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ABSTRACT

The principles of stereology have been applied to a morphometric analysis of parenchymal
cells from the peripheral, midzonal, and central regions of normal rat liver lobules. The
fractional volumes of cytoplasm occupied by mitochondria, peroxisomes, lysosomes, lipid,
and glycogen have been determined. The surface densities of smooth- and rough-surfaced
endoplasmic reticulum and of mitochondrial envelope and cristae have also been measured.
The average number and dimensions of mitochondria and peroxisomes have been evaluated.
By the use of an independent measurement of the average cytoplasmic volume, these data
have been expressed as the actual volumes, areas, and numbers per cell in the different parts
of the hepatic lobule. Similarly, the volumes of the envelope, cristae, and matrix compart-
ments and the area of cristae membranes have been calculated for the average-sized mito-
chondrion in each lobular zone. Structural homogeneity is found in over 80% of normal rat
liver parenchymal cells, with most of the significant differences being confined to those cells
immediately surrounding the central veins.

INTRODUCTION

Qualitative aspects of the ultrastructure of the
parenchymal cells in rat liver have been the
subject of numerous investigations and several
reviews (1-4). These studies have described the
structural characteristics of cytoplasmic organelles
and, in conjunction with cytochemical and bio-
chemical techniques, have established many of
their associated functional roles in cell physiology
(5-9). Hepatic parenchymal cells are not entirely
homogeneous with respect to their structure,
however, since heterogeneities among the cells of
the liver lobule have long been known with
respect to mitochondrial form (10, 11) and
glycogen deposition (12). Histochemical studies
have shown specific patterns of enzyme localiza-
tion in the central and peripheral zones of hepatic
lobules (13, 14) and electron microscopy also has

revealed specific sublobular changes in ultra-
structure under experimental conditions (15-19).
However, no systematic comparison of cytoplasmic
ultrastructure in the various zones of hepatic
lobules has been made.

The techniques of quantitative stereology (20)
constitute another approach to the description of
cellular and tissue structure. At the level of light
microscopy, liver morphology has been quantita-

tively studied with respect to nuclear:cytoplasmic
ratios (21, 22) and the distribution of nuclear
diameters and cell types (23). After the demon-
stration that quantitative electron microscopy
could provide a significant evaluation of cyto-
plasmic membranes (24), measurements of the
area of total endoplasmic reticulum (smooth- and
rough-surfaced combined) and the average di-
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mensions of mitochondria and peroxisomes (micro-
bodies) were accomplished in randomly selected

normal rat liver cells (24, 25). The present investi-
gation extends this earlier work and deals particu-
larly with the quantitative ultrastructure of
normal rat liver parenchymal cells characteristic
of the peripheral, midzonal, and central regions

of hepatic lobules. In addition, the separately
determined quantities of smooth-surfaced endo-
plasmic reticulum, rough-surfaced endoplasmic
reticulum, glycogen, and the internal composition
of mitochondria have been evaluated in terms of

the average volume of cytoplasm per mononucleate
cell. These results provide a basis at the cellular
level for the quantitative comparison of normal

and experimentally altered liver cells (26, 27).

MATERIALS AND METHODS

Tissue samples were taken from the left lateral lobes
of the livers of three 5-month-old female Columbia-
Sherman rats. The rats had been fed laboratory chow
ad libitum until sacrificed between 10:00 and 11:00
a.m. Each lobewas quicklyimmersedin 6.25% glutar-
aldehyde fixative in 0.075 M phosphate buffer at pH
7.4. The lobes were first cut into long slices to facilitate
removal of marginal and surface cells and then the
remaining tissue was minced into several hundred
small blocks. The tissue was transferred to fresh fixa-
tive for 3 hr, washed thoroughly with buffer, fixed an
additional 3 hr in 2% Os04 with added sucrose in
pH 7.4 veronal acetate buffer, dehydrated with ace-
tone, and finally embedded in Araldite resin.

I -A-thick sections of plastic embedded liver tissue
were cut from twenty-five blocks from each rat and
stained with toluidine blue for light microscopy. Light
micrographs of these sections were taken for the pur-
pose of measuring the average cell size and nuclear
diameter of hepatic parenchymal cells. These sections
were also used for locating specific sublobular zones
of hepatic lobules in the cut surface of the tissue blocks.
Small areas were selected, trimmed, and silver-to-gray
thin sections were cut for electron microscopy. Cen-
trilobular areas were trimmed so that they included
part of a central vein; peripheral areas included a
recognizable portion of the portal triad, and mid-
zonal areas were trimmed at least six cell diameters
away from either lobular extreme. Sections for elec-
tron microscopy were stained with uranyl acetate and
lead citrate.

Electron micrographs of thin sections were taken at
three levels of magnification in a Siemens-Elmiskop
I electron microscope. Low magnification pictures,
X 600-800, were used for recording the position of
parenchymal cells with respect to the structures which
define the hepatic lobules. Profiles of cells adjacent to
a portal triad were designated P-l, those in the next

tier of cells, P-2, etc. Similarly, C-l cells were located
next to a central vein, C-2 cells were one cell removed,
and so forth. Midzonal cells were identified, as
described above, by the areas selected for final trim-
ming of the tissue block.

Electron micrographs used for the general char-
acterization of cytoplasmic structure were taken at
X 2500, a magnification low enough to record whole
cell cross-sections, but high enough to permit the
measurement of membranes and particulate com-
ponents. Since it was desirable to have as representa-
tive a sampling of cells as possible, attempts were
made to minimize any subjective influence in the
selection of cells in the electron microscope. First, the
choice of cells was limited by keeping the area of tissue
sections very small, less than 0.01 mm2 . Insofar as
possible, no micrographs were taken of cells showing
such technical artifacts as knife marks, chatter, com-
pression, dirt, or other contamination. The cells that
were micrographed had been clearly identified with
respect to their location in the lobule, but no condition
of cytoplasmic appearance or the presence of a
nucleus in the section (present in about one-half the
cells) was imposed. Although each micrograph
showed predominantly one cell, adjacent portions of
other cells were usually included.

Smaller areas of parenchymal cell cytoplasm were
micrographed at X 10,000 so that measurements
could be obtained of the internal composition of
mitochondria. The intralobular location of each cell
was noted, and mitochondria occurring singly and in
clusters were sampled in all cytoplasmic sites: perinu-
clear, pericanalicular, adjacent to the sinusoidal pole,
among glycogen aggregates or surrounded by
endoplasmic reticulum.

Measurements of cellular, cytoplasmic, and mito-
chondrial structure were all carried out with the use
of 8-X-l0-in enlarged prints of the micrographs. A
square grid of white lines was superimposed on each
picture (see Figs. 1, 3-8) by lengths of 7-mil stainless
steel wire attached to the frame of the enlarging easel.
Light micrographs were enlarged to X 1000 and elec-
tron micrographs were enlarged fivefold to final mag-
nifications of X 12,500 and 50,000. Since quantitative
measurements require accurate knowledge of the final
image magnification, frequent calibration checks were
made on the microscopes and enlarging equipment.
All micrographs were taken on polyester base film
(28), which has high dimensional stability. Repeated
measurements of magnification, in agreement with
the findings of Bahr and Zeitler (29), were repro-
ducible within a range of 1.5%.

QUANTITATIVE STEREOLOGICAL

MEASUREMENTS

The techniques and basic considerations of

morphometric analysis, or quantitative stereology,
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of biological materials have been discussed in
several recent papers (20, 25, 30). The underlying
principle is that quantitative information about
the composition of three-dimensional tissue can be
calculated from measurements derived from a two-
dimensional representation of the tissue, such as a
micrograph. Thus, component volumes in a tissue

appear as areas in cross-section, surfaces appear as
lines, and lines appear as points. It is usually more
convenient to measure areas in a micrograph by
superimposing an array of sampling lines or points
and measuring the length or number, respectively,
of these lines or points that overlie the specific
area. This method is summarized in the principles
of Delesse (31), Rosiwal (32), and Glagolev (33):
that the fractional volume occupied by a com-
ponent is equal to its fractional area in a random
cross-section, or the fractional length of random
penetrating lines, or the fraction of random points
enclosed within it:

Vvi = AAi = LLi = PPi (1I

(The notation used here is given by Weibel et al.,
30.)

Lipoprotein membranes within a tissue, such as
the membranes of the endoplasmic reticulum and
the enclosing envelopes of cells, nuclei, and cyto-
plasmic organelles, are seen as lines in
cross-sections. The length of these lines per unit
area of micrograph is proportional to the area of
the membranes per unit volume (34, 35). The
length of membrane profile is easily measured by
counting the number of its intersections with an
array of superimposed lines. The area of membrane
included in a unit test volume is termed the surface

density, Svi (30), and is given by

Svi = 2NLi (2}

where NLi is the number of membrane intersec-
tions per unit length of sampling line. Since bio-
logical membranes have a finite thickness, the
membrane area calculated by formula {12 is
equivalent to the surface area on each side of the
membrane.

The number of a given particle, for example,
nuclei, mitochondria, lysosomes, etc., per unit
volume of tissue, Ni, is proportional to the
number of transections of such structures seen per
unit area of a tissue section, NAi:

Nvi = NAi/Di {3}

(36). Di is defined as the mean tangent diameter of

the particle i and, for a population of uniform
spheres, is simply equal to their diameter. In the
present study, hepatic parenchymal cell nuclei

have been enumerated in light micrographs and
peroxisomes enumerated in electron micrographs

on the assumption that both these bodies are
essentially spherical. If the parameter Nv has only
a fractional value per unit volume, its descriptive
significance may not be readily apparent. In such
cases, it may be convenient either to increase the
size of the volume unit to include at least one
particle, or to use the reciprocal value, 1 /Nv,
which gives the average number of volume units
containing a single particle.

These three simple basic mathematical formula-
tions of quantitative stereology assume that the
representative sections are not only randomly

oriented but also are of negligible thickness.
Equation {3} has been extended by Elias et al.
(37) to include the effect of a finite section thick-
ness, t:

Nv = NA/(D + t) 14}

With thickness, however, it is also necessary to
consider the perpendicular distance p that a
particle must penetrate into a section before it is
visible and countable. The general expression,

analogous to that derived for spheres (38, 39) is
easily shown to be

Nv = NA/(D - 2p + t) 1(5

Formula 5 is identical to 4} when p = 0 and
to {3} when p = t/2. For electron microscopy,
where t is usually assumed to be 0.03-0.06 L for
sections which appear gray by reflected light (40,
41) and the value of p is unknown, these factors
are probably not significant for particles greater

than 0.5 u. In light microscopy, on the other hand,
section thickness is frequently large compared to
the diameter of discernible objects. In the present
measurements, even the 1-L thickness of plastic
sections is not negligible when counting 8-pu
nuclei. Furthermore, since the smallest nuclear
sections seen were approximately 3 u in diameter,
it was concluded that a value of p = 0.3 u was
appropriate for the calculation of nuclear numbers.

If the particles to be counted are not spherical,
D becomes a complicated function of their size,
shape, and axial ratio (39, 42). Values for these
properties must be assumed or derived from other
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kinds of data in order to calculate NV. In the
case of liver cell mitochondria, it was previously
shown (25) that these three variables could be
eliminated by combining two additional inde-
pendently measured properties of the particles,

Vv and Sv derived from equations { I and {2},
with the arbitrary assumption that mitochondria
have the shape of right circular cylinders. This
method has been used in the present study for
deriving average values for the length and diam-
eter of the "cylindrical" mitochondria. An
average mitochondrial volume, v, was then cal-
culated from these figures and, finally, N =

Vv/v.

SAMPLING

The validity of any statistical description of a
tissue is basically dependent on the technique for
drawing representative samples of the tissue. Aside
from the initial removal of surface and marginal
cells, the usual method for processing small blocks
for electron microscopy assures the complete
randomization of the resulting tissue sections with
respect to both their location and orientation

within the original organ. The steps taken to
promote objectivity of sampling in the electron
microscope have been described above.

A total of 90 electron micrographs were meas-
ured for the determination of general cytoplasmic
composition. These were derived from 45 tissue
blocks, with a maximum of three micrographs
from any one block. Each sublobular zone was
represented by five blocks and 10 micrographs
from each of the three rats. Higher magnification
electron micrographs used for the analysis of
mitochondrial substructure numbered three from
each of three blocks from each lobular zone from

each animal, i.e., a total of 81. The number of
micrographs from specific cell locations, C-1, C-2,
etc., were uniformly distributed among all rat
livers.

While two-dimensional micrographs are the
primary sampling of a solid tissue, the method of
taking measurements from these pictures by one-
dimensional lines is itself another sampling pro-
cedure. Obviously, the larger the sample that is
taken, i.e., the more sampling lines or points that
are measured and counted, the more accurately a
micrograph can be described (43). As Hennig (44)

has pointed out, it is inefficient to utilize extra
effort for measuring a sample micrograph more
accurately than the natural variation inherent in

the tissue and cellular structures. Description of

the tissue is then to be improved mainly by in-

creasing the number of micrographs. The standard

deviation of a random counting sample, such as

the count of mitochondrial profiles or the count of

membrane-line intersections for endoplasmic retic-

ulum, is given by the square root of the total count

collected, V/Ci. For optimum efficiency, the

sample size, Ci, should be adjusted so that /C is

approximately equal to the standard deviation
among the values of Ci obtained from a number of

different micrographs from the same population.
This condition was utilized in setting up the
procedures for the present study. In the tables of
results which follow, mean values for tissue char-

acteristics have been calculated from the com-

bined raw data of all micrographs in a given group.

Each standard error reported is equal to the

standard deviation among the corresponding

values calculated independently for each micro-

graph.

RESULTS

Light Microscopy

Average dimensions of liver parenchymal cells

were determined at 1,000-fold magnification in

28 light micrographs of I-u-thick Araldite sections,

similar to that shown in Fig. 1. First, the average

diameter of parenchymal cell nuclei was deter-

mined by measuring the diameters of 744 circular

nuclear sections. These are plotted as a distribu-

tion curve in Fig. 2. The distribution of spherical
nuclear diameters was then reconstructed from

these data by the method of Bach (45, 46) and is

also drawn in Fig. 2. The mean nuclear diameter,

d, is 8.1 u, with a standard deviation of 1.0 .

Next, the area of these light micrographs oc-

cupied by crcss-sections of parenchymal cells was

measured by the linear scan technique, and the

number of nuclear sections within this area was

counted. The ratio of these figures, NA, is 15.9

nuclei per 104p2 of parenchymal cell cross-section.

The number of nuclei per unit volume of paren-

chymal cells, Nv, was calculated from formula { 5 }

to be 186 nuclei per 106u3. The reciprocal of this
figure, parenchymal cell volume per nucleus, is

5400 ul. Subtracting the volume of an average
nucleus, 280 a, leaves 5100 u3 of cytoplasm per

nucleus. Except for the abundance of binucleate

cells in liver (47), the last figure would represent

the average cytoplasmic volume per cell. Neverthe-

less, because the cell is a fundamental biological
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FIGURES 1, and 3-8 are all X1X reproductions of electron micrographs printed with the superimposed
grid used for stereological structural analysis. Fig. 1 is a micrograph of a 1-M-thick Araldite-embedded
section stained with toluidine blue and having an original magnification of 1,000. The original magnifica-
tion of the electron micrographs in Figs. 3-5 was 12,500 X, and 50,000 X in Figs. 6-8. Figs. 3 and 6 are
electron micrographs of peripheral lobular cells, adjacent to (P-l) and one cell layer removed from (P-2)
the portal triad, respectively; Figs. 4 and 7 are midzonal cells; and Figs. 5 and 8 are from centrilobular
cells adjacent to a central vein (C-i). The variation in mitochondrial size within the hepatic lobule
is particularly noticeable when the extreme centrilobular cells shown in Figs. 5 and 8 are compared with
the other figures. Figs. 3-5, X 6,250. Figs. 6-8, X 25,000.

0 I 2 3 4 5 6 7 8 9 lo 11

Diameter. microns

FiGouE 2 This figure shows the distribution curve of
actual diameters of nuclear sections (0-0) measured
in light micrographs such as Fig. 1. The theoretical dis-
tribution of spherical nuclei (--) was calculated
from the distribution of nuclear sections.

unit, the quantitative electron microscopic data
described below and summarized in Tables I-IV
have been calculated in terms of 5100 3 and
expressed on a "per cell (nucleus)" basis in Table
VI. Because binucleate cells appear to have about
twice the volume of mononucleate cells (48), the
volume "per cell (nucleus)" very nearly approxi-
mates that of the average mononucleate cell.

Finally, the size of hepatic parenchymal cells
was compared in the different sublobular regions.
The maximum and minimum dimensions of
approximately 50 cells were measured in each of
the peripheral, midzonal, and central zones of
liver lobules. The average cell diameter and
standard deviation in these zones is 20.8 0.2,
20.8 + 0.3, and 21.0 0.3 1u, respectively. Thus,
no significant difference in average cell size is
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demonstrable across the lobules of these normal
livers.

Electron Microscopy

A general description of normal liver paren-
chymal cell cytoplasm as measured in 90 electron
micrographs at a magnification of X 12,500 is
shown in Tables I, II, and III. The columns in
these Tables are arranged to show progressive
changes across the hepatic lobule in the functional
direction of blood flow from the extreme periph-
eral cells, P-l, to the innermost C-1 cells. The
middle column represents the bulk, about 60%, of
the lobular cells, which are here classified as
midzonal. Data from the three columns of periph-
eral cells and from the three columns of central
cells, each group representing about 20% of the
lobular cells, are combined in the extreme left
and right columns, respectively, for the facilitation
of comparisons between these zones. Approxi-
mately "typical" cells from the peripheral, mid-
zonal, and central regions are illustrated in Figs.
3-5 as they appeared with the superimposed grid
of sampling lines.

The top row in Table I shows the number of
micrographs analyzed for each sublobular zone
and the breakdown for specific cell positions in the
peripheral and central regions of the lobules. The
total cross-sectional area of parenchymal cell
cytoplasm examined in each of these sites is listed
next. The remainder of Table I shows the mean
percentage and standard error of cytoplasmic
volume occupied by mitochondria, peroxisomes
(microbcdies), lysosomes, lipid, glycogen, and
other components. Mitochondria, peroxisomes,
and lipid were identified by their characteristic
structure and electron opacity. Because of their
multiplicity of forms, ranging from autophagic
vacuoles to residual bodies (8), all other discrete
membrane-bounded bodies were classified as
lysosomes. Glycogen in these stained sections ap-
pears as very dense particulates measuring approxi-
mately 200-400 A in diameter, arranged singly or
in clusters (49). Rosettes of glycogen are frequently
surrounded by a clear margin about 0.05 wide
(See Fig. 7). In the process of measuring the
volume fraction of cytoplasm occupied by glycogen
this clear region was assumed to be part of the
glycogen space and was so included. The effect of
this assumption is to put all dense glycogen par-
ticles separated by less than 0.1 ju into confluence
and, thus, permit extended fields of particles to be
measured as a continuous zone of glycogen.

Mitochondria occupy nearly 20 % of the volume
of most liver parenchymal cells. This percentage is
significantly lower (p < 0.001) only in the centri-
lobular zone, and particularly in the first two
layers of cells surrounding the central vein.
Qualitatively, the mitochondria in these cells
appear smaller but more numerous (Fig. 5). The
volume fraction of peroxisomes is less than 3 % in
all cells and less than 2% in most. Only the ex-
treme centrilobular cells have a significantly
larger (p < 0.005) bulk of peroxisomal material
than the rest of the lobule. The total sample of
lysosomes and lipid, which together account for
less than 1% of cytoplasmic volume, is not suffi-
cient to indicate any trends in their sublobular
distribution in these normal rats.

Glycogen was found to occupy about the same
fraction of parenchymal cell cytoplasm as mito-
chondria, but this volume relationship is certainly
not a constant characteristic of liver cells. If the rats
had been sacrificed later in their diurnal feeding
cycle, for example, all liver cells, especially those
nearer the central veins would have shown con-
siderably less glycogen (12). Nevertheless, the
finding of nearly equal concentrations of glycogen
in cells from all parts of the hepatic lobule shortly
after a night of ad libitum feeding suggests that the
measured levels are probably close to the satura-
tion value for these cells. It is not apparent from
the quantitative data, but centrilobular glycogen
is generally dispersed in small isolated rosettes
scattered throughout the cytoplasm and is often
closely associated with membranes of smooth-
surfaced endoplasmic reticulum (Fig. 8). Glycogen
in peripheral cells tends to occur in larger aggre-
gates which are often gathered into broad areas
having significantly fewer associated smooth mem-
branes (Fig. 6). Midzonal cells exhibit both forms
of glycogen dispersal and appear truly inter-
mediate.

The membrane areas of mitochondrial envelope
and endoplasmic reticulum calculated by means of
formula {2} are shown in Table II. The area of
mitochondrial envelope was measured relative to
mitochondrial volume by dividing the surface
density of envelope membrane in the cytoplasm
by the volume fraction of mitochondria. Thus,
the figures in the top row of Table II give the
average surface-to-volume ratio for these organ-
elles. The higher ratios in centrilobular cells
(p < 0.001) reflect the smaller size and elongated
shape of the mitochondria in this zone. The
surface-to-volume ratio for midzonal mitochondria
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FIGURE Peripheral lobular cell adjacent to a portal triad (P-I).

FIGURE 4 Midzonal cell.
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FIGroRE 5 Centrilobular cell adjacent to a central vein (C-1).

is also significantly greater (p < 0.01) than that
for peripheral cells.

The membrane areas of endoplasmic reticulum
shown in Table II are expressed per unit volume

of the whole cytoplasm. At low magnification,
rough-surfaced endoplasmic reticulum appears in

higher contrast to the cytoplasmic ground sub-
stance and is almost entirely distributed in broad

parallel arrays of flattened cisternae. Smooth-
surfaced endoplasmic reticulum is generally found
in Golgi regions and appears as widely dispersed
small vesicles often associated with glycogen de-
posits. There is relatively little intermixing of the
regions of the granular and agranular membranes.

The quantitative results show the agranular mem-
branes to be significantly more abundant in
centrilobular cells (p < 0.005) than in midzonal
and peripheral regions of the hepatic lobule.
This difference is accounted for principally by the
membranes associated with glycogen particles in
the two layers of cells most closely surrounding the
central vein. The granular reticulum is dispersed
without significant differences in its cytoplasmic
concentration in all parts of the lobule. Rough-

surfaced membranes have approximately 50%
more area than smooth-surfaced membranes in

cells from all lobular regions, except in those cells
immediately adjacent to a central vein where the

amounts of both varieties of membrane are nearly
equal.

The size of the statistical samples on which the
above calculations of surface densities are based is

indicated in the lower part of Table II as the total
number of membrane-line intersections that were

counted. In so large a sample, it can be assumed
that these membranes, which occur at all angles
within liver cells, are completely randomly oriented
within the tissue sections. Most membranes, there-
fore, lie in the sections at oblique angles to the
plane of sectioning. It is a commonly observed
phenomenon in electron I microscopy, first de-
scribed by Williams and Kallman (50), that biolog-
ical membranes sectioned or observed at increas-
ing angles of tilt first broaden, then become indis-
tinct, and, finally, are undetectable. This effect
is least in the thinnest sections, but it still precludes
an absolute count of all membrane profiles present
per unit area of section.
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The loss of membrane images resulting from
oblique sectioning has recently been investigated
quantitatively (51). It was found that membranes
tend to "disappear" rather abruptly when tilted
more than about 60 ° from the direction of the
electron beam. Therefore, approximately one-third
of randomly positioned membranes will be so ori-
ented in normally observed sections. For this rea-
son, it is appropriate to increase all intersection
counts of random membranes by 50 % in order to
correct for the membranes that are present in sec-
tions, but invisible in the electron micrographs. In
this report, such a correction has been applied only
to certain calculations presented in the summaries
indicated by an * in Tables V and VI. It should
be noted that, as membrane counting is practiced in
this laboratory, the above correction is applicable to
measurements of endoplasmic reticulum and mito-
chondrial cristae (see Table IV), but not to the fig-
ures for mitochondrial envelope. In the former in-
stances, counts of membrane intersections have been
based entirely on the visibility of the membrane
profile itself at the point where it crossed the samp-
ling line. The same is generally true for mitochon-
dria except that in nearly tangential sections, where
the organelle is still easily identified by its internal
structure, two intersection counts were routinely
recorded for the envelope membrane even though
its profile was not always clearly visible.

The upper three rows in Table III indicate the
total number of transections of mitochondria, per-
oxisomes, and lysosomes counted in the measured
areas of cytoplasm. The number of each of these
organelles per unit area of cytoplasmic cross-sec-
tion is greatest in centrilobular cells and decreases
toward the periphery. The particle counts for
mitochondria were combined as previously de-
scribed (25) with the figures for their volume frac-
tion (see Table I) and surface-to-volume ratio
(see Table II) so that their average diameter,
length, volume, and number per unit volume of
cytoplasm recorded in Table III could be obtained.
The counts of peroxisomes were combined with
the measurements of their cytoplasmic volume
fraction by the method of Weibel and Gomez (42)
to yield figures for their average diameter, volume,
and number per unit volume of cytoplasm as shown
in the lower section of Table III. The counts of
lysosomes suggest a trend toward greater numbers
of these particles in more central portions of the he-
patic lobule, in agreement with the observation of
Novikoff and Shin (52). The sparsity and irregular

shape of lysosomes and their small volume fraction
in cytoplasm, however, provide insufficient data on
which to base quantitative conclusions concerning
the distributions of lysosomal size and number.

It can be seen in Table III that average mito-
chondria are shorter and larger in diameter to-
ward the periphery of the lobule, and become pro-
gressively longer and thinner towards the center,
as seen particularly in the C-1 cells. Average
length: diameter ratios for peripheral, midzonal,
and central cell mitochondria are 7, 9, and 16.
respectively. Furthermore, the average volume of
peripheral cell mitochondria is more than double
that of centrilobular mitochondria, while those in
midzonal cells are intermediate in size. Although
the volume fraction ofmitochondria is least in cen-
trilobular cells, the relative size of individual
particles is still smaller, with the result that central
cells have the greatest number of mitochondria per
unit volume of cytoplasm.

The average diameters and volumes calculated
for peroxisomes show some variation in Table III.
Although central and midzonal particles are not
significantly different, peripheral peroxisomes have
a greater diameter than those in midzonal cells at
a 5 , level of significance. In contrast, the peroxi-
somes in control animals from a similar quantita-
tive study, in which the effect of cortisone ad-
ministration on the ultra-structure of rat liver was
measured (26), did not show significant differences
in their diameters in the sublobular zones. Thus,
it appears that present data do not establish any
sublobular size differences in hepatic peroxisomes.

Quantitative measurements of intramitochon-
drial structure derived from 81 higher magnifica-
tion electron micrographs (X50,000), typified by
those in Figs. 6-8, are summarized in Table IV.
At higher magnifications, the diffuseness of the
edges of obliquely sectioned membranes is much
more evident, and it is frequently difficult to
decide the precise thickness of paired membranes
like those in mitochondrial envelope and cristae
folds. Consequently, the simplest basis of decision
was accepted, namely, to measure structures be-
tween their outermost limits of visible density. In
this regard, Weibel et al. (30) have pointed out the
importance of using only the thinnest sections in
high magnification measurements in order to avoid
a systematic overestimation of volume fractions.

Total mitochondrial volume was subdivided
into three parts: envelope, cristae, and matrix.
The volume fraction of mitochondrial envelope
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FIGURE 6 Peripheral lobular cell one cell layer removed from portal triad (P-2).

FIGURE 7 Midzonal cell.
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FIGURE 8 Centrilobular cell adjacent to a central vein (C-1).

was calculated by multiplying the surface-to-
volume ratios from Table II by an envelope thick-
ness of 0.018 p (5). This calculation was considered
more reliable than direct measurements at X
50,000 because the lower magnification pictures
contained more than 16 times as many mitochon-
drial cross-sections and yielded a smaller statistical
error. The volume fraction of cristae describes the
volume enclosed inside the outermost visible den-
sities of cristae folds and thus includes both the

volume of the membranes and any intracristae
space. The matrix volume is then that part of the
mitochondrion distinct from envelope and cristae
volumes. It is apparent from these results that the
envelope comprises a significant fraction of total
mitochondrial structure, exceeding an average
value of 25% in C-1 cells. The figures also reveal
considerable uniformity in the volume per cent of
cristae and matrix, despite the more than twofold
variation in average mitochondrial size across the
hepatic lobule.

The total count of intersections between cristae
membranes and sampling lines and the calculated
membrane area per unit volume of mitochondria

is also shown in Table IV. The latter figures again
illustrate the constancy of the internal composition
of mitochondria in all parts of the liver lobule. As
mentioned above, the number of visible random
membrane sections is subject to a correction factor
(51) for the effects of oblique orientation of mem-
branes within the tissue sections.

The small dense granules that are commonly
observed in matrix space have also been counted
in all mitochondrial sections. These totals and
the number of granules observed per unit area of
matrix are shown in Table IV. Because of the
small size of these granules, approximately 250 A
in diameter (5), their number per unit volume of
matrix cannot be accurately calculated without
knowledge of the section thickness in which the
counts were made. Unfortunately, it is difficult to
determine precisely the thickness of sections used
in electron microscopy: it is quite variable. If,
fcr the purpose of making a rough estimate, a
section thickness of 500 A is assumed (41), then
the approximate values for the number of dense
granules per unit volume of mitochondrial matrix
are as shown in the last row of Table IV.
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Structure in Terms of Biological Units

The techniques of stereology, or morphometric
analysis, are fundamentally statistical and geomet-
rical, yielding only average values expressed in
geometrical units. Thus, the results tabulated in
Tables I-IV are average measures of volume,
area, and number per unit volume. Biological sys-
tems, on the other hand, frequently occur in dis-
crete structural units such as an organism, organ,
cell, or mitochondrion. Therefore, it may be more
meaningful for morphological comparisons to ex-
press these quantitative data in terms of biological
rather than geometrical units. The conversion
factor from one system of units to the other
is simply a figure for the average volume of the
biological unit.

Determining the average volume of a biological
unit is also a stereological task requiring a suffi-
ciently large random sample of the structure. In
general, the magnification that is appropriate for
sampling the over-all size of a structure is smaller
by about an order of magnitude than the magnifi-
cation that is convenient for examining its internal
composition. Thus, the internal structure of mito-
chondria (Table IV) has been measured at X
50,000 in about 300 profiles per lobular zone, while
the average mitochondrial size was determined
from about 5,000 profiles at X 12,500. Similarly,

TABLE V

Characteristics of the Average Mitochondrion

Periph-
eral Midzonal Central
cells cells cells

Volume (3)
Total 0.954 0.752 0.411

Envelope 0.131 0.121 0.094
Cristae 0.243 0.207 0.102
Matrix 0.580 0.424 0.215

Membrane area ( 2 )
Envelope 7.3 6.7 5.3
Cristae* 30.6 27.4 14.9

Approximate number
of dense granules 110 77 55

* These figures, which are obtained by multiplying
the measured cristae area per unit volume by the
average volume per mitochondrion, have been
further increased by 50% to correct for the effect
of oblique sectioning on the observability of mem-
brane profiles (51).

TABLE VI

Ultrastructural Composition of Rat Liver Parenchymal

Cells Calculated per Average Cell (Nucleus)

Periph- Mid-
eral zonal Central
cells cells cells

Volume ( 3)
Total cytoplasm
Mitochondria

Envelope
Cristae
Matrix

Peroxisomes
Lysosomes
Lipid
Glycogen
Other

Membrane area (2)
Smooth endoplasmic

reticulum*
Rough endoplasmic

reticulum*
Mitochondrial envelope
Mitochondrial cristae*

5100
1010

139
257
614
71
15
15

984
3000

5100
974
157
269
548

71
15
10

887
3140

5100
658
151
163
344
107
20
10

857
3450

15700 16900 21600

24900 25400 26700

7720 8720 8420
32400 35500 23900

Number of
Mitochondria 1060 1300 1600
Peroxisomes 440 620 810

* These figures, which are obtained by multiplying
the measured membrane area per unit volume by
the average volume per cell, have been further
increased by 50% to correct for the effect of oblique
sectioning on the observability of membrane pro-
files (51).

the over-all composition of cytoplasm per zone was
measured in micrographs of 30 different cells at X
12,500, but a figure for the average amount of
cytoplasm per cell (nucleus) was derived from
micrographs of more than 700 cells at X 1000.

Tables V and VI are summary tables showing
the structural composition of the average mito-
chondrion and the average parenchymal cell in
each of the principal sublobular zones in normal
rat liver. These figures were determined by mul-
tiplying the corresponding values per unit volume
in the preceding tables by the average volume
retabulated at the top of each column. These
tables have been simplified by omitting the figures
for specific cell sites, which can be calculated in
the same manner, and the standard errors, which
are related to the values already recorded.
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Table V shows the actual volumes of the en-

velope, cristae, and matrix compartments in aver-
age liver mitochondria. The membrane area of
envelope is numerically equal to the outer surface

area of the mitochondrion. An approximately
equal area of inner envelope membrane faces the
matrix space, while twice this surface area abuts on

any compartment between the envelope mem-
branes. Similarly, the area of cristae membranes
can also be interpreted as the surface area on each
side of the membrane, that is, the area facing
matrix substance and the area lining intracristae
compartments. Thus, the total area bounding
matrix space is the sum of the envelope and cristae
areas, which is four to five times the outer surface
area. Because of the limitations discussed above,
the figures for the number of dense matrix granules
should only be considered as rough estimates.

Since no significant difference could be shown in
the average size of parenchymal cells among the
lobular zones of rat liver, the figures in Table VI
are all proportional to values in Tables I through
IV and to the common cytoplasmic volume of
5100 ua5 per cell (nucleus) measured in these fixed
plastic embedded tissues. It is of interest that the
total area of cristae membranes exceeds the area of

either rough- or smooth-surfaced endoplasmic
reticulum in cells of the midzonal and peripheral
regions and is essentially equal to these classes of
membranes in centrilobular cells. Another note-

worthy finding is the rather constant amount of
mitochondrial envelope in cells from all zones. A
further correlation that may be more than co-
incidental is the apparent 2:1 ratio of the number

of mitochondria and peroxisomes in all groups of

liver cells.

One final result of this investigation is the ob-

servation that the parenchymal cells of normal rat

liver are at least 80% homogeneous with respect to

the structural parameters measured here. The

groups that have been designated as peripheral and

central cells each account for about 20% of the

hepatocytes across a lobule, and the midzonal cells

comprise the remaining 60%. Cells in all zones

show some common structural characteristics, but

midzonal and peripheral cells resemble each other

in nearly all measurements. Where significant

intralobular differences in structure do exist, they

are generally confined to one extreme or the other

of the lobules, especially to the two or three layers

of cells surrounding the central veins.

DISCUSSION

The application of quantitative stereological tech-
niques to a representative sampling of tissue pro-
vides a numerical and unequivocal basis for the

description of the tissue and for the evaluation of
developmental, pathological, or experimental
changes. As a statistical method, it affords a con-
tinuous means for measuring the variation and
significance of accumulating data and a mathe-
matical foundation on which to improve the design
of experiments. As a method that deals funda-
mentally with geometrical abstractions, such as

volume, surface, length, etc., it is only supple-
mental to, but cannot replace, the observations of
qualitative morphology. The use of these tech-
niques, however, has become potentially much
more important in biology since the electron
microscope has revealed the extensive complex of
membranes which subdivide cytoplasm into nu-
merous functional compartments whose physio-
logical significance is undoubtedly related to their
surface areas and component volumes.

The results presented in this study establish a
quantitative structural base line for normal rat
liver parenchymal cells. A comparative descrip-
tion of the cells throughout the average hepatic
lobule was obtained by appropriate sampling of
peripheral, midzonal, and central regions. Further-
more, by combining data from different ranges of

magnification, it has been possible to express the
results not only in the geometrical term per unit

volume, but also in the biological unit per cell (nu-

cleus). The qualification "(nucleus)" is a necessary
compromise resulting from the large fraction of
binucleate cells in the hepatic parenchyma. It is
understood that the numerical values per cell
(nucleus) refer to that average amount of cyto-
plasm associated with a single parenchymal cell
nucleus and, therefore, are probably very nearly
appropriate to the typical mononucleate cell.

Although considerably more complete than pre-
vious measurements of cytoplasmic structure in
liver parenchymal cells (24, 25), the present de-
scription of normal liver is still limited in several
ways. Only an early phase of the diurnal glycogen
cycle is represented, in which all cells have abun-
dant and nearly equal amounts of glycogen (12).
While measurements are reported for all other
kinds of membranes, no attempt was made to
assay the area of cell surface membrane since this
will require a somewhat different and more in-
volved sampling approach. As a description of
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liver, these data are incomplete because they in-

clude no information concerning the vascular and
connective tissues or the large population of Kupf-
fer cells.

The errors in sampling have already been men-

tioned in regard to the selection of a limited
number of tissue blocks and micrographs and in
the method of drawing measurements from the
micrographs. The principal source of variation in
the final results is the natural biological variation
occurring among random cell sections. Although
this study is based on the examination of the livers
from only three rats, no significant differences were
found among the results from individual animals.
The assumption that mitochondria can be con-
sidered as a uniform population of right circular
cylinders is clearly an oversimplification. Many
normal mitochondria, especially the long curved
forms seen in centrilobular cells, and the irregular
branched and annulate shapes produced by corti-
sone administration (26) can appear as two or
more profiles in a thin section. This property,
impossible for a straight cylinder, leads to an un-
derestimation of the average lengths and volumes
of such mitochondria in the final calculations. For

a reasonable comparison of different groups of
mitochondria, however, the assumed cylindrical

shape does provide a basis which utilizes all avail-
able quantitative measures of mitochondrial num-
ber, volume, and surface area (25). Finally, by the
use of the correction factor for the loss of membrane
images due to oblique sectioning (51), the figures
for the total area of cytoplasmic membrane in cells
are significantly improved over previous uncor-
rected measurements.

The results of this study are in general agreement
with other measurements of cytoplasmic ultra-
structure in liver parenchymal cells from female
rats of different strains (24, 25) and from younger
male rats (26). The volume fractions of cytoplasmic
organelles, the distribution of mitochondrial sizes,
the size of peroxisomes, and the amount of endo-
plasmic reticulum membrane were all found to be
essentially similar.

In general, it is not necessary to carry out such
detailed work to establish most comparisons in
cytoplasmic morphology. When quantitative ob-
servations are available, however, it is often possi-

ble to correct interpretations derived from non-

quantitative studies. For example, the present data

disagree with the contentions that centrilobular

cells have fewer microbodies (peroxisomes) than

peripheral cells (52) and that rough-surfaced
endoplasmic reticulum is less abundant in periph-
eral cells (53).

It is a common experience in light and electron
microscopy that different groups of cells and struc-
tures are recognizable by their typical appearance.
The ultrastructure of normal liver cell cytoplasm
and liver mitochondria, for example, is very char-
acteristic and easily recognized by cytologists.
Such constancy of form reflects a dynamic equilib-
rium within cytoplasm responding to influences
of cellular environment, on the one side, and of
nuclear directives, on the other. This equilibrium
is apparent not only in the spatial arrangement of
component structures, but also in their geometric
properties of size, shape, volume, surface area, and
number. It is in the ability to measure these latter
properties that stereological techniques provide a
quantitative key to the unique characteristics
which differentiate particular cell types and the
special form of organelles (54).

The results of the present investigation are an
example of the structural equilibria which charac-
terize normal liver parenchymal cells. Thus, 80%
of the cells were found to be similar with respect to
all of their measured properties. Those that show
significant variation tend to be grouped around
the central vein. Even there, however, some struc-
tural equilibria remain unchanged. All groups of
parenchymal cells, regardless of their lobular loca-
tion, were similar in the following respects: glyco-
gen content, total area of rough-surfaced endo-
plasmic reticulum, total area of mitochondrial
envelope, size of peroxisomes, and the 2:1 ratio of
numbers of mitochondria and peroxisomes.
Furthermore, despite a large variation in the size
and shape of mitochondria, their internal com-
position was shown to be remarkably constant
with respect to matrix volume, area of cristae
membrane, and numbers of dense granules per
unit volume. These observations suggest that

quantitative structural analysis is not merely an

aid to morphological description, but is also a

technique which can reveal heretofore unknown

and unsuspected relationships.
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