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A new method for the investigation of capillary structure
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Abstract

Numerous physiological conditions as well as behavioral conditions have been shown to influence central nervous system
vascular structure. Many of the methods used to investigate these structural alterations take advantage of the visibility of viscous
substances (e.g. India ink in gelatin) perfused into the vasculature. The high viscosity of the solution, however, can cause
incomplete vessel perfusion. The aim of the present study was to test whether or not capillaries seen in tissue perfused with
fixative, embedded in celloidin and stained with Methylene Blue–Azure II (n=6) could be a useful alternative for the
investigation of brain vascular structure. The method was compared to tissue from six rats perfused with India ink in gelatin and
stained with cresyl violet. Qualitatively, vessels in the standard perfused tissue embedded in celloidin yielded clear vessels with
stained pericytes. The two methods did not differ in branch point to cell ratio, length of individual capillaries, vessel length per
mm3, and capillary tortuosity. The capillary diameter was greater in the celloidin embedded tissue than in the India ink perfused
tissue. Measuring the diameter between vessel walls appears to provide a more accurate measure than the widest distance between
India ink pigments. Quantitative comparisons suggest that perfusion with standard fixative followed by embedding in celloidin
provides vascular quantification comparable to that from India ink perfused tissue. The present method has several advantages,
which include visualization of pericytes, increased probability of complete perfusion, clear view of cells that might otherwise be
obscured by opaque vessels, and the possibility of using the alternate cerebral hemisphere for investigation of vascular
ultrastructure. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A main function of capillaries is to provide tissue
oxygenation and to respond to changing oxygen de-
mands (Pawlik et al., 1981; Hudetz et al., 1995; Hudetz,
1999). The study of microvascular geometry is of par-
ticular interest since it affects the oxygen supply (Chang
et al., 1982; Hudetz et al., 1993; Pittman, 1995; Gold-
man and Popel, 2000). Capillary structural alterations
in the central nervous system are now recognized to
occur with neurodegenerative diseases (Berzin et al.,
2000; Farkas et al., 2000), diabetes (Ward, 1993; Pi-
otrowski et al., 1999), chronic hypertension (Farkas et
al., 2000), and aging (Keuker et al., 2000). Changes also
follow ischemia (Piotrowski et al., 1999), chronic hy-

poxia (Harik et al., 1995; Boero et al., 1999), chronic
ethanol intoxication (Kraszpulski et al., 2000), chronic
hypoperfusion (De Jong et al., 1999), and behavioral
treatments (Sirevaag et al., 1988; Isaacs et al., 1992).
Anatomical alterations of the vessels associated with
the disease, insults and behavior occur at two levels.
Ultrastructural changes in the vessel wall and basement
membrane have been investigated using transmission
electron microscopy (TEM) (De Jong et al., 1999; Pi-
otrowski et al., 1999; Keuker et al., 2000), whereas
alterations in vessel length per tissue volume (Boero et
al., 1999), and capillary cross section density (Isaacs et
al., 1992) have been studied at the light microscopic
level of analysis.

A number of manipulations increase capillary density
(Sirevaag et al., 1988; Isaacs et al., 1992; Boero et al.,
1999). The exact mechanisms leading to changes in
capillary density and vessel length per volume have not
been investigated. Either existing vessels become more
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tortuous, with greater length between existing branch
points, or new vessels are added. The latter would
require the addition of branch points so that branch
point density per cell would increase. The two alterna-
tives would have different implications for local cere-
bral blood flow (Motti et al., 1986). Here we use a
microscope tracing system to carry out methods that
will allow the quantification of capillary length and
diameter, tortuosity and branch point density. Visual-
ization of capillary geometry in three dimensions at the
light microscopic level of analysis has typically utilized
perfusion of the vascular lumen with various sub-
stances, including microfil, color opaque gelatins, and
India ink (Broadwell et al., 1987). The intravascular
injection of India ink is a widely used method for the
quantification of the vascular network (Lawrence et al.,
1984; Sirevaag et al., 1988; Finger and Dunnett, 1989;
Korol and Brunjes, 1992; Miyoshi et al., 1995). Typi-
cally brains are perfused with buffer followed by a
solution of India ink and gelatin in buffer (Sirevaag et
al., 1988). Brains are post-fixed and frozen prior to
sectioning. The India ink perfusion method allows the
use of unbiased sampling schemes and methods in the
region of interest. Unfortunately, it has been criticized
for its potential to produce artifacts attributed to in-
complete perfusion (Broadwell et al., 1987), ruptured
vessels (Korol and Brunjes, 1992), or a disrupted view
of vessels when the network is very dense (Duvernoy et
al., 1981, 1983).

An ideal method for quantifying structural features
of brain vasculature in an experimental context should
include complete visualization of the capillary network,
an unobstructed view of cells, and complete perfusion.
An ideal method would reduce variance reflecting ani-
mal differences and variability in the region of interest
by providing efficient methods of data collection so that
a sufficient number of animals and sample sites within
the region of interest can be used (Gundersen et al.,
1988). Last, an ideal method would allow the use of a
standard fixative so that the opposite hemisphere would
be available for ultrastructural analysis.

We present a novel use for a standard histological
procedure. Vessels can be visualized in tissue perfused
with standard fixative and embedded in celloidin (Fig.
2). To determine whether or not celloidin embedded
tissue could be a useful alternative for the measurement
of three-dimensional vasculature, we quantified vascu-
lar structural characteristics in celloidin embedded tis-
sue and compared it to estimates from India ink
perfused tissue. Branch points per neuron, capillary
length, tortuosity and diameter measurements were col-
lected in tissue perfused with India ink and frozen, and
in tissue perfused with standard fixative and embedded
in celloidin. All data were collected with the optical
disector combined with a representative random sam-
pling scheme within the region of interest in each

section. The region of interest was hind limb represen-
tations of layer 2/3 of the motor cortex within four
comparable coronal sections (Paxinos and Watson,
1986). If the celloidin method is comparable to the
India ink perfusion technique within these comparable
areas, then it will provide the opportunity to collect
representative random sampling in any region of inter-
est without the disadvantages associated with the ink
perfusion method.

2. Methods

2.1. Animals and tissue preparation

Twelve Long Evans Hooded female rats (Simonsen
stock) aged 7–9.5 months old were anesthetized with
ketamine (120 mg/kg) and xylazine (13 mg/kg). Six
randomly chosen rats were intracardially perfused with
0.1 M phosphate buffer (PB) followed by 6% gelatin
and 25% India ink in 0.1 M PB (Sirevaag et al., 1988).
Brains were post-fixed in sucrose formalin and sec-
tioned frozen with a sliding microtome at 108 �m
thickness. They were then stained with a standard
protocol for cresyl violet. Six rats were intracardially
perfused with Tyrode’s solution followed by 2%
paraformaldehyde and 2.5% glutaraldehyde in 0.1 M
PB. Brains were dehydrated and infiltrated with cel-
loidin as described by Glaser and Van der Loos (1981),
with the exception of Parlodian concentrations. Brains
were infiltrated with 5.3% Parlodian followed by
infiltration and embedding in 10.6% Parlodian. Thick
sections (30 �m) were collected in butanol, passed
through a series of reduced alcohol concentrations,
placed in 0.1 M PB for 5 min followed by 1% periodic
acid in 0.1 M PB for 5 min. Sections were then stained
in a mixture of 0.16% Methylene Blue, 0.1% Azure II,
1.7% Na2HPO4 and 0.56% KH2PO4 for 3–10 min.
After staining, sections were rinsed in 0.1 M PB for 5
min, dehydrated in 50% EtOH for 2 min, then differen-
tiated in 70% EtOH with five drops of glacial acetic
acid for 15–20 min followed by dehydration and
coverslipping.

2.2. Sampling methods and quantification

2.2.1. Sampling area
In order to compare measures from the two methods,

we chose four identical coronal planes (−2.8, −2.3,
−1.8, and −0.8 mm from bregma). Measurements
were taken from layer two and three of the hind limb
representations of the motor cortex equivalent to the
location of hind limb representations in Paxinos and
Watson (1986). These regions were defined by subcorti-
cal landmarks. Data were collected with a Zeiss Axio-
plan 2 light microscope and sampling sites (optical
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disectors) of known volume and even distribution over
the region of interest were identified by using the opti-
cal fractionator probe provided by the STEREO INVESTI-

GATOR software (MicroBrightField, Inc., Colchester,
VT, Version 2000). Within each of the pre-selected
sections, this probe generated uniformly random sam-
ple sites over the region of interest. The dimensions of
the sampling sites and their distribution for density
measures were determined by first collecting pilot data
to calculate the parameters needed to keep the coeffi-
cient of variation lower than 10%. The distance be-
tween the counting frames in the xy plane (scan grid
size) was 80 �m. The length and width of the counting
frame (optical disector) was 50 �m for both celloidin
embedded and frozen India ink tissue for branch point
density data, 30 �m for cell density and 80 �m for
capillary length and diameter measurements. The height
of a counting frame, the distance between the top and
bottom of the disector optical planes within the section,
was set at 15 �m for the celloidin embedded tissue and
20 �m for the frozen India ink tissue. The height of the
counting frame is not equal to the section thickness
allowing for the existence of upper and lower guard
zones. Guard zones avoid problems associated with the
counting particles that have been truncated at the sur-
face of the sections (lost caps) (Sterio, 1984; Gundersen,
1986; West et al., 1991; Hedreen, 1998). The upper
guard zone was always 5 �m thick and the lower was at
least 5 �m thick.

2.3. Section thickness

The section thickness, t, is necessary for determining
the height of the counting frame and its guard zone.
Since many histological processes cause shrinkage of
the tissue in the z-axis, the true physical section height
has to be estimated. For this purpose, the thickness was
measured at five points (selected with a uniform ran-
dom systematic sampling scheme within sections) with
the use of an immersion oil objective and a z-axis
microcator. The section thickness was the average of
these five measurements. Two sets of thickness mea-
surements were taken for each section.

2.4. Parameters for measurements

A 100× oil objective with high numerical aperture
(1.4) was used to measure capillary diameter, branch
point density, cell density and vessel length. The optical
disector counting rules were applied to ensure unbiased
counting (Sterio, 1984). Sampling grids on a miniature
high-resolution monitor (Lucivid, Microbrightfield Inc.,
Colchester, VT) were projected into the microscopic
image through the drawing tube port so that data could
be collected directly from the optical image.

2.5. Correction for shrinkage

Because of the shrinkage of the frozen India ink
sections in the z-axis and the celloidin standard per-
fusate sections in the x, y, and z-axes, shrinkage correc-
tion was required. The STEREO INVESTIGATOR software
allows the adjustment of the measurements by entering
the appropriate correction factor for each axis. The
correction factor for the India ink tissue was 2.0725
(z-axis or anterior–posterior axis), which is equal to the
ratio of thickness in which the tissue was cut (108 �m)
over the mean thickness after mounting onto the slides
and dehydration (52.11 �m). Our estimates for z-axis
shrinkage in frozen sections are similar to a previous
report (Messina et al., 2000). In order to estimate the
shrinkage correction factor in the z-axis for celloidin
embedded tissue, we used data from another experi-
ment conducted in the lab (unpublished data). In that
experiment, caliper measurements of the brain in all
three axes were taken after extraction, before dehydra-
tion, and after embedding tissue in celloidin. After
embedding, shrinkage was uniform in x and y-axes
(original/embedded: 1.14), in contrast to the z-axis
where the shrinkage was less (original/embedded: 1.05).
To normalize celloidin embedded tissue to India ink
perfused tissue, the square root of the ratio of the mean
coronal area of India ink sections over the mean coro-
nal area of the celloidin tissue, after excluding the
ventricular areas, was calculated to obtain a final cor-
rection factor of 1.195. For the z-axis, we adjusted the
final x and y correction factor (1.195) to take into
account the lower shrinkage in the z-axis (original/em-
bedded: 1.05) to obtain a correction factor of 1.10.

2.6. Ratio of branch point density to neuron density

The number of branch points per neuron was calcu-
lated as the ratio of branch point density to neuron
density. The number of branch points and neuronal
nuclei were estimated with the disector method (Sterio,
1984). The particles (branch points, neurons) that came
into focus within the counting frame, as it was moved
through a known distance of section thickness (height
of the disector), constituted the number of branch
points or neurons (Q−) contained in one optical disec-
tor. In the celloidin embedded tissue stained with Meth-
ylene Blue–Azure II, neurons were differentiated from
glial cell on the basis of their prominent, dark nucleo-
lus, large spherical nucleus and a clear nuclear mem-
brane (Ling et al., 1973). In India ink perfused tissue
that was frozen and stained with cresyl violate, neurons
were differentiated from glial cells by their triangular
shape and the presence of axon hillock as well as by the
absence of chromatin masses. The density of the branch
points and neurons in each section was equal to the
sum of Q− over the total volume of the optical disec-
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tors (volume of each counting frame multiplied by the
total number of counting frames) of the section. The
branch point and cell density for each animal was the
grand mean for the four sections.

2.7. Vessel length, tortuosity and diameter

Inner (luminar) capillary diameter measurements,
taken in the x and y-axes only, were estimated by
measuring the inner diameter (celloidin) or the diameter
of the India ink opacity perpendicular to the vessel axis
(Fig. 1C). Diameter measurements in the celloidin stan-
dard perfusate were corrected for shrinkage in x and
y-axes relative to the India ink perfused tissue. The
upper limit for capillary profiles was 10 �m (Bar, 1980).
Three or four measurements were taken depending on
the length of the segment. Both the length of the

capillaries and the shortest distance between the two
branch points were measured. These measurements
were taken in the x, y and z-axes, and were corrected
for shrinkage in all the three axes. Tortuosity of the
capillaries was calculated as the ratio of capillary length
to the shortest distance between the two branch points
(Fig. 1B). These measures were first averaged within
each coronal plane. A grand mean was then computed
for the averages taken from each of the four coronal
planes. Total vessel length per mm3 was also calculated.
Since each branch point is the junction for three vessels
(Fig. 1A), each branch point is proportional to half of
three segments, or 1.5 vessel segments. Consequently,
the total capillary length per mm3 would be equal to
(branch point density×1.5)×segment length (�m).
This method of calculating capillary length in a volume
of tissue takes advantage of the capillary length mea-
surements in the z-axis obtained with the STEREO IN-

VESTIGATOR software, as well as the length in the x and
y-axes.

3. Results

3.1. Ratio of branch point density to neuron density

The number of branch points per neuron in the
celloidin standard perfusate tissue (M=0.0474, SE=
0.0027) was not significantly different from the ratio
estimated in frozen India ink tissue (M=0.0566, SE=
0.0071), [t(10)= −1.201, P=0.257; Fig. 3].

3.2. Capillary segment length

The range of animal means for segment length was
32.206–51.207 �m for celloidin standard perfusate tis-
sue and 42.496–51.636 �m for frozen India ink tissue.
A t-test for independent samples revealed a non-signifi-
cant difference between the two groups, [t(10)=
−1.693, P=0.121; Fig. 4].

3.3. Total �essel length per mm3

Total vessel length [branch point density×
1.5(number of segments per branch point)×segment
length] for celloidin standard perfusate tissue was 303
mm/mm3 of tissue, whereas total capillary length in
frozen India ink tissue was estimated to be 215 mm/
mm3 of tissue. The difference was non-significant be-
tween the two groups, [t(10)=2.086, P=0.064; Fig. 5].

3.4. Capillary tortuosity

A t-test for independent samples revealed a trend for
differences in tortuosity of capillary segments, [t(10)=
−2.215, P=0.051]. The capillaries of the frozen India

Fig. 1. (A) Branch point (BP) is the junction for three vessels.
Consequently, each branch point is proportional to half of three
capillaries, which equals 1.5 vessel segments (arrows) per branch
point. (B) Tortuosity of capillaries was calculated as the ratio of
capillary length (CL) to the shortest distance (SD) between branch
points. (C) Three or four lines were drawn perpendicular to the
capillary axis, depending on the length, and averaged for an estimate
of capillary diameter.
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Fig. 2. In celloidin standard perfusate tissue (A and B), light diffraction provides a clear view of capillaries segments (CAP) and branch points
(BP) tissue despite their transparency. The visibility of the capillary walls (arrow) allows the accurate estimation of the diameter. Pericytes can also
be visualized with the Methylene Blue–Azure II stain (arrows). (C and D) Capillaries (CAP) perfused with India ink. In frozen India ink tissue
the capillary walls are not visible. Consequently, the diameter was a direct measure of the width of the ink in the vessel. A and C: bar=30 �m,
B and D: bar=20 �m.

ink tissue (M=1.197, SE=0.016) tended to have
greater tortuosity than those of the celloidin standard
perfusate tissue (M=1.132, SE=0.024; Fig. 6).

3.5. Capillary diameter

The capillary diameters from the raw data ranged
from 1.692 to 9.662 �m for the celloidin standard
perfusate and 1.708 to 9.626 �m for the frozen India
ink tissue. The vessels of celloidin standard perfusate
tissue (M=3.986, SE=0.101) had larger diameters
compared to the frozen India ink capillaries (M=
3.477, SE=0.088) [t(10)=3.479, P=0.006; Figs. 2 and
7).

3.6. Variance of section thickness

The mean uncorrected section thickness per group
was estimated by averaging the mean thickness of all
the six animals, and was equal to 31.35 and 52.11 �m
for the celloidin embedded and India ink tissue, respec-
tively. During counting, it was noticed that the five

measurements for each section tended to be more vari-
able in the India ink tissue compared to the celloidin
tissue. A one-way ANOVA on the mean difference
between the maximum and minimum values for each of
the four sections revealed a significant effect of group
[F(1,10)=5.607, P�0.05], with India ink having more
variability.

Fig. 3. Ratio of branch point density to neuron density. The number
of capillary branch points per neuron did not differ between the
celloidin standard perfusate tissue and the frozen India ink tissue.
Bars are means�SEM.
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Fig. 4. Individual capillary segment length in micrometer. No signifi-
cant difference was found for vessel segment length. Bars are
means�SEM.

Fig. 6. Tortuosity of capillary segments. The ratio for vessel length
between branch points to shortest distance between branch points
tended to be greater in the India ink perfused tissue relative to the
celloidin standard perfusate tissue. Bars are means�SEM.

4. Discussion

The aim of this study was to test whether or not
tissue perfused with standard fixative and embedded in
celloidin can be used for the accurate investigation of
vascular structure. More specifically, we have attempted
to establish that celloidin embedded, aldehyde-fixed,
Nissl-impregnated tissue provides the opportunity to
quantify capillaries, which are visible because of light
diffraction. Therefore, we have compared this method
against the India ink perfusion method, which has been
one popular approach to vascular quantification. There
was no difference between the two methods in the ratio
of branch point/neuron, capillary segment length, or
total capillary length per mm3.

Branch points are clearly visible in India ink perfused
tissue, but are less clear in tissue embedded in celloidin.
This qualitative difference did not appear to influence
the ability to identify the branch points because there
was no difference in branch point/neuron density be-
tween the two methods. Thus, the data indicate that
capillaries in celloidin embedded tissue were as visible
as those in the frozen India ink tissue.

The capillary segment length and total capillary
length per mm3 were two other geometric characteris-
tics that did not significantly differ between the cel-
loidin standard perfusate tissue and frozen India ink
tissue. However, there was a trend for the total capil-
lary length per mm3 to be longer in the celloidin
embedded tissue. As mentioned in Section 3.3 the esti-
mation of this variable was a function of the branch
point density, segment length and the number of seg-
ments per branch point. We suspect that the trend for
greater capillary length per mm3 partially reflects the
higher branch point density in the celloidin embedded
tissue relative to the India ink perfused tissue (data not
shown).

While there was not a significant difference in tortu-
osity between the two groups, there was a trend for the
capillaries of the frozen India ink tissue to be more
tortuous than the vessels of celloidin standard perfusate
tissue. The source of this difference is unclear. We
question whether the substantial shrinkage in the z-axis
of the frozen India ink tissue influences the tortuosity
estimate. Although there is also shrinkage of the cel-
loidin embedded tissue, the shrinkage is more uniform
across axes.

Fig. 7. Diameter of capillary segment. The capillaries of celloidin
standard perfusate tissue had larger diameters compared to the India
ink capillaries. Bars are means�SEM. *=P�0.05.

Fig. 5. Total capillary length per mm3. The total vessel length per
mm3 was not significantly different between the two methods. Bars
are means�SEM.
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Diameter of vessel segments was larger in celloidin
standard perfusate tissue relative to the diameter mea-
sured in the frozen India ink tissue. We suspect that
this result reflects a difference in the methodology
rather than true vessel diameter. In the India ink per-
fused tissue the diameter was a direct measure of the
projected diameter. In both tissues the inner diameter
was measured. However, since the perfusate was a 25%
solution of ink, we suspect that ink may not have
extended the full distance across the capillary lumen. In
contrast, in celloidin standard perfusate tissue the di-
ameter measurements were based on the distance be-
tween the two visible vessel walls. Since only the
luminar diameter was measured in celloidin tissue, the
greater capillary diameter in celloidin embedded tissue
cannot be attributed to the measurement of the en-
dothelium. The variability in celloidin embedded tissue
was very low.

All variables that were estimated by direct measure-
ments (e.g. capillary segment length, and diameter) had
very low standard error of the mean (SEM). The SEM
for capillary segment length was between 5 and 11%.
For diameter measures, the SEM was within 2.5% of
the mean for each group. Similarly, tortuosity, which
reflected capillary segment length over the shortest dis-
tance between two branch points, also had very low
SEM, within 1–2% of the mean. When measures were
combined to produce branch point density per neuron
and total capillary length per mm3 the error rates were
higher. For branch point density per neuron the SEM
from celloidin embedded tissue was lower (5%) than
from the India ink perfused tissue (13%). We suspect
that the neuron density measures from celloidin embed-
ded tissue were less variable because neurons were more
easily distinguishable from glial cells than in frozen
tissue. Total capillary length per mm3 is the product of
capillary segment length multiplied by the branch point
density. The relatively larger variability in this measure
is likely to reflect the combined variance across the two
measures, SEM being between 11 (celloidin embedded)
and 12% (India ink) of the mean. When estimates are to
be combined it may be important to increase the sam-
ple size in order to reduce the error.

We chose not to use the cycloid method (Baddeley et
al., 1986; Gundersen et al., 1988), which is a popular
and efficient sampling method for estimating the sur-
face density. Although surface density reflects two vari-
ables of interest, capillary length and diameter, the
cycloid method requires that the area of interest be
dissected from the tissue section and randomly rotated
around a vertical axis. Our measurement of vessel
length by tracing vessel segments in three dimensions
provides the opportunity to keep the region of interest
intact within the original section so that the mapping of
the region can take place after coverslipping. This
improves the accuracy of mapping, especially when

borders are subtle. When investigators have a region of
interest with obvious borders the cycloid method may
be more efficient. When vertical sections can be ob-
tained so that Sv is estimated with the cycloid method,
tortuosity can be calculated as the ratio of surface
density to branch point density (Sv/BPv).

Because standard perfusate is used with celloidin
embedding, this method also provides the capability of
harvesting tissue for both light and electron micro-
scopic investigation. Tissue to be used for electron
microscopy could be obtained from the region of inter-
est dissected from one hemisphere and embedded in
epoxy, while branch points/neuron, capillaries length,
and capillary diameter measures could be quantified
from the alternate hemisphere embedded in celloidin.
This may be particularly useful for investigators who
wish to study vascular alterations at both the cellular
and ultrastructural level of analysis. For example, en-
dothelial cell thickness could be estimated in EM em-
bedded tissue. The data collection methods used here,
and the measures reported, offer an opportunity to
clarify the morphological changes that lead to changes
in capillary density and vessel length per volume fol-
lowing conditions such as hypoxia (Boero et al., 1999),
exercise (Isaacs et al., 1992) and housing in an enriched
environment (Sirevaag et al., 1988).

In conclusion, the findings that branch point/neuron,
capillary segment length, and total length per mm3 did
not significantly differ support our initial hypothesis
that tissue perfused with standard perfusate and embed-
ded in celloidin can be used to quantify vascular struc-
ture in a manner comparable to that achievable with
India ink perfusion. In the present study the estimation
of the volume of the area of interest was not necessary.
It should be noted, however, that when the celloidin
method is used across conditions that may change the
cell number and tissue volume, the estimation of the
reference volume is necessary. The visualization of the
capillaries allows the identification of branch points and
the quantification of other morphological characteris-
tics (length, tortuosity, diameter) of capillaries. Based
on our qualitative observations, vessels perfused with
India ink obstruct the view of cells beneath them,
thereby underestimating cell density. In contrast, the
translucence of the vessel lumen in celloidin embedded
tissue provides a view of cell bodies below the vessel.
The Methylene Blue–Azure II stain adds the advantage
of visualizing pericytes, which may be of interest to
many investigators. The present method may not be
superior to methods that include complete reconstruc-
tion from semi-thin sections (Davies et al., 1996), but it
provides a means for efficient sampling within an exper-
imental context. We have found that the strengths of
the celloidin embedding method over the India ink
perfusion method include increased probability of com-
plete perfusion, clear view of cells that may otherwise
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be obscured by opaque vessels, quantification of mor-
phological characteristics, use of automated tracing sys-
tems, and the capability for unbiased representative
sampling.
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