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ABSTRACT. The purpose of this study was to determine 
if the newborn pig brain had a reserve of unperfused 
capillaries during normoxia. To accomplish this, a method 
was developed to determine the volume fraction, surface 
area, and number of both total and perfused capillaries in 
the newborn pig brain. Newborn pigs of either sex, 2-7 d 
old, were used. FITC-dextran, molecular weight 147 000, 
was used as a plasma marker to visualize the perfused 
capillaries. Alkaline phosphatase staining was used to stain 
the total capillary bed of the brain. Our results showed 
that FITC-dextran stayed within the vascular compart- 
ment, as it was not seen in areas that were not subsequently 
visualized with alkaline phosphatase staining. Eighty-four 
to 86% of the alkaline phosphatase-stained capillaries 
could be visualized with perfusion markers (india ink or 
FITC-dextran) in different brain regions. Similar results 
were obtained in two animals using a basement membrane 
stain, silver methenamine. The total volume fraction of 
capillaries (mm"mm3) was cortex 0.055 + 0.012, cerebel- 
lum 0.062 + 0.011, and medulla 0.039 + 0.012. Capillary 
surface area (mm2/mm3) of different brain regions averaged 
cortex 23.2 + 1.8, cerebellum 24.8 + 2.5, and medulla 15.8 
+ 2.9. The total number of capillaries (per mm2) was cortex 
375 2 37, cerebellum 329 + 37, and medulla 216 + 32. 
The time course of filling of the capillaries indicated that 
approximately 50% were perfused at 6 s, which increased 
to over 80% at 12 s and remained unchanged thereafter. 
We found that FITC-dextran (molecular weight 147 000) 
was a suitable plasma marker to visualize the perfused 
capillaries, and alkaline phosphatase staining could mark 
the total capillary bed in the newborn pig brain. We 
conclude that the capillaries in the newborn pig brain fill 
rapidly and that this organ lacks a capillary reserve at rest. 
(Pediatr Res 32: 542-546, 1992) 

resistance than adults. Any condition that results in decreased 
oxygen supply or increased metabolic needs could cause in- 
creased blood flow or decreased diffusion distance. 

In newborn animals, cerebral capillarity tends to be lower than 
in adults in those animals with incomplete development, whereas 
species born more completely developed tend to have better 
capillary development (5-7). Newborn pigs tend to have a better 
developed cerebral vasculature than newborn rats (4, 7). It was 
not known whether all of these cerebral capillaries were perfused 
in normoxia. 

The purpose of this study was to test the hypothesis that all 
cerebral capillaries were perfused during normoxia in the new- 
born pig. Diffusion distance in tissue is determined by the 
number of perfused capillaries at any given time in that tissue. 
Weiss et al. (3) have developed a method in the adult rat to study 
both the perfused and total capillaries in the same brain section 
using FITC-dextran to label perfused capillaries and an alkaline 
phosphatase stain for the total capillary bed. Thus, the capillary 
reserve at rest as well as use of that reserve under various 
conditions can be studied. In a number of organs examined, 
including the brain, not all capillaries are perfused at all times. 
In the adult rat, this capillary reserve in the brain can be mobi- 
lized during hypoxia, asphyxia, and hypotension (3, 8, 9). The 
perfusion of cerebral capillaries has not been studied in newborn 
animals. In the present study, we adapted the method of Weiss 
et al. (3) for labeling total and perfused cerebral capillaries to the 
newborn pig to ascertain if the newborn pig has a capillary 
reserve at rest. In particular, it was not known if plasma markers 
like FITC-dextran would stay within the vascular compartment 
and not leak into the brain parenchyma. In addition, it was not 
known if alkaline phosphatase was present in sufficient quantity 
to reliably stain the capillary endothelium. We determined that 
the capillaries in the newborn pig brain fill rapidly and that this 
organ lacks a capillary reserve at rest. 

MATERIALS AND METHODS 

Oxygen supply to the tissues is determined by the blood flow Newborn pigs 2 to 7 d old of either sex were used. Their 

and oxygen content of the blood as well as the diffusion distances average weight was 1.9 + 0.5 kg. Anesthesia was induced with 
ketamine 30 mg/kg and xylazine 10 mg intramuscularly. Addi- for oxygen from the capillaries to the neurons. Cerebral blood tional ketamine in aliquots was used up to 60 mg/kg flow has been studied extensively in both adult and newborn 

animals 2). In general, cerebral blood flow is closely linked to total dose to maintain adequate anesthesia for the insertion of a 

metabolism. In mature animals, the number of perfused cerebral femoral venous line. After the establishment of the venous line, 

capillaries may also increase under some conditions (3). In the anesthesia was maintained with a-chloralose 40 mg/kg in four 

newborn, blood pressures tend to be lower than in adults, but divided doses as needed. A femoral arterial line was inserted for 

they have cerebral autoregulatory ability (4)  T~ maintain cere- the monitoring of arterial blood pressure [R411 recorder (Beck- 

bra1 blood flow, the newborn cerebral vasculature has a lower man Instruments, In'., and P23Db transducer 
(Statham, Cambridge, MA)] and blood gases (ABL 330. Radi- 
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After the final determination of heart rate, blood pressure, and 
arterial blood gases, 150 mg/kg FITC-dextran (molecular weight 
147 000) was injected rapidly i.v. as a 1.5-mL bolus. To deter- 
mine the time course of filling of the capillaries, the FITC- 
dextran was allowed to circulate for a varying time period from 
6 s to 6 min, at which time the animals were decapitated. Brains 
were quickly removed and frozen at -70°C until analyzed. The 
following brain regions were isolated and prepared for cutting 
on a microtome-cryostat set at -35°C: cortex, cerebellum, and 
medulla. The tissue sections were mounted on a microtome 
specimen holder and coated with embedding medium for frozen 
tissue specimens. Three to 5-pm thick sections were cut. The 
sections were transferred to previously marked glass slides gently 
scratched with a diamond point. The sections were allowed to 
dry at room temperature in the dark for 2 h. Between 10 and 12 
sections were obtained for each brain region, each section being 
at  least 200 pm from the previous one. 

The slides were then photographed on a Zeiss fluorescent 
microscope equipped for automated photography. A 40x objec- 
tive was used to photograph the capillaries. The slides were epi- 
illuminated with UV light from a 100-W halogen source to excite 
the fluorescence in the FITC-dextran. A barrier filter was placed 
in the viewing field to allow 495-pm or greater wavelength light 
through. A second photograph of the same field was taken in the 
normal light, which, together with the viewing coordinates ob- 
tained, helped relocate the field. 

The slides were then stained for alkaline phosphatase. The 
slides were fixed in a sucrose-formalin buffer for 1 min, washed 
twice in distilled water, and then placed in an incubation mixture 
for 8 min at 37°C. The incubation mixture consisted of 3.8 g/L 
fast blue RR, 0.5 g/L a-naphthyl phosphate, 3.8 g/L sodium 
metaborate, and 1.7 g/L magnesium sulfate. The slides were 
postfixed and dried. 

Various stereologic determinations were performed counting 
each field twice, once for the total and once for the perfused 
capillaries. These stereologic procedures have been reviewed by 
Weibel (10) and applied to the brain microvasculature by Weiss 
et al. (3). A Dapple image analyzing device was used. Slides 
stained for alkaline phosphatase were placed under a microscope, 
relocating the field previously photographed for fluorescence. 
The image analyzer was used to evaluate the slides for total and 
then for perfused morphometric indices of the capillaries. The 
image was obtained from a Panasonic TV camera attached to 
the microscope and digitized with the Dapple image analyzer. 
The program digitizes the raw image by measuring the brightness 
in 64 gray scale level steps at each point in a 254 x 192 array in 
the picture. The image is edited through the various subroutines 
in the Dapple system and manually edited with a light pen. 

The volume fraction (in mm3/mm3) of the capillaries was 
determined by dividing the number of test points falling within 
the profile of a capillary by the total number of points within the 
array. The total number of test points were selected such that 
the probable error in volume fraction would be less than +5%. 
The number of capillaries/mm2 was determined from the num- 
ber of vessels per unit test area. The surface area (in mm2/mm3) 
was also determined. After the total capillaries were studied, the 
perfused portion was obtained from photographs of the fluores- 
cence within the capillaries. The light pen was used to edit the 
digitized image for measurements of the perfused capillaries. 

To assess if alkaline phosphatase staining and/or plasma mark- 
ers would visualize all the capillaries in the brain, three different 
methods were used. In three animals, cerebral circulation was 
perfused with india ink after performing a thoracotomy and 
washing out the blood from the circulation with saline. Slides 
were prepared and photographed as described above to visualize 
the india ink-filled capillaries using ordinary light. Slides were 
then stained for alkaline phosphatase, and the same sections that 
were photographed were compared to see if the capillaries that 
were filled with india ink could be visualized with alkaline 
phosphatase staining. In another three animals, FITC-dextran 

was allowed to circulate for 6 min, a time period in which in the 
adult rats almost 100% of the capillaries are filled with FITC- 
dextran, and similar comparison was made of the FITC-dextran 
visualized capillaries and the alkaline phosphatase-stained capil- 
laries. In another two rats that were perfused with FITC-dextran 
for a prolonged period, cerebral cortical capillaries were visual- 
ized with silver methenamine, a basement membrane stain. The 
ratio of the number of capillaries filled with FITC-dextran to the 
total number of capillaries visualized with silver methenamine 
was compared with that using alkaline phosphatase. Eight to 10 
sections from each brain region were used for these comparisons. 

The data are expressed as mean 5 SD. Differences between 
regions and between different groups of animals were assessed 
using a factorial analysis of variance. A Duncan post hoc proce- 
dure was used when the analysis of variance indicated significant 
differences. A p value < 0.05 was considered significant. The 
study was approved by the Robert Wood Johnson Medical 
School Institutional Animal Care and Use Committee, and ani- 
mals were handled according to the guidelines established by the 
National Institutes of Health for care and use of laboratory 
animals. 

RESULTS 

All animals were hemodynamically stable at the time of de- 
capitation for morphometric measurements. They had an aver- 
age heart rate of 1 14 f 24 beats/min and a systolic and diastolic 
blood pressure of 10.9 a 1.6 kPa (82 +- 12 mm Hg) and 6.3 +- 
0.8 (47 5 6), respectively. Arterial blood gases were also in the 
normal range, with a Po2 of 12.2 f 2.0 kPa (92 t 15 mm Hg), a 
Pco2 of 4.8 + 0.4 kPa (36 3 mm Hg), and a pH of 7.41 + 
0.07. 

Table 1 shows the total volume fraction, surface area, and 
number of capillaries in three different examined brain regions. 
These data were obtained from the alkaline phosphatase-stained 
brain sections. In general, different brain regions were quite 
similar with respect to the variables studied. However, there were 
some significant differences. The volume fraction of the total 
capillaries was higher in cerebellum in comparison to other brain 
regions, and the number of capillaries was lower in the medulla 
in comparison to the cortex. 

Figure 1 shows an example of the cortical capillary network 
stained for alkaline phosphatase. A second photograph of the 
fluorescence of FITC-dextran filling of the field shows good 
correspondence. Figures 2A-C show the time course of visuali- 
zation of the cerebral capillaries in the various brain regions after 
i.v. injection of FITC-dextran. At 6 s after injection, approxi- 
mately 50-60% of the capillaries were filled with FITC-dextran. 
This value increased to 80-85% at the 12-s time point. There 
were no further changes in the percentage perfused thereafter 
until 6 min. Each point represents the mean 5 SD for three to 
five animals. The time course of filling of the capillary bed was 
similar in all regions. 

To verify that we were labeling both the perfused and total 
capillary network, validation studies were conducted. The per- 
centage of the capillary volume fraction stained with alkaline 
phosphatase, which was visualized with india ink, or FITC- 
dextran circulated for 6 min was determined. The percentage of 
perfused cerebral capillaries that were stained by silver methe- 

Table 1. Total volume fiction (V,., mm3/mm3), surface area 
(S,, mm2/mm3), and number (N,, no./mm2) of capillaries in 

different brain regions 

V, S, N, 

Cortex ( n  = 18) 0.0462 1t 0.00098 20.7 + 3.7 374 + 82 
Cerebellum ( n  = 17) 0.0488 + 0.0 143* 2 1.3 & 4.1 3 13 + 53 
Medulla ( n  = 15) 0.0420 t 0.0109 18.0 t 4.4 279 t 101 t 

* Significantly higher than other brain regions. 
Significantly lower than cortex. 
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Fig. 1. On the I@ srde of the figure, the dark areas represent alkaline 
phosphatase-stained microvessels from the cerebral cortex of a newborn 
pig. On the rrghl, the light areas show the presence of FITC-dextran in 
these microvessels. The FITC-dextran circulated for 20 s. Note the good 
correspondence between the total and perfused capillary network, indi- 
cating no reserve of unperfused vessels. Bar = 10 pm. 

namine was also determined. Similar numbers of capillaries were 
visualized with silver methenamine and alkaline phosphatase. Of 
the capillaries stained for alkaline phosphatase, 84 + 2% of 
cortical and 86 f 10% of cerebellar capillary volume fraction 
was visualized by india ink. FITC-dextran circulated for 6 min 
visualized 85 + 2, 86 -t 1, and 88 f 7% of cortical, cerebellar, 
and medullary capillary volume fractions, respectively. We also 
found that 84 t 6% of cortical capillaries stained with silver 
methenamine were labeled with FITC-dextran. There were no 
capillaries filled with india ink or FITC-dextran that were not 
subsequently visualized with alkaline phosphatase or silver me- 
thenamine staining. Two additional animals were asphyxiated 
for 1.5-2 min. At this time, blood pressure was 11.6 f 2.316.9 
k 0.5 kPa (87 + 17/52 + 4 mm Hg), heart rate was 102 + 17 
beatslmin, arterial PoZ was 3.7 + 3.5 kPa (28 + 26 mm Hg), 
arterial Pco2 was 6.0 + 0.5 kPa (45 f 4 mm Hg), and pH 7.26 
+ 0.04. When FITC-dextran circulated for 12 s, we found 68 + 
2, 79 + 7, and 67 f 5% of cortical, cerebellar, and medullary 
capillary volume fraction perfused. 

DISCUSSION 

The main conclusion of our study was that the newborn pig 
lacks a usable cerebral capillary reserve. The capillary bed of the 
newborn pig brain fills rapidly with a plasma marker (FITC- 
dextran), unlike that of adult rats (3). In normoxia, the pig does 
not possess the ability to reduce its cerebral diffusion distance. 
Thus, although cerebral blood flow can increase in response to 
increased demand, cerebral diffusion distance for oxygen is min- 
imal at rest in the newborn pig. 

This conclusion depends on our ability to visualize both the 
total and perfused cerebral capillary network in the newborn pig. 
We used an alkaline phosphatase stain to study the total capillary 
bed. Alkaline phosphatase is expressed in capillary endothelial 
cells, but in developing mouse or rat this expression is reduced 
(1 1). The newborn pig has a more mature cerebral vasculature, 
and we found alkaline phosphatase activity to be quite high. We 
had to reduce the staining time significantly in the pig compared 
with the adult rat (3). However, we also compared this marker 
to a basement membrane stain, silver methenamine, and found 
similar values. In comparison to plasma markers such as FITC- 
dextran and india ink, we found about 15% more alkaline 
phosphatase-stained vessels. Mature pigs also have good alkaline 
phosphatase activity in cerebral microvessels (12). 

CORTEX 

seconds 

C E R E B E L L U M  
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Fig. 2. The percentage of the cortical (A), cerebellar (B), and med- 
ullary (C) capillaries labeled with FITC-dextran at various time points 
after injection. The percentage of the capillary volume fraction (V,.), 
surface area per unit volume (S,),  and number/mm2 (N,) perfused are 
shown. 
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Our data show that FITC-dextran (molecular weight 147 000) 
can visualize the perfused cerebral capillaries in the newborn pig. 
We did not see leakage of FITC-dextran outside the capillaries; 
under no circumstance did we see fluorescent spots in an area of 
tissue that was not subsequently stained for alkaline phosphatase. 
Weiss and coworkers (3,8,9) have used FITC-dextran (molecular 
weight 70 000) for their studies on cerebral circulation in the 
adult rat. Because newborn animals are considered to have a 
more leaky blood-brain barrier than adults, we chose a larger 
molecular weight dextran for these studies. In the newborn rat, 
the transfer of substance across the blood-brain barrier is consid- 
erably faster than in adult rat (13). However, in newborn rabbit 
and pig, the blood-brain barrier appears to be quite mature and 
similar to the adult barrier (14, 15). 

There is some controversy about the ability of the technique 
used in this study to visualize both the total and perfused cerebral 
capillary bed in the adult rat. Weiss and coworkers (3, 8, 9, 16) 
have presented data to indicate that under resting conditions 
approximately 50% of the capillary bed that can be visualized 
with alkaline phosphatase was filled with FITC-dextran that was 
allowed to circulate for 20 s. However, when the animals were 
asphyxiated or if the FITC-dextran was allowed to circulate for 
6 min, all the capillary bed visualized with alkaline phosphatase 
was perfused with FITC-dextran. In contrast, the method used 
by Gobel et al. and Klein et al. (1 7- 19) consistently shows a lack 
of capillary reserve in the adult rat. Several differences in the 
methods used by Weiss et al. and those used by Gobel et al. and 
Klein et al. can account for these discrepant results (16). Because 
of this controversy, we used several methods of visualizing the 
total and perfused cerebral capillary bed to be certain that our 
results were accurate in the newborn pig. With perfusion markers 
(india ink and FITC-dextran) circulated for more than 12 s, we 
could demonstrate that 84-88% of the capillaries were filled 
compared with alkaline phosphatase stain. In two animals (10- 
12 slides from each animal), silver methenamine, a basement 
membrane stain, was compared with the FITC-dextran-perfused 
capillaries. Of the capillaries stained with silver methenamine, 
84% were visualized with FITC-dextran, a number similar to 
that with alkaline phosphatase. Asphyxia did not fill all capillaries 
with FITC-dextran. In addition, we never saw our perfused 
marker outside a capillary stained with alkaline phosphatase. 
Thus, alkaline phosphatase can reliably stain the total capillary 
bed and FITC-dextran can reliably stain the perfused capillaries 
of the newborn pig. 

The average total volume fraction of capillaries in our study 
was 4.2-4.9% of the tissue volume, which is somewhat higher 
than our recently published values in the adult rat, which ranged 
from 3.6 to 4.3% (20). Small vessel plasma content of the rabbit 
brain has been reported to average 7.7% (21). Mean values of 
the number of capillaries (per mm2) in the present study were 
279 to 374 in different brain regions, which was similar to the 
values of our study in the adult rat, which averaged 283 to 43 1. 
The values for total surface area (mm2/mm3) ranged from 18 to 
2 1 in our study. These values were different from those reported 
in the newborn rat, for which volume fraction was approximately 
0.5%, increasing to 1.5% by 20 d; surface area was approximately 
4 mm2/mm3 at birth, increasing to 12 by 20 d; and number was 
170/mm2 at birth, increasing to 300 by 3 wk (22, 23). Newborn 
rat brain is quite immature at birth, whereas the newborn pig 
brain is quite mature; this may account for the difference in the 
various capillary morphometric measures. Potential regional cer- 
ebral metabolic differences have not been determined in the 
newborn pig. Chronic hypoxia in the first few weeks of life 
increases the length and the volume fraction of the total capillar- 
ies (22), whereas hypothyroidism retards the growth of brain 
capillaries in the neonatal period (23). 

We were unable to fill 100% of the capillaries visualized with 
alkaline phosphatase with either of the perfusion markers. In the 
adult rat, if FITC-dextran is allowed to circulate for 6 min, over 
95% of the capillaries can be filled with FITC-dextran. Devel- 

opment of brain capillaries in the newborn rat has been studied 
by Bar (22), Caley and Maxwell (24), and David and Nathaniel 
(23). In the rat, the blood vessels develop in the first 10 d of life 
as solid cords of mesodermal elements that form a network of 
primordial vessels. A blood-filled patent lumen develops in these 
blood vessels during the second 10-d period. Our finding of 
incomplete filling of the circulation with plasma markers may 
reflect the presence of budding capillaries that may have the 
alkaline phosphatase enzyme but not the full lumen or full two- 
sided connections with the circulation. It is also possible that 
alkaline phosphatase staining in the newborn animal may stain 
some structure other than capillaries. This is less likely, because 
with silver methenamine stain we also found similar results. 

The time course of filling of capillaries with FITC-dextran in 
our study indicated that the newborn pig is different from the 
adult rat. At 6 s after injection, 50-60% of the capillaries in 
various brain regions were filled with FITC-dextran, which in- 
creased to 80-85% at 12 s and then remained unchanged up to 
6 min after injection. This may be related to differences in transit 
times through cerebral capillaries in the pig. It has been shown 
that the newborn pig has an intact blood-brain barrier that does 
not change significantly with acidosis (15). The blood-brain 
barrier is controlled by both the permeability and the perfused 
surface area of the capillary network. In the newborn pig, it 
appears that perfused cerebral capillary surface area is maximal, 
and increases in transport across the blood-brain barrier can only 
be achieved by changes in permeability. However, any condition 
that is likely to decrease the number of perfused capillaries in 
the tissue, and thereby increase the diffusion distance for oxygen 
in the tissue, could reduce transport across the barrier. This is 
likely to cause cell iniury and death in areas farthest from the 
perf&ed capillaries. These conditions include hemorrhage, hy- 
potension, reperfusion after ischemia, and infusion of vasopres- 
sors. 

In conclusion, our data indicate that FITC-dextran and alka- 
line phosphatase are suitable markers to stain the perfused and 
total capillary network in the newborn pig brain. The newborn 
pig lacks a cerebral capillary reserve at rest. We speculate that 
any agent that decreases the number of perfused cerebral capil- 
laries is likely to cause focal neuronal injury and necrosis without 
necessarily affecting the integrity of the whole brain. Further 
studies are necessary to address this issue. 
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Miami, FL 33 10 1, (305) 585-6726, FAX (305) 547- 1709. 
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