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INTRODUCTION

The trend in pharmacological problem solving is clearly moving in the
direction of collecting more and more detailed information, which in turn
is being called upon to evaluate the effectiveness and safety of drugs. Any
information explosion, similar to the one now occurring, is expected to
generate a healthy debate regarding the collection and use of such informa-
tion, and the purpose of this review is to look at some of the problems—
related to interpreting information—that we may be facing in the future.
The scope of the discussion has been simplified somewhat by restricting it
to a consideration of several possible “answers” to a single question,
namely: What are we measuring when we measure a change?

Pharmacologically induced changes in cells represent very complex
events. When setting out to study such changes, we are confronted not only
by the task of choosing “good” questions, but also by the far more challeng-
ing one of finding correspondingly “good” answers. If “good” is defined as
something having “accuracy,” where accuracy is defined by limits imposed
on variables, then complex questions and answers can be reduced to several
variables contained within the same equations. Complex information—in
this form—can be accommodated in a variety of ways, but one that has
gained increasing attention in recent years has been that of systems analysis
(1, 2). The basic idea of this approach is that a mathematical model for a
system is constructed, then an analysis of the model is performed, and,
finally, the results are applied to the original system. Ideally, there should
be extensive interactions between the construction, the analysis, and the
interpretation of the model.
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Stereology is of interest to a systems analysis approach because it can be
used to attach quantitative values to complex biological structures identified
in light and electron micrographs. Cells and their organelles can be charac-
terized in terms of volumes, surface areas, lengths, frequencies, shapes, etc
[for overviews of the method see references (3—-8)]. Such structures are of
interest to us here because they represent highly ordered arrays of mole-
cules, which can also be assayed biochemically. When combined, the struc-
tural and functional data can be used to assemble relatively simple, yet
surprisingly powerful, information networks. In effect, networks may be
thought of as a means for establishing an experimental position from which
one can compose questions with an improved confidence. For example,
integrated structure-function networks are expected to satisfy the dimen-
sional requirements needed to map the molecular topographies of or-
ganelles, to pinpoint the specific cellular responses to one or several
xenobiotics, and even to predict genetic events from cytoplasmic changes.

CHANGES IN CELLULAR ORGANELLES

In its simplest form a change can be described by a mathematical relation-
ship in which the values of a dependent variable f(x,, x,) are determined
by two independent variables x|, x,. When interpreting data, it is generally
assumed that one of the two independent variables, namely x,, remains
constant and can serve as a reference:

fxy, x3) = x/x3 1.

If we substitute, for example, the volume of an organelle compartment V;
(i = the general case for morphological components) for x, and a cm? of
reference volume ¥y for x,, the familiar volume density equation of
stereology results where

f(Vb Vref) = Vl/ Vref = Vlﬂ 2.
and
n
3 (Vi Ve = 10. 3.
j=1

Several recent studies (9-12), however, have shown that the Vs is some-
what more complicated than expected in that it consists of at least two
variables:

Ve N)=V,  No= Vg, 4.
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where the average cell volume V. is related to the aggregate volume of the
cells ¥, and their frequency N, as shown by the equations:

V.= V./N, 5.
and
Ne= VoV, 6.
Substituting Equation 4 into 2 we obtain the more accurate expression:
JVis Voo N = Vi/ Vo No= Vy, 7,

For our purposes here, this equation is particularly useful because it
defines a change as a function of three independent variables instead of one
variable and one constant (Equation 2). When, for example, one wishes to
describe cellular responses to drugs—as opposed to changes in a cubic
centimeter of cells—the volume of an average cell is the preferred reference
variable. Rearranging equation 7:

V/N,=Vy-V, 8.

i

and substituting Equation 5 [I7-,c = Vi/N. we obtain:

Vie=Vp- Ve 9.

i

Note that the reference space index (in this case ¢ for cell) has been added
to the right of subscript i Returning to the more general form of the
equation, we can now define a change in the volume of an organelle com-
partment /—in an average cell—as

V)=V, Ve 10.
A similar relationship exists for surface densities

f8) =Sy, V. 1.
and length densities:

AL =Ly, V. 12,

At this point, we are faced with a practical problem. Although the estimate
for the volume density of Equation 10 is straightforward, an estimate for
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the average cell volume more often than not is subject to several experimen-
tal errors and restrictions (7, 8, 12). One way around this problem has been
to use as a reference the surface area of an organelle compartment—in an
average cell—that does not change (9—14). In effect, such a solution allows
us to use Equation 10 to estimate relative changes in average cells:

VidEV Vi([Cl = Vy [EV Vv IC]- VIE/ VIC], 13,

where [E] identifies the experimental values and [C] those of the control.
The average cell volume problem can be accommodated by the following
relationships, which were developed earlier (10):

VIEYV.ICl = NICYNIE] = 1dCY I dE], 14,

where I, equals the number of intersections between a linear probe in a
stereological test system and the underlying profiles of a reference mem-
brane [see, for example, Figure 2 in ref. (9)). By substitution into Equation
13 one obtains the following relationship:

Vi LE/ Vil[Cl = Vi, [EV/VyIC] - NJICYNJIE]. 15.

Operationally, the frequency ratio (N [C]/ N[ E]) keeps the number of cells,
which are being used to estimate the volume densities, the same for both
the control and experimental time points. In this way the unwanted effect
of the reference variable N, as shown in Equation 7 can be neutralized.
Equation 15 and its surface and length density counterparts are particularly
helpful because they can provide average cell data for cellular populations
containing binucleated cells (11) and for cells with pleomorphic nuclei (9).

The development thus far has taken us to where we can now describe
what is happening morphologically to an organelle compartment in an
average cell. The advantage of the average cell versus either a gram or cubic
centimeter of tissue as the reference variable is seen experimentally as a
substantial increase in the accuracy of stereological data (12) (Figure 1).
Biochemical data, originally referenced to a gram of tissue or a milligram
of protein, can be fitted very comfortably into this “average cell framework”
and can benefit from a similar increase in accuracy (Figure 1). Notice,
however, that the largest gains in experimental accuracy were achieved only
after the stereological and biochemical data could be interpreted as a single,
interrelated unit of information.

INFORMATION NETWORKS

To this point the definition for changes occurring in the volume of an
organelle compartment has been restricted to the behavior of only three
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Figure 1 Illustrated are the effects of reference systems and the integration of stereological
and biochemical data on experimental accuracy. These results were taken from references
(9-12) and Footnotes 1 and 2.

independent variables (Equation 7). In fact, these variables represent merely
a small segment of a much larger network of variables. A portion of such
a network was constructed to evaluate the effects of phenobarbital on
membranes of the endoplasmic reticulum (ER) found within hepatocytes
(Figure 2). Here the variables (enclosed by circles) are related to one an-
other by equations (indicated by interconnecting lines). Note that the net-
work has multiple entry and exit points and that biochemical constituents
can be related quantitatively to morphological components at several loca-
tions. Although several variables were needed, even in such a simple net-
work, most of them serve the primary purpose of transferring information
from one part of the network to another. In formulating questions, for
example, related to changes in the molecular structure of the membranes,
only two variables were required. The first variable defined the amount of
a biochemical constituent (BC) contained either within a unit of membrane
volume (V) or distributed across a unit of surface area (). Such rela-
tionships of structure to function are termed biochemical densities (BD)
and are described by the following equations:

HBC, Vi = BC/V, y= BD, ., 16.
and

f(BCu Sref) = Bc/sref = BDl,snr 17
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Note that ¢ (iota) is used as the general case for biochemical constituents.
The second variable defined the amount of the biochemical constituent
contained within an average cell:

f(BD,,, V)= BD,,. V. 18.
and
f(BD,, Si)=BD,_ S 19.

CELLULAR HETEROGENEITIES

The approach just described for studying changes in cells and their or-
ganelles may seem overly complicated, but in fact it represents an attempt
to match the complexity of the questions being directed at the liver (15).
A major pattern in most experimental situations is that cells within the
“same population” exhibit remarkable differences in both their structure
and function. In the case of hepatocytes, for example, these differences are
thought to reflect at least to some extent microenvironmental gradients of
nutrients and oxygen (16); hepatocytes at the periphery of the liver lobule
receive the blood first, whereas centrolobular hepatocytes receive it last. The
literature contains many studies describing zones of hepatocytic differences
in both morphology (17-19) and biochemistry (20-24) as well as in the
responses of these cells to drugs and toxins (25-31).

But what are the effects of the experimental methods on the detection of
these zonal differences? When livers are homogenized in preparation for
biochemical assays or when the intact hepatocytes are characterized stereo-
logically, a large proportion of these differences are “lost.” The reason for
this is that both techniques effectively “homogenize” the information and
provide only averaged values. If one considers the inherent differences
among hepatocytes as well as the ability of these cells to respond differently
to various experimental treatments, it is not surprising that both morpho-
logical and biochemical data are often subject to many difficulties of inter-
pretation. A further pattern of complexity is appearing. Fundamental to the
interpretation of many enzymatic changes in the liver has been the wide-
spread use of marker enzymes. The assumption, as described by DeDuve
(32), has been that the marker enzymes bound to the membranes are
uniformly distributed at single morphological (organelle) locations. A sub-
stantial literature has now accumulated indicating that marker enzymes can
be heterogeneously distributed at single (25, 33—40) and at multiple mor-
phological locations (41-47). While the experimental problems associated
with just uncovering the presence of such heterogeneities have been consid-
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Figure 2 The information network used to study drug induced changes in the membranes
of the ER consisted of variables (enclosed by circles) connected by equations (shown as

intervening lines). Note that the volume of an average hepatocyte can be estimated by way of
two different pathways. See text for details. From R. P. Bolender et al.?

erable, we are now confronted with the more difficult task of finding spatial
explanations for them.

A rapidly developing area of research is the study of intracellular distri-
butions of membrane bound marker enzymes. The locations of specific
enzymes can be visualized electron microscopically by preparing ferritin
labeled antibodies to specific membrane proteins (37, 38, 41, 45, 46). Al-
though the sensitivity of these methods for locating the positions of marker
enzymes on membranes is often excellent, this remarkable information has
not yet been used to construct areal distribution maps for enzymes in
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membranes. Instead of characterizing membrane constituents by estimating
particle (i.e. ferritin) densities, nearest neighbor distances, or distribution
patterns (48, 49), attention to have been focused on determining whether
or not a membrane “appears” to be homogeneous or heterogeneous. Cyto-
chemical approaches provide similar qualitative information, and recent
studies have also been quite successful in locating a single marker enzyme
at several different morphological locations (42-44, 47, 50). But, once again,
the information was not used topographically. Sophisticated methods of
centrifugation have also revealed the presence of widespread heterogeneities
for membrane bound enzymes (32, 35, 51).

Interhepatocytic heterogeneities are likewise being studied using cell sep-
aration systems, and many differences among hepatocytes have been identi-
fied (24, 27, 30, 39). Stereologists, however, have approached the problem
of interhepatocytic heterogeneities by collecting data directly from the lobu-
lar zones: i.e. periportal, midzonal, and centrolobular (17, 19, 31). The
major problem here seems to be knowing (a) where these zones actually are
in the lobule under both control and experimental condition and (4) how
to weigh the data of each zone in order that they are representative of the
entire liver lobule.

Fortunately, sorting differences within and between hepatocytes is a
natural extension of the information network (Figure 2), and we now con-
sider the problem of detecting changes in organelle proteins and marker
enzyme activities. At the same time, we can “interpret” the same sets of
experimental data vis-2-vis different reference variables in order to illustrate
how information can be lost or retained. Finally, the efficiency of the
integrated approach needs to be demonstrated.

PROTEIN INDUCTION WITH PHENOBARBITAL

Perhaps the most widely known effect of phenobarbital (PB) is the induc-
tion of an increased capacity of hepatocytes for metabolizing the drug. The
response involves both an increase in the surface area of the ER (11, 52-54)
and in the amount of drug metabolizing enzymes (22, 29, 35, 39, 55-60).
The protein content of a gram of liver, however, actually decreases slightly
during the phenobarbital induction.! If we rewrite Equation 7 for protein
(Pr) using either a gram as a reference variable (1 cm3 of liver weighs 1.067

g):
f(Pr.) = Pr/N.- V.- 1.067 g(cm®", 20.

'Bolender, R. P. 1981. Systems analysis applied to hepatocytes. II. The effect of phenobarbi-
tal on the protein content of organelles and cells. Submitted.
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or a volume reference variable:
fPr.)=Pr/N,- V., 21.

the reason for the decrease can be readily identified. The experimental result
is explained by the fact that the cells synthesizing the new membranes
simply enlarge, thereby enabling fewer and fewer of them to fit into a gram
(or cubic centimeter) of liver (14 and Footnote 2). The decrease in protein
is therefore nothing more than an interpretative distortion produced by the
N, reference variable. If, instead, the changes in protein are interpreted with
respect to the volume of an average cell, one readily finds the expected
increases.

Our purpose at this point is twofold: (a) to characterize the protein
concentration in the ER membrane in terms of a protein density (PrD) and
(b) to determine the amount of this protein in an average cell, according
to Equations 16 and 18. The usual approach in estimating the protein
content of a membrane involves sophisticated purification methods which
depend largely on the behavior of membrane vesicles in centrifugal fields
[for a discussion see reference (61)]. If, instead, we use the stereological data
collected from the intact tissue and the protein assays from the liver homo-
genates (for both control and phenobarbital treated animals) similar esti-
mates for the protein content of the ER can be obtained. The procedure,
described in detail elsewhere? consists merely of solving several sets of
simultaneous equations. The general equation is given as:

APrDy, Vo, PrDy, Vi) = Voo PrD 1) = V(PrD ) + Vi(PrDg), 22.

where a indexes one protein density and 8 the other, which are associated
with the corresponding morphological compartments a and b. If we substi-
tute RER for a, SER for b and ER for a + b, the equation can be read
as follows: The volume of the ER (e.g. in cubic micrometers) times the
protein density of the ER membrane (e.g. milligrams of protein per cubic
micrometer) equals the sum of the products of its two subcompartments. In
other words, the protein of the ER is equal to the sum of the RER and SER
protein. Since the equations involve only two unknowns (PrD,g) their
solution can be illustrated graphically as the point(s) at which the equations
intersect (Figure 3). Note that in this case all six equations share a single
solution, which suggests that the original protein content of the RER and
SER—in an average hepatocyte—is maintained at a remarkably constant

Bolender, R. P, Barlow, S., White, M. 1981. Systems analysis applied to the liver. I. The
effects of phenobarbital on the distributions of ER marker enzymes in hepatocytes. Submitted.
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level throughout the PB treatment period. Moreover, these estimates, based
on Equation 22, are most encouraging in that they compare favorably to
those obtained using the purification approaches.! There is a second, and
perhaps far more interesting piece of information contained in Figure 3.
Given what we have come to accept as inevitable “biological variation,” it
is most surprising to uncover a biological result so exact. Note that the
solution involves data collected from ten animals and that it appears at the
end of several thousand calculations. Apart from reporting this result as an
indication that the hepatocyte enjoys a remarkable mechanism for control-
ling the amount of protein in its ER membranes, what can Figure 3 tell us
about the mechanism itself?

In 1947, Dantzig (62) introduced the simplex method for linear program-
ming, which made it possible to deal with large numbers of variables simul-
taneously. In recent years, it has become one of the most frequently and
successfully applied mathematical methods in business and industry for
allocating resources in a manner such that profits are maximized. The
method is of interest to us here because it relies on a calculative scheme
similar to the one that we have just used to estimate protein densities for
the RER and SER. Consequently, all we need to do at this point is to restate
our question as a linear programming problem. We know that an average

iSER]
n
(@]
-

PROTEIN DENSITY x107°

PROTEIN DENSITY xI0° (RER)

Figure 3 The six linear equations represent data collected from control and PB treated
animals; see Equation 22 in text. The simultaneous solution of these equations locates the
protein densities for the SER and RER (arrows). Details of the experiment are given in Figure
4. From R. P. Bolender.!
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hepatocyte exposed to PB responds by modifying several of its organelles,
which obviously involves shifts in the amount and distribution of its protein
resources. More specifically, remodeling of the ER membranes involves
increasing the hepatocytic content of drug metabolizing enzymes for which
the cell must allocate a certain proportion of its protein synthesizing capac-
ity. We can therefore ask: How much protein is allocated to the RER and
SER in order that the average hepatocyte can maximize its response to the
PB treatment? The six equations in Figure 3 all have an optimal solution
at a single intersection point, which indicates a consistent maximization of
the protein allocation. The mechanism for controlling the amount of protein
in the RER and SER membranes would therefore seem to be based on a
linear programming algorithm. It is, however, very difficult to imagine such
a calculation being performed in the absence of a “‘computer facility,” and
it may be more than idle speculation to suggest that hepatocytes enjoy
extensive information processing capabilities.

Several additional sets of protein and enzymatic data have now been
analyzed using linear programming? (Bolender, unpublished observations)
and patterns of maximization have emerged almost without exception. One
practical application of this approach is that it opens the door to an effective
management of problems related to cellular heterogeneities.

COHERENCY OF DATA INTERPRETATIONS

This might be a good point in the review to pause for a moment and consider
briefly a more general problem related to the interpretation of data. How,
for example, can different laboratories do essentially the same experiment
and yet arrive at quite different results? The experiment we have been
discussing, namely that of phenobarbital induction, has been repeated sev-
eral times (54, 57, 63), and it might be interesting to look for a partial
answer to the question above by considering what it means to use a milli-
gram of microsomal protein as a reference variable for detecting changes
in marker enzyme activities. (A microsomal fraction is obtained by differen-
tial centrifugation of a liver homogenate, and it contains membrane vesicles
derived primarily from the ER.) Figure 4 illustrates the net effects of the
reference variable for each of the four studies, and the differences, presum-
ably due to the way in which the microsomes were collected, are very
substantial indeed. Comparing relative changes in specific activity (an en-
zyme activity related to a milligram of protein) given the almost 300%
range of the controls therefore seemed less informative than comparing the
slopes of the specific activities directly (see, for example, Figure 5). Al-
though all four curves indicate increases in the activity of NADPH cyto-
chrome ¢ reductase (one of the enzymes involved in drug metabolism), their
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Figure 4 Animals were treated with phenobarbital (PB) for 5 days (100 mg/kg/day; the
arrows represent the i.p. injection and the rectangle the treatment period. The figure illustrates
the results of several laboratories, including one from ours (darker curve). From R. P. Bo-
lender.!

slopes are notably different. A similar pattern is seen for glucose-6-phospha-
tase (also an ER marker enzyme), except that in this case the slopes are
negative (Figure 6). Although the original intent was to run all of the data
from Figures S and 6 through the equations of the network (Figure 2), in
order to demonstrate the effectiveness of an average hepatocyte for produc-
ing similar results, the plan could not be implemented because the three
earlier studies lacked the key data needed to enter the network.! We can,
however, still accommodate our original question of data coherency, al-
though provisionally, by asking yet another question: To what extent are
microsomal fractions representative of events that are occurring within an
average hepatocyte?



Annu. Rev. Pharmacol. Toxicol. 1981.21:549-573. Downloaded from www.annual reviews.org
by Central College on 12/12/11. For personal use only.

STEREOLOGY 561

SPECIFIC ACTIVITIES T

|0{ STAUBLI et al. '69 - 2 ]
ORRENIS &t al 65— % a :
| OKLRIYAMA et ol 'BO— N e
s, \ N, - |
S .
|

NADPH CYTOCHROME ¢ REDUCTASE / mg MICROSOMAL PROTEIN

5 DAYS of PHENOBARBITAL TREATMENT

Figure5 Specific activities for NADPH cytochrome ¢ reductase—based on the protein data
of Figure 4—were fitted to regression curves; coefficients of detertnination (72) are given. See
Figure 4 for details. From R. P. Bolender et al.2

Estimates for the relative amounts of RER and SER in a microsomal
fraction—or for that matter in any fraction—have been frustrated by the
fact that the SER is but one of several “smooth surfaced” membrane
compartments, and that a single microsomal vesicle may contain membrane
segments from both RER and SER (40). As we shall see in the next section,
Equation 26 can be used to estimate the enzyme densities (ED) for both the
RER and SER. However, if one already knows these EDs for two different
marker enzymes, then the surface areas of the RER (a) and SER (b) in any
fraction can be found by simply solving pairs of linear equations simulta-
neously. A pair of such equations is illustrated below:

Seto(EDgip) = S{(EDS) + Sy(EDg) 23.

Sato(EDy+5) = Si(ED,) + Sy(EDy), 24.
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Figure 6 Specific activities for glucose-6-phosphatase are illustrated. See Figures 4 and 5.
From R. P. Bolender et al.?

where in our case ED,p represents NADPH cytochrome ¢ reductase
activity/ um? and ED,, s represents glucose-6-phosphatase activity/ um?
Satb (EDyyp) and S,y (ED,45) represent the units of enzyme activity
found within an average hepatocyte. The solutions to several pairs of these
equations (observed values) are given as ratios of surface areas in Figure 7;
they are compared to similar ratios predicted by the estimates derived from
the intact cells. Note that as the drug induction continued, a progressively
larger proportion of the newly synthesized SER membranes were recovered
in the microsomal fractions. The conclusion taken from this figure is that
the SER/RER membrane ratios of the microsomes, in fact, do not reflect
their counterparts in the intact cells. It seems likely, therefore, that the
specific activity estimates seen in Figures 5 and 6 are being influenced by
(a) the protein content of the fraction and (b) the way in which the RER
and SER membranes have been partitioned. The specific activities of these
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microsomal enzymes might be described more accurately by the following
equation:

n
RPrD, ED, S) =3 (ED," S/ PrD, " S);. 25.
J=1

ENZYME INDUCTION WITH PHENOBARBITAL

The solution to Equation 25 becomes more complicated when the rough
and smooth subcompartments of the ER have different enzyme densities
and when these densities are changed in response to the PB treatment. If
we eliminate the protein density variable, which is no longer needed, then
the enzyme densities for the two subcompartments (a and b) can be esti-
mated by solving simultaneously sets of linear equations;

S(Sa, EDo, Soy EDg) = Syl EDu4p) = S{ED,) + Su(EDp), 26.
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Figure 7 The microsomal ratios (SER/RER), estimated with Equations 23 and 24, indicate
that the microsomal fraction becomes less and less representative of the average hepatocyte
as the treatment continues. These curves identify a major source of experimental error that
can be attributed to the method of differential centrifugation. From R. P. Bolender.!
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where, in our case, a is the RER, b the ER, and S,4(ED ,4) is the activity
of an ER marker enzyme measured in the homogenate and related to the
volume of an average hepatocyte. In the upper left panel of Figure 8 one
can see that the PB treatment caused an initial decrease in the NADPH
cytochrome ¢ reductase density of the ER, which was followed by a recov-
ery toward the control value. Resolved into the separate effects of the RER
and SER subcompartments with Equation 26 (upper right panel) the indi-
vidual enzyme densities (ED, and EDg) displayed pronounced changes
during the first day of treatment. The ED of the SER gained 4.8 X 10-13
units of enzyme activity (UEA/um?) and the RER lost 6.6 X 10-13 UEA/
pm2. When the EDs are multiplied by the surface areas of their respective
membranes, in an average hepatocyte, the enzyme capacity for an average
cell (EC,.) is obtained:

EC..= S,." ED, 27.

As shown in the lower right panel of the figure, the enzyme capacity of the
average hepatocyte, associated with the SER membranes, increased 900%
by the end of the treatment period; the RER associated activity decreased
to about 50% of its control value. When the SER and RER capacities are
added together, one obtains the ER (observed) curve; several solutions of
Equation 27, where i = ER, provided the predicted curve. A comparison
between the observed and predicted curves served as an independent check
for the solutions to the simultaneous equations.

In effect, the enzyme densities of Figure 8 have been used to define
quantitatively both biochemical “homogeneities” and heterogeneities.
Given the framework of an average cell, both the RER and SER are
“homogeneous” at each time point, but they are heterogeneous in the sense
that their EDs change. The ER, however, can be considered heterogeneous
throughout because it is a composite of variable proportions of RER and
SER, both of which display different EDs. Since Figure 8 indicates that the
ED of the SER can be as much as 14 times greater than that of the RER,
the importance of the SER/RER ratios in the microsomal fraction (Figure
7) with respect to interpreting enzymatic data becomes evident.

The major effect of PB on hepatocytes is generally thought to be related
to changes in the electron transport enzymes of the ER. It therefore came
as a surprise to discover that glucose-6-phosphatase, an enzyme presumed
to be noninducible, displayed changes in activity even greater than those
just described for the NADPH cytochrome ¢ reductase. The microsomal
specific activities (Figure 6) and the ED (upper left, Figure 9) both showed
similar downward trends. However, EDs calculated for the RER and SER
revealed a marked increase in RER associated activity, whereas the SER
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Figure 8 Estimates for the enzyme densities of the RER and SER were based on Equation
26, whereas the enzymatic capacities of an average hepatocyte were estimated with Equation
27. Notice the close agreement between the predicted and observed curves. See text for details.
From R. P. Bolender et al.2

activity declined. Relative to the volume of an average hepatocyte, the RER
associated activity increased by 1600%:; this exceeds the NADPH cyto-
chrome c reductase SER induction by 400%. Such a result would seem to
indicate that PB can also stimulate the synthesis of enzymes involved in
carbohydrate metabolism. Indeed, PB seems to have a far more widespread
effect on hepatocytes than previously imagined. With the single exception
of the surface area of hepatocytic nuclei, everything measured stereologi-
cally (ER, mitochondria, Golgi apparatus, peroxisomes, dense bodies) and
biochemically (protein, glucose-6-phosphatase, NADPH cytochrome c re-
ductase, NADH cytochrome ¢ reductase, oxidative demethylase, and P-
450)2 (R. P. Bolender, unpublished observations) were found to be affected
by the drug. If, in fact, such an extensive remodeling is a typical cellular
response to a xenobiotic substance, then the use of an information network
similar to the one described in Figure 2 may offer an attractive means for
evaluating the effects of drugs and toxins.
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SORTING CELLS MATHEMATICALLY

Thus far, we have focused our attention on events occurring within an
average hepatocyte. This “imaginary cell” is the single representative of the
more than one billion hepatocytes found within a rat liver. Given the
substantial evidence that hepatocytes are heterogeneous with respect to
their structure and function, one can begin to appreciate the dimensions and
complexity of an experimental design. In practical terms, however, it means
that many more variables need to be considered. Equation 7, for example,
in a more experimentally rigorous form, would be:

n
[, Vc)=2(Vi/ch, 28.
Jj=1

where j = 1 X 10° hepatocytes. Although such a solution is clearly impracti-
cal—it would require collecting measurements from every cell—more ac-
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Figure 9 The figure shows changes in glucose-6-phosphatase with respect to the ER mem-
branes and the average hepatocyte. See Figure 8. From R. P. Bolender et al.?
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ceptable solutions lie somewhere between the limits defined by Equations
7 and 28. The nature of the question being asked determines the value of
J, and the method for extracting more detailed information from the aver-
age hepatocyte, where j is equal to 1, once again depends on solving sets
of linear equations simultaneously. At this point, however, we find ourselves
in a fortunate position because hepatocytes display distinct structural and
functional differences. These are exactly the variables needed to sort the
hepatocytes into several “homogeneous subpopulations” of average hepato-
cytes. Accordingly, the j of Equation 28 can be reduced to 100, 10, or 1
depending on the experimental goals.

The first step of this sorting procedure is to estimate the number () of
cells in each subpopulation (N, N, . .. Ny). The uniqueness of a subpopula-
tion is defined as the ratio of two structural parameters (a/&). The solutions
to sets of simultaneous equations provide the frequencies of the subpopula-
tions:

S(a/b), Ny, (a/b)y, Noy (a/b), Nol =
(a@/b),- Ny + (@/b)y- Ny+ ...+ (a/b)y Ny =

n
3 (a/b);* N, 29.
j=1

and similarly, the average cell volumes for each subpopulation Vs 72,
VD) can be estimated with the following equation:

lel’ 7l’ Nz, ;2, Nn, i;n) =_
N Vi+N,-Vp+. ..+ Ny V=
n»

j=1

Equations 29 and 30 have already been tested experimentally using suspen-
sions of lymphocytes, an experimental model that permits an independent
estimate for the cell frequencies, and the results were most satisfactory (11,
64).

If we now rewrite Equation 7 for surface areas (S;) using first a unit of
volume as a reference variable:

ASy, Vo N)=8/V, N.= Sy, 31.

and then the average cell volume as the reference variable (see Equations
8-10), we obtain:
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fSid =Sy, Ve .

which defines the amount of surface area of a given compartment / in an
average cell.

By expanding Equation 31 to include several subpopulations of average
hepatocytes and then solving sets of simultaneous equations, one can esti-
mate the total surface areas—S, S5, S,—in several “homogeneous” sub-
populations of cells (recall that the subscript ¢ (cell) was replaced by a
numerical index to identify each subpopulation):

_ f(slr ;lr NI’__SZs ;21 NZ: Sm ;m N_n) =
SV N)1+ S,V Nyt + ...+ 85,(V,- N)yl=
n —
2 S](I/J' M)-l- 33.
i=1

By expanding a condensed version of Equation 26, one can then estimate
both structural and functional changes in the cellular subpopulations:

f(S1, BD,, Sy, BD,, Sy, BD,) =
S]BD1+SzBD2++S,,BD,,=

n
ESJ'BDJ. 34'
Jj=1

Equation 34 is a complex expression coming at the end of a long develop-
ment that began with the two variables (x;, x,) of Equation 1. In arriving
at this terminus, it appears that a simple relationship has been transformed
into a very complex one by adding more and more variables. In fact,
however, the development occurred in quite the opposite direction. A sim-
ple form of Equation 34 was first found experimentally (see Figures 3, 8,
and 9), and only afterward was it used to derive Equation 1. The point to
be made here is that “simple” relationships, such as Equation 1, are simple
only because all of the information has been condensed into a few variables.
Sucli information is practically useless because all of the interesting details
are effectively lost during the process of condensation, i.e. going from
Equation 34 to Equation 1.

Under experimental conditions, the 3, portions of Equations 28, 29, 30,
33, and 34 are reduced to a single measurement and the unknown variables
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are obtained by solving simultaneous equations. These solutions can be
obtained graphically (when only two or three unknowns are present), or
they can be calculated directly using the methods of linear algebra or linear
programming (65, 66).

CONCLUSION

In the introduction, we began by asking: ‘“What are we measuring when we
measure a change?”’ The question was formulated to focus attention on
several problems of interpretation that arise each time we collect informa-
tion from a biological system. Equations and practical examples were used
toillustrate the complexity of a biological change, and an attempt was made
to reduce this complexity by characterizing change as a function of several
interrelated variables. Essentially, the liver and its multifaceted response to

" a drug treatment were analyzed using a systems approach, which is known

to be an effective means for attacking difficult large-scale problems (1).

The major points of the review can be summarized with Figure 10.
Illustrated is an information module consisting of several steps (variables)
connected to one another by two conduits (equations), each of which is
capable of transferring information within or between levels. It outlines the
response of the liver to a drug. The first major point was to demonstrate
experimentally that our ability to measure a change is largely related to our
position within the module. If we stand on the step marked “liver,” then
“good” questions can be asked about the liver or its immediate subcompart-
ments, namely, cells and intercellular spaces. But what happens, for exam-
ple, if we skip the “hepatocytic” step and address a question directly to the
organelles? Such an experimental design leads to a substantial drop in
accuracy because reaching beyond an adjacent step leads to a forfeiture of
the intervening information (this effect is illustrated in Figures 4 and 5; see
Footnote 2). By proceeding in a stepwise manner, however, one retains the
information needed to direct questions of increasing specificity at each
subsequent step. This point was illustrated by the interpretations of the data
in Figures 8 and 9, which used the hepatocytic step to identify average
hepatocytic sources of biochemical heterogeneities. Likewise, this step
proved to be an effective position from which to estimate the protein content
of hepatocytic organelles.2

Notice that descending and ascending conduits are included in the
module. Usually we think of events as occurring in a cause and effect
sequence: The drug is recognized by the receptor, information is transferred
to the genome, a response is mobilized, and the net effect is drug metabo-
lism. As this response moves downward through the module, it gathers
complexity as more and more variables are brought into play. By beginning
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Figure 10  Illustrated is an information module consisting of several steps connected by two
conduits. The “liver” is identified as the step containing the greatest amount of information
with the “drug receptor” at the other end of the scale. Note that each step contains many
substeps, for example, as many as 1 X 10° for the “hepatocytes.” Connections between the first
three steps have already been found and are defined by the equations given in the text.

the analysis at the most complex end of the module and working upward,
however, the sequence is reversed and “‘effects” can then be used to identify
“causes.” The advantage of this approach becomes readily apparent when
one discovers that taking the next step is much easier than taking the former
one. The converse, of course, holds true for the descending conduit.

The second major aim of the review was to consider the problem of lost
information. When a liver is homogenized, the ensuing biochemical data are
restricted to the first step of the module because most of the organizational
information has been lost. Stereological data experience a similar loss when
interpreted at this step, but in contrast to chemical data, some of the
information can be recovered by moving to a higher step (see for example,
Figures 8 and 9). The strategy developed for moving the biochemical data
beyond the first step consisted merely of linking them to the morphological
data, which already had the required mobility.
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Of all the points raised, however, none seems to have the impact gener-
ated by Figure 3. Surely, one of the major factors behind a cell’s success is
its ability to manage very complex information effectively. If we can dis-
cover where and how information is processed, then we might be in a better
position to understand the mechanisms behind the responses of cells to
drugs and toxins. Stereology can contribute to this process of discovery
because it has. access to an extremely rich network of experimental vari-
ables.
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