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Abstract The microcirculation is a major topic in current

physiology textbooks and is frequently explained with

schematics including the precapillary sphincters and

metarterioles. We re-evaluated the validity and applicability

of the concepts precapillary sphincters and metarterioles by

reviewing the historical context in which they were devel-

oped in physiology textbooks. The studies by Zweifach up

until the 1950s revealed the unique features of the mesenteric

microcirculation, illustrated with impressive schematics of

the microcirculation with metarterioles and precapillary

sphincters. Fulton, Guyton and other authors introduced or

mimicked these schematics in their physiology textbooks as

representative of the microcirculation in general. However,

morphological and physiological studies have revealed that

the microcirculation in the other organs and tissues contains

no metarterioles or precapillary sphincters. The metarteri-

oles and precapillary sphincters were not universal compo-

nents of the microcirculation in general, but unique features

of the mesenteric microcirculation.

Keywords Microcirculation � Mesentery � Precapillary

sphincter � Metarteriole � Physiology textbook

Introduction

The microcirculation is one of the major topics in the study

of physiology and histology. In current physiology text-

books, the general architecture of the microcirculation is

frequently explained with schematic drawings depicting

precapillary sphincters and metarterioles in addition to

arterioles, capillaries and venules. Judging from the main

text and figures with legends in relatively recent textbooks

such as Johnson’s [1] (Fig. 1) and Boron and Boulpaep’s

[2] (Fig. 2), one could assume that the precapillary

sphincters and metarterioles are universal components of

the microcirculation in various tissues and organs of the

human body.

Since the concept of precapillary sphincters and metar-

terioles is quite popular in physiology textbooks, one might

expect that previous physiological investigations had

revealed the existence of these structures in various tissues

with reasonable certainty. Nevertheless, the existence of

precapillary sphincters as universal components of the

microcirculation has been questioned by some physiolo-

gists. McCuskey [3] pointed out the diversity of the

structure and function of the microcirculation among var-

ious tissues and criticized the harsh generalization of pre-

capillary sphincters. Wiedeman et al. [4] recommended the

expression ‘‘precapillary resistance’’ instead of precapillary

sphincters based on the absence of consensus on the defi-

nition of the precapillary sphincter and of supportive

morphological findings. Furthermore, in the literature sur-

veyed using PubMed, the metarterioles were frequently

conceived in a restricted sense as representing the smallest

and last order of arterioles instead of in their original sense

of thoroughfare channels connecting arterioles and venules.

In the present article, we re-evaluated the validity and

applicability of the concept of precapillary sphincters and
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metarterioles by reviewing the historical context in which

these concepts were developed and accepted in four steps.

In the first part, we investigated the historical process of

how the schematics of these concepts was developed and

incorporated into physiology textbooks. In the second part,

we evaluated the validity of the concepts by examining the

physiological literature on the microcirculation of the

mesentery in which the concepts were originally proposed.

In the third part, we examined the applicability of the

concepts to the microcirculation of organs other than the

mesentery. In the fourth part, we verified the structural

counterparts of the concepts by examining the histological

literature on the vasculature.

The origin of the schematics of the microcirculation

We examined the available physiology textbooks from

Haller’s ‘‘Primae Lineae Physiologiae’’ of 1747 [5] to the

most modern ‘‘Medical Physiology’’ by Boron and Boul-

paep [2] as well as histology textbooks from Kölliker’s

‘‘Handbuch der Gewebelehre des Menschen’’ of 1852 [6]

to Ross and Pawlina’s ‘‘Histology’’ [7] to look for accounts

and schematics of the microcirculation. The earliest

example of a textbook containing an account and sche-

matics of the microcirculation was ‘‘Howell’s Textbook of

Physiology,’’ 15th edition, edited by Fulton [8], in which

the schematics was reproduced from figure 1 of Zweifach’s

1937 article [9] on the mesentery of the frog without either

precapillary sphincters or metarterioles. Fulton’s ‘‘A

Textbook of Physiology,’’ 17th edition, published in 1955

[10], contained a new schematic of the ideal capillary bed

containing both precapillary sphincters and metarterioles

reproduced from figure 1 of Zweifach et al.’s 1953 publi-

cation [11]. Thereafter, the physiology textbooks usually

contain an account of the microcirculation together with

schematics showing both precapillary sphincters and

metarterioles, as shown in Table 1. Recent histology text-

books, such as Ross and Reith’s histology published in

1985 [12] and its later versions, contain an account and

schematics of the microcirculation.

The schematics of the microcirculation in the textbooks

shown in Table 1 were either reproduced from a few of

Zweifach’s articles or drawn without any indication of the

source. We found that six different schematics from four of

Zweifach’s articles were used as the source in the

textbooks.

Among the six schematics, two figures contained neither

precapillary sphincters nor metarterioles, including figure 1

from Zweifach’s 1937 article [9] on the frog mesentery

(Fig. 3) and figure 4 from Zweifach’s 1950 article [13] on

the dog mesentery (Fig. 4). Strangely, both figures were

identical except that the latter was rotated upside-down.

The former was reproduced in Fulton’s physiology in 1946

[8] and 1949 [14], and the latter was reproduced in Bard’s

physiology in 1961 [15] and its later versions until

Mountcastle’s physiology in 1980 [16].

One of the six figures showed sketches of observations

of the mesentery microcirculation with precapillary

sphincters and metarterioles, namely figure 1 in Zweifach’s

1950 article [13] (Fig. 5). This figure was reproduced in

Bard’s physiology in 1961 [15] and its later versions up

until Mountcastle’s physiology in 1980 [16].

Fig. 1 Schematic diagram of the microcirculation. From Johnson [1]

Fig. 2 Idealized microcirculatory circuit. From Boron and Boulpaep

[2]
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Table 1 Features of the schematics of the microcirculation in the physiology textbooks

Fulton ‘‘Textbook of Physiology’’

Fulton: Howell’s Textbook of Physiology. 15th ed., 1946 MA (-) PS (-)

Fulton: Textbook of Physiology. 16th ed., 1949 MA (-) PS (-)

Source: Zweifach [9], figure 1 (Fig. 3 in the present article)

Legends: capillaries, a–v capillaries and their relations to arterioles and venules

Credit: from Zweifach, Amer. J. Anat., 1936–1937, 60: 473–714

Fulton: Textbook of Physiology. 17th ed., 1955 MA (?) PS (?)

Source: Zweifach et al. [11], figure 1 (Fig. 8 in the present article)

Legends: schematic diagram of ideal capillary bed

Credit: according to Chambers and Zweifach

Guyton ‘‘Textbook of Medical Physiology’’

Guyton: Textbook of Medical Physiology. 1st ed., 1956 MA (?) PS (?)

Source: Chambers and Zweifach [17], figure 1 (Fig. 6 in the present article)

Legends: functional anatomy of the capillaries

Credit: redrawn from Chambers, R., and Zweifach, B.W.: Am. J. Anat, 75: 179, 1944

Guyton: Textbook of Medical Physiology. 2nd–4th ed., 1961–1971 MA (?) PS (?)

Source: Zweifach [13], figure 2 (Fig. 7 in the present article)

Legends: overall structure of capillary bed

Credit: from Zweifach: Factors regulating blood pressure, Josiah Macy, Jr. Foundation, 1950

Guyton: Textbook of Medical Physiology. 6th–9th ed., 1981–1996 MA (?) PS (?)

Source: Zweifach [13], figure 2 (Fig. 7 in the present article)

Legends: structure of mesenteric capillary bed

Credit: from Zweifach: Factors regulating blood pressure, Josiah Macy, Jr. Foundation, 1950

Guyton: Textbook of Medical Physiology. 10th–11th ed., 2000–2005 MA (?) PS (?)

Source: Zweifach [13], figure 2 (Fig. 7 in the present article)

Legends: structure of mesenteric capillary bed

Credit: redrawn from Zweifach: Factors regulating blood pressure, Josiah Macy, Jr. Foundation, 1950

Berne and Levy ‘‘Cardiovascular Physiology’’

Berne and Levy: Cardiovascular Physiology. 1st–4th ed., 1967–1981 MA (?) PS (?)

Source: original drawing (Fig. 9 in the present article)

Legends: schematic drawing of the microcirculation

Credit: after Zweifach

Berne and Levy: Cardiovascular physiology. 5th ed., 1986 MA (?) PS (?)

Source: original drawing (Fig. 9 in the present article)

Legends: schematic drawing of the microcirculation

Credit: none

Berne and Levy: Cardiovascular Physiology. 6th–9th ed., 1992–2002 MA (?) PS (-)

Source: original drawing (Fig. 9 in the present article)

Legends: composite schematic drawing of the microcirculation

Credit: none

Bard/Mountcastle ‘‘Medical Physiology’’

Bard: Medical Physiology. 11th ed., 1961

Mountcastle: Medical Physiology. 14th ed., 1980

Fig. 5 (1961), Fig. 43-1 (1980) MA (?) PS (?)

Source: Zweifach [13], figure 1 (Fig. 5 in the present article)

Legends: camera lucida drawing of the microcirculation in mesentery of cat

Credit: From Zweifach: Third conference on factors regulating blood pressure, New York, 1950, Josiah Macy, Jr. Foundation

Fig. 6 (1961), Fig. 43-2 (1980) MA (-) PS (-)

Source: Zweifach [13], figure 4 (Fig. 4 in the present article)

Legends: camera lucida drawing of capillary bed in mesentery of dog

Credit: From Zweifach: Third conference on factors regulating blood pressure, New York, 1950, Josiah Macy, Jr. Foundation
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The other three figures represented an idealized micro-

circulation and contained both precapillary sphincters and

metarterioles, including figure 1 of Chambers and Zweif-

ach’s article from 1944 [17] (Fig. 6), figure 2 of Zweif-

ach’s article from 1950 [13] (Fig. 7) and figure 1 of

Zweifach et al. from 1953 [11] (Fig. 8). The first one was

reproduced in Guyton’s 1956 physiology book [18], the

second in Guyton’s 1961 physiology book [19] and its later

versions, and the third in Fulton’s 1955 physiology book

[10] and Ross and Reith’s 1985 histology [12] and its later

versions.

The other schematics of the microcirculation in the

physiology textbooks did not use Zweifach’s article as the

source for the figures and appeared to be original draw-

nings. The schematic in Berne and Levy’s physiology in

1967 [20] and its later versions (Fig. 9) showing both

precapillary sphincters and metarterioles was credited as

being taken from Zweifach of unknown origin, but it may

have been an original drawing since no similar figures are

found in Zweifach’s literature, and the same schematic was

used in Berne and Levy’s physiology textbook in 1986 [21]

and its later versions without any reference to the source.

The schematics in Johnson’s 1992 book on physiology [22]

and its later versions (Fig. 1) and Boron and Boulpaep’s

book on physiology in 2003 [23] and the second edition

(Fig. 2) with both precapillary sphincters and metarterioles

were newly drawn without any particular source indicated.

The above survey indicated that the schematics of the

microcirculation in the current textbooks of physiology

relied on specific articles by Zweifach before 1953. In the

following part, we will examine the literature on physio-

logical research on the microcirculation, especially those

by Zweifach, to evaluate the extent of applicability of the

concepts of precapillary sphincters and metarterioles.

Physiological research as the basis of precapillary

sphincters and metarterioles

A series of investigations by Zweifach utilized the mes-

entery of a few different animals for visualization of the

microcirculation in vivo, beginning with Zweifach’s

research in 1937 [9] on the frog mesentery. In this article

Zweifach observed the microcirculation in both living and

fixed material and found neither precapillary sphincters nor

metarterioles, as shown in the camera lucida outline of the

capillary bed (Fig. 3). Two years later, in 1939, Zweifach

[24] reported the first indication of precapillary sphincters

in the rabbit and mouse mesentery by describing a valve-

like fold comprised of endothelium at the point where a

capillary branch leaves an arteriole. He stated that the folds

behaved like an endothelial sphincter when the parent trunk

contracted, but further stated that in arterioles, closure was

aided by muscle cells at the point of capillary exit. In 1942

Table 1 continued

Johnson ‘‘Essential Medical Physiology’’

Johnson: Essential Medical Physiology. 1st–3rd ed., 1992–2003 MA (?) PS (?)

Source: original drawing (Fig. 1 in the present article)

Legends: schematic diagram of the microcirculation

Credit: none

Boron and Boulpaep ‘‘Medical Physiology’’

Boron and Boulpaep: Medical Physiology. 1st–2nd ed., 2003–2008 MA (?) PS (?)

Source: original drawing (Fig. 2 in the present article)

Legends: idealized microcirculation circuit

Credit: none

Ross et al. ‘‘Histology’’

Ross and Reith: Histology. 1st ed., 1985 MA (?) PS (?)

Ross, Kaye and Pawlina: Histology. 4th ed., 2003 MA (?) PS (?)

Source: Zweifach et al. [11], figure 1 (Fig. 8 in the present article)

Legends: diagram of the microcirculation

Credit: courtesy of Zweifach

Ross and Pawlina: Histology. 5th ed., 2006 MA (?) PS (?)

Source: Zweifach et al. [11], figure 1 with modification (Fig. 8 in the present article)

Legends: diagram of the microcirculation

Credit: none

MA Meta-arterioles, PS precapillary sphincters

322 J Physiol Sci (2013) 63:319–331

123



Chambers and Zweifach [25] presented a motion picture

that showed ‘‘sphincter like functioning of the precapil-

laries at their junctions with the arteriole.’’ In 1944,

Chambers and Zweifach [17] presented a diagram of a

functional unit of the capillary bed in which thoroughfare

vessels with preferentially rapid blood flow were

Fig. 5 Camera lucida drawing

of the capillary bed in the

mesentery of the cat. Figure 1

from Zweifach [13]

Fig. 4 Camera lucida drawing

of the capillary bed in

mesentery of dog. Figure 4 from

Zweifach [13]

Fig. 3 Camera lucida outline of

vessels in the capillary bed of

the frog mesentery. Figure 1

from Zweifach [9]
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designated as metarterioles and a specific area at the origin

of capillaries as precapillary sphincters, as shown in a

diagram of the functional unit of capillary bed (Fig. 6).

In introducing the new concepts of metarterioles and

precapillary sphincters, Chambers and Zweifach [17]

referred to previous investigations to support their con-

clusions. They claimed that the two different vascular

components observed by Sandison [26] and by Clark and

Clark [27] in the rabbit ear either with or without

contractile activity corresponded to the metarterioles and

capillaries in the mesentery. However, the vascular com-

ponents with contractile activity in the rabbit ear were

different from metarterioles, since the metarterioles as

proposed by Chambers and Zweifach [17] represented

thoroughfare channels connecting arterioles and venules.

Chambers and Zweifach [17] claimed that the contractile

mechanism observed at the arteriolar source of the capil-

laries in three previous studies, including Richards and

Schmidt’s [28] research on the glomerular capillaries of the

frog, Crawford’s [29] research on the epidermal papillae at

the base of the human finger, and Fulton and Lutz’s [30]

study on frog retrolingual membrane, was so variable and

ambiguous that the specific vasoconstriction at the origin of

the capillaries could not be determined and that the last one

described the precapillary contractility.

Summarizing the above literature survey, it must be

concluded that the precapillary sphincters and metarterioles

identified by several studies by Zweifachs provide enough

evidence on the mesentery microcirculation, but their

findings cannot be accepted as evidence for the microcir-

culation of the various tissues and organs in general.

Zweifach provided four types of schematics including

precapillary sphincters and metarterioles in three articles.

The first type was in an article on the mammalian omentum

and mesentery by Chambers and Zweifach in 1944 [17]

presenting a diagram of the functional unit of the capillary

bed (Fig. 6), while the second and third types were pub-

lished in a conference report by Zweifach in 1950 [13]

either as a camera lucida drawing of the capillary bed in the

mesentery of a cat or as a schematic representation of the

structural pattern of the capillary bed (Figs. 5, 7). The

fourth type was described by Zweifach et al. in 1953 [11]

in an article on the influence of the adrenal cortex on the

microcirculation as a diagrammatic representation of the

basic structural pattern of the terminal vascular bed as

visualized in the mesentery (Fig. 8). Zweifach clearly

recognized that evidence on the precapillary sphincters and

metarterioles was only available in the mesentery, but
Fig. 6 Diagram of a functional unit of the capillary bed. Figure 1

from Chambers and Zweifach [17]

Fig. 7 A schematic

representation of the structural

pattern of the capillary bed.

Figure 2 from Zweifach [13]
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obviously wanted to present them as universal elements of

the microcirculation.

However, the metarterioles and precapillary sphincters

were topics of later physiological research on the micro-

circulation of various tissues and organs including the

skeletal muscles [31–39], skin [40, 41], subcutaneous adi-

pose tissue [42], gastric mucosa [43], liver [44] and heart

[45]. In these studies the metarterioles and precapillary

sphincters obviously differed from the original concepts by

Zweifach. In these studies, the metarterioles were con-

ceived in a restricted sense as representing the smallest and

last order of arterioles [41, 45], and they were fundamen-

tally different from the thoroughfare channels connecting

arterioles and venules as originally proposed by Zweifach

[11, 13, 17] and accepted in modern physiology textbooks

[1, 2, 10, 15, 16, 18–23]. Furthermore, in these studies the

precapillary sphincters were not substantially demonstrated

at specific portions of the microcirculation, but the change

in vascular resistance was interpreted as effected by

‘‘precapillary sphincter tone’’ or ‘‘precapillary sphincter

activity’’ [34–39, 43], or the last segments of the arterial

tree before capillaries were merely designated as the pre-

capillary sphincters without showing any specific locali-

zation of smooth muscle cells [31–33, 40, 42, 44]. As

Wiedeman et al. [4] recommended, the expression of

‘‘precapillary resistance’’ instead of precapillary sphincters

may be preferable when structural evidence is not avail-

able. It would be appropriate to conclude that the concepts

of precapillary sphincters and metarterioles are diverse

mainly because of the difference in definitions adopted by

recent physiological researchers from those originally

proposed by Zweifach and accepted in the current physi-

ology textbooks. In addition, the difference in definitions

was blurred by the structural and functional heterogeneity

of the microcirculation among tissues and organs, as will

be discussed in the next section.

The architecture of the microcirculation is diverse

and specific to organs

After the pioneering studies of Zweifach and coworkers,

the structure and function of the microcirculation were

studied in other organs such as the skeletal muscle, skin,

heart, liver, kidney, intestine, etc. The microcirculation

architecture was revealed to be quite diverse among organs

and had specific patterns suitable to the functional demands

of the individual organs.

In skeletal muscle, the arterioles and venules branch

successively to become the terminal segments that supply

Fig. 8 Diagrammatic

representation of basic

structural pattern of the terminal

vascular bed as visualized in the

mesentery. Figure 1 from

Zweifach et al. [11]
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and drain microvascular units, respectively [46]. The ter-

minal segments of arterioles give rise to a group of capil-

laries to form a microvascular unit, with respective

capillaries converging on collecting venules. Between the

arterioles and venules, there are no preferential channels

representing the metarterioles. The total flow into a muscle

is governed by the whole arterial tree from the feeding

arteries to the terminal arteries. The specific precapillary

sphincters at the junction of arterioles are not present in the

microcirculation of skeletal muscles. The microcirculation

in the skeletal muscle is arranged to distribute the blood

flow evenly to the individual muscle fibers and to modulate

the blood flow to meet the increased demand during

exercise.

In the skin, the microcirculation is organized as two

horizontal plexuses [47]. One is situated 1–1.5 mm below

the skin surface, and the other is at the dermal-subcuta-

neous junction. Ascending arterioles and descending ven-

ules are paired as they connect the two plexuses. The lower

plexus is formed by perforating vessels from the underlying

muscles and subcutaneous fat, and it supplies the hair bulbs

and sweat glands. The superficial horizontal plexus sup-

plies capillaries that course close to the dermal-epidermal

junction and also serve as a thermal radiator.

In the coronary microcirculation, the small penetrating

arteries give rise to arterioles at almost right angles, which

take either longitudinal or oblique courses to the muscle

fibers to give off capillaries around the muscle fibers [48].

Between the arterioles and venules, there are no preferen-

tial channels representing the metarterioles. The coronary

resistance is considered to be primarily regulated by

arterioles with diameters of 50–200 lm, which are most

responsible for metabolic, myogenic and humoral stimuli

[49]. The coronary microcirculation is arranged to dis-

tribute the blood flow evenly to the cardiac muscle cells

and to modulate the blood flow to meet the increased

demand for high cardiac output.

In the liver, the hepatic arteries (HAs) and portal veins

(PVs) divide successively into terminal HAs and PVs in the

connective tissue stroma at the periphery of the hepatic

lobules. The terminal PVs directly supply the sinusoids,

while the terminal HAs drains into the terminal PVs and

the proximal part of the sinusoids. The sinusoidal blood is

drained via central venules into the hepatic veins [50].

There are neither metarterioles nor precapillary sphincters

in the liver. The hepatic microcirculation is thought to be

suitable for handling nutrients absorbed in the intestine

with the hepatocytes around the sinusoids.

In the kidney, the arteries enter the parenchyme and

divide into the arcuate arteries at the corticomedullary

boundary from which the interlobular arteries arise toward

the cortical surface to branch off successively into the

afferent arterioles to supply the glomerular capillaries in

the individual glomeruli [51]. The efferent arterioles drain

the individual glomeruli to pour into the peritubular cap-

illaries, which drain into branches of the renal veins. There

are neither metarterioles nor precapillary sphincters in the

kidney. The renal microcirculation is thought to be suitable

for large amounts of glomerular filtration together with

reabsorption of most of the fluids in the renal tubule.

In the small intestine, the arterial and venous plexuses

are formed in the submucosa [52]. From the submucosal

Fig. 9 Schematic drawing of

the microcirculation (after

Zweifach). From Berne and

Lavy [20]
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arterial plexus, a single arteriole arises to supply the

intestinal villus to reach the tip of the villus and breaks up

into a fountain-like pattern of capillaries. These capillaries

drain into the villus venules, which pass straight down to

enter the submucosal venous plexus. There are neither

metarterioles nor precapillary sphincters in the intestinal

wall. The intestinal microcirculation is thought to be suit-

able for reabsorption of fluids and nutrients in the intestinal

villi.

However, in the mesenteric microcirculation, the

metarterioles have been recognized by the other authors as

shunting arterioles [53]. The blood flow through the arte-

riovenous shunt is reported to be 2 or 3 % of the total

mesenteric blood flow [54, 55].

The metarterioles in the mesentery represent thorough-

fare channels between the arterioles and venules and

therefore can be regarded as a kind of arteriovenous

anastomosis. These have been reported in various tissues

and organs including the skin, skeleton, muscle, lung,

heart, intestinal canal, kidney, brain, eye and ear [56].

However, a systematic survey in various organs reported

that substantial arteriovenous anastomoses are present only

in the ears and skin and absent in the brain, heart, kidneys,

skeletal muscles, stomach, small and large intestines,

spleen, adrenal glands, liver, bones, fat and salivary glands

[57]. In the skin, arteriovenous anastomoses are known to

have specific physiological functions to prevent lowering

of the body temperature [47, 58]. In pathological condi-

tions, arteriovenous anastomoses in the gastric mucosa can

cause local ischemia and prevent bleeding from a gastric

ulcer [59]. The metarterioles in the mesentery are struc-

turally and functionally clearly distinguished from the

representative arteriovenous anastomoses in the skin.

Morphological observations on the microvasculature

The structure of the microvasculature has been repeatedly

investigated in various tissues by means of three electron

microscopy methods. By transmission electron microscopy

(TEM), the smooth muscle cells and extracellular matrices

of the vascular wall can be well visualized and analyzed,

but it is usually difficult to identify the observed location

within the three-dimensional branching of the vascular tree

on the sectional planes. Thus, identification of precapillary

sphincters may only be possible after repeated careful

observations of the microvasculature with TEM. By scan-

ning electron microscopy of vascular casts (SEM-vc), the

three-dimensional branching pattern of the vasculature can

be well visualized and analyzed, but it was practically

impossible to identify the cellular composition of the vas-

cular wall. The precapillary sphincter can be inferred by

constriction of the vascular casts at the base of the vascular

branches with SEM-vc. By scanning electron microscopy

after removal of the extracellular matrices (SEM-rem),

both the structure of the vascular wall and the three-

dimensional branching pattern can be well visualized, but

the cellular types can be identified only tentatively on the

basis of cellular shape. The precapillary sphincters can be

identified convincingly with SEM-rem.

In a search of the literature, we found 36 morphological

studies on the microvasculature in 16 kinds of tissues

employing one of the three morphological methods

(Table 2). Six of the studies described precapillary

sphincters, two employing TEM [60, 61] and four

employing SEM-vc [62–66]. In the other studies, the

existence of precapillary sphincters was neither mentioned

in the text nor demonstrated in the figures; in some studies

their absence was concluded. To evaluate the existence of

precapillary sphincters, we scrutinized the descriptions and

figures of the six studies reporting precapillary sphincters.

Rhodin made detailed observations of the microvascu-

lature employing TEM [60]. The identification of the

observation site was accurate enough, since he selected the

observation site in the whole-mount specimens of the

muscular fascia. He identified the precapillary sphincter at

the angle of small vessel branching, but the figures showed

smooth muscle cells present not only at the angle but also

in the walls of both the trunk vessels and the branches. The

precapillary sphincters reported by Rhodin [60] were not

separate smooth muscle cells at the angle of vascular

branching, but a part of the continuous smooth muscle

layer at the angle, so that they did not deserve the name

precapillary sphincters.

Precapillary sphincters were reported in the microvas-

culature of the heart with TEM and SEM-vc. Sherf et al.

[61] described precapillary sphincters with TEM in the

human heart, but the electron micrographs did not allow

determination of the location of smooth muscle cells in the

three-dimensional vascular tree, so that the identification of

precapillary sphincters was groundless and doubtful.

Anderson and Anderson reported an indication of precap-

illary sphincters in dog heart with SEM-vc [63], but the

abrupt interruption and irregular shape of the vascular casts

indicated that the resin did not sufficiently fill the vascular

lumina so that the identification of precapillary sphincters

was not based on sound evidence. He et al. [66] reported

step-wise constriction of arterioles in yaks and interpreted

this as the precapillary sphincters being distributed in a

certain section of the arterioles. These structures were far

from the precapillary sphincters branching into capillaries

reported in the physiological studies. The precapillary

sphincters were not mentioned in the other studies on the

microvasculature of the heart, including Tsunenari’s [67]

research with TEM and Higuchi et al.’s [68] study with

SEM-rem.
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Precapillary sphincters were reported in the microvas-

culature of the brain with SEM-vc by Nakai et al. [64] and

Castenholz [65]. Observations with SEM-vc did not pro-

vide conclusive evidence of precapillary sphincters, as

mentioned above. However, Shiraishi et al. [69] did not

mention the precapillary sphincters, and Ushiwata and

Ushiki [70] denied the existence of precapillary sphincters

in the brain microvasculature with the more reliable

method of SEM-rem.

As shown above, the morphological evidence did not

verify the existence of precapillary sphincters in the

microvasculature of the muscular fascia, heart and brain. In

the other 13 kinds of tissues, the precapillary sphincters

were not observed at all with TEM, SEM-vc or SEM-rem.

Our own observations of the microvasculature in the lung

[71], kidney [72–74] and intestine [75, 76] did not show

any indication of precapillary sphincters.

The arterioles received an abundance of aminergic

(adrenergic) innervation in many organs such as the skel-

etal muscles [77–80], salivary glands [81], nasal mucosa

[82], gastric and intestinal mucosa [83, 84], and brain [85].

Histochemical studies of adrenergic nerves in these organs

can provide a good indication of smooth muscles in the

walls of arteries and arterioles, but did not show the exis-

tence of precapillary sphincters [77, 78, 80–85]. On the

whole, we should conclude that no morphological evidence

has been obtained to support the existence of precapillary

sphincters in all the tissues so far investigated.

Conclusion

The studies by Zweifach up until the 1950s revealed the

unique features of the mesenteric microcirculation and

provided impressive schematics of the microcirculation

with metarterioles and precapillary sphincters. Fulton,

Guyton and other authors introduced or mimicked these

schematics in their physiology textbooks as representative

of the microcirculation in general. However, morphologi-

cal studies have revealed that the microcirculation in other

Table 2 Morphological studies on the microvasculature in various tissues and organs with three different methods

TEM SEM-vc SEM-rem

Skin Higgins and Eady [86]

Skeletal muscle Stingl et al. [87] Holley and Fahim [88]

Muscle fascia Rhodin [60]

Brain Nakai et al. [64]

Castenholz [65]

Shiraishi et al. [69]

Ushiwata and Ushiki [70]

Retina Risco et al. [89]

Morrison et al. [90]

Yoneya et al. [91]

Pannarale et al. [92, 93]

Bhutto and Amemiya [94–96]

Murakami et al. [97]

Strial vessel/inner ear Nagai et al. [98]

Dental pulp Zhang et al. [99]

Iijima and Zhang [100]

Heart Sherf et al. [61]

He et al. [66]

Anderson and Anderson [63]

Tsunenari [67]

Higuchi et al. [68]

Lung Lane et al. [101]

Sasaki et al. [71]

Mammary gland Fujiwara and Uehara [102]

Small intestine Hosoyamada et al. [75, 76] Anderson and Anderson [63] Miller et al. [103]

Gallbladder Ohtani et al. [104] Ohtani et al. [104]

Kidney Sakai and Kriz [72]

Elger et al. [73]

Hosoyamada and Sakai [74]

Epididymis Pais and Esperança-Pina [105]

Seminal cord Polguj et al. [106]

Retrolingual membrane/frog Berman et al. [107]

TEM Transmission electron microscopy, SEM-vc scanning electron microscopy of vascular casts, SEM-rem scanning electron microscopy after

removal of extracellular matrices
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organs and tissues contains no metarterioles or precapillary

sphincters, and physiological studies on the microcircula-

tion have used the terms metarterioles and precapillary

sphincters differently. This reveals that the metarterioles

and precapillary sphincters are not universal components of

the microcirculation in general, but unique features of the

mesenteric microcirculation. Therefore, explanations and

illustrations of the microcirculation with metarterioles and

precapillary sphincters can be regarded as inappropriate

and misleading in physiology textbooks about the organs

and tissues that aim to teach in general and not specific

terms.
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