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They are largest in the glands and bones, where they are ﬁfw_to 07T
of an inch (83 to 125 p) in diameter. These measurements mdlca‘te th_e
size of the vessels and not their caliber. Taking out the thickness of th:en'
walls, it is only the very largest of them that will allow the passage oi'a.
blood-disk without a change in its form. The average length of the capil-
lary vessels is about 4 of an inch (05 mm.).

Fic. 32.—Small artery and capillaries from the muscular coats of the urinary bladder of the frog;
quugn ified 400 diameters (from a photograph taken at the United States Army Medical Museumy).

This preparation shows the endothelium of the vessels. 1t is injected with silver nitrate, stained with
carmine and mounted in Canada balsam.

Unlike the arteries, which grow smaller as they branch, and the veins,
which become larger, in following the course of the blood, by union with
each other, the capillaries form a true plexus of vessels of nearly uniform
diameter, branching and inosculating in every direction and distributing
blood to the parts as their physiological necessities demand. This mode of
inosculation is peculiar to these vessels, and the plexus is rich in the tissues,
as a general rule, in proportion to the activity of their nutrition. Although
their arrangement presents certain differences in different organs, the capil-
lary vessels have everywhere the same general characteristics, the most promi-
nent of which are the nearly uniform diameter and an absence of any definite
direction. The net-work thus formed is very rich in the substance of the
glands and in the organs of absorption; but the vessels are distended with
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blood only during the physiological activity of these parts. In the lungs the
meshes are particularly close. In other parts the vessels are not so abun-
dant, presenting great variations in different tissues. In the muscles and
nerves, in which nutrition is very active, the supply is much more abundant
than in other parts,like fibro-serous membranes, tendons ete. In none of
the tissues do the capillaries penetrate the anatomical elements of the part,
as the ultimate muscular or nervous fibres. Some tissues receive no blood, or
at least they contain no vessels which are capable of carrying red blood, and
are nourished by imbibition of the nutrient plasma of the circulating fluid.
Examples of these, which are called extra vascular tissues, are cartilage, nails
and hair.

The capacity of the capillary system is very great. It is necessary only to
consider the great vascularity of the skin, mucous membranes or muscles, to
appreciate this fact. In injections of these parts, it seems, on microscopical
examination, as though they contained nothing but capillaries; but in prepa-
rations of this kind, the elastic and yielding coats of the capillaries are
distended fo their utmost limit. Under some conditions, in health, they
are largely distended with blood, as in the mucous lining of the alimentary
canal during digestion, the whole surface presenting a vivid-red color, indi-
cating the great richness of the capillary plexus. Estimates of the capacity
of the capillary system, as compared with the arterial system, have been
made, but they are simply approximative. The various estimates given are
founded upon calculations from microscopical examinations of the rapidity
of the capillary circulation as compared with the circulation in the arteries.
In this way, it
has been estima-
ted that the ca-
pacity of the
capillary system
is between five
hundred  and
eight hundred
times that of the
arterial system.

These estimates,

however, must

be regarded as

mere  Supposi-

tions based up-

0N NoO Yvery ac- Fi1g. 33.—Web of the frog’s hind-foot ; magnified (Wagner).
e dﬂt-ill. @, a, veins ; b, b, b, arteries.

Phenomena of the Capillary Circulation.—The most convenient situation
for observation of the capillary circulation is the tongue or the web of the
frog. Here may be studied, not only the movement of the hlood in the true
capillaries, but the circulation in the smallest arteries and veins, the variations
in caliber of these vessels, especially the arterioles, by the action of their
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muscular coat, and, indeed, the action of vessels of considerable size. lThis
has been a valuable means of studying the circulation in the capillaries as
contrasted with the flow in the small arteries and veins, and the only one,
indeed, which could give any definite idea of the action of these Yessels‘f. g
In studying the circulation under the microscope, the anatomical ('11"1.81011
of the blood into corpuscles and a clear plasma is observed. This is peculiarly
evident in cold-blooded animals, the corpuscles being comparatively large and
floating in a plasma which forms a distinet layer next the walls of the vessel.
The leucocytes, ‘which
are much fewer than
the red corpuscles, are
generally found in the
layer of plasma.
In vessels of consid-
erable size as well as in
some capillaries, the cor-
puscles, occupying the
central portion, move
with much greater ra-
pidity than the rest of
the blood, leaving a lay-
er of clear plasma at
the sides, which is near-
ly motionless.  This
phenomenon is in obe-
Fig. 34.—Circulation in the web of the frog’s foof. (Wagne.r). dience to a ph\’S'lCﬁl

The black spots, some of them star-shaped, are collections of pigment. . z i z
B e regulating the pas-
gage of liquids through

capillary tubes for which they have an attraction, such as exists, for exam-
ple, between the blood and the vessels. In tubes reduced to a diameter ap-
proximating that of the capillaries, the attractive force exerted by their walls
upon-a liquid, causing it to enter the tube to a certain distance, becomes an
obstacle to the passage of fluid in obedience to pressure. Of course, as the
diameter of the tube is reduced, this force becomes relatively increased, for
a larger proportion of the liquid contents is brought in contact with it. In
the smallest arteries and veins, and still more in the capillaries, the capillary
attraction is sufficient to produce the motionless layer, sometimes called the
« still layer,” and the liquid moves only in the central portion. The plasma
occupies the position next the walls of the vessels, for it is this portion of the
blood which is capable of “wetting ” the tubes. The transparent layer was
observed by Malpighi, Haller and all who have described the capillary circu-
lation. Poiseunille recognized its true relation to the blood-current and ex-
plained the phenomenon of the still layer by physical laws, which had been
previously established with regard te the flow of liquids in tubes of the di-
ameter of one twenty-fifth to one one-eighth of an inch (1 to 3-2 mm.), but

which he had succeeded in applying to tubes of the size of the capillaries.
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A red corpuscle occasionally becomes involved in the still layer, when it
moves slowly, turning over and over, or even remains stationary for a time,

Fi16. 35.—Small artery and capillaries from the lung of a frog: i B 1
_th { g : magnified 500 diameters (from
photograph taken at the United States Army Medical }lﬁseum ) { >

until 1f is taken up again and carried along with the central current. A few
leuc@eytes are constantly seen in this layer. They move along slowly and
apparently have a tendency to adhere to the walls of the vessel. This is due
to the adhesive character of the surface of the white corpuscles as compared
with the red, which can easily be observed in examining a drop of blood
between glass surfaces, the red corpuscles moving about freely, while the
white corpuscles have a tendency to adhere to the glass.

Great differences exist in the character of the flow of blood in the three
varieties of vessels which are under observation. In the arterioles, which
may be distinguished from the capillaries by their size and the presence of
the muscular and fibrous coats, the movement is distinetly remittent, even in
their most minute ramifications. The blood moves in them with much
greater rapidity than in either the capillaries or veins. They become smaller
as they branch, and carry the blood always in the direction of the capillaries.
The veins, which are relatively larger than the arteries, carry the blood
more slowly and in a continnous stream from the capillaries toward the
heart. 1In both the arteries and veins the current is frequently so rapid
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that the form of the corpuscles can not be dilstinguis.hed. O‘nly a f‘ew.of
the white corpuscles occupy the still layer, the others being carried on in the
entral current. ]
Cenfll:he circulation in the true capillaries is swi generis. Her? the blood 1s
distributed in every direction, in vessels of nearly uniform diameter. The
vessels are generally, so small as to admit but a single '1'0“-"0f corplllscle.s,. In
a single vessel, a line of corpuscles may be seen moving in one d11‘80t1031 at
one moment, a few moments after, taking a directly oppomﬁe course. W h_eu
the circulation is normal, the movement in the capillaries is alwa}js quite
slow as compared with the movement in the arterl?les, and is continuous.
Here, at last, the intermittent impulse of the heart is lost. The corpuslcles
do not necessarily circulate in all the capillaries that are in the field of view.
Certain vessels may not receive a corpuscle for some time, but afferward,
one or two eorpus"cles become engaged in them and a current is estab-
lished. A corpuscle is sometimes seen caught at the angle where a vessel
divides into two, remaining fixed for a time, distorted and bent by the foro.e
of the current. It soon becomes released, and as it enters the vessel, it
regains its original form. In some of the vessels of smallest siz?, the cor-
puscles are slightly de-
formed as they pass
through. The scene is
changed with every dif-
ferent part which is ex-
amined. In the tongue,
in addition to the arte-
rioles and venules with
the rich net-work of cap-
illaries, dark - bordered
nerve - fibres,  striated
muscular fibres, and epi-
thelium can be dilstin-
guished. In the lungs
large, polygonal air-cells
are observed, bounded
by capillary vessels, in
which the corpuscles
move with great rapidi-
ty. It hasbeen observed,
also, that the larger ves-

F16. 36.—Portion of the lung of a live triton, drawn 1m_de7' the mi- sels in the hmgs are
croscope and magnified 150 diameters (Wagner),

crowded to their utmost

capacity with corpuscles, leaving no still layer next the walls, such as is seen
in the circulation in other situations.

Pressure of Blood in the Capillaries—There is, apparently, no way of

directly estim%'lting the pressure of blood in the capillaries. If, however, a

glass plate be placed upon a part in which the capillary circulation is active
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and be weighted until the subjacent capillaries are emptied, an approximate
idea of the blood-pressure in the vessels may he obtained. Experiments
made in this way, by Von Kries, show that the pressure in the capillaries of
the hand raised above the head is equal to a little less than one inch (24 mm.)
of mercury; in the hand hanging down, a little more than two inches (54
mm.) ; and in the ear, about 0-8 of an inch (20 mm).

Rapidity of the Capillary Circulation—The circulation in the capillaries
of a part is subject to such great variations and the differences in different
situations are so considerable, that it is impossible to give any definite rate
which will represent the general rapidity of the capillary cirenlation. It is
for this reason that it has been found impracticable to estimate accurately
the capacity of the capillary as compared with the arterial system. In view
of the great uncertainty in the methods employed in the estimation of the
rapidity of the flow of blood in the capillaries, it seems unnecessary to discuss
this question fully. Volkmann calculated the rapidity in the mesentery of
the dog and found it to be about one-thirtieth of an inch (0-85 mm.) per
second. Vierordt made a number of curious observations upon himself, by
which he professed to be able to estimate the rapidity of the circulation in
the little vessels of the eye; and by certain calculations, he formed an esti-
mate of its rapidity, putting it at one-fortieth to one-twenty-eighth of an
inch (0-63 and 09 mm.) per second, which estimate may be provisionally
adopted as the probable rate in the human subject.

telations of the Capillary Circulation to Respiration—In treating of the
influence of respiration upon the action of the heart, the arterial pressure,
pulse ete., it has already been stated that non-adrated blood can not circulate
freely in the capillaries. Various ideas with regard to the effects of asphyxia
upon the circulation have been advanced, which will be again discussed in
connection with the physiology of respiration. It is well known that arrest
of respiration produces arrest of circulation.

The immediate effects of asphyxia upon the circulation are referable to
the general capillary system. In a series of experiments made in 1857, the
medulla oblongata was broken up, and the web of the foot was submitted to
microscopical examination. This operation does not interfere with the cir-
culation, which may be observed for hours without difficulty. The cuta-
neous surface was then coated with collodion, care only being taken to avoid
the web under observation. The effect on the circulation was immediate.
It instantly became less rapid, until, at the expiration of twenty minutes, it
had entirely ceased. The entire coating of collodion was then instantly peeled
off. Quite a rapid circulation immediately began, but it soon began to de-
cline and in twenty minutes had almost ceased. In another observation, the
coating of collodion was applied without destroying the medulla. The ecir-
culation was affected in the same manner as before and ceased in twenty-
five minutes (Flint). These experiments, taken in connection with observa-
tions on the influence of asphyxia upon the arterial pressure, show that non-
aérated blood can not circulate freely in the systemic capillaries. Non-
acrated blood, however, can be forced through them with a syringe, and

e ————— —
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even in asphyxia, if passes s]lowlylilznt-o tlied; ;111;;: tife f;;-c};i;i];llit;f}g;zid.
: art has lost its confractility, © : ;
1.\1'}2 %Si;zfg;ie;hfn 1}[‘;12 capillary circulati_on .hm"e been noticed accompanying
B e inslﬁl'ﬂté?n alfldf _‘?XPH'B%E: -contmctionq of the left ventri-
Tnuses of the Capillary Cireulaiion.— Y s oLt e

cle Efe _SEi{i{l'lltlj' ce{pab]e‘jof giving an impulse to the blood 1{1 theejzlha’li:
arterioles; for a marked acceleration of the current_ accpmpang 1lng ;l : béen
tole can be distingnished in all but the true capillaries. : I::l }[slls,a{:h ﬂm
shown by experiments after death, that.- blood can be :Em;:e‘z ﬂlizl;{erted
capillary system and returned by the veins by a f_orce less § 1C1Lln d. h th.e i
by the left ventricle. This, however, can 110t-. 1'1gu.ﬂy be app 1e' tov“ :
ural circulation, as the smallest arteries during life are endom:*d “ltdl C(En(i
tractility, which is capable of modifying the blood-cm'rent. : Shaflp‘e)da ap ne:t
a svrin;;;e, with a hemadynamometer attached, to the aor tato :th(l)%oil. L,h
l{ilfnd, and found that fresh defibrinated 1}100& coul.d be m'ade ‘0}‘)[15» ; thfe :
the double capillary systems of the intestines and liver, by a plem'u.re 0 : .n
and a half inches (89 mm.) of mercury. It spurted out at the lxemt;n a 1.1'{
jet under a pressure of five inches (127 mm.). In this obser 'itﬁl_Ol‘l,. -le}d:iln&
was tied just above the renal arteries. Tlu_e same pressure, jmht_? -1g¢1jc11‘10 ')t.cqg
removed, forced the blood through the capillaries o:f the 1}1£01’1.01 extmm1’l.1 :1

It is thus seen that the pressure in the arteries which iloree.s: the l; 0;
toward the capillaries is competent, mﬂess‘ oppo.se(.l by contr.ac-tlf}li % tte
arterioles, not only to cause the blood to circulate 111?}13 capﬂlaneb," 1{11:‘ f;
return it to the heart by the veins; and the only questions to })8-00]151( ere(
are first, whether there be any rez son.why the force of the. heztrt] s}{(\)u}l)d ‘11013
operate on the blood in the capillaries, and second, ‘Whet}jler tlelt‘ e ;111)
force in these vessels which is superadded to th.e action of [jhe heart. ‘.1‘e
first of these questions is answered by microseopwa.l observations 911 t}je 4(3'11-
culation. A distinct impulse, following each ventrlcul.ar systole, is ()b:}el.\ ed
in the smallest arteries; the blood flows from them dl.I‘(?Ctl}-' and frcc_}y‘mt.(i
the capillaries; and there is no ground for tl‘le sup_poat-;on ‘that thf 1301 cilla
not propagated to this system of vessels. ’lhfzre is, t-herﬁore, a force, 1(?
action of the heart, which is capable of producing the call)llla'ry circulation ;
and there is nothing in the phenomena of the circulation in these \'essgls
which is inconsistent with its full operation. When the hem‘p ceases its
action, movements in the capillaries are sometimes due to t.he contractions oi:f
the arteries, an action which has already been fully described. Movements
which have been observed in membranes detached from the quy were un-
doubtedly due to the mere emptying of the divided vessels or to simple gravi-
tation. .

There is a circulation of the blood in the area vasculosa, the first blood-
vessels that are developed before the heart is formed ; but there are no defi-
nite and reliable observations which show that there is any relgular movement
of the blood, which can be likened to the circulation as it 1s obserw,rd after
the development of the heart, anterior t? the appearance of. a cont;ractllle cen-
tral organ. Another example of what is supposed to be circulation without
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the intervention of the heart is in cases of acardiac foetuses. Monstérs with-
out & heart, which have undergone considerable development and which pre-
sent systems of arteries, capillaries and veins, have been described. All of
these, however, are accompanied by a twin, in which the development of the
circulatory system is quite or nearly perfect.

Influence of Temperature on the Capillary Circulation.—Within moder-
ate limits, a low temperature, produced by local applications, has been found
to diminish the quantity of blood sent to the capillaries and retard the circu-
lation, while a high temperature increases the supply of blood and accelerates
its current. Poisenille found that when a piece of ice was applied to the web
of a frog’s foot, the mesentery of a small warm-blooded animal or to any parst
in which the capillary circulation can be observed, the number of corpuscles
circulating in the arterioles became very much diminished, * those which car-
ried two or three rows of corpuscles giving passage to but a single row.” The
circulation in the capillaries first became slower and then entirely ceased in
parts. On removing the ice, in a very few minutes the circulation regained
its former characters. When, on the other hand, the part was covered with
‘water at 104° Fahr. (40° C.), the rapidity of the current in the capillaries was
so much increased that the form of the corpuscles could with difficulty be
distinguished.

CIRCULATION OF THE BLOOD IN THE VEINS.

The blood, distributed to the capillaries of all the tissues and organs by
the arteries, is colected from these parts in the veins and carried back to the
heart. In studying the anatomy of the capillaries or in observing the passage
of the blood from the capillaries to larger vessels in parts of the living organ-
ism which can be submitted to microscopical examination, it is seen that
the capillaries, vessels of nearly uniform diameter and anastomosing in every
direction, empty into a system of vessels, which, by union with others, become
larger and larger, and carry the blood away in a uniform current. These are
called the venules, or venous radicles. They are the peripheral radicles of
the vessels which carry the blood to the heart.

The venous system may be considered, in general terms, as divided into
two sets of vessels; one, which is deep-seated and situated in proximity to the
arteries, and the other, which is superficial and receives the greatest part of
the blood from the cutaneous surface. The entire capacity of these vessels,
as compared with that of the arteries, is very great. Asa general rule, each
vein, when fully distended, is larger than its adjacent artery. Many arteries
are accompanied by two veins, as the arteries of the extremities; while cer-
tain of them, like the brachial or spermatic, have more than two. Added to
these, are the superficial veins which have no corresponding arteries. It is
true that some arteries have no corresponding veins, but examples of this
kind are not sufficient in number to diminish, in any marked degree, the
great preponderance of the veins, both in number and volume. It is impos-
sible to give an accurate estimate of the extreme capacity of the veins as
compared with the arteries, but it must be much greater. Borelli estimated
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that the capacity of the veins was to the capacity of th'e arteries, as4tol 5
and Haller, as 2} to 1. The proportion is very variable in different parts of

e e e L oo uon at e T AR
This}i]t:iiz?:;ion shows the endothelium of the vessels. Tt is injected with silver nitrate, stained with

carmine and mounted in Canada balsam. -
the body. In some situations the capacity of the veins and arteries is about
equal ; while in others, as in the pia mater, the veins will contain, when fully
distended, six times as much as the arteries.

In attempting to compare the quantity of blood normally circulating in
the veins with that contained in the arteries, such variations are found at
different times and in different parts, both in the quantity of blood, rapidity
of circulation, pressure etc., that a definite estimate is impossible. It would be
unprofitable to attempt even an approximate comparison, as the variations in
the venous circulation constitute one of its most important physiological
peculiarities, which must be fully appreciated in order to form a just idea of
the uses of the veins. 'The arteries are always full, and their tension is sub-
ject to comparatively slight variations. Following the blood into the capil-
laries, important modifications in the circulation are observed, with varying
physiological conditions of the parts. As would naturally be expected, the
condition of the veins varies with the changes in the capillaries from which
the blood is received. In addition to this, there are independent variations,
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as in the erectile tissues, in the veins of the alimentary canal during absorp-
tion, in veins subject to pressure, ete.

Following the veins in their course, it is observed that anastomoses with
each other form the rule, and not the exception, as in the arteries. There
is always a number of channels by which the blood may be returned from a
part; and if one vessel be obstructed from any cause, the current is simply
diverted into another. The veins do not present a true anastomosing plexus,
such as exists in the capillary system, but simply an arrangement by which
the blood can readily find its way back to the heart, and by which the vessels
may accommodate themselves to the frequent variations in the quantity of
their fluid contents. This, with the peculiar valvular arrangement which
exists in all but the veins of the cavities, provides against obstruction to the
flow of blood through as well as from the capillaries, in which it seems essen-
tial to the proper nufrition and action of parts that the quantity and course
of the blood should be regulated exclusively through the arterial system.

Collected by the veins from all parts of the body, the blood is returned to
the right auricle, from the head and upper extremities by the superior vena
cava, from the trunk and lower extremities, by the- inferior vena cava, and
from the substance of the heart, by the coronary veins.

Structure and Properties of the Veins—The structure of the veins is
more complex than that of the arteries. Their walls, which are always much
thinner than the walls of the arteries, may be divided into a number of layers;
but for convenience of physiological description, they may be regarded as
presenting three distinet coats. These have properties which are somewhat
distinetive for each, although not as much so as those of the three coats of
the arteries.

The internal coat of the veins is a continuation of the single coat of the
capillaries and of the internal coat of the arteries. It is a simple, homogene-
ous membrane, somewhat thinner than in the arteries, lined by a delicate
layer of polygonal endothelium, the cells of which are shorter and broader
than the endothelial cells of the arteries.

The middle coat is divided by some anatomists into two layers; an in-
ternal layer, which is composed chiefly of longitudinal fibres, and an external
layer, in which the fibres have a circular direction. These two layers are
intimately adherent and are quite closely attached to the internal coat. The
longitudinal fibres are composed of connective-tissue fibres mingled with a
large number of the smallest variety of the elastic fibres. This layer con-
tains a large number of capillary vessels (vasa vasorum). The circular fibres
are composed of elastic tissue, some of the fibres of the same variety as is
found in the longitudinal layer, some of medium size, and some in the form
of the “fenestrated membrane,” In addition, there are inelastic fibres inter-
lacing in every direction and mingled with capillary blood-vessels, and non-
striated muscular fibres. In the human subject, in the veins of the central
portion of the nervous system, the dura mater, the pia mater, the bones, the
retina, the vena cava descendens, the thoracic portion of the vena cava
ascendens, the external and internal jugulars and the subclavian veins, there




