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A B S T R A C T  

While it is an established fact that histamine and serotonin increase the permeabili ty of 
blood vessels, the exact portion of the vascular tree which is so affected has not been con- 
clusively demonstrated. The present study was undertaken to clarify this point. 

Our  experiments were based on a method to which we refer as "vascular labeling," and 
which permits one to identify leaking vessels by means of visible accumulations of foreign 
particles within their walls. The  mechanism of the labeling, elucidated by previous electron 
microscopic studies, is the following. Histamine and serotonin cause the endothelial cells 
of certain vessels to separate, and thus to create discrete intercellular gaps. Plasma escapes 
through these gaps, and filters through the basement membrane. If the plasma has been 
previously loaded (by intravenous injection) with colloidal particles of a black material 
such as carbon or mercuric sulfide, these part icles--too large to pass through the basement 
membrane- -wi l l  be retained and accumulate in visible amounts within the wall of the 
leaking vessel. This method is used to maximal advantage if the tissue is cleared and ex- 
amined by transillumination in toto, so that leaking vessels can be accurately identified in 
their relationship to the vascular tree. 

As a test tissue we used the rat cremaster, a laminar striated muscle which can be easily 
excised with its vascular supply virtually intact. The  rats were prepared with an intra- 
venous injection of carbon or HgS, and a subcutaneous injection into the scrotum of hist- 
amine, serotonin, or NaC1 (as a control). The injected drug diffused into the underlying 
cremastcr and the vessels became labeled. One hour later, when the carbon had been cleared 
from the blood stream, the animal was killed. The cremaster was excised, stretched, fixed 
in formalin, cleared in glycerin, and examined by transillumination under a light micro- 
scope. 

The  lesions induced by histamine and serotonin were identical. The  leaking vessels, as 
indicated by the carbon deposits, always belonged to the venous side of the circulation. 
The heaviest deposits were found in venules 20 to 30 micra in diameter. The deposits 
decreased towards larger venules up to a maximum diameter of 75 to 80 micra, and towards 
the finer vessels until the caliber reached approximately 7 micra. Essentially spared by the 
deposits were the finest vessels, 4 to 7 micra in diameter,  and constituting an extensive 
network oriented along the muscular fibers. 

By killing animals at varying intervals after the injections, it was found that the carbon 
particles were slowly removed from the vascular walls by the action of phagocytic cells. 
After 10 months there was still enough carbon locally to be recognized by the naked eye. 
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The  process of acute inf lammat ion,  according to 
one of the basic principles of general pathology, 
is in large measure the result of an  increased 
permeabi l i ty  of blood capillaries (1, 2). This  
concept  is so fundamenta l  tha t  it may  appear  to 
lie beyond the range  of challenge. To be sure, i t  
would scarcely be reasonable to question the 
existence of an  increased permeabi l i ty  of the 
blood vessels, an  obvious fact which was firmly 
established by Cohnhe im as early as 1873 (3). 
O n  the o ther  hand,  the actual  site of the leak has 
never  been exactly identified. I t  could con- 
ceivably appear  in the capillaries, in the arterioles, 
in the venules, or in a combina t ion  of these; 
perhaps  it could even vary  according to the 
injurious agent.  Surpris ing as it m ay  seem, the 
cur ren t  belief tha t  the capillaries become m~Jre 
permeable  is founded not  on direct  evidence, but  
r a the r  on t radi t ion born  of cursory observations. 
This  is t rue not  only for the process of acute 
inf lammat ion,  bu t  also for the mechan ism of 
act ion of his tamine,  serotonin,  and  the other  
substances known to affect the permeabi l i ty  of 
blood vessels. 

The  lack of precise informat ion on this point  is 
easily explained by three major  technical  diffi- 
culties which are encountered,  at  the level of the 
l ight  microscope, when  a change  as subtle as 
increased permeabi l i ty  is to be recognized and  
correctly located in the maze of the vascular 
network. In  the first place, the p r imary  al terat ion 
of the endothe l ium lies beyond the resolution of 
the l ight  microscope (4, 5), as Cohnhe im himself 
implied when  he speculated about  a "molecu la r  
change"  (6). Fur thermore ,  histological sections 
are singularly unsuited for a study of this kind;  
the terminal  ramifications of the arterial  and  
venous trees, and  the capil lary network, are 
difficult or impossible to distinguish from each 
o ther  when  seen in cross-section, and  even more 
so, of course, when  the vessels have become 
abnormal  in s tructure and  caliber. Finally, the 
t radi t ional  experiment ,  current ly  used to demon-  
s trate  an  increased vascular  permeabil i ty,  does 
not  lend itself to detailed observations. A dye 
such as t rypan  blue is injected into the blood 
stream; the dye will leak out  more readily at  the 
site of vascular damage  (1, 2). This  procedure is 
very demonst ra t ive  to the naked eye, bu t  dis- 
appoin t ing  unde r  the microscope; colored plasma 
escapes freely out  of the damaged  vessels, and  the 
result is a diffuse blue haze. Hence  there is little 

hope to p inpoin t  the actual  site of the lesion along 
any single type of vessel. 

The  first of these difficulties has been overcome 
by means of the electron microscope: it is now 
clear tha t  h is tamine and  serotonin cause leaks to 
appear  between endothel ial  cells, whereas the 
basement  m e m b r a n e  remains  in tac t  and  literally 
filters the plasma which escapes through the 
opening (4, 5). O n  the basis of this observation it 
becomes a simple mat te r  to label leaking vessels 
in such a m a n n e r  tha t  they may  be identified 
with the l ight  microscope. Ins tead  of a dye, a 
suspension of suitable par t icula te  matter ,  such as 
ca rbon  Mack, should be injected into the blood 
stream. Then ,  wherever  a leak is present  in the 
endothel ium,  p lasma will flow out;  bu t  the sus- 
pended particles, if of appropr ia te  size, should be 
held back by the filtering effect of the basement  
membrane ,  and  soon accumula te  in amounts  
large enough to be visible with  the l ight  micro- 
scope. This  effect should be put  to max ima l  
advantage  by examining the tissue as a w h o l e - -  
with its vascular  tree i n t a c t - - r a t h e r  than  in tissue 
sections. 

We have  applied this procedure  to the s tudy of 
two agents which  are typical representatives of 
the compounds  known to increase "cap i l l a ry"  
permeabi l i ty:  h is tamine and  serotonin. These are 
the best known chemical  mediators  of vascular  
injury in acute in f lammat ion  (7, 8). Topograph-  
ically the result was quite unexpected:  both  
mediators,  when  studied in this manner ,  appea r  
to exert  their  specific effect on  the venous side of 
the vascular tree. 

MATERIAL AND METHODS 

Most of our observations were  made on a laminar 
muscle of the albino rat, the cremaster. Briefly, the 
animal first received an intravenous injection of 
black colloidal particles, and immediately thereafter 
a local injection of the injurious agent into the sub- 
cutaneous tissue of the scrotum. Thus the agent 
diffused into the underlying muscle, which had not 
been subjected to direct mechanical trauma. After an 
appropriate time interval the animal was sacrificed, 
and the cremaster was excised, fixed, cleared and 
examined by transillumination. 

The  anatomical relationships of the cremaster mus- 
cle, and some of the reasons for selecting it, were dealt 
with in the first paper of this series (.4). For the pur- 
pose of the studies presented herein, it will suffice to 
recall that each crcmaster forms a pouch containing 
one testis; and that  this pouch can be easily isolated 
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and  stretched,  to become a m e m b r a n e  2 to 3 cm  in 
d iameter  and  0.25 m m  in thickness which  can  be 
m o u n t e d  on a glass slide in the  same fashion as a 
tissue section. T h e  cremaster  is a lmost  ideally suited 
for topographic  studies of  the  vascular  tree; not  only 
because of its thinness,  bu t  also and  more  especially 
because it can  be  isolated wi th  its vascular  system 
virtually intact.  O n  the visceral side it presents a 
na tura l  surface (the serosa) which  need not  be t rau-  
mat ized  by dissection; and  the  overlying skin has  a 
vascular  supply  which  is relatively independent ,  as in- 
dicated by the  fact tha t  it can  be cleaved off with very 
little hemor rhage  even in the  live anesthet ized animal .  
T h e  muscle itself consists of two very thin layers of 
str iated fibers, and  " sandwiched"  between these 
layers run  the  ma jo r  arteries and  veins: an  arrange-  
men t  which  makes  it even easier to dissect ou t  the  
muscle  wi thout  in jury to its m a i n  blood vessels. 

T h e  rats were of the  Sprague-Dawley (Hol tzman)  
strain and  weighed 200 to 350 g m ;  wi th in  each ex- 
per iment ,  un i form age and  weight  were main ta ined .  
Preparation of the Cremaster for Microscopic Examination: 
U n d e r  ether  anesthesia  the thoracic cage is opened ,  
the  ensuing  p n e u m o t h o r a x  will kill the  an imal  in 
abou t  1 minute .  Before cardiac  arrest, the  root of the  
sc ro tum is rapidly c l a m p e d ~ o n  ei ther s i d e - - w i t h  a 
large hemostat ,  appl ied deeply enough  to include the  
vascular  peduncle  which  leads f rom the abdomina l  
cavi ty to the  upper  pole of the testis. T h e  scrotal skin 
is rapidly removed,  the  testes with their  envelopes are 
excised in toto and  dipped for a few minutes ,  with  the  
c lamps still applied,  in 10 per cent  formalin.  This  
procedure  helps to min imize  the  loss of blood in sub-  
sequent  hand l ing  and  hence to preserve, as m u c h  as 
possible, the  na tura l  pa t t e rn  of vascular  injection (it 
the  an imal  is killed by bleeding the  n u m b e r  of visible 
vessels is sharply  decreased).  Thereaf te r  the  cremas-  
ters are dissected off unde r  formalin,  gently stretched, 
and  p inned  onto denta l  plate wax. After formalin 
fixation for 24 hours,  the  th in  fascia on  the  sub- 
cu taneous  side is carefully s t r ipped off unde r  the 
b inocular  microscope. T h e  muscle  is briefly r insed in 
water  and  then  cleared in two changes  of glycerin (48 
and  24 hours).  Finally the  prepara t ion  is t r immed ,  
floated in two changes  of w a r m  glycerin jelly for a 
few minutes ,  and  m o u n t e d  unde r  coverslips (a modi-  
fication of the  usual  formula  for glycerin jelly, which 
was found most  suitable for these preparat ions ,  con- 
sists of a mix tu re  of equal  parts  of glycerin and  10 per  
cent  gelat in solution, with  a few crystals of phenol) .  
I n  this state the  p repara t ion  is as p e r m a n e n t  as a tis- 
sue section, and  can  be examined  by t ransmi t t ed  l ight 
with good resolution at magnif icat ions  as h igh  as 500  
Local and Intravenous Injections: W i t h  the  an imal  unde r  
e ther  anesthesia,  the  hair  covering the proximal  par t  
of the  sc ro tum was gent ly removed  with an electric 

clipper, and  the  colloidal suspension was injected 
intravenously.  Immed ia t e ly  thereafter ,  one injection 
either of test subs tance  or of a saline control  was ad-  
minis tered  subcu taneous ly  over the  mid-ven t ra l  as- 
pect  of each cremaster ,  great  care  being taken to 
avoid s t re tching of the  skin and  all unnecessary  
t r auma .  T h e  order  of  the  in t ravenous  and  subcu tane-  
ous injections could be  reversed wi th  no appa ren t  
difference, as long as the  two injections were admin -  
istered in immed ia t e  sequence.  T h e  label ing of the  
vessels occurred very rapidly,  bu t  1 hour  was allowed 
for the  par t icula te  ma t t e r  to be r emoved  f rom the 
blood s t ream.  After this t ime the an imal  was killed 
and  the  c remaster  p repared  as described. Var ia t ions  
in the  t iming  of injections and  dea th  of the  an imal  
are indica ted  unde r  Results.  
Colloidal Suspensions: W e  used pr imar i ly  carbon  
black especially prepared  for exper imenta l  use by the  
G u e n t h e r - W a g n e r  Pel ikan-Werke,  Hannover ,  Ger-  
m a n y  (Batch $ C l l / 1 4 3 1 a ) .  Th i s  p repara t ion  con- 
tains abou t  100 m g / c c  of ca rbon  with an  indicated 
average particle size of  200 A;  it is stabilized with 4.5 
per  cent  fish glue and  conta ins  1.3 per  cent  phenol  as 
a preserving agent.  This  solution was injected into 
the  saphenous  vein in a dose of 0.1 cc /100  g m  body  
weight  (10 m g  ca rbon /100  g m  body  weight).  Doses 
five t imes greater  are tolerated by the  an imals  wi thout  
apparen t  ha rm,  b u t  require  a longer  period to be  
cleared f rom the  blood s t ream.  

In  some exper iments  we used a p repara t ion  of 
colloidal mercur ic  sulfide (black) p repared  by Hille 
and  Co., Chicago,  and  conta in ing  HgS,  a stabilizer, 
and  0.2 per  cent  cresol. This  p repara t ion  is suppl ied 
as a 2 per  cent  suspension ("Mersul fol")  and  also in 
the  form of a dry mater ia l  wh ich  conta ins  approxi-  
mate ly  25 per  cent  of HgS ;  this was dissolved in 
saline to a concentra t ion  of 4 per cent  HgS,  and  in- 
jec ted in t ravenously  in the  dose of 0.5 cc /100 gin. 
Larger  doses somet imes  caused the  an imal  to die with 
p u l m o n a r y  edema.  
Test Solutions: Subcu taneous  injections in the  skin of 
the  sc ro tum were all adminis te red  in the  same volume,  
0.05 cc. Th i s  was accompl ished wi th  the  use of a 
H a m i l t o n  microsyr inge (made  to deliver 0.05 cc wi th  
an  accuracy of -4-0.1 per  cent)  fitted wi th  a gauge  30 
needle. Histamine diphospha te  (Abbott  Laboratories ,  
Nor th  Chicago,  Illinois, and  Eli Lilly & Co., Ind ian -  
apolis) was used in a concent ra t ion  of 1 m g / e c ;  the  
dose hereafter  referred to as s tandard ,  a m o u n t e d  to 
18 #g of h is tamine  base in 0.05 ec. Serotonin (5-hy- 
d roxy- t ryp tamine  creat inine sulfate, Nutr i t ional  
Biochemicals Corp.,  Cleveland)  was employed as a 
solution of 0.0126 m g / c c  freshly p repared  before use. 
I n  this concentra t ion,  0.05 cc (0.27 /~g of serotonin 
base) p roduded  a lesion approx imate ly  m a t c h i n g  tha t  
of the  h i s tamine  s tandard .  
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E X P E R I M E N T A L  P R O C E D U R E  

AND R E S U L T S  

A. C O N T R O L S  

Effect of the Colloidal Suspension Alone 

As soon as the suspension of carbon or HgS had 
been injected intravenously, the skin and visible 
mucosae of the rats took on a definite grey hue. 
Microscopically, preparations of cremaster taken 
during the first 10 minutes (in the absence of any 

local injection) were scarcely distinguishable from 
those of normal animals; there was a faint greyish 

discoloration of the plasma, together with a 
dust-like scattering of fine black particles, par-  
ticularly with the carbon suspension_ Whether  

these particles were all suspended in the blood 
stream, or sometimes adherent  to the endothelial 
lining, could not be established in our fixed 
preparations;  however, the grains appeared to be 
randomly and uniformly distributed in all the 
vessels of the cremaster, and the relevant point 
for our experiments is that  larger aggregates or 
deposits did not form anywhere. 

Controls for the Local Injection of Histamine and 
Serotonin 

In  most rats, the test substance (histamine or 
serotonin) was injected on one side of the scrotum, 
while the other side was injected with an equal 
amount  of 0.85 per cent NaC1. On this control 
side, the cremaster  usually developed a small 
lesion often scarcely visible (Fig. 2), but occas- 
ionally as large as 5 ram. Microscopically the 
pattern was identical with that induced by 
histamine or serotonin: that  is, the blackening 
was limited to the venules (see below). In  other 

animals saline only was injected on both sides, 
with no concomitant  histamine administered to 

the same animal;  the result was the same as with 
the previous series. The simple introduction of the 
needle, or the injection of 0.05 cc of air, caused no 
lesion at all. 

B. E F F E C T  OF H I S T A M I N E  

If histamine is injected locally, and the carbon 
suspension intravenously, a blackening of the 

Explanation of Plates 

All figures represent rat cremaster muscles, excised, stretched, fixed in formalin, cleared 
in glycerin (see Methods), and mounted between a glass slide and a coverslip. No his- 
tological stains were applied. All figures except Figs. 1 and 2 were taken with a light 
microscope (Zeiss Ultraphot) at magnifications of 30 to 200 An opal glass 3 mm thick 
was interposed between the microscope stage and the preparation, as a diffusing filter. 
Figs. 1 and 2 were taken with a Leitz Aristophot assembly, by a combination of epi- 
and transillumination. 

FIGURE 1 

Topographic view of a histamine-induced lesion : a demonstration of the vascular label- 
ing method, whereby leaking vessels are blackened with carbon deposits. 

One hour prior to sacrifice, this rat received an i.v. injection of carbon suspension 
and a local injection of histamine (18/zg). The circulating carbon has now been cleared 
from the blood stream. Double arrow." arteriole. No blackened branches stem from this 
vessel. Single arrows: venules, about 100 micra in caliber. These larger venules appear 
to be unaffected, but inserted along them are black tree-like structures which represent 
leaking tributaries, with branches 2 or 3 orders. Scale = 1 mm. 

FIGURE 

Control, in which 0.05 cc of 0.85 per cent NaC1 was substituted for histamine (all other 
conditions as in Fig. I). There is no indication of vascular leakage, except for a very 
small region (right center) in which faint carbon deposits have appeared, again only 
in branches of a venule (arrow). Scale = 1 ram. 
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vessels within the cremaster  occurs very rapidly. 
The  characterist ic effect, which will be referred to 
hereaf ter  as vascular labeling, shows quant i ta t ive  
var iat ions with the dose of h is tamine;  the follow- 
ing descript ion corresponds to the dose which we 
found to give opt imal  results (0.05 cc of 0.1 per  
cent  h is tamine phosphate) .  I f  the an imal  is 
killed after 2 to 7 minutes,  at  the site of the sub- 
cutaneous injection the cremaster  shows a dark  
pa tch  15 to 20 m m  in d iameter  in which a faint  
black network can be detected grossly. In  subse- 
quen t  stages this network becomes more pro- 
nounced,  and  after 10 to 15 minutes  it appears  to 
have reached m a x i m u m  intensity. O n  closer 
inspection this area shows a pa t t e rn  which is 
sometimes more obvious but  always apparent ,  
even to the naked eye, par t icular ly  in the prep- 
arat ions cleared with glycerin: the blackened 
vessels are not  uniformly distributed,  bu t  mostly 
grouped in m a n y  small, tree-like or feather-like 
ar rangements ,  separated by nar row clear spaces 
(Fig. 1). U n d e r  a low-power en largement  it is 
easy to observe tha t  this pa t t e rn  corresponds to a 
definite por t ion of the vascular  tree: each discrete 
uni t  represents a venule surrounded by its system 
of converging tributaries.  Proximally and distally 
to this segment of the venous tree, the vessels 
(capillaries and  larger veins) are not blackened 
(Figs. 3, 5, 6). 

The  blackening of the venous system is sharply 
restricted to the terminal  port ion of the tree, and 
within a relatively nar row range of calibers. In  

general, it is heaviest  in the venules with  an  
outer  d iameter  of 20 to 30 micra,  which at  low 
enlargements  appear  as black cylinders (Fig. 3). 
Proceeding in the direct ion of the blood flow, the 
ca rbon  deposit  ends often very abrupt ly  where 
the venule opens into a larger vessel (Fig. 7); 
other  times it tapers off along the course of the 
vessel, and  the last traces can be found up  to a 
m a x i m u m  caliber of 75 to 80 micra. Proceeding 
towards the capillary, the deposit breaks up  into 
uneven patches, and ceases often quite abrupt ly  
where the lumen  has narrowed to the point  of 
allowing the passage of a single red blood cell 
(Figs. 8, 5, 6). Beyond this point  there is a vast 
system of very fine vessels, 4 to 5 micra  in diameter ,  
which remain  quite free of ca rbon  deposits. These 
vessels form a three-dimensional  network, with  
long meshes oriented along the muscular  fibers 
(Fig. 8). Some of the meshes are visible because 
they contain  red blood cells; however,  the true 
extent  of this network which remains  free of 
deposits is bet ter  appreciated if the whole vascular 
system is injected with an  opaque mass 1 (Fig. 4). 

At  enlargements  of 100 to 400 times the mor- 

1 We used a mixture of our carbon suspension with a 
cold gelatin mass which has the advantage of being 
fluid at room temperature (5 gm of gelatin arc dis- 
solved in 100 cc of warm distilled water, then 5 gm 
of potassium iodide are added). Further details may 
be found in E. A. Bean, Animal Micrology, University 
of Chicago Press, 5th edition, 1953, 98. 

FIGURES 3 AND 

Two cremasters prepared in different ways and shown at the same enlargement (X 45) 
to demonstrate the fact that  a vast number  of very fine vessels are not catLsed to "leak" 
by the action of histamine or serotonin. 

FIGURE 

Typical example of vascular labeling induced, in this case, by serotonin. The black, 
branching structures are venules. Experimental procedures as indicated for Fig. 1. 
Scale = 100 micra. 

FIGURE 4 

Cremaster of a normal rat, in which the entire vascular system has been injected with 
a mixture of carbon and gelatin (see Methods). This preparation shows a large number  
of very fine vessels (capillaries, in the strictest sense) superimposed in different planes. 
By comparing this photograph with the one above, it becomes obvious that  the great 
majority of these fine vessels are not blackened by the method of vascular labeling. 
Scale = 100 micra. 
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phology of the ca rbon  deposit can be studied in 
considerable detail. Even where the layer of 
deposit  is heaviest  it shows very fine fenestrations, 
and  a ragged, moth-ea ten  aspect which indicates 
tha t  the ca rbon  is seeping into a very uneven 
system of clefts (4). The  outer  surface, correspond- 
ing to the adventi t ia ,  is relatively smooth,  bu t  
occasional leaks can  be found where groups of 
granules have reached as far as 10 to 15 micra  
into the extravascular  spaces (Fig. 9). In  the 
larger  venules the deposit is occasionally broken 
up  into i rregular  rings encircl ing the vessel, an 
or ienta t ion  probably  de termined  by the presence 
of smooth muscle cells (Fig. 12). More  often, 
where the deposit is slight, it appears in the form 
of short, s t raight  lines parallel to the axis of the 
vessel; Fig. 10 shows this pat tern ,  which is fre- 
quent ly  repeated along a segment of the venule. 
A complete flagstone pa t te rn  reminiscent  of that  
obta ined by perfusion with AgNO3 was never 
observed. 

The  amount  of ca rbon  injected intravenously 
can  be increased or decreased by a factor of 3 
wi thout  any  recognizable difference in the in- 
tensity of the blackening. The  smallest dose of 
h is tamine phosphate  which can  bring about  a 
significant blackening is 0.05 cc of a 0.01 per  cent  
solution (1.8 gg of h is tamine base); wi th  a 0.1 
per  cent solution which we adopted  as a s tandard 
dose, the lesion has an  average d iameter  of about  
15 ram. 

In  rats injected with colloidal HgS ra ther  than  
carbon,  the black deposits have the same topo- 
graphic  dis t r ibut ion (Fig. 6) but  they are more 
t ransparent ,  and  smoother  in appearance  (Fig. 
11), perhaps  on account  of the smaller dimension 
of the particles. 

Indiv idual  variat ions in the intensity of the 
response were frequently observed. T he  variabil i ty 

affected the d iameter  of the over-all  lesion, not  
the selective location of the ca rbon  deposits along 
the venular  tree. Wi th  a given s tandard  dose of 
his tamine the d iameter  of the blackened pa tch  
could vary  between 10 and  20 ram. O n  the other  
hand ,  there was much less var ia t ion  in the response 
of the two cremasters of a single rat.  

Perfusions of the whole an imal  with  horse serum 
were also accomplished, in order to remove the 
red blood cells and  obta in  an  even sharper  defini- 
t ion of the ca rbon  deposits. Rats  were given a 
local injection of his tamine and an  intravenous 
injection of ca rbon  or HgS in the usual fashion. 
After 10 to 15 rain. they were etherized, perfusion 
was started into the saphenous vein, and a jugu la r  
was cut (fluid: 50 to 90 cc. of wa rm heparinized 
horse serum, containing 0.3 per cent  of t rypan  
blue for a gross control  of the success of the per- 
fusion). The  hear t  kept  beat ing for a prolonged 
period. The  preparat ions of cremaster  appeared  
almost completely devoid of red blood cells. 
None of the ca rbon  or HgS deposit appeared  to 
have been removed;  the blackened vessels stood 
out  in sharper  contrast  against  an almost empty 
background,  bu t  there was otherwise little to be 
learned from these preparations.  

Later Fate of the Carbon Deposits 

In  a series of rats, a lesion was produced in the 
cremaster  with  the combined  injections of hista- 
mine  and  ca rbon  black, as usual. The  cremasters 
from these animals  were then examined after 
periods varying between 30 minutes  and  10 
months.  I t  was found tha t  the particles of carbon 
tend to emigrate  r a the r  rapidly across the wall 
of the vessel. After 3 hours  (Fig. 14) the outer  
surface of the deposits is noticeably more  ragged, 
and  many  fine granules appear  which at 6 hours  

FIGURES 5 AND 6 

Cremasters aftcr a local injection of histamine; thc leaking vessels have been labeled 
with carbon (Fig. 5) or colloidal HgS (Fig 6). The deposits of carbon are somewhat 
coarser than thosc of HgS, but  the distribution is very similar. 

T h e  fields have been selected to demonstrate the sequence arteriole -~ capillary --~ 
vcnule, and thus the elective deposition of tracer particles on the venous side. A = 
arteriole, V = venule. Note that considerable lengths of the finest capillary segments 
(C) are spared. The relative number  of these unlabeled capillaries is actually much 
greater than can be judged from these photographs, because many of these vessels lie 
above and below the plane of focus. Scale = 100 micra. Fig. 5, X 160. Fig. 6, X 140. 
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form an  almost cont inuous sprinkling along the 
adventi t ia .  At  12 hours  m a n y  of the granules are 
collected into lumps, suggestive of single macro-  
phages, and  at  24 hours  (Fig. 15) even the con- 
t inuous black layer which obscured the medium-  
sized venules begins to break up  into lumps, 
p robably  because it becomes condensed within 
cells. At  7 days (Fig. 16) the black pa tch  grossly 
visible on the cremaster  begins to fade slightly, 
indicat ing that  some of the ca rbon  has been 
carr ied away; microscopically, the ca rbon  now 
appears  to be collected in macrophages,  mostly 
aligned in rows along the vessels, while others are 
scattered around the tissue. T he  larger venules, 
r a ther  oddly, have  a distinct row of macrophages  
on two opposite sides, as if these cells avoided 
tha t  por t ion of the circumference of the vessel 
which faces the peri toneal  or the cutaneous surface. 
After 1 mon th  (Fig. 17) the black deposits still 
suggest a vascular  pat tern ,  bu t  now the venules 
are simply outl ined by a succession of black, 
e longated macrophages  seemingly flattened 
against the advent i t ia ;  a t  low powers it appears as 
if a black pencil had  d rawn  a broken line along 
the venules. After 3 and  10 months  (Figs. 18 and  
19) the pa t te rn  is the same:  a grey pa tch  is still 
visible, though faintly, to the naked eye; micro- 
scopically only the larger venules are outl ined, 
most of the ca rbon  hav ing  by now disappeared. 
A progressive blackening of the l u m b a r  lymph 
nodes was noticed from the 7th day  onwards. 

C. E F F E C T  O F  S E R O T O N I N  

W h e n  carbon  was injected intravenously,  and  
scrotonin locally, ca rbon  label ing developed in 

the venules in a m a n n e r  identical  to tha t  a l ready 
described for histamine.  Quant i ta t ively,  however,  
serotonin was much  more powerful on a mole-to- 
mole basis; a dose calculated to be equimolar  
with  tha t  of the s tandard  a m o u n t  of h is tamine 
(0.05 cc of a 0.126 per cent solution of serotonin 
creat inine sulfate) induced a lesion so large as to 
include one whole cremaster  and  hal f  of tha t  on  
the opposite side. Judg ing  from the d iamete r  of 
the lesion, an  effect comparab le  to tha t  of hista- 
mine was ob ta ined  with a dose approximately 
one h u n d r e d t h  as great  on a molar  basis. 

D I S C U S S I O N  

A. T H E  P H E N O M E N O N  O F  V A S C U L A R  

L A B E L I N G :  E A R L I E R  I N T E R -  

P R E T A T I O N S  

All the experiments  described in this paper  
represent  an  appl icat ion of the phenomcnon  to 
which  we referred carlier as vascular  labeling. In  
short, if h is tamine or serotonin is injected locally, 
and  a ca rbon  suspension intravenously,  there 
develops a blackening of cer ta in  vesscls in the 
area of the local injection. O n  the s trcngth of 
electron microscopic evidence (4, 5) it is safe to 
in terpre t  this blackening as follows: the endo- 
the l ium develops discrete leaks, and  as plasma 
filters th rough the basement  membrane ,  the 
suspended tracer  particles are retained.  

While  this in terpre ta t ion  may  be new, thc 
actual  p h c n o m e n o n  of vascular  blackening in 
injured tissues, after an intravenous inject ion of 
Ind ia  ink or carbon,  has been described a n u m b e r  
of t imes in the l i terature.  These earlier studies 

FIGURES 7 AND 8 

Vessels labeled with carbon after local injection of histamine. Examples of the largest 
(Fig. 7) and the smallest (Fig. 8) vessels which arc affected. 

FtGURE 7 

The deposits cease sharply as the tributaries join the main venule. Scale = 100 micra. 
X 130. 

FIGURE 8 

Note the absence of deposits along the finest vessels. The caliber of these vcsscls (arrows) 
is indicated by the single row of red blood cells contained in thel umen. As soon as these 
vessels begin to enlarge (towards the venous cnd), granular deposits begin to appear. 
Scale = 100 micra. X 440. 
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were  m a d e  on  l iv ing  t issues  or  on  h is to logica l  

sections,  t e c h n i q u e s  w h i c h  d id  n o t  a l low one  to 

d i s t i ngu i sh  c lear ly  b e t w e e n  i n t r avascu l a r ,  i n t r a -  

m u r a l  a n d  i n t r ace l l u l a r  depos i t s  o f  the  c a r b o n ;  

h e n c e  m a n y  of t he  conc lus ions  d r a w n  by  these  

a u t h o r s  c a n  no  longe r  be  accep ted .  

T h u s  Herzog  (9), Stilwell (10) and  Schopper  (l 1) 
who s tudied the  tongue of the living frog after intra-  
venous injection of Ind ia  ink, in terpreted the  black 
deposit  as a superficial coating of the endothelium, which 
slowly penetra tes  and  crosses the  vascular  wall by 
phagocytosis  and  cellular t ransport .  In  point  of fact, 
these papers  include careful descriptions of early 
reversible deposits which  leave little doubt  tha t  some 
superficial coat ing of the  endo the l ium did actually 
occur. This  should be expected,  because the  mater ia l  
injected was Ind ia  ink; the  lat ter  contains  shellac, 
which  promotes  in t ravascular  clott ing (12). This  m a y  
well explain the in t ravascular  " f i laments"  described 
by Sehopper  (11). T h e  carbon  suspension used in our  
exper iments  did not  conta in  shellac. In  our  previous 
s tudy  we did observe occasional superficial deposits 
(4); this mechan i sm,  however,  m a y  account  for only 
a m i n o r  par t  of  the  blackening.  

T h e  case of K r o g h  (13) is ra ther  unique ,  in tha t  he 
fo rmula ted  the  correct hypothesis,  per formed our  
same exper iment ,  and  obta ined  our  same  results bu t  
considered t hem a failure. K r o g h  had  actual ly enter-  
ta ined the  idea tha t  when  the permeabi l i ty  of  a blood 
vessel is increased, this migh t  occur by the  format ion  
of "fissures between the endothel ial  cells . . . .  espe- 
cially at the points where  the  borders of three or more  
cells mee t . "  He  therefore injected dialyzed Ind ia  ink 
in t ravenously  into frogs, and  expected tha t  at a site of 
injury (by ure thane)  grey p lasma  would escape: 
" . . .  bu t  the  result of the  actual  exper iment  was tha t  
the indian  ink was held back quant i ta t ively ,  while the  
clear p lasma  disappeared as before . . . .  " K r o g h  did 
not  consider the  presence of a basemen t  m e m b r a n e ,  
t hough  it h ad  been described previously (14). Hence ,  
"d i sca rd ing  Ithe original hypothesis,  he] came  to the 
conclusion tha t  mechan ica l  s t retching of the  capil lary 
wall mus t  be responsible for the  increase in pe rmea-  
bility . . . .  " 

Chamber s  and  Zweifach have repeatedly  described 
the  deposits of carbon in in jured  vessels, par t icular ly  
in venules,  and  along the intercellular junc t ions  (15, 
16). T h e y  deduced  from these observations tha t  in- 
ju ry  brings about  a swelling and stickiness of the inter- 
cellular cement (15, 16). 

FIGURES 9 TO 1~ 

Carbon-  or HgS4abc led  vcnulcs  after a local iniection of h is tamine  : s t ructura l  details 
of the  deposits. Scale = 100 micra.  

FIGURE 9 

O n e  hour  after the iniection of carbon,  a few particles (arrow) have  found their  way as 
far out  as the  adven t i t i a  X 490. 

FIGURE 10 

Carbon  deposits in the pa t te rn  of regular  parallel  lines (arrow). This  image  is inter-  
pre ted as i nd i ca t i ng - - in  all l ikelihood (4)---clefts be tween endothel ia l  cells. X 340. 

FIGURE 11 

Venule  labeled with colloidal HgS. T h e  deposit  appears  less coarse t han  with carbon.  
X 460. 

FIGURE 1~ 

Ca rbon  deposits in the  pa t te rn  of incomplete  rings su r round ing  a venule  (V). This  ar- 
r angemen t  m a y  be de te rmined  by smooth  muscle  ceils wrapped  a round  the vessel, per-  
pendicu la r  to its axis. A = an arteriole, devo id - - a s  u s u a l - -  of  deposits. X 170. 

FIGURE 13 

Norma l  rat  cremaster ,  in which  the vessels have  been injected with a mix ture  of  carbon 
and  gelat in (same prepara t ion  as for Fig. 4). Note  the  characteris t ic  ladder  pa t t e rn  
of the  finest vessels, which  run  between the muscle  fibers. Scale = 100 micra.  M 170. 
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Another interpretation which can no longer be 
held is that  which explains the blackening as an ex- 
pression of increased phagocytic activily of the endothelium. 
This view originated with Janes5 (17-18), who ob- 
served that  if histamine is painted on the skin of a 
white mouse, and India ink is injected intravenously, 
many small vessels in the painted area become black. 
This effect, later referred to as "Janes6 phenomenon" 
(19), became the starting point of a series of papers 
aimed at demonstrating that histamine enhances 
phagocytosis (20, 21) ; a summary of this work may be 
found in a recent monograph on phagocytic stimula- 
tion (22). 

This  is not  to say tha t  phagocytosis plays no par t  
in the phenomenon  of vascular  labeling. I t  does 
occur (4, 5), but  as a relatively late and  probably  
secondary event, involving the endothel ial  cells. 
and more  especially the pericytes. 

I t  should be pointed out, of course, tha t  the 
observations publ ished by the above-named 
authors  remain  essentially valid;  only the interpre-  
tat ion has changed.  

]~. L O C A L I Z A T I O N  O F  T H E  V A S C U L A R  

D A M A G E  I N  T H E  V E N U L E S  

If one examines at  low magnificat ion a cremaster  
in which the leaking vessels have been labeled 
with ca rbon  (Figs. l, 3) it is not  difficult to identify 
them as branches  of the venous tree. T h e  largest 
venules with  traces of deposits have a cal iber  of 
75 to 80 micra. Proceeding upst ream,  the deposits 
become heavier,  and  reach a m a x i m u m  in venules 
with a d iameter  of 20 to 30 micra;  then decrease, 
and  finally stop when  the cal iber  has reached 
abou t  7 micra:  tha t  is, approximate ly  the d iameter  
of a red blood ceil. This  dis t r ibut ion of carbon 

deposits clearly suggests tha t  the venules 20 to 30 
micra in d iameter  are the most sensitive vessels. 
In  fact, when  the injury is slight, as at  the 
periphery of the injection site, these are the only 
vessels to show any  blackening at  all. 

The  n u m b e r  of blackened vessels is so great  as 
to suggest, at  first sight, tha t  all of the capil lary 
system is affected. However,  if the same prepara-  
tion is compared  with another  one in which all 
the blood vessels have been filled with an  opaque  
mass (Figs. 3 and 4) it becomes obvious tha t  
there is a vast system of very fine vessels which 
are almost completely free of ca rbon  deposits. 
These vessels, to which we will refer, for the t ime 
being, as "un labe led  capil laries," are not  easily 
visualized in our ordinary  preparat ions,  because 
they are incompletely filled with blood. The i r  
cal iber  is the same a s - -~ r  less t h a n - - t h e  d iamete r  
of a red blood cell, and  ranges approximate ly  
from 4 to 7 micra. The i r  basic pa t t e rn  is not  tha t  
of a tree, as is the case for the blackened vessels, 
but  ra ther  tha t  of a three-dimensional  network, 
with  oblong meshes runn ing  parallel  to the muscle 
fibers and  often aligned in a ladder-l ike arrange-  
men t  (Figs. 5, 6, 8, 13). 

These observations are in complete agreement  
with our  previous electron microscopic study (4), 
in which a striking feature of the cremaster  
muscle after injection of h is tamine or serotonin 
had  been the consistent lack of lesions in the 
vessels of the smallest caliber. In  other  words, 
the vessels which appeared  to be the most likely 
candidates  for the te rm "cap i l l a ry"  did not  
develop leaks. The i r  outer  d iameter  (measured on 
electron micrographs,  and  taking the basement  
m e m b r a n e  as a boundary)  was 3 to 5 micra. 
Leaks developed with great  regulari ty in vessels 

FIGURES 14 TO 16 

Aspect of carbon*labeled venulcs, at varying time intervals after the local injection of 
histamine. Scale = 100 micra. X 160. 

FIGURE 14 

Stage of 6 hours. Small clusters of carbon (presumably contained within phagocytic 
cells) are beginning to appear along the contours of the venules. 

FIGURES 15 AND 16 

Stages of 1 and 7 days. The carbon is being concentrated in discrete granular masses, 
presumably intracellular, within and adjacent to the vascular wall. Some carbon also 
appears in per;vascular clusters~ probably within phagocytes (arrows). 
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about  twice this diameter,  but whether the vessels 
represented venules or the finest ramifications of 
arterioles could not be established by electron 
microscopy. 

Our  studies therefore indicate that  histamine 
and serotonin bring out a fundamental  difference 
in response between two types of blood vessels: 
the finest vessels, 4 to 7 micra in diameter  (as 
measured in the fixed preparations) which remain 
practically free of demonstrable leaks, and the 
collecting vessels, from 7 or 8 to 75 or 80 micra 
in diameter,  which develop extensive leaks. I t  
would be tempting to identify these two kinds of 
vessels with capillaries and venules, respectively. 
At present, however, there is no general agreement  
as to the use of the word "capil lary,"  as evidenced 
by the multiplicity of terms such as protocapillary, 
precapillary, postcapillary, true capillary, and the 
like (23). The end-point  of the capillary on the 
venous side is particularly indefinite; it is often 
extended to include venous vessels (23). 

In the past there has been little point in drawing a 
line between capillaries and venules, because the two 
types of vessels were generally assumed to be very 
similar, if not identical, in both structure and func- 
tion (13). There is, of course, a structural similarity 
between capillaries and the finest venules: in either 
case the walls consist of endothelium without a mus- 
cular coat; the first smooth muscle cells begin to ap- 
pear when the caliber reaches 45 to 50 micra (24, 25), 
and a continuous muscular media is not found until 
the caliber reaches about 200 micra (24, 25). There- 
fore, if one were to base the definition of capillary on 
the absence of smooth musculature, the diameter of 
the capillaries could reach at least 50 micra. This is a 
criterion often implied in histopathologic descriptions. 
Landis called capillaries (in mammals) vessels with a 
diameter of 5 to 20 micra (26). Among the textbooks 
of histology, there is a tendency to define the blood 
capillaries as those vessels which have a diameter 
"approximately equal to that of the red blood cells 
which must pass through them" (27). Thus Cowdry 
(28) states that the capillaries begin when the lumen 
is reduced to the minimum diameter which will let 
red blood cells pass freely: "this is considered in man 
to be about 8 microns . . . .  The venous limit of the 
capillary bed commences where the capillaries run 

together to form vessels of larger diameter than 8 
microns." For Maximow and Bloom (24) the caliber 
of the capillaries is closely related to the size of the 
red blood cells, and "in man it averages about 8 /~." 
Nonidez and Windle (29) follow the same criterion, 
and use the figure of 8 to 10 microns. Barrnett (25) 
states that capillaries "are the blood vessels having 
generally the smallest lumen and the simplest wall," 
their diameter varying "between 4 and 12 microns." 

I t  would appear,  then, that  if we followed the 
definition of capillary indicated by the above- 
named textbooks, we could equate with good 
approximation our unlabeled capillaries with 
capillaries, and our labeled vessels with venules. 
In  the literature, however, the term "capi l lary" 
is used more loosely (23). For the time being, 
therefore, it is safer to avoid strict reference to 
given vascular segments, and state that the 
endothelial leaks induced by histamine and 
serotonin are found on the venous side of the 
circulation, with a maximum effect on venules 20 

to 30 micra in diameter,  decreasing towards the 
larger veins, as well as towards the finest vessels. 

C. C O M P A R I S O N  OF V A S C U L A R  

C H A N G E S  I N D U C E D  BY 

H I S T A M I N E  A N D  S E R O T O N I N  

The vascular damage caused by histamine, when 
tested by the method of carbon labeling, was 
indistinguishable from that of serotonin. We were 
unable to convince ourselves that  there was any 
difference either in the topographic distribution 

of the lesions along the venular tree, or in the 
actual structure of the carbon deposit. 

One cannot avoid some surprise at the ob- 
servation that  two dissimilar agents should bring 
abou t - - i n  our experimental sys tem-- the  same, 
very specific effect. ] 'his leads one, of course, to 
wonder  whether there may not be some common 
underlying mechanism. According to Woolley, 
serotonin ac t s - -a t  the cellular l eve l - -by  com- 
bining with calcium ions and an acceptor sub- 
stance (30, 31). At present there is little ground 
for further speculation. 

F I G U R E S  17 TO 19 

Further changes in the carbon deposits of the labeled venules; stages of 1, 3, and 10 
months, respectively. The structures indicated by arrows represent phagocytic cells. 
Scale = 100 micra. X 160. 
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C O N C L U D I N G  R E M A R K S  

An objection which could possibly be raised to 
our experiments is that the doses of histamine and 
serotonin, however small, could still be high in 
relation to the amount  presumably released as a 
result of local injury. We have good reason to 
believe, however, that our results cannot be 
ascribed to " toxic"  levels of the drugs. It  is 
especially instructive to examine the periphery 
of the injection site, where the drugs are diluted 
to the min imum dose capable of inducing vascular 
leakage. Here the elective sensitivity of the venules 
is particularly obvious. 

On  the other hand, it should be expected that 
with very high, toxic concentrations, not only 
venules but also other vessels might be injured in 
a non-specific manner. We found evidence of 
this type of injury particularly after the injection 
of serotonin. In the very center of some prepara- 
tions, where the cremaster had been exposed to 
the highest concentration of the drug, it was 
occasionally possible to observe very fine black- 
ened vessels in the typical ladder pattern of the 
finest capillaries. It  seems reasonable to assume 
that the effect of the drug, at this site, had been 
of a more drastic, less specific nature; the selective 
and more "physiological" effect being exerted in 
the surrounding area. This observation indicates 
that two types of vascular lesions should be 
considered; the specific ones, due to pharmaco- 
logic effects of mediators, and non-specific ones 
due to general cell damage. This problem will be 
dealt with in the next paper of this series. 

We have applied the principle of vascular 
labeling, with carbon, to tissues other than the 
cremaster (fascia of the abdominal muscles, 
adipose tissue, mesentery, intestinal wall, testis, 
eyelid) and in animals other than the rat (mouse, 
hamster, guinea pig, rabbit, cat, and dog). 
Histamine was used in all these situations, 
serotonin in some. The elective sensitivity of the 
venular tree was confirmed without exception. 
We therefore have a certain degree of confidence 
in stating that this is, in all likelihood, a general 
phenomenon. This conclusion does not neces- 
sarily contradict the electron microscopic studies 
of Alksne (5), who also studied the effect of 
histamine on vascular permeability, using mouse 
skin as test tissue. Alksne described endothelial 
leaks in "capillaries," but  did not specify the 
diameter of the leaking vessels. From three of his 

illustrations, however (nos. 3, 4, I0), the caliber 
of the leaking vessel can be estimated, and in each 
case it falls within the range of a collecting vessel 
or venule, rather than the terminal capillary 
network (e.g., about l l # in Fig. 3). Alksne 
noticed, furthermore, that "no t  all capillaries" 
were affected, and suggested that this may have 
depended on a different functional state. It  
seems more likely that the "unaffected capillaries" 
may have been the finest. It  is worth noting at 
this point that the vascularization of the skin 
represents a special case, in that the great majority 
of the small vessels are venules (32, 33, 13). 

If  then it is true that two of the major chemical 
mediators of inflammation, histamine and sero- 
tonin, spare the finest vessels (those which are 
undoubtedly capillaries, whatever definition one 
may follow) and act selectively on the venular 
tree, then one may legitimately wonder how these 
substances could have become almost synon- 
ymous with capillary poisons. This is particu- 
larly the case with histamine, the oldest and best 
established of the permeability-increasing factors. 
In  his monograph on histamine, for instance, 
Rocha e Silva (34) states that histamine increases 
the permeability of the capillaries, and cites 
evidence in support. It  is quite clear, however, 
that the arguments advanced do not allow one 
to distinguish capillaries from other vessels. The  
local leakage of dye, and the increase of lymph flow, 
are, of course, inadequate. The development of 
stasis in the capillaries and venules (stasis is here 
used in the sense of packing of red blood cells 
(35)) is often quoted as evidence of a capillary 
lesion (34). Actually, if stasis appeared first in 
the venules because of local leaks, it should 
necessarily develop as a secondary event in the 
capillaries. As for an increase in diameter (the 
"dilatat ion of capillaries" so often mentioned by 
pathologists), careful studies of intact tissues have 
failed to produce convincing evidence that 
histamine induces a significant dilatation of the 
capillary network. Vasodilatation does occur, 
but in vessels of larger caliber; the terminal 
capillary network is notable for its more complete 
injection with blood (36-39). The most logical 
conclusion seems to be that the dilated capillaries 
of traditional fame are actually venules filled 
with stagnant blood. This is quite apparent in 
some of the published illustrations which are 
labeled "dilated capillaries": the number  of 
endothelial nuclei or of red blood cells in cross- 
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section clearly betray the vessel as a venule  
(e.g., Fig. 2 in Menk in  (40)). 

In  closing, it should be ment ioned  tha t  all 
topographic  studies of the finer vessels are ham-  
pered by lack of a rigorous terminology;  tha t  is, 
lack of generally recognized morphologic  or 
funct ional  definitions for each vascular  segment.  
By accumula t ing  more findings such as here  
p r e sen t ed - - t he  elective sensitivity to chemical  
agents---it  may  become possible, in the fu tme,  to 
define more precisely those elusive entities which 
Lewis (33) felt obliged to group unde r  the non-  
commit ta l  t e rm of " m i n u t e  vessels." 
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