, 209) or an artificial saline

medium (34, 92, 183, 236), at either con-

stant flow (33, 34, 183, 236) or constant

pressure (66, 92, 110). Contraction had also

been recorded by measuring changes in

length with either a Cushny myograph (7, 8)

or with a transducer (161), changes in

spleen surface area (47, 50, 226), changes

in spleen weight (33, 110, 112, 183), oi by

changes in venous pressure in the isovolu-

metric spleen (251).

The most obvious response of the spleen

to sympathetic nerve stimulation is con-

traction. A second response, vasoconstric-

tion, was observed very early but received

little attention because of technical diffi-

culties. In 1900, Mall (176) reported that

in experiments with the in situ dog spleen,

stimulation of the nerves to the spleen or

direct stimulation, resulted in the expul-

sion of blood as the spleen contracted and

then a period followed when the venous

outflow almost ceased. A more detailed

investigation with the isolated dog spleen,

perfused with Ringer-Locke solution gave

similar results (212). The first continuous

recording of splenic blood flow was probably

that of Burton-Opitz (45, 46), who placed

a “stromuhr” in the splenic vein of a dog

and showed that on stimulation of either the

preganglionic splanchnic or postganglionic

splenic nerves, there was an “extraordinary

increase” soon followed by an “equally
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pronounced decrease” in flow. He pointed

out that this primary increase was not due

to vasodilatation, but to the squeezing out

of blood by the contraction; only after the

completion of this event did the vasocon-

striction become apparent.

After these initial observations on the

vascular responses of the spleen to sympa-

thetic nerve stimulation, little additional

information was obtained during the next

40 years, although Mertens (179) confirmed

them with a thermostromuhr. The main

progress during this period was the visual

observation of vasoconstriction in the trans-

illuminated spleens of small mammals, when

the splenic pedicle was electrically stimu-

lated (169). Improved techniques of blood

flow recording made possible the simul-

taneous observations of changes in both

volume and blood flow of the spleen. It

was then observed that sympathetic nerve

stimulation caused a profound vasocon-

striction concomitant with the contraction

of the splenic capsule and that the ad-

ministration of an alpha adrenergic blocking

agent abolished the contraction and con-

verted the vasoconstriction to a small vaso-

dilatation (65, 110, 112). However, a feature

revealed by these simultaneous recordings of

the vascular and capsular responses was the

different time courses. Invariably the vascu-

lar response reached its maximum effect be-

fore that of the capsule and returned to the

control state much more rapidly after the

cessation of the stimulation. Indeed, the

vascular response to short trains of stimuli

returned to control before the capsule had

reached its maximum response (33, 65,

236).

A single stimulation frequency had been

investigated in most studies and when a

wide range of sympathetic nerve stimulation

frequencies was used (47) in the cat spleen

it was found that a maximum contraction

was obtained at about 4 Hz indicating that

the tonic discharge was normally very low.

This observation was confirmed in the iso-

lated, blood perfused dog spleen (60, 61)

where it was observed that at these low

frequencies, which produced near maximal

contractions, there was little or no response

of the splenic vascular bed. Changes in

vascular resistance only became apparent at

higher frequencies with maximal vasocon-

striction occurring at 7 to 10 Hz. There was

thus a marked frequency separation of the

vascular and capsular responses of the dog

spleen, suggesting a capacitative function at

lower frequencies of sympathetic activity

and a resistance function operating under

conditions of near maximum sympathetic

activity. Investigations of a frequency sepa-

ration in the cat spleen has produced con-

flicting results. In the intact blood perfused

cat spleen (112) both capsular and vascular

responses reach a maximum at stimulation

frequencies of 2 to 5 Hz whilst in the saline

perfused preparation (29) the response of

the splenic capsule was almost maximal at

4 Hz but the response of the vascular bed

was not maximal until 10 Hz. The majority

of the studies on splenic responses to nerve

stimulation have been made in either the dog

or cat where contraction is obvious and

easy to record and the storage function so

definite. Information in other species is

sparse.

Stukeley in 1723 (230) suggested that

the human spleen might contract and act

as a store of blood and Henle (130) provided

some evidence but was unable to observe

contraction after electrical stimulation of

the nerve supply. Indirect evidence accu-

mulated leading to the conclusion that the

normal human spleen did not contract and

function as a blood reservoir. Recently this

general belief has been confirmed by a

study of the normal human spleen removed

at operation and subsequently perfused

with McEwen’s solution (5, 6). The results

showed that when the splenic nerves are

stimulated over a range of frequencies the

vascular resistance increases up to a maxi-

mum at 10 Hz, similar to the vascular

response in the dog spleen. The maximum

reduction in volume was very small, about

5 ml, compared with the 50 to 70 ml reduc-
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to surrounding tissues a reflex contraction tion to the organ (242).

tion in volume observed in the slightly

smaller spleen of the dog.

Stimulation of the splenic pedicle of the

mouse, rat, rabbit, and guinea pig causes

contraction observed visually whilst con-

comitant vasoconstriction was observed

microscopically by transillumination (169).

Splenic nerve stimulation in the isolated

blood perfused rabbit spleen (99) causes a

profound vasoconstriction and a reduction in

spleen volume although how much of this is

a passive effect has not been ascertained.

Isolated rabbit spleen strips when subjected

to electrical field stimulation in an organ

bath show graded contractions with in-

creasing frequency, reaching a maximum

response at 8 Hz (111) and direct electrical

stimulation of the rabbit spleen in situ

causes contraction (178).

There is no doubt about the general na-

ture of the smooth muscle responses of the

spleen to stimulation of the sympathetic

nerve supply. Vasoconstriction has been

observed in all species studied and is ac-

companied by contraction of the capsule, the

intensity of which depends considerably on

the species. It has been suggested that these

two smooth muscle components have ana-

tomically distinct nerve supplies, both car-

ried in the splenic nerve (50); this idea has

received little or no support.

B. Parasympathetic Nerve Stimulation

The effect of stimulation of the vagus

nerve on the smooth muscle of the spleen

has been a subject of controversy for many

years; conflicting reports have suggested

that stimulation of the peripheral end of

the vagus has either a direct effect on the

spleen (186, 203) or no action (40, 209).

However, it is clear that stimulation of the

central end of the vagus does result in con-

traction of the spleen (40, 186, 203, 209,

229, 233). Magnus and Schafer (174) clearly

showed that although stimulation of the

peripheral end of the vagus in the neck had

no effect on the spleen, if insufficient care

was taken to prevent the spread of current

could be elicited due to the accidental stimu-

lation of the central end. Furthermore, the

majority of evidence favoured the explana-

tion that any contraction after stimulation

of the peripheral vagus was a secondary

response due to the fall in systemic blood

pressure. Experiments in which atropine

was administered in a dose sufficient to block

the cardiac effects of vagal stimulation

(174, 209) or in which the vagus was stimu-

lated in the thorax or below the diaphragm

(129, 177, 179) or in which any fall in blood

pressure was prevented by the use of a com-

pensator (177), revealed that stimulation

of the peripheral vagus was not accompanied

by contraction of the spleen. The passive

nature of the reduction in spleen volume

after peripheral vagus stimulation was dem-

onstrated when it persisted after section of

the preganglionic splanchnic nerves (229) or

the postganglionic splenic nerves (137). In

the latter case, the reduction in splenic vol-

ume was abolished by the administration of

atropine to block the direct cardiac effects of

vagal stimulation.

In contrast to the general consideration of

whether stimulation of the peripheral vagus

has a direct effect on the spleen causing

contraction, are the results of a detailed

study in which the peripheral vagus and the

splanchnic nerves were stimulated at the

same time or one after the other to observe

mutual interaction (218, 219). The appear-

ance of the spleen was observed and the

time course of events noted. It was con-

cluded that the peripheral vagal stimulation

delayed the onset of the response to splanch-

nic stimulation and this was taken as a

demonstration of the sympathetic and para-

sympathetic systems having antagonistic

actions on the spleen.

In conclusion, on the basis of the physio-

logical evidence, it is probable that stimu-

lation of the peripheral end of the vagus

nerve exerts no direct effect on the spleen,

a view supported by histological evidence

of the lack of any parasympathetic innerva-
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IV. Catecholamines

A. Directly-acting Catecholamines

1. Adrenaline and noradrenaline. A. AC-

TIONS ON CAPSULAR SMOOTH MUSCLE. In 1895

Oliver and Schafer (187) described the physi-

ological effects of extracts of the suprarenal

glands and reported the enormous contrac-

tion of the spleen of the dog produced by

the injection of extracts of the calf suprarenal

gland. These observations were confirmed

rapidly in the classic paper by Schafer and

Moore (209) concerning the contractility and

innervation of the spleen where injections

were made into the splenic artery rather than

a peripheral vein so emphasising the periph-

eral action of the active substance. In the

succeeding 40 years little of significance was

added to these initial observations but they

were amply confirmed in many different

species and preparations. Adrenaline has

been shown to produce contraction of the

spleen of the anaesthetized dog (7, 10, 92,

115, 122, 123, 131, 137, 141, 144, 155, 158,

191, 195, 226, 229), unanaesthetized dog

(79, 120), anaesthetized cat (7, 54, 97, 137),

and anaesthetized rabbit (75). Most of the

early authors did not provide any volume

calibrations with published records but all

agreed that an increase in the volume of the

spleen was never observed normally. It is

probable that the few early reports (122, 123)

of adrenaline causing an active dilatation

of the spleen resulted from experimental

artifacts due to venous occlusion and sub-

sequent engorgement of the spleen and

perhaps to the use of impure adrenal ex-

tracts. Two observations from the early

period are of significant interest. It was

shown (155) that very small doses of adrena-

line which caused no change in systemic

blood pressure in the dog were associated

with marked splenic contraction. In a study

on the onset of experimental asphyxia in the

cat (52) it was observed that the spleen

was almost maximally contracted before

other sympathetically innervated structures

began to respond. These were the first

observations to suggest that, in these species,

the capsule of the spleen had a very low

threshold to stimulation either by nerves or

circulating adrenaline. Furthermore, in the

anaesthetized dog (115), where changes in

spleen volume were recorded by plethysmog-

raphy and thermostromuhrs were placed in

both the splenic artery and vein, the tem-

poral relationships between changes in

splenic volume and splenic blood flow during

an adrenaline infusion were clearly estab-

lished. The observation by this group that

contraction of the dog spleen was not always

accompanied by a reduction in splenic

blood flow is of particular interest in view of

the subsequent studies in the same species

(61).

After the demonstration of the presence of

noradrenaline in the spleen (80) and its

identification in the splenic venous effluent

after sympathetic nerve stimulation (192)

many authors have shown that injections of

noradrenaline caused splenic contraction

although the relative potency with respect

to adrenaline varied with species and prepa-

ration. A large variation in the activity of

(±)-noradrenaline relative to adrenaline of

0.5 to 5 times was found on the splenic

capsule of the spinal cat (41). It was also

found that the potency of noradrenaline

declined during each experiment whilst

that of adrenaline increased. Furthermore,

it was observed that, in cats, a dose of

noradrenaline which caused a greater pressor

response than adrenaline induced a smaller

contraction of the splenic capsule (138,

214). A careful study (47) of the cat spleen

involving photography of the exteriorised

flat surface showed that graded responses

(contractions) were produced with intrave-

nous infusions of (±)-adrenaline from a

threshold dose of 0.2 �tg/kg/min to a maxi-

mum contraction with 2.0 ig/kg/min. Nora-

drenaline was always less effective and

generally the ratio of potency of adrenaline

to noradrenaline was 2:1. The contractions

of the splenic capsule caused by either

catecholamine, whether administered by

intravenous infusion or released from the

adrenal glands by splanchnic nerve stimula-
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tion were never as large as the maximum re-

sponse to splenic nerve stimulation. These

differences in response were related, by the

author, to a limited access of blood-borne

catecholamines to the receptor sites on the

capsular smooth muscle due to the concomi-

tant vasoconstriction. However, no simul-

taneous record of the vascular changes

within the spleen was made. Changes in

spleen weight have been used as an indica-

tion of volume variations in the cat spleen.

The weight of the cat spleen decreases during

the infusion of noradrenaline (114) and

larger decreases in weight were obtained

during infusions of the same doses of

adrenaline. Although spleen volume changes

were not recorded directly (202) the in-

creased venous outflow accompanying the

close arterial administration of noradren-

aline to the cat spleen was observed to be

less than that produced by the same dose

of adrenaline in the same preparation.

The exteriorised spleen of the anaesthe-

tized dog has been used to compare the

actions of catecholamines (2). Adrenaline

was found to be much more effective than

noradrenaline in contracting the splenic

capsule whether administered by close

arterial or intravenous routes. Over a

medium range it was 10 times more effective.

In the same preparation the maximum

contraction to adrenaline was always much

greater than the maximum to noradrenaline.

The reductions in weight of the dog spleen

(110) were about the same for adrenaline

as high sympathetic nerve stimulation
(20 Hz) whilst noradrenaline was about

half as active. There was no overshoot in

the spleen weight after regaining control

values. The blood flow in these experiments

was slightly lower (30 ml/min for 18.5-24

kg dogs) than most comparable studies (see

table 2) and the stagnant blood flow through

the spleen may be a contributory factor to

the long duration responses which were ob-

served. Adrenaline produced a significantly

greater decrease in weight of the dog

spleen perfused with blood at constant

flow (33) than noradrenaline although the

increases in perfusion pressure were not dif-

ferent. In the dog spleen perfused with

Krebs-Ringer at constant flow of 20 ml/min

(183) a greater similarity between the ef-

fects of sympathetic nerve stimulation and

injections of adrenaline was observed than

most authors have reported. In these ex-

periments the splenic contraction to adrena-

line was 97 % of the contractile response to

nerve stimulation at 2 Hz whilst the re-

sponse to injections of noradrenaline was

very much less (31.4 %). However, the

authors did not state whether the splenic

contraction to sympathetic nerve stimula-

tion at 2 Hz was, in their experiments, maxi-

mal. Plateau capsular contractions to cate-

cholamine infusions at 6 to 9 different

arterial blood concentrations were investi-

gated with the isolated dog spleen perfused

with blood at constant pressure (59, 61).

Concentration-dependent differences in the

responses of the capsular and vascular

smooth muscle systems were found. Low

arterial blood concentrations of either

adrenaline or noradrenaline (50 ng/ml)

evoked the maximal contraction of the

splenic capsule obtained with each amine

but only small changes in splenic vascular

resistance or conductance. In this series of

experiments the maximum contractions of

the splenic capsule to adrenaline and nor-

adrenaline were not significantly different

although at arterial blood concentrations

producing submaximal responses adrenaline

was always the more potent. Moreover, the

threshold arterial concentration to produce a

capsular response was lower for adrenaline

than for noradrenaline. The maximum re-

duction in spleen volume produced by either

adrenaline or noradrenaline was significantly

less than the maximum contraction to

sympathetic nerve stimulation. Since in these

experiments on the dog spleen, the maximum

contraction of the splenic capsule to either

adrenaline or noradrenaline occurred at

arterial doses below that at which there were

significant reductions in splenic arterial

blood flow, the differences between the maxi-

mum responses to either adrenaline or
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noradrenaline infusion and nerve stimula-

tion cannot, in this species, be explained on

the basis of limited receptor access unless

there are alterations in the microcirculation

and distribution of blood within the spleen.

Various transducers have been sutured to

the splenic capsule or placed around the

splenic blood vessels of dogs and recovery

allowed (117, 118). A continuous record of

splenic diameter, splenic vein blood flow

and splenic vein and systemic haemato-

crit has been obtained in the unanaesthetized

animal with innervated spleen and intact

cardiovascular reflexes. The intravenous ad-

ministration of adrenaline produced a large

decrease in spleen diameter which was es-

timated to be equivalent to a reduction in

spleen volume of 85 ml; the recovery time

was 13 min. Intravenous noradrenaline pro-

duced changes of the same magnitude but

slightly more prolonged.

Experiments on the intact human spleen

have been very limited. Results of experi-

ments in which spleen size was indicated by

palpation and counts of the circulating red

blood cells were made, led to the suggestion

that adrenaline, by subcutaneous injection,

caused contraction of both the normal and

the enlarged spleen (260). This was con-

firmed in the normal spleen of both child

and adult by x-ray studies and red cell

counts (19), and by measuring areas from

x-rays after thorotrast (189, 247). Similar

x-ray studies indicated contraction of the

pathologically enlarged spleen to subcu-

taneous injection of adrenaline (181, 249,

252).

In one investigation (247), results of ex-

periments on normal and enlarged spleens

were compared and the small changes in the

spleen outline in response to adrenaline were

similar in both types. Direct observations

were carried out in patients undergoing

splenectomy (250). In nine cases the spleen

was enlarged and in two it was normal;

adrenaline was given close arterially and

the spleen was observed and samples of

splenic arterial and venous blood were col-

lected. In six of the enlarged spleens, con-

traction was visible and the red cell count in

the venous blood increased, but in the two

normal spleens there was no evidence of

contraction.

Experiments on the intact, isolated, nor-

mal human spleen perfused with McEwen’s

solution (6) reveal that very small reductions

in volume accompanied the injections of

either adrenaline or noradrenaline, despite

large concomitant increases in splenic vascu-

lar resistance. The results suggested that

within the limits of the accuracy of the ex-

periments, which involved measurements of

small changes in volume, imposed on a

changing background, the two catechol-

amines were equipotent in their activity

on the capsular smooth muscle of the human

spleen.

B. ACTIONS ON SPLENIC VASCULAR SMOOTH

MUSCLE. Despite the early observations (141)

that the contraction of the dog spleen by

adrenaline was accompanied by an initial

increase in venous outflow, and that during

the remainder of the capsular contraction

the blood flow was reduced, the investiga-

tion of the actions of adrenaline on the

splenic vascular bed was delayed mainly

for technical reasons.

Mertens (1934) incorporated thermo-

stromuhrs into the splenic artery and vein

of dogs (179) and showed that intravenous

adrenaline, at various doses, caused a large

increase in splenic venous flow followed after

approximately 2.5 mm by a reduction in

flow to about 50% of the control value.

There was a slight initial increase in splenic

arterial blood flow concomitant with the

initial increase in systemic blood pressure;

this was succeeded by a prolonged reduc-

tion in splenic arterial blood flow despite the

raised systemic arterial blood pressure.

These observations clearly indicated an

increase in splenic vascular resistance con-

comitant with the phase of splenic capsular

contraction. Extensive experimental ob-

servations on the actions of adrenaline on

the splenic vascular bed of the dog appeared

in 1939 (116) when thermostromuhrs were

placed on the splenic artery and vein in
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dogs and recovery allowed. Resting blood

flows of 97 ml/min in the splenic artery and

91 mi/mn in the splenic vein were recorded

and adrenaline at a dose of 5 pg/kg body

weight caused a transient but marked in-

crease in flow to about twice the control

levels; this was succeeded by a period of

decreased flow in both the artery and vein.

In a subsequent paper (115) changes in

spleen volume were also recorded by plethys-

mography and the dissociation between the

capsular and vascular events obtained, since

it was observed that capsular contraction

did not always result in reductions in splenic

arterial blood flow. The capsular and vascu-

lar smooth muscle components were capable

of independent activity. The periodic oscil-

lations in splenic blood flow characteristic of

adrenaline injections and previously de-

scribed by Mertens (179) were analysed;

they were large in amplitude with a 30 to

40 sec time-course. On the basis of the tem-

poral relationship between the recording

parameters the authors (115) interpreted

these waves as arterial in origin. These

periodic oscillations in splenic arterial blood

flow have been reinvestigated recently

(124). In the dog spleen where both the

splenic artery and vein were cannulated to

incorporate electromagnetic flowmeters (188)

both adrenaline and noradrenaline caused

an initial marked reduction in arterial inflow

and after a brief delay an increase in venous

outflow with a rise in splenic venous pressure.

The recovery to control flow values was

much longer after adrenaline. A prolonged

secondary dilatation followed the admin-

istration of both amines. In the dog spleen

perfused at constant flow with blood (33) the

close arterial injection of noradrenaline

(1 /2g) produced an increase in splenic

vascular resistance equivalent to splenic

nerve stimulation at 5 Hz but a smaller

increase in splenic venous pressure indicative

of a smaller capsular contraction and empty-

ing. When Krebs-Ringer solution has been

used as the perfusion medium (183) dis-

tinct characteristics in the splenic vascular

responses to adrenaline have been described.

A triphasic response consisting of an initial

rapid rise in pressure which was succeeded

by a pronounced decrease and finally a

secondary rise. No intermediate pressure

decrease was observed with injection of

noradrenaline. This triphasic pattern of

vascular responses to adrenaline was not

observed, however, in the experiments of

another group (65) where the dog spleen

was isolated and perfused with McEwen’s

solution at constant flow. The overall vaso-

constrictor properties of adrenaline and

noradrenaline have been confirmed in the

isolated dog spleen perfused with blood at

constant pressure where changes in splenic

arterial blood flow have been measured with

rotameters (57, 59, 61, 65). In one study

(59, 61) plateau vascular responses were

obtained from 6 to 9 different arterial con-

centrations of either adrenaline or nor-

adrenaline. At low arterial concentrations

of noradrenaline (0.5 /2g/ml) when the con-

traction of the splenic capsule was almost

maximal there were very small concomitant

reductions of splenic arterial blood flow.

Indeed in four of the nine experiments in

this series arterial noradrenaline concentra-

tions between 0.01 and 0.1 �sg/ml were ob-

served to induce splenic arterial vasodilata-

tion. Higher blood concentrations of nor-

adrenaline (0.1-1.0 /2g/mi) evoked graded

reductions in splenic arterial blood flow and

at concentrations of 5.0 Lg/mi almost com-

plete cessation of splenic blood flow oc-

curred. A similar dose response relation-

ship was observed with adrenaline. In seven

of the eight experiments low arterial con-

centrations (less than 0.1 �g/m1 adrenaline)

caused an increase in splenic blood flow in-

dicating vasodilatation of the splenic bed.

When the arterial concentration of adrena-

line was increased above 0.05 �g/ml graded

reductions in splenic arterial blood flow

were observed to accompany the maximum

contractions of the splenic capsule. Almost

total cessation of splenic arterial blood flow

occurred at concentrations of 1.0 /hg/ml

adrenaline. Furthermore, the maximum in-

creases in splenic vascular resistance to
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sympathetic nerve stimulation or to adrena-

line or noradrenaline were not significantly

different and in each case represented an

almost complete cessation of blood flow

through the organ. Lower blood concentra-

tions of adrenaline and noradrenaline which

elicited submaximal vascular responses indi-

cated that the two catecholamines were

equi-effective on the splenic vascular bed.

In the cat the actions of both adrenaline

and noradrenaline on the splenic vascular bed

have been investigated with non-cannulating

electromagnetic flow probes on the splenic

artery (114, 202) and also on the splenic

vein (202) although the author states that

stable recording of venous flows was only

possible with constriction of the vessel with

the recording probe. The mean splenic

arterial blood flow was 14.3 mi/mm and

oscillations of splenic inflow and outflow

were observed in all preparations including

some that were acutely denervated (202).

In 10 cats adrenaline was administered by

the close arterial route (202) and small

doses (0.03-0.3 �g) increased both arterial

and venous splenic blood flows whilst larger

doses (0.3-5.0 J1g) increased splenic venous

flow but reduced splenic arterial blood flow.

These initial responses reached a peak within

30 to 40 sec and were followed by large oscil-

lations in flow in both the splenic artery and

vein. In another study (114) adrenaline

was administered intravenously and the

splenic perfusion pressure controlled by a

micrometer clamp around the splenic artery.

The vascular response to adrenaline was

more variable and in 15 cats three flow pat-

terns were observed of which the most

frequent was a brief initialincrease in arterial

flow followed by a return towards control or

even below. On three occasions a maintained

vasodilatation was observed and on four a

maintained vasoconstriction. Noradrena-

line, when infused by the intravenous route

(114), caused a reduction in splenic arterial

flow which increased with dose and was well

maintained for the duration of the infusion.

However, when administered by the close

arterial route noradrenaline caused a slight

reduction in splenic arterial flow, of short

duration, succeeded by a prolonged period

of increased flow. No significant difference

could be found in the vascular responses of

the innervated or acutely denervated cat

spleen to either adrenaline or noradrenaline

(202).

Observations have been made on the

vascular bed of the isolated spleen of man

perfused with McEwen’s solution at con-

stant flow (6) or with Ringer-Locke solution

at constant pressure (212). In the more

recent investigation (6) increasing close ar-

terial doses of either adrenaline or noradrena-

line over the range 0.25 to 25 �g produced

graded increases in perfusion pressure and

therefore splenic vascular resistance. The

ratio of potency of the two amines on the

human splenic vascular bed varied with the

dose. Adrenaline was the more potent vaso-

constrictor at close arterial doses of less

than 1 #�g whilst at higher doses the two

amines were equipotent.

A general conclusion from these intact, per-

fused spleen preparations is that both adrena-

line and noradrenaline cause contraction of

the splenic capsule and vasoconstriction of the

splenic vascular bed. The magnitude of the

capsular contraction varies considerably be-

tween species but in those species (dog and

cat) where it is marked, adrenaline is more

potent than noradrenaline although the

maximum contraction to either amine is less

than the maximum response evoked by

sympathetic nerve stimulation. In these

species the smooth muscle of the splenic

capsule is more sensitive to circulating

adrenaline and noradrenaline than the

smooth muscle of the vascular bed. Further-

more, in the cat and dog low concentrations

of adrenaline evoke splenic vasodilatation

but over the greater range of blood concen-

trations both adrenaline and noradrenaline

cause vasoconstriction and are equipotent.

C. IN VITRO PREPARATIONS. Adrenaline has

been shown to contract isolated whole

spleens or strips from many species including

the dog (24, 26, 94, 95, 137, 204, 243), cat

(23, 97, 101, 137, 146, 147, 151, 166-168,
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204), kitten (34), man (204), rabbit (95,

136, 137, 148, 167, 168, 173, 204, 243), rat

(167, 173), mouse (145), guinea pig (137,

173), sheep (167), pig (95, 173), ox (173),

and kid (151). Strips of splenic artery and

vein from sheep and cattle have also been

shown to contract to adrenaline (167).

Noradrenaline has been demonstrated to

contract strips of spleen from the dog (232),

cat (23, 38, 58, 97, 101, 146, 147, 163),

rabbit (148, 170), and kid (232). On the

isolated cat spleen strip the potency of

adrenaline and noradrenaline has been found

to be the same (101) or adrenaline greater

than noradrenaline (23).

An extensive quantitative study (21) has

evaluated the responses of isolated strips of

cat spleen to sympathomimetic drugs and

their antagonists. Concentrations of adrena-

line (1 X 108 to 5 X 10’M) and of

noradrenaline (3 X 10� to 3 X 10’ M)

produced concentration dependent contrac-

tions, each of which was initially rapid and

then followed by a slower component that

usually reached a peak within 3 to 5 mm

and was maintained. Adrenaline was more

potent than noradrenaline. On these iso-

lated strips of cat spleen the sensitivity of a

second concentration activity series was

consistently reduced below the sensitivity

to the initial series. This reduction was

usually more marked at concentrations below

half maximal. In the second series the re-

sponses of the strips to a standard submaxi-

mal concentration of adrenaline and nor-

adrenaline were reduced on the average by

77.6% and 45.4%, respectively. However,

the maximal contracting effect of the cate-

cholamines was not altered. The sensitivity

of the strip to a subsequent series usually

was further reduced. In a later publication

(22) the actions of adrenaline and nor-

adrenaline on the isolated spleen strip of the

cat were analysed in terms of the mass

action laws. In addition, strips from the

kitten spleen have been shown to contract

more rapidly with high doses of adrenaline

although the maximum equilibrium con-

traction had been attained (197). The p0-

tency of the (+)- and (- )-isomers of

noradrenaline on isolated strips of cats spleen

differed very little (109) but whilst there was

a 3-fold increase in the sensitivity to (-)-

noradrenaline 7 days after denervation there

was no change in the sensitivity to (+)-

noradrenaline. The sensitivity of the capsu-

lar smooth muscle in different areas of the

spleen to noradrenaline was examined and

was not found to vary across the width of

the spleen but the medial end of the spleen

was significantly more sensitive to (-)-

noradrenaline than the lateral end. However,

the sensitivity to (-)-noradrenaline of both

ends was increased by chronic denervation

but the medial end remained the more

sensitive.

The observations of Ignarro and Titus

(145) on the whole isolated mouse spleen

were that both (-)-noradrenaline and (-)-

adrenaline caused contractions of equal rates

and that both amines had equal intrinsic

activity.

In the studies of Sheys and Green (216)

the dissociation constants (KA values) of

several agonists were determined on rabbit

spleen strips and aorta. (-)-Adrenaline was

the only agonist studied that had the same

EC5O, KA and efficacy in the two tissues.

(-)-Noradrenaline had the same EC5O in

the two tissues but different efficacies and

KA values. On the other hand (+)-nor-

adrenaline had the same efficacy but sig-

nificantly greater EC5O and KA values in

the spleen compared with the aorta sug-

gesting that the receptors in the two tissues

are different.

D. TRANSILLUMINATION STUDIES. The clas-

sical experiments of Knisely (153, 154) re-

vealed that the local application of adrena-

line (1:10,000) caused a decrease in the size

of the rat spleen and induced many sinuses

to empty. A period followed in which the

arterial blood flowed in a pulsating stream

through the capillaries, sinuses, and sinus

system into the venules. A more extensive

comparative study (169) evaluated the ef-

fects of intravenous and local administration

of adrenaline on the splenic circulation of
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mice, rats, rabbits, guinea pigs, and cats.

Neither the route of administration nor the

species altered the qualitative response which

was uniform and transient although in the

cat the responses were accentuated by the

marked force of the trabecular contraction

in this species. The first changes were a con-

traction of the spleen and constriction of the

afferent pulp vessels as shown by the ir-

regular, jerky flow in the arterioles and

arterial capillaries and paling of the red

pulp. As the effect passed off arterial vessels

and trabeculae relaxed and after 3 to 5 mm

the patency to red and white cells of the

smallest collateral pulp channels was re-

stored. The vascular constriction produced

by adrenaline was not localised to certain

spots along the arterial vessels, but affected

simultaneously their entire visible length.

The venous tributaries of the pulp were not

constricted by adrenaline although they were

flattened by the concomitant splenic con-

traction but no decrease in diameter could

be measured.

A detailed analysis of the effects of

topically applied adrenaline and noradrena-

line on the intermediate circulation of the

mouse spleen (91) revealed that both sub-

stances cause vascular constriction; adrena-

line was the more potent. Adrenaline caused

constriction in the pulp arteries as well as

terminal arterioles but the veins were never

seen to react to adrenaline or indeed to any

other substance studied. In 37 tests the time

to induce constriction by adrenaline ranged

from 10 to 50 sec (mean 31) with recovery in

5 to 120 sec (mean 32) after the re-establish-

ment of the control perfusion fluid. Dif-

ferences were observed in the sensitivity

between two terminal arterioles branching

from the same pulp artery. (-)-Noradrena-

line was eight times less active than adrena-

line in causing constriction but also de-

sensitisation of the preparation was ob-

served after the administration of (-)-

noradrenaline; these observations are very

different from those obtained in isolated

whole spleens of the mouse (145). In this

transilluminated preparation both adrena-

line and noradrenaline evoke splenic con-

traction which was independent of the vaso-

constriction since it occurred at a greater

concentration of the drugs and the time-

course was always different and usually

shorter than the vascular reactions.

2. Isoprenaline. A. IN VIVO OBSERVATIONS.

Small doses of isoprenaline (0.1-1.0 �

administered by the close-arterial route,

cause a profound vasodilatation in the dog

spleen when arterial blood flow has been

measured either with an electromagnetic

flowmeter (124, 188) or a rotameter (70).

These doses caused only small increases in

splenic vein pressure and splenic volume

(188). Although the increases in volume are

small they are significantly greater than the

increases in volume observed in the same

preparations accompanying the vasodilata-

tion evoked by either close-arterial brady-

kinin or histamine (70). It is, therefore,

unlikely that the increase in volume to

isoprenaline is purely passive in origin and

an active relaxation of capsular smooth

muscle is probably present. It is evident

that the vasodilator response to isoprenaline

depends on the basal vascular tone of the

preparation and that if this is absent then

the evoked responses are very different.

Thus in the isolated dog spleen perfused with

Krebs-Ringer solution at constant flow (183)

isoprenaline (1-100 gig) given by close-ar-

terial injection, produced a dose dependent

increase in splenic vascular resistance and

decrease in spleen weight. If the vascular

smooth muscle tone was increased by sym-

pathetic nerve stimulation at 2 Hz then the

close arterial injection of isoprenaline (10

�mg) produced a marked decrease in the

splenic perfusion pressure at constant flow,

indicating vasodilatation, and no change in

weight. In the dog spleen perfused with

blood (70) large doses of isoprenaline (100

gig) evoke vasoconstriction and contraction.

These responses may be blocked by phenox-

ybenzamine unmasking the vasodilatation

and capsular relaxation seen predominantly

at low doses.

In the intact unanaestheLized dog where
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the diameter of the innervated spleen was

continuously monitored (118) 20 �g of iso-

prenaline given by intravenous injection

produced a profound systemic hypotension

with consequent reflex contraction of the

spleen.

Two detailed studies by Ross (202) and

Greenway and Stark (114) have elucidated

the actions of isoprenaline in the cat spleen;

both groups used non-cannulating flow

probes. All effective doses of isoprenaline

caused a rapid increase in splenic arterial

and venous blood flow. Although the arterial

and venous flow increases were similar in

magnitude the time courses were different.

The arterial flow increase developed more

rapidly so that the arterial inflow reached a

peak 8 to 10 sec before the maximum venous

outflow. Both inflow and outflow returned

to the control values over the next 5 to 10

mm by means of a series of diminishing

oscillations (202). The changes in spleen

weight resulting from the intravenous ad-

ministration of isoprenaline (114) were very

small and biphasic; an increase in weight

accompanied the initial vasodilatation but

the succeeding systemic hypotension caused

a decrease in weight which was not reflex

since the splenic nerves had been divided.

The changes in either direction were small

not exceeding 15 % of the control weight. The

authors further analysed the initial increase

in weight accompanying the vasodilatation

by restricting the arterial inflow. If the in-

crease in flow was prevented the small in-

crease in spleen weight still occurred sup-

porting their view that the active vasodila-

tation was accompanied by a small active

relaxation of the splenic capsule rather than

a passive increase in spleen size secondary to

the vasodilatation.

B. IN VITRO OBSERVATIONS. In contrast to

the blood perfused, intact spleen prepara-

tion, no effect is observed on isolated strips

of spleen until high concentrations of iso-

prenaline are reached, when contraction of

the strip is observed. Contractions to iso-

prenaline have been obtained from spleen

strips of the cat (21, 58, 151, 163), kid (151,

232), rabbit (148, 151), and dog (232). These

observations reflect the absence of basal

tone in the isolated strip; if the preparations

are slightly contracted with histamine,

adrenaline, or noradrenaline, much lower

doses of isoprenaline (4 X 10-8 to 4 X 10�

M) cause a moderate relaxation in the cat

(21), but not in the rabbit (216).

Low concentrations (5 X 10� to 5 X 10�)

of (±)-isoprenaline produce relaxation of

the whole mouse spleen (145), whereas at

higher concentrations (5 X 10� to 5 X 10�)

contraction prevails. Similar experiments

with rat, guinea pig, rabbit, cat, and monkey

strips or whole spleens did not reveal a

similar pattern.

B. Indirectly-acting Catecholamines

1. Tyramine. Early observations (226)

showed that tyramine, like adrenaline,

evoked contraction of both the normal and

acutely denervated spleen of the anaesthe-

tized cat and that in the dog spleen the

denervated portion did not appear to con-

tract more rapidly or to a greater extent

than the innervated portion. Recovery from

the tyramine injection occurred within 12 to

15 mm, about the same time as for a very

large dose of adrenaline. Subsequently it

was estimated (97) that tyramine required

250 times the dose of (-)-adrenaline to

evoke the same response in the cat spleen.

Isolated strips of cat spleen show a con-

siderable tachyphylaxis to tyramine (146)

in that the successive responses to 10� g/ml

were reduced markedly. In the intact prepa-

ration, the spleen of the cat in situ, the

question of a difference in the sensitivity of

the smooth muscle of the capsule and blood

vessels was indicated by the observations

(72) that the splenic contraction to succes-

sive injections of tyramine declined much

more rapidly than did the systemic pressor

responses. The authors cited one experiment

in which the splenic contractile response to

tyramine declined by 90% after six injec-

tions whilst no change was observable in the

pressor response. This tachyphylaxis could

be temporarily arrested by a single large
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injection of noradrenaline. In the isolated,

blood perfused spleen of the dog (70) tyra-

mine caused a graded vasoconstriction and

reduction in spleen volume with a slower

onset and longer duration of action than a

dose of adrenaline which evoked a compa-

rable maximum response. Both these re-

sponses were abolished by a dose of phenoxy-

benzamine which had abolished the responses

to noradrenaline. The dose of tyramine

required to be administered in this prepara-

tion to cause the same maximum effect was

approximately 100 times that of noradrena-

line. Studies on the isolated mouse spleen

(145) revealed that tyramine evokes a

smaller and slower contractile response than

(-)-noradrenaline, (-)-adrenaline or

isoprenaline. High concentrations of tyra-

mine elicited a small relaxation which was

antagonised by propranolol. Tachyphylaxis

to tyramine was very obvious in this prepa-

ration and the dose response curve was very

much steeper for tyramine than for adrena-

line, noradrenaline or isoprenaline.

Analysis of the possible mode of action of

tyramine showed that it produced a rise in

blood pressure and splenic contraction in

spinal cats (42), effects which were abolished

by the prior treatment of the animals with

reserpine for 2 days. The original responses

were restored by an infusion of noradrena-

line. These observations have been confirmed

with the isolated strip of the spleen of the cat

(146) and rabbit (216). However, in reser-

pine-treated rabbits restoration of the re-

sponse of strips of spleen to tyramine could

not be achieved by application of large

doses of noradrenaline (170). Nevertheless,

these observations formed the basis of the

theory that tyramine exerts its action by

releasing noradrenaline within the tissue

from a neuronal store. Subsequent experi-

ments have largely confirmed this view.

Intravenous tyramine causes splenic vaso-

constriction in the cat together with an

increase in the perfusion pressure at con-

stant flow and a concomitant increase in

noradrenaline in the perfusate to three times

the control level (228). In the isolated cat

spleen perfused with Krebs-Ringer, tyra-

mine (50 ��g) induced pronounced contrac-

tion, slight vasoconstriction, and the release

of tritium-labeled noradrenaline previously

loaded into the organ. Chronic postgan-

glionic sympathetic denervation of the spleen

abolished all these responses (132). In the

dog spleen, isolated and perfused with

Tyrode at constant flow and loaded with

tritium-labeled (±)-noradrenaline, tyramine

in doses of 10 to 1,000 �zg evoked a graded

vasoconstriction and an overflow of labeled

noradrenaline which remained constant with

the dose of tyramine. Phenoxybenzamine

prevented this overflow of noradrenaline

(128).

2. Ephedrine. Early indirect evidence sug-

gested that ephedrine caused contraction of

the spleen since the intravenous administra-

tion to dogs (25) and guinea pigs (217) was

accompanied by polycythaemia, leucocyto-

sis, and increased platelet count. These

effects did not occur in the dog after the

removal of the spleen or injection of yohim-

bine. Direct observations on the exteriorised

spleen of anaesthetized (10) and unanaesthe-

tized dogs (71) confirmed that intravenous

ephedrine leads to a long-lasting, slow, but

marked contraction. In the conscious dog

with implanted thermostromuhrs (116), in-

travenous ephedrine (1.2 mg/kg) produced

a transitory rise in splenic arterial blood

flow and a more marked initial increase in

splenic venous flow. These transitory in-

creases were followed by profound and

lasting reductions in both splenic arterial

and venous blood flows which returned to

normal only after 15 mm. A dose dependent

contraction of the capsule and graded vaso-

constriction were produced by close arterial

ephedrine administered to the isolated,

blood-perfused spleen of the dog (70). Both

these responses were of slow onset and very

long duration compared with the responses

to noradrenaline or tyramine. To produce

comparable maximum capsular and vascular

responses, ephedrine required more than 250

times the dose of noradrenaline. In the cat

spleen it had been calculated (97) that 10�
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times the dose of ephedrmne was equivalent

to noradrenaline.

The capsular and vascular responses to

close arterial ephedrine in the dog spleen

were considerably reduced by a dose of

phenoxybenzamine which abolished the re-

sponses to noradrenaline and tyramine sug-

gesting that ephedrine had a small but

definite direct action of its own on the smooth

muscle of the splenic vascular bed and

capsule (70).

3. Amphetamine. Amphetamine given by

intravenous injection to the intact un-

anaesthetized dog caused a significant con-

traction, slow in onset and long in duration,

of the spleen located, by previous operation,

in a subcutaneous pocket (190). In the

anaesthetized dog with exposed spleen, a

prolonged contraction and definite but tran-

sitory rise in blood pressure, were observed

after the intravenous administration of 1 mg

amphetamine (Benzedrine) (194). A second

injection in the same animal was followed

by a further splenic contraction but the

blood pressure showed either no change or a

slight fall. Graded vasoconstriction and cap-

sular contraction were produced by close

arterial amphetamine administered to the

isolated, blood-perfused spleen of the dog

(70). The responses were of slow onset and

long duration. Amphetamine was approxi-

mately 150 times less effective on the splenic

vascular and capsular smooth muscle than

noradrenaline. The responses to ampheta-

mine were significantly but not completely

abolished by doses of phenoxybenzamine

which abolished the responses to noradrena-

line and tyramine, strongly suggesting that,

like ephedrine, it has a direct action on the

smooth muscle as well as acting through the

release of stored noradrenaline.

Amphetamine causes contraction of the

isolated strip of cat spleen (147), an effect

antagonised by phenoxybenzami.ne. Protec-

tion to this blockade was given by addition

of large doses of either adrenaline or 5-

hydroxytryptamine suggesting that in this

tissue all three compounds act through the

same receptor.

V. Adrenoceptor Blocking Drugs

A. Alpha blocking Agents

Many of the earliest observations on the

ability of adrenaline to contract the whole

spleen or isolated strips also reported that

this contraction was specifically antagonised

by either yohimbine (24, 195) or ergotoxine

(54, 135, 204). The phenomenon of adrena-

line reversal, first described by Dale (54),

was studied in the cat spleen (167) with

various alpha blocking drugs. Ergotamine,

yohimbine, or dibenamine abolished the

capsule contraction after the administra-

tion of adrenaline but undulations in volume

accompanied the injections. It was sug-

gested that these transient increases in

volume were not the result of an active

capsular relaxation but passive changes ac-

companying vasodilatation of the splenic

vascular bed. Relaxation of capsule strips

with adrenaline after alpha blocking agents

was never observed, but relaxation to adrena-

line after alpha block was observed in strips

of splenic vein or artery from sheep or

cattle.

The actions of phenoxybenzamine have

been described in the exteriorised dog spleen

where both artery and vein were cannulated

to incorporate flow probes (188). The drug

itself had no significant effect on splenic

arterial conductance or spleen volume in

close-arterial doses up to 30 mg. However,

the smallest close-arterial dose (0.1 and

0.3 mg) abolished the vasoconstrictor re-

sponses to adrenaline and noradrenaline and

unmasked vasodilator responses to each,

equal in magnitude to isopienaline. The

vasodilator response to adrenaline was

further augmented by increasing the dose

of phenoxybenzamine, but above 10 mg the

response to noradrenaline diminished. In

another series (110) spleen weight was con-

tinuously measured and recorded. The smal-

lest dose of phenoxybenzamine markedly

reduced the capsular contractions to adrena-

line and noradrenaline whilst the largest

dose caused both adrenaline and noradrena--

line to increase spleen weight slightly al-



394 DAVIES AND WITHRINGTON

though nerve stimulation still caused a

slight reduction in weight with concomitant

vasodilatation. On the basis of their observa-

tions the authors suggested that, accepting

Ahiquist’s classification of adrenaline re-

ceptors (1), the splenic arterioles in the dog

possess innervated alpha receptors and some

beta receptors which cause vasodilatation

but are not innervated. A much wider dose

range of phenoxybenzamine was investi-

gated in the isolated, blood-perfused spleen

of the dog (65). The direct vascular effects

were variable and short lasting although

doses in excess of 0.5 mg usually induced

transient vasoconstriction. The only effect

of small close arterial doses of phenoxybenza-

mine (1-100 �g) was a partial block of the

vascular and capsular smooth muscle re-

sponses to adrenaline, noradrenaline, and

sympathetic nerve stimulation; there was no

evidence of potentiated responses. The ef-

fects of low frequency stimulation (1 and 3

Hz) and noradrenaline were reduced to the

same extent although the response to 10 Hz

was significantly more resistant to blockade.

The vascular component of the splenic

response to sympathetic nerve stimulation

was more sensitive to the blocking action of

phenoxybenzamine than the capsular com-

ponent. The vasoconstrictor responses to

sympathetic nerve stimulation, noradrena-

line, and adrenaline were all converted to

vasodil.atation by the prior administration

of phenoxybenzamine whilst the contrac-

tions were abolished without any evidence

of active relaxation. The predominant alpha

receptor innervation to the capsule of the

dog spleen and the presence of innervated

alpha and beta receptors in the splenic

vascular bed has been confirmed in the

isolated dog spleen perfused with Krebs’

solution (183). Moreover, there is now

evidence that there are beta receptors in the

capsule smooth muscle but these may not

be innervated (70).

In the blood-perfused cat spleen (114) the

pure vasoconstrictor role of noradrenaline

was converted to vasodilatation by phenoxy-

benzamine whilst the biphasic response to

adrenaline became purely vasodilator. There

was now little change in weight to noradrena-

line whilst adrenaline caused a slight in-

crease in spleen weight similar to that

evoked by isoprenaline. The smooth muscle

of the blood vessels of the cat spleen there-

fore contain both alpha and beta receptors

and the capsular smooth muscle a rich alpha

distribution but sparse beta population.

Which of these receptors in each tissue is

innervated has not yet been established

clearly. -

Low concentrations of (±)-isoprenaline

produce relaxation of the mouse spleen (145)

whereas at high concentrations contraction

prevails. Phenoxybenzamine and phentola-

mine antagonise the contractions at high

concentrations leaving the relaxation com-

ponent unaltered whilst a relaxation com-

ponent to adrenaline was uncovered. The

effects of the two alpha receptor antagonists

on the contractile responses to (- )-nor-

adrenaline, (- )-adrenaline and (±)-isopren-

aline were examined and concentration

curves characteristic of an irreversible or

insurmountable antagonism of alpha recep-

tors were obtained for phenoxybenzamine;

with phentolamine, the maximal response

was not depressed thus indicating reversible

or surmountable antagonism for alpha re-

ceptors. In the spleen of this species the

capsule contains both alpha and beta recep-

tors although the functional significance of

these observations is not yet known. Tech-

nical difficulties in the measurement of

blood flow in the mouse spleen has so far

prevented an investigation of the adrenaline

receptors in the blood vessels.

In the human spleen, phenoxybenzamine

was found to abolish the small contraction

in response to sympathetic nerve stimula-

tion, adrenaline and noradrenaline (6), and

the vascular response to sympathetic nerve

stimulation and injected noradrenaline,

whilst a slight vasodilator component was

uncovered with high doses of adrenaline.

The spleen of man, therefore, contains pre-

dominantly alpha receptors in both the

capsule and blood vessels.
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Of course, more quantitative analysis has

been possible on isolated strips of spleen and

the effects of adrenergic antagonists have

been elucidated in the cat spleen (21, 163).

Tolazoline (21) in concentrations from 2 X

10� to 2 X 10� M produced concentration

dependent surmountable inhibition of adren-

aline, noradrenaline, and isoprenaline and as

the concentration of tolazoline was increased

the concentration-activity curves for the

agonists were shifted progressively to the

right. Tolazoline 2 X 10� M depressed the

maximal contracting effect of the catechola-

mines. Dibenamine, in concentrations of

1.7 X 10� to 3.4 X 106 M produced con-

centration dependent insurmountable de-

pression of the maximal contracting effect

of adrenaline, noradrenaline, and isoprena-

line; some shift of the curves to the right

was also observed. The relative affinities of

the adrenergic blocking drugs for catechola-

mine receptors was determined and it was

seen that tolazoline antagonised all three

catecholamines equally effectively as did

dibenamine. Tolazoline, however, possessed

a lower receptor affinity than dibenamine.

Isolated strips from the spleens of kids and

dogs (232) revealed that the contractions to

noradrenaline and isoprenaline were in-

hibited by dibenarnine (10-v) in the dog and

reduced to 8% and 12% of control respec-

tively in the kid.

An interesting approach has been that of

Sheys and Green (216) who found that the

dissociation constants (KB) of phentolamine,

azopetine, and yohimbine were significantly

greater in splenic strips than in aortic

strips from the same rabbit. They pointed

out that the difference, although significant

for phentolamine, was not as large as the

100 times difference in the pA2 in the cat

spleen (109) compared with the cat aorta
(234). However, two other antagonists,

#{233}thomoxane and dihydroergotamine were

approximately equipotent.

B. Beta blocking Agents

In the cat spleen in vivo (202) doses of

adrenaline or noradrenaline which increased

splenic arterial blood flow, caused a reduc-

tion in flow in the same animal after the

administration of propranolol. Also doses of

adrenaline or noradrenaline which reduced

splenic arterial blood flow before blockade

now provoked a greater reduction. The in-

creased venous outflow caused by adrenalint

and noradrenaline and partly due to splenic

capsular contraction, was reduced but not

abolished after beta blockade. The effects of

isoprenaline on either splenic inflow or out-

flow were abolished by propranolol. All these

effects were seen whether the catecholamines

were administered by either close arterial or

intravenous routes. In a similar study (114)

the splenic conductance and weight re-

sponses to noradrenaline were unchanged

by propranolol whilst the biphasic conduct-

ance changes to adrenaline altered to one of

pure vasoconstriction. Moreover, the vaso-

dilatation evoked by noradrenaline and

adrenaline after phenoxybenzamine was

either much reduced or abolished by beta

receptor block as was the slight weight in-

crease accompanying the administration of

adrenaline.

In the dog spleen the vasoconstrictor re-

sponses to adrenaline and noradrenaline

became very similar in magnitude after

propranolol (183) whilst the vasodilator

response to sympathetic nerve stimulation

seen after phenoxybenzamine was abolished

(65, 183) and the vasodilator responses to

adrenaline and noradrenaline after phenoxy-

benzamine (65) converted to a slight vaso-

constriction by the administration of

propranolol. The vascular response to iso-

prenaline was abolished (70).

The experiments of Ignarro and Titus on

the mouse spleen (145) indicated that the

relaxation produced by low concentrations

of (±)-isoprenaline were completely antago-

nised by either MJ1999 or propranolol and

that the relaxation caused by adrenaline in

the presence of phenoxybenzamine was also

blocked by MJ1999.

Dichloroisoproterenol (DCI) generally

augmented the contractile effects of adrena-�

line and noradrenaline in isolated strips of
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cat spleen (21). Concentrations of 7 X

10-i M or greater usually depressed the

responses to lower concentrations of adrena-

line and noradrenaline whilst augmenting

the responses to higher concentrations. The

maximal contracting effect of the agonists

was not increased; thus DCI usually in-

creased the slope of the concentration ac-

tivity curves. In a few spleen strips DCI

augmented all concentrations of noradrena-

line thus producing a parallel shift of the

curve to the left. In contrast DCI inhibited

the contractile effects of isoprenaline and

concentrations of 1.8 X 10� to 1.4 X 10-i M

DCI produced progressively increasing sur-

mountable inhibition of isoprenaline con-

tractions. Concentrations greater than 1.4 X

10� M usually depressed the maximal con-

tracting effect of isoprenaline. Augmentation

of the responses to isoprenaline by DCI was

never observed. The affinity of DCI for

isoprenaline contractile receptors was of a

low order of magnitude.

A species variation has been observed in

the effects of beta receptor blocking agents

on the responses of splenic strips to cate-

cholamines (151). Adrenaline and isoprena-

line were administered to produce submaxi-

mal contractions which were augmented by

pronethalol (108 to 10�) in the kid but not

in the cat or rabbit. These observations

suggest the absence of beta receptors in the

capsule of these two species. Similarly

propranolol (3 X 10-8 M) has no effect on
the dose response curve to adrenaline in the

rabbit splenic strip from which it was also

concluded that the rabbit splenic capsule

contains no beta receptors (216). However,

higher doses of the beta receptor antagonist

reduced the responses in all three species

and 10� caused complete blockade. The

authors (151) suggested that the inhibitory

effects of high concentrations of pronethalol

on the contraction of the splenic strips to

adrenaline, acetylcholine, and isoprenaline

was not due to a specific action of the drug

on the beta receptors. In strips of rabbit

spleen both pronethalol (1 X 10-s) and

DCI (1.5 X 10-s) inhibited the contractions

to isoprenaline, adrenaline, and noradrena-

line (148). Isolated strips of dog spleen con-

tract to isoprenaline (10-i to 10�); these

responses were augmented by propranolol

10� whilst higher concentrations (10-i)

greatly reduced the contractions to iso-

prenaline as well as those to adrenaline and

barium chloride. The results with the lower

concentrations of blocking drug would sug-

gest the presence of some beta receptors but

it was suggested by the author (232) that at

the high dose level isoprenaline acts by

stimulation of alpha receptors and that beta

receptors do not exist in the splenic capsule

of the dog.

VI. Cholinergic Drugs

The first observation of the action of

acetyicholine on the spleen was in 1918 by

Hunt (144) who recorded changes in cat

spleen volume with a plethysmograph and

studied the in situ responses to intravenous

injections of acetylcholine. His results were

variable but most commonly a decrease in

volume followed by an increase was ob-

served. This was interpreted as an active

vasodilatation, with the initial decrease in

volume being due to the fall insystemic blood

pressure. This interpretation was supported

by the results of another series of experi-

ments in which the isolated spleen was per-

fused with Ringer’s solution and an increase

in the venous outflow was observed after

injection of acetylcholine. Subsequent work

in which changes in volume were recorded

in the cat or dog spleen produced varied

results, but it was generally considered that

acetylcholine, given intravenously, caused

a reduction in spleen volume (84, 106).

Experiments on the exteriorised dog spleen

suggested either a shortening of the spleen

in response to acetylcholine (71) or an

increase in area (135). This latter work must

be treated with caution as almost every drug

tested, even those which in other workers’

hands have consistently produced capsular

contraction, resulted in an increase in area.

The possibility that venous occlusion oc-
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curred with their technique must be con-

sidered.

The effect of intravenous acetylcholine

on splenic blood flow of the conscious dog

with implanted thermostromuhrs on the

splenic artery (116) was a brief, slight in-

crease in splenic arterial blood flow.

In an attempt to avoid the complications

of secondary effects on the spleen, caused

by the action of acetylcholine on the whole

animal, the isolated, intact spleen or a

strip preparation has been used extensively.

Results with this preparation have shown

almost universally that acetylcholine causes

contraction (23, 38, 84, 94, 100, 137, 146,

173, 204, 243), although the dose required

varied considerably. There has been a re-

port, however, that acetylcholine induced

relaxation of the human spleen strip and also

of dog and rabbit strips which have been

already contracted by adrenaline (95, 204,

243). The splenic contractions produced by

acetylcholine were small compared with that

of adrenaline (23, 173) and if a strip was

contracted maximally to acetylcholine the

subsequent addition of adrenaline provoked

further contraction (94, 243).

The effects of acetylcholine on the intact

spleen can only be studied satisfactorily

when it is administered by the close arterial

route and systemic effects therefore avoided.

This procedure has produced variable re-

sults in the isolated spleen perfused with

Ringer’s solution (135, 144). A detailed

analysis on the actions of acetyicholine on

the isolated blood perfused dog spleen by

Farber (82) showed that a wide range of

close arterial doses of acetylcholine produced

a contraction which was not influenced by

denervation. However, in a further series of

experiments he showed that if the in situ

spleen of one dog with the splenic nerve

connections maintained, was perfused by

the circulation of a second, then the intra-

venous injection of acetylcholine into the

first dog caused contraction of the spleen

despite the fact that no acetylcholine entered

the spleen through the circulation. It was

concluded that acetyicholine exerts some

action on the spleen via the extrinsic nerve

supply. Even by close arterial injection,

varying effects of acetylcholine on the spleen

have been reported including contraction

(38, 93) and vasodilatation with an increase

in volume (110).

The cause of these conflicting results was

demonstrated by Daly and Scott (57) with

the isolated blood perfused spleen of the

dog. Acetylcholine was administered by

close arterial injection over the dose range

0.01 to 100 pg and it was found that at the

lower doses there was a reduction in vascular

resistance together with a small increase in

volume attributable to the passive effect of

vasodilatation. At the higher dose level,

vasodilatation still occurred together with a

contraction of the spleen. These results have

been confirmed in the dog spleen both for

high (33) and low doses (66, 124). However,

in the dog spleen perfused with McEwen’s

solution, close arterial acetylcholine caused

contraction only, with no evidence of a

vascular action (161) presumably due to a

lack of basal vascular tone.

The effects of various drugs have been

studied to analyse the nature of the action

of acetylcholine on the spleen. Eserine has

been shown to potentiate it (93, 137, 204),

while another anticholinesterase, tetraethyl-

pyrophosphate (TEPP) given intravenously

to the dog caused splenic contraction (215).

This latter observation, however, was shown

to be a result of increased sympathetic dis-

charge to the spleen and the secretion of

catecholamines by the adrenal medulla, inas-

much as the contraction was abolished by

splenic denervation and adrenalectomy.

There have been many reports that atropine

blocks the action of acetylcholine on the

spleen (84, 93, 110, 144, 204), but also some

that describe the action of acetylcholine

persisting after atropine (82, 106). In one

study (57), a wide range of doses of acetyl-

choline was administered by close arterial

injection and the conclusion was reached

that the splenic vasodilatation and increase

in volume produced in response to low doses

of acetylcholine was blocked by atropine.
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In these atropinised preparations, however,

doses of acetylcholine 1.5 to 10 times that

required to produce the muscarinic effects,

now caused contraction of the spleen. This

latter response was abolished by hexametho-

nium. These results clearly suggest that in

addition to its muscarinic action, acetyl-

choline also had a nicotinic action on the

spleen. Support for this idea was provided

by experiments in which nicotine and

1: 1-dimethyl-4-phenylpiperazinium iodide

(DMPP) were shown to cause contractions

of the spleen, which were abolished or re-

duced by an alpha adrenoceptor blocking

agent (57).

The nature of this nicotinic action of

acetylcholine on the spleen requires some

explanation and Daly and Scott (57) listed

four possible sites of action. They considered

an action on sympathetic ganglion cells,

excitation of postganglionic nerve fibres or

endings, stimulation of sensory endings with

the initiation of an axon reflex, and an effect

causing the release of stores of adrenaline

and noradrenaline beyond the nerve end-

ings. This last possibility was taken by Burn

and Rand as evidence in support of their

cholinergic link theory of sympathetic ac-

tion (38, 43, 44). The arguments for and

against this theory have been compre-

hensively reviewed (88), and will not be

considered here. An action of acetylcholine

on ganglion cells in the splenic nerve was

discounted since histological examination

revealed very few ganglion cells and also

because the nicotiic contraction could not

be evoked after section and degeneration

of the splenic nerves (57). The possibility

that acetylcholine was directly exciting the

postganglionic fibres or endings was studied

extensively by Ferry (87) who recorded the

discharge in the splenic nerve fibres after the

close arterial injection of acetylcholine. This

discharge was not affected by atropine or an

alpha adrenoceptor blocking agent, sub-

stances which would abolish the direct effects

of acetylcholine or any released catechola-

mines on the smooth muscle and so rule out

the excitation of any mechanoreceptors.

The discharge could stifibe elicted after the

sensory innervation of the spleen had de-

generated, but it was abolished by hexa-

methonium, a specific action described by

workers investigating the excitation of nerve

fibres by acetylcholine (76, 107). The con-

clusion was, therefore, that acetylcholine

“excites the sympathetic postganglionic

nerves of the spleen somewhere near their

endings” and this explains the numerous

reports of sympathomimetic effects being

produced by substances with nicotinic-like

actions.

Some discrepancies remained, however,

since when the nicotinic action of acetyl-

choline was blocked by hexamethonium,

large doses of acetylcholine still caused

some contraction of the spleen, which was

blocked by atropine (57) thereby suggesting

a direct muscarinic action on the capsular

smooth muscle described by others on strips

of spleen (84, 93, 204). Furthermore, if the

nicotinic action of acetylcholine is on the

postganglionic nerve endings (87), then a

close arterial injection of acetylcholine

(5 to 100 �Lg) which caused contraction

might be expected to evoke vasoconstriction

rather than the vasodilation which has been

described as accompanying the contraction

(57). This discrepancy might be explained

by postulating that the direct muscarinic

action causing vasodilatation overrides the

indirect nicotiic action evoking vasocon-

striction.

Other parasympathomimetic drugs have

been shown to behave in a similar manner to

acetylcholine in respect of their actions on

the spleen. Methacholine (110, 188) pro-

duced vasodilatation and a small increase in

spleen volume after close arterial injection

in a perfused preparation whilst both pio-

carpine and arecoline contract splenic strips

(100, 204) and excised spleen (35).

Little work has been reported to compare

the effectiveness of acetylcholine on the

spleens from different species. Information

from two studies investigating splenic strip

contractions (173, 204) suggest that the

order of magnitude of capsular response was
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dog > rabbit > pig > rat and guinea

pig> ox. Human splenic strips failed to con-

tract and with high concentrations of acetyl-

choline showed some relaxation.

In contrast to all other reports, acetyl-

choline applied topically to the mouse spleen

has been shown, by direct observation of a

transilluminated portion, to cause vaso-

constriction (91). This appeared to be a

muscarinic action since it was blocked by

atropine and not affected by hexametho-

nium.

In conclusion, it must be said that the

action of acetyicholine on the spleen is ex-

tremely complex. In the intact animal prepa-

ration only the effects elicited by close ar-

terial injection can be considered without

some degree of uncertainty, since in-

travenous injections cause systemic effects

which influence the spleen by indirect and

reflex pathways. The direct effects of acetyl-

choline appear to be 3-fold; at all doses, a

muscarinic effect on the vascular smooth

muscle causing vasodilatation except possibly

in the mouse spleen, a nicotiic effect on the

postganglionic nerve terminals causing cap-

sular contraction, and at high doses a musca-

rinic effect on the capsular smooth muscle

evoking contraction. The effect of acetyl-

choline on the spleen, therefore, depends on

the dose level since this will determine

which effect predominates. The muscarinic

vasodilatation has the lowest threshold

since this effect can be elicited with only a

small, accompanying, passive increase in

volume. Contraction of the capsular smooth

muscle only becomes apparent at higher

dose levels.

VII. Poly�eptides

There are three groups of polypeptides

which are active on smooth muscle, par-

ticularly vascular smooth muscle. These are

the neurohypophyseal peptides, angiotensin,

and the plasma kinins and related hypo-

tensive polypeptides.

A. Neurohypophyseal Peptides

The actions of these peptides on the

spleen were studied originally by injection

of the crude extracts of the pituitary gland.

Magnus and Schafer (1901) (175) were

probably the first to demonstrate that in the

dog in which spleen volume was being re-

corded by plethysmography, an intravenous

injection of the extract of the pituitary

(probably posterior lobe only), resulted in a

rise in systemic blood pressure and a reduc-

tion in spleen volume. Similar observations

were made in 1909 in the pithed cat by

Dale (55) while testing extracts of posterior

lobe. Experiments on conscious dogs in

which a spleen plethysmograph had been

positioned at a previous operation (120) or

in which the spleen had been exteriorised

(71) revealed that injections of posterior

pituitary extract (Pituitrin) resulted in a

reduction in volume or shortening of the

spleen.

The nature of the reduction in spleen

volume was investigated by perfusing the

spleen at constant flow with Ringer’s solu-

tion (35); addition of posterior pituitary

extract to the perfusing fluid resulted in

splenic vasoconstriction, but only a small

reduction in volume which was thought to

be a passive effect due to the vasoconstric-

tion. This view was supported by the results

of experiments with excised spleens (35) or

splenic strips (204) in organ baths, when the

addition of posterior pituitary extract had

no effect. Indeed it was shown that strips of

rabbit and dog spleen already contracted

with adrenaline were relaxed by the subse-

quent addition of posterior pituitary ex-

tract (204); the effect was more marked in

the rabbit than dog.

In a study of splenic blood flow in the

anaesthetized dog, the intravenous injec-

tion of Hypophysin caused a reduction in

splenic arterial blood flow and an initial

increase in venous flow followed by a sus-

tained reduction (179). In conscious dogs,

in which thermostromuhrs had been placed

on either the splenic artery or splenic vein

(116), the intravenous injection of pituitary

extract (Pitressin) caused a marked and

long-lasting reduction in the flow of both

splenic artery and vein.
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Although the pressor activity of pituitary

extracts was shown to be due to the pos-

terior lobe as early as 1898 (142, 210) con-

troversy continued well into the 1920’s about

whether the gland synthesised a single

hormone with several different actions, or a

number of hormones. This uncertainty was

resolved gradually by the separation of

progressively purer antidiuretic-pressor and

oxytocic preparations (78, 149). It is, how-

ever, difficult to evaluate the results of these

early experiments with pituitary extracts

without precise knowledge of the prepara-

tion used. When the formulae of the two

active principles of the posterior pituitary

were determined, and the synthesis became

possible (245, 246), detailed investigations of

the actions of vasopressin and oxytocin

commenced.

1. Vasopressin. Comparatively little work

has been carried out on the action of vaso-

pressin on the spleen and the results that

have been reported are somewhat conflicting.

It was shown that with strips of cat spleen.

Pitressin caused contraction (101), but in

the isolated cat spleen perfused with Krebs-

Ringer solution, vasopressin had virtually

no effect on the volume of the spleen, as

recorded by plethysmography, despite a

profound vasoc�nstriction in the organ

(132). An extensive investigation of the

responses of the cat spleen to vasopressin has

been carried out in which splenic arterial

blood flow was recorded by an electro-

magnetic flowmeter and changes in spleen

volume registered by changes in spleen

weight. Again, vasopressin induced a pro-

found vasoconstriction but there were

negligible or no changes in spleen volume

(51, 113, 114).

The responses of the dog spleen are rather

different. In the isolated preparation per-

fused with blood at constant pressure,

close arterial injection of vasopressin caused

intense vasoconstriction and a marked

decrease in spleen volume, both responses

being dose dependent (69). Although the

intense vasoconstriction must contribute to

the reduction in volume, its magnitude and

time-course relative to the vasoconstrictor

response suggest that, in the dog spleen,

vasopressin causes contraction of the smooth

muscle of both the capsule and blood

vessels.

The only other species in which the action

of vasopressin on the spleen has been estab-

lished is man where it is known that, because

of the sparse distribution of smooth muscle,

the capsule is generally unresponsive to

drugs. Excised normal human spleens, per-

fused at constant flow, show negligible

changes in volume but intense vasoconstric-

tion when vasopressin is administered (6).

2. Oxytocin. Very little work has been

carried out on the action of oxytocin on

splenic smooth muscle. Experiments with

strips of cat spleen demonstrated that, un-

like vasopressin, addition of oxytocin (Oras-

thin) had no effect (101).

In the dog spleen, oxytocin was found to

be similar to vasopressin in that it caused

both vasoconstriction and a reduction in

volume (69). However, both responses were

smaller than those evoked by the same dose

of vasopressin.

In contrast to these observations oxytocin

appeared to cause a slight vasodilatation in

the perfused human spleen (5), but this re-

sponse was subsequently shown to be due to

the preservative chiorobutanol (6). Since no

reduction in volume was detected in these

experiments oxytocin, even in very high

doses, is apparently without effect on either

the capsular or vascular smooth muscle of

the human spleen.

In conclusion, the actions of the neuro-

hypophyseal peptides on the spleen must be

considered with regard to their possible

physiological significance. Experiments in

the cat and human spleen indicate that oxy-

tocin has little or no action, while the doses

required to produce comparatively small

responses in the dog spleen suggest that the

action is of no importance. However, direct

evidence suggests that the release of vaso-

pressin by the posterior pituitary contributes

to the vascular respc�nse to haemorrhage in
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the cat, and that the spleen has a role in this

response, but only as a site of vasoconstric-

tion (224). This is supported by the finding

that as a result of haemorrhage, the blood

concentration of vasopressin may rise as high

as 1 mU/mi in the cat (16). Blood concentra-

tions of this magnitude, achieved by intra-

venous infusions, have been shown to cause

splenic vasoconstriction with little concomi-

tant reduction in spleen volume (51, 113,

114). In the dog, close arterial injections of

10 mU of vasopressin with a splenic arterial

blood flow of 40 mI/min would produce an

arterial concentration of the order of 1

mU/mi, which is the concentration occurring

in the intact animal as a result of haemor-

rhage (27, 201, 213). At this dose level, vaso-

pressin causes both vasoconstriction and

reduction in volume (69), suggesting that in

haemorrhage, in the dog, the spleen may

contribute to the maintenance of peripheral

resistance by vasoconstriction and to the

increase in circulating blood volume by a

reduction in splenic capacity. However,

concomitant increase in sympathetic activity

and increases in blood levels of the adrenal

catecholamines and angiotensin would affect

splenic smooth muscle and make the role of

vasopressin difficult to assess.

B. Hypertensive peptides

Angiotensin. Active angiotensin is formed

by a series of events initiated by the release

of the enzyme renin from the kidney. The

inactive decapeptide angiotensin I is sub-

sequently split from the plasma substrate

angiotensinogen and rapidly converted to

the highly active octapeptide angiotensin II.

Although the converting enzyme is present in

the plasma it has been shown that the rate of

conversion is too slow to account for the

in vivo conversion (185), and the lung has

been suggested as the major site of conver-

sion in the body (9, 244).

The pressor action of angiotensin II is well

established, but the exact nature of its action

is uncertain and in the intact animal may

consist of three components, a central action,

the release of catecholamines from stores in

the adrenal medullae and sympathetic nerve

endings, and a direct action on the smooth

muscle cells. To study the actions on the

spleen, effects elicited through central stim-

ulation and the release of adrenal catechol-

amines must be avoided. This usually has

been achieved with the isolated, perfused

spleen when angiotensin II has been admin-

istered by close arterial injection.

In all reports, angiotensin II causes con-

striction of the splenic vascular bed but not

always is this response accompanied by con-

traction of the splenic capsule. In the dog

spleen, perfused with blood at constant flow,

there was no evidence of capsular contrac-

tion (33). A similar result was obtained with

the cat spleen perfused with a modified

Krebs’ solution (237). However, in contrast,

with basically the same technique of perfu-

sion of the cat spleen, the vasoconstriction

was shown to be accompanied by longitudi-

nal contractions of the spleen (17), or by a

reduction in volume when recorded by a

plethysmograph (132). In the isolated dog

spleen, perfused with blood at constant pres-

sure, close arterial injections of angiotensin

II produced very marked contractions of the

splenic capsule as well as vasoconstriction

(59, 65, 69). The variability of these results

is probably due to the very different perfu-

sion techniques but the evidence, on the

whole, favours the view that there is some

active capsular contraction of the dog and

cat spleen in response to injection of angio-

tensin II.

Experiments on the spleen in vivo also

support the view that there is both splenic

contraction and vasoconstriction in response

to angiotensin. In the cat, in which splenic

arterial blood flow was recorded with an elec-

tromagnetic flowmeter and changes in vol-

ume were recorded as changes in weight, it

was found that with intravenous infusions of

angiotensin II at low rates (0.06-0.25 pg/

mm), there was vasoconstriction but little or

no change in volume. At high infusion rates

(0.5-1.0 �ig/min), however, the degree of
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vasoconstriction increased and a marked re-

duction in spleen volume occurred (113, 114).

These responses were not modified by ad-

renalectomy (114) so that an increase in

circulating catecholamines released from the

adrenal medullae by angiotensin did not

contribute to the response.

There is no doubt that the main splenic

response to angiotensin II is vasoconstriction

since in both the dog (59) and cat (113, 114)

low doses induce vasoconstriction without

any concomitant change in volume. In con-

trast the predominant splenic response to

either catecholamines or splenic nerve stimu-

lation is contraction of the capsular smooth

muscle. Direct comparison of the splenic

smooth muscle responses to angiotensin and

nerve stimulation has been made in the cat

and for the same vasoconstriction, the

volume reduction to nerve stimulation is

much greater than that to angiotensin (114).

In the dog a direct comparison of the splenic

vascular and capsular smooth muscle re-

sponses to angiotensin and catecholamines

(69) indicates that doses of these drugs which

elicit the same reduction in spleen volume

produce different increases in splenic vascu-

lar resistance and that angiotensin is con-

siderably the most potent.

A different question is whether the action

of angiotensin II on the smooth muscle of

the perfused spleen is a direct one on the

muscle cells or indirect through the release

of noradrenaline stored in the sympathetic

nerve endings. The latter view was favoured

by experiments (17) in which the splenic

responses to angiotensin displayed tachy-

phylaxis and in which angiotensin poten-

tiated the splenic responses to sympathetic

nerve stimulation. However, the splenic

responses to angiotensin are unaltered by

either chronic denervation or reserpine pre-

treatment (132). In addition, phenoxybenz-

amine, an alpha receptor blocking agent,

does not reduce or abolish the splenic re-

sponses to angiotensin (6, 65); on the con-

trary, it appears to potentiate them (69).

In general, the evidence suggests that the

major part of the splenic response to angio-

tensin II is a direct action on the capsular

and vascular smooth muscle.

The actions of angiotensin II have been

investigated in the isolated perfused human

spleen and close arterial injections caused

intense vasoconstriction but negligible

changes in spleen volume (5, 6).

The responses of the spleen to angiotensin

would seem to be of importance in the cardio-

vascular response of the cat to haemorrhage

(51, 224). The response would appear to be

limited to constriction of the splenic vascular

bed with littleor no capsular contraction. In

the dog there is no direct evidence of a simi-

lar nature but it has been shown that after

haemorrhage, the rate of formation of angio-

tensin is increased by 0.25 to 1.5 zg/min

resulting in an increase in the blood angio-

tensin concentration of 0.1 to 0.33 ng/ml

(134, 196). Possibly in prolonged haemor-

rhage the blood concentration might reach

1.0 ng/ml the threshold required for splenic

vasoconstriction (62), but it is unlikely that

the threshold concentration of 50 ng/ml for

capsular contraction would be achieved (59).

In conclusion, it appears likely that in the

dog and the cat, sufficient quantities of

angiotensin may be released as a result of

haemorrhage to contribute to splenic vaso-

constriction, but not to contraction of the

capsule.

C. Hypotensive Peptides

Kinins. The plasma kinins are a group of

hypotensive polypeptides, the most impor-

tant being the nonapeptide bradykinin and

the decapeptide kallidin. The related pep-

tides eledoisin and physalaemin are not of

mammalian origin but their pharmacological

properties are similar to those of the plasma

kinins.

Bradykinin, like angiotensin, releases cate-

cholamines from the adrenal medulla of both

the cat (83) and the dog (200). The possibil-

ity that these polypeptides have some action

on the stores of noradrenaline in the sym-

pathetic nerve endings must be considered

when studying the actions of the plasma

kinins on the smooth muscle of the spleen.
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An early observation demonstrated that

the introduction of bradykinin by close

arterial injection to the spleen of either the

dog or cat resulted in hypertension, hyper-

pnoea, and vocalisation. These responses are

almost identical to those obtained when

bradykinin was given into the femoral artery

and which were shown to be reflex by dener-

vation experiments. Consequently, the re-

sponses to intrasplenic injections of brady-

kinin were thought to be reflex responses

to visceral pain (119).

These observations led to a study of the

actions of bradykinin on the spleen of the

cat (74); two preparations were used. An in

vitro preparation, in which the venous out-

flow and longitudinal contractions of the

spleen were recorded, showed that close

arterial injections of bradykinin (2 to 50 �zg)

had no effect. However, in the in vivo, in-

nervated, spleen preparation, perfused at

constant pressure with Tyrode’s solution,

close-arterial injections of bradykinin (1 to 5

pg) caused vasoconstriction and contraction

of the splenic capsule. These two responses

were abolished or reduced by transection of

the spinal cord, or administration of ththe�’

g�nglion bloeking ngent� or phdnoNyben�

it � eel idetI therefore, tlult

brykinin laId 110 lireet �wtlon en the �pleen
of the ei�t bItt elWited �ex iilrenergie re-
�pitsee.

In Uui I ll4tecI �p1f3en of the dog p�fn�e�I

with I�r�Ringer eolut-ion i�t eon�tt�nt flew
(1��), hre4�kInin (5 to WOO ng) Injeeteil into
the eplenie i�rtery had ennui end veriehie
elTeete, whieh were ehewn to be dne to the
�olvent� When �en�e viu�euier tone wee ln�

duced in the prep�retIen by eytnpethetie

nerve etinnthution1 eieee erterici injeetiene of
bretilkinin new eeneietently eeueed eplenlo
veeedfletetion uneecempenied b� eny
ehenge In the weight of the epleen end indI�
e�utIng no eh�nge In the tone of the eepenlar
ernoeth mutee1e� Vnrtherniere1 elnee the veso�

diletetion wee net bleeked by phenoxybens�
�rnine the reknuee of etuteehelaniinee from the
nerve terminele cenid play 110 pert in flue
reepenee to hredykinln� In the enme Inveeth

gation kallidin, physalaemin, and eledoisin

were also shown to cause splenic vasodilata-

tion and the order of potency was physalae-

mm> kallidin> eledoisin> bradykinin.

In the blood perfused spleen of the dog (70)

close arterial injections of bradykinin (0.5-

5 pg) consistently caused vasodilatation, a

response which showed little dependence on

dose and which was not accompanied by any

appreciable change in volume. The splenic

vasodilatation was not affected by either

alpha or beta adrenoceptor blocking drugs

and it was suggested that the effect was a

direct action or the vascular smooth muscle.

In conclusion, it appears that the release

of catecholamines from stores in the post-

ganglionic sympathetic nerve endings plays

no part in the response of splenic smooth

muscle to bradykinin. The direct action of

bradykinin on the dog spleen causes dilata-

tion of the vascular bed with no effect on the

smooth muscle of the capsule. This effect has

not been demonstrated in the cat. However,

in the intact animal, this direct vasodilata-

tion would probably be overridden by ad-

renergic vasoconstrictor responses elicited by

reflexes ectiveted by the netion of bredykmnin
en eeneor receptere within the ep1een�

VIII, V�irnt Iv� AmIn�
4� Hi�te�ni�ne

The ection of hleten4lne en emeoth muscle
Is very complex since there �s ceneidereble
verletlon both between species end else
between different types of smooth muscle
within the seme enimel� In edditlen, it hes

been shown thel- histemine hee e duel eel ien
in thet It releeses eel echoletninee from et.ore�
in sympethetie nerve endings e� well es
heving e direct netien en the smeeth nniscle
(81, 17�),

ii�ele end Leidlew In 1010 (50) recorded

bleed pressure end spleen velume by plcthyfr
mogreph in the decerebrete cet end found
thet eutrevenous hletemine (�imine�olyh

ethylemine) resulted in e fell in bleed pres�
sure end e reduction in spleen vo1ume� They

thought tiunt the reduction In volume wee
independent of the fell in bleed pressure,
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since the volume recovered before there was

any restoration of normal blood pressure.

This early suggestion that histamine con-

tracted the splenic capsule has been con-

firmed in many species and different prep-

arations. In a similar preparation to that

used by Dale and Laidlaw it was shown that

the splenic volume reduction to histamine

also occurred in the excised spleen perfused

with blood at constant pressure (13). In both

the dog and cat, with the spleen displayed on

a graticule, intravenous histamine caused a

reduction in area and a reduction in cal-

culated volume (226). Histamine has been

shown to cause contraction of either splenic

strips or complete spleens of the cat (72, 146,

204), dog (84, 204), rabbit (173, 204), guinea

pig, rat, pig, and ox (173) when these prep-

arations are suspended in suitable solutions

in an organ bath. However, the view that

histamine causes contraction of the splenic

capsule by a direct action has not been un-

animous. The reduction in volume of the in

situ dog spleen to intravenous histamine was

considered to be an effect secondary to the

fall in blood pressure (84) and with a prep-

aration of the cat spleen, histamine was

described as having a dilator action which

presumably referred to an action on the

capsule although very little detail of the

observation is given (97). Histamine has
been described as having no action on the

rabbit spleen (100).

There have been few reports of the effect

of histamine on the vascular smooth muscle

of the spleen. In the conscious dog with
thermostromuhrs placed on either the splenic

artery or the splenic vein, intravenous hist-

amine caused a reduction in arterial blood

flow and a transient increase followed by a

prolonged decrease in venous flow (116).

These results suggest that histamine causes

both vasoconstriction and capsular contrac-

tion of the spleen, although these effects may

not have been direct actions of histamine on

the splenic smooth muscle. Visual observa-

tion of the transiliuminated mouse spleen

revealed both vasoconstriction and contrac-

tion in response to the topical application of

histamine (91); little detail is given about the

capsular effect.

Thus the generally accepted view of the

direct action of histamine on the spleen is

that it causes vasoconstrictiom and contrac-

tion of the capsule although the possibility

of the effects arising from the release of

catecholamines stored in the nerve endings

has not been eliminated. Recently, the action

of histamine on both the capsular and vascu-

lar smooth muscle has been studied in the

isolated, blood perfused dog spleen (70) by

close arterial injection. Doses (1-100 ,.Lg)

consistently caused a reduction in volume

and usually vasodilatation, although with

the higher doses, there was occasionally a

transient vasoconstriction followed by vaso-

dilatation.
In the human spleen, area has been cal-

culated from the outline obtained by x-ray

in both the normal subject (189) and in

patients with splenomegaly (181). Intra-

venously administered histamine caused a

small increase in area in the normal spleen
and a decrease in the enlarged spleen. In the

patients with splenomegaly, a fall in blood

pressure was observed, so that the action of

histamine on the spleen may have been

brought about reflexly.

Finally the possibility of histamine acting

directly on the spleen and causing contrac-

tion as a part of the body response in ana-

phylaxis should be considered. There have

been a few conflicting references on this

subject and in none of the w-ork have reflex

effects mediated either through the sympa-

thetic innervation or by adrenal medullary

secretions been eliminated. The spleen has

been shown to be contracted in the guinea

pig in histamine shock (165) and also in cats

killed by histamine (12) although in this

latter case it was noted that the degree of

contraction was less than in cats killed by

other methods. However, the problem was
specifically investigated in cats sensitized

with human serum and it was concluded that

the spleen was passive during anaphylaxis

(157).
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B. 5-Hydroxytryptam inc

5-Hydroxytryptamine (5HT) (5-20 �.zg)

administered by close arterial injection into

the in situ dog spleen, innervated but cross

perfused (198), caused a very small reduction

in spleen volume of 3.5 to 7.5 mi lasting for

60 to 90 sec. In the totally isolated dog spleen

perfused with Tyrode, 5HT (1-20 jig) given

by close-arterial injection caused a 6-ml

contraction for 1 to 3 mm. This contraction

of the splenic capsule provoked an initial

increase in splenic venous flow which was

succeeded by a vasoconstriction which re-

mained unaltered whilst the spleen volume

remained the same or returned to normal

(199). In the in situ dog spleen perfused with

blood, in which the splenic arterial blood

flow was measured with non-cannulating

flow probes, 5HT caused vasoconstriction

which was blocked by methysergide (124). A

slight reduction in volume and slight vaso-

constriction in the isolated, blood perfused,

dog spleen was evoked by close arterial 5HT

(5 gig); increasing the dose administered to

25 �zg caused a profound vasoconstriction

which completely arrested the blood flow

through the spleen (70).

Isolated strips of cat spleen responded to

5HT by a contraction which was blocked by

phenoxybenzamine, bromolysergic acid di-

ethylamide, and dihydroergotamine (147,

148). Considerable protection to the phen-

oxybenzamine blockade was afforded by

adrenaline thereby suggesting that both

adrenaline and 5HT react with the same

receptor site on splenic smooth muscle.

Moreover, the contraction to 5HT was not

persistent; it declined despite the continued

presence of 511T in the bath fluid. Adrenaline

was also ineffective if added at this stage.

511T had little effect on the spleen strips

from reserpine treated cats (1.0 mg/kg, 24

hr before) but the responses were greatly

increased after high doses of noradrenaline.

These observations suggested to the author

that 5HT acted, in this tissue, by the release

of noradrenaline.

IX. Prostaglandins

The prostaglandins are a group of acidic

lipids widely distributed in animal tissues;

their general pharmacology and modes of

action have been reviewed recently (140).

Two prostaglandins E2 and F2a, have been

detected in the splenic venous effluent after

splenic nerve stimulation in the isolated,

blood-perfused spleen of the dog (63, 64),

and also after splenic nerve stimulation arid

injections of adrenaline, noradrenaline, and

histamine in the dog spleen perfused with

Krebs-dextran solution (86, 103).

The actions of prostaglandins E1 and E2

have been studied by close-artet ial infusions

into the spleen to examine their effects on the

two smooth muscle components. E2 caused a

transient reduction in splenic vascular resist-

ance, which did not persist throughout the

infusion period (66). E1, however, was a very

potent vasodilator of the splenic vascular

bed; the response was prolonged and lasted

throughout the infusion period. A slight in-

crease in volume accompanied the vaso-

dilatation produced by each prostaglandin.

These vascular responses were in no way

altered by the prior administration of either

alpha or beta adrenoceptor blocking drugs to

the spleen. In these experiments on the

blood-perfused dog spleen, the splenic

smooth muscle responses of vasoconstriction

and capsular contraction produced by sym-

pathetic nerve stimulation or injections of

either adrenaline, noradrenaline, or angioten-

sin were not altered by the concomitant in-

fusion of prostaglandin E1 in a dose (108M),

which itself caused a marked reduction in

splenic vascular resistance. Similarly, the

infusion of E2, one of the prostaglandins

released from the spleen, did not alter the

splenic smooth muscle responses to either

adrenaline or noradremaline administered by

close arterial injection. The interaction of

higher concentrations of E1 (127) and E2

(126) with adrenergic stimuli has been

examined in the cat spleen, perfused with a

modified Krebs-Henseleit solution and pro-

staglandin E1 in concentrations up to 106

M produced a marked antagonism of the
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vascular responses to high rates of sym-

pathetic nerve stimulation (10 Hz) and

noradrenaline). The antagonism was of the

same time-course and extent to each stimu-

lus. In this preparation low concentrations of

prostaglandin E2 were found to reduce the

pressor, as well as the splenic contractile

responses to sympathetic nerve stimulation

(10 Hz). Higher concentrations of E2 further

depressed the contractile response while the

vascular response tended to increase again,

although it usually remained below that

obtained during the preceeding control stim-

ulation. The effect of prostaglandin E2 on

the splenic capsular response to noradrena-

line was weak and inconsistent but the effect

on the vascular response to noradrenaline

was highly dose dependent.. In these experi-

ments, therefore, low doses of prostaglandin

E2 reduced the pressor response while high

doses produced a distinct potentiatioii. The

discrepancy between these observations and

those in the dog may reflect a real species

variation, but the possibility cannot be ruled

out that it may be related to the different

experimental techniques and different con-

centrations of prostaglandins at the effector

sites. The doses of E1 which produced a pro-

found reduction in splenic vascular resistance

in the dog (66) were apparently without

effect on the blood vessels of the cat spleen,

perfused with Krebs-Henseleit solution

(127). This suggests that the progressive loss

of basal tone observed in the cat spleen prep-

aration (126) prevented the appearance of

any vasodilator properties of the molecule

being manifest. It raises the question of the

validity of responses in preparations where

an artificial perfusion medium is used. How-

ever, a contributory factor to these differ-

ences may be the binding of the prostaglan-

dins in the blood stream so that administra-

tion by this route does not necessarily reflect

the potential activity of the prostaglandins

when they are released within the organ of

origin. On the basis of his observation Hed-

qvist (126) has proposed that the prosta-

glandins may play a modulatory role on the

sympathetic innervation within the spleen

by antagonising the effects of nerve stimula-

tion and circulating catecholamines. Indeed,

the observation that indomethacin, which

inhibits the synthesis of prostaglandin, p0-

tentiates the splenic smooth muscle re-

sponses to injected adrenaline (85) adds

strong support to this view.

The effects of prostagla.ndin F2a on the

smooth muscle responses of the dog spleen

have been elucidated (68) and whilst low

blood concentrations (less than 10 �rg/ml

blood) caused a marked reduction in splenic

vascular resistance, which was reversed by

phenoxybenzamine, higher arterial concen-

trations caused splenic vasoconstriction. On

the other hand, F2� had little action at any

arterial concentration on the splenic capsular

smooth muscle. Furthermore, the splenic

smooth muscle responses to sympathetic

nerve stimulation (1 and 3 Hz), adrenaline

and noradrenaline were not altered signifi-

cantly by the concomitant infusion of a dose

of F2a which itself produced a slight vase-

dilatation.

Preliminary observations (67) have re-

vealed the splenic smooth muscle responses

to prostaglandins F1�, A1 and A2 to be,

predominantly, mild vasodilatation with

concomitant slight increases in spleen vol-

ume in the dog. A slight interaction of A1

and A2 with nerve stimulation and injections

of adrenaline was observed. However, A1

increased the response while A2 caused a

reduction. A1 was not affected by prior

administration of phenoxybenzamine while

A2, like F2�, was reversed.

X. Conclusions

The question should be considered as to

what extent the changing levels of circulating

substances are involved in the splenic re-

sponses under physiological conditions. In-

volvement of the spleen in the cardiovascular

responses has been demonstrated in the

intact cat and dog to a number of physio-

logical stimuli such as haemorrhage (12, 15,

53, 113, 193, 262), asphyxia (47, 120, 209),

hypoxia (4, 158), anaesthesia (71, 120, 125),

exercise (11, 15), emotion (10, 120), carotid
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sinus baroreceptor stimulation (77, 133, 137),

and nasal mucosa stimulation (3). In the

majority of the cases only the splenic capsu-

lar contraction has been investigated and

this was abolished by denervation of the

spleen (15, 53, 77, 137, 193, 209, 262). This

observation has often led to the conclusion

that only the direct innervation of the spleen

is involved in the response. There are a

number of contradictory reports which sug-

gest the participation of blood borne in-

fluences, particularly catecholamines from

the adrenal medullae (10, 47, 133).

In the dog, splenic responses have been

demonstrated as a result of stimulation of

the nasal mucous membrane (3). A small

increase in splenic vascular resistance and a

small decrease in spleen volume were ob-

served and it was suggested that both

effects were entirely due to the direct sym-

pathetic innervation. Indirect evidence, al-

ready discussed, suggests that as a result of

physiological stimuli, the arterial blood

concentrations of catecholamines, angioten-

sin, and vasopressin could all reach levels

which may have effects on the spleen. It is

probable that, at these low blood concentra-

tions, angiotensin and vasopressin would

cause vasoconstriction only, with little or no

effect on the capsular smooth muscle.

The responses of the human spleen have

not been investigated extensively. Contrac-

tion of the human spleen to stimuli such as

emotion, exercise, and changes in body

temperature (18, 20, 189) have been re-

ported. The methods of detecting the con-

tractions were indirect and subject to error.

The general conclusion from direct observa-

tion (6) is that the normal human spleen is

not capable of active contraction. In con-

trast there was direct evidence of marked

contraction of the smooth muscle of t-he

splenic vascular bed. Further investigation is

required to ascertain whether any of the

vasoactive compounds, catecholamines, an-

giotensin or vasopressin, are released in

sufficient quantities to cause changes in

splenic vascular resistance.

The most complete analysis of the role of

the spleen in the response to a physiological

stimulus has been that of Greenway and

Stark (113, 114, 224); both capsular and

vascular responses of the cat spleen to

haemorrhage were studied. The capsular

contraction was reduced by splenic denerva-

tion and abolished by combined denervation

and adrenalectomy. The splenic vasocon-

striction, however, was still evident after

these combined procedures and persisted

after nephrectomy. Only after the additional

procedure of hypophysectomy was the

splenic vasoconstriction in response to haem-

orrhage abolished. It was concluded, there-

fore, that, in contrast to the contraction of

the splenic capsule which was caused by the

direct sympathetic innervation with a small

adrenal medullary component, the splenic

vasoconstriction was caused by the over-

lapping mechanisms of direct sympathetic

innervation, increased secretion of catechol-

amines from the adrenal medullae, and

raised circulating blood levels of both angio-

tensin and vasopressin.

A number of points emerge in this review

which need to be considered in the interpre-

tation of the actions of drugs on splenic

smooth muscle. Different experimental tech-

niques impose limitations on the nature and

validity of the information derived from

them. The action of some drugs (e.g., iso-

prenaline, histamine) on isolated strips of

spleen is qualitatively different from the re-

sponse obtained from the intact spleen by

close arterial injection. Information derived

from one type of experimental preparation

should be related to data derived from other

preparations with caution. The large varia-

tions in structure arid function of the spleen

in different species is now well documented.

In the dog and cat there is ample smooth

muscle in the capsule and splenic contraction

is capable of significantly increasing the

systemic haematocrit and blood volume. In

normal man splenic contraction is very small

and the expelled blood volume insignificant.

The actions of drugs on the splenic capsule

reflects these differences in the density of the

effector cells. The splenic vascular responses
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to drugs have been established in only a few

species arid in general are qualitatively simi-

lar although some species variation does

occur, for example, to oxytocin. It has be-

come apparent that there is a difference in

the sensitivity of the capsular and vascular

smooth muscle to most drugs. Catechol-

amines are very potent on the splenic capsule

and slightly less active on the vascular bed

whilst the polypeptide hormones are very

active on the splenic vascular bed but have

little action on the capsule even in those

species where a reservoir role of the spleen is

well established. Therefore, two systems of

smooth muscle are present in the spleen and

may show qualitative and quantitative dif-

ferences in their responses to the same drug.
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