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We demonstrate direct visualization of benzodiazepine binding
parameters collected in a *H-flunitrazepam saturation study. In
this way the relationship between anatomy and specific binding,
K, and B, ., can be appreciated. These experiments have result-
ed in image representations of specific flunitrazepam binding,
K, and B, The images retain the anatomic localization inher-
ent in the original autoradiogram and hence make these param-
eters amenable to visual survey, Binding constants were consis-
tent with data presented elsewhere in the literature. The image
of B, showed regional heterogeneity. K, on the other hand,
was relatively homogeneous. These results demonstrate a means
by which autoradiographic binding experiments can be extend-
ed to saturation studies without significant loss of data.

Techniques used to measure and analyze receptor densities have
become increasingly sophisticated. Early experiments demon-
strated that the binding of radioactive ligands to membrane
preparations could be used to study biological receptors (Cua-
trecasas, 1974). Benzodiazepine receptors were among the first
receptors characterized in this way (Bosmannetal., 1977; Mohler
and Okada, 1977; Squires and Braestrup, 1977). More recently,
ligand binding techniques have been applied to whole-tissue
sections. This advance has allowed for light-microscopic ex-
amination of benzodiazepine receptor densities in discrete re-
gions (Unnerstall et al., 1981; Young and Kuhar, 1979, 1980).
By coexposing radioactive standards and using spot densito-
metric techniques, guantitative benzodiazepine receptor den-
sities and affinities have been calculated (Palacios et al., 1981;
Unnerstall et al., 1982).

Digital imaging technologies are just beginning to be applied
to the analysis of quantitative autoradiographic receptor binding
data. One of the first applications has been color coding of
monochrome autoradiograms to enhance subtle variations
(Goochee et al., 1980). In addition, the ease with which math-
ematical transformations of digital images can be performed has
greatly facilitated the quantification of autoradiographic images.
One difficulty that still remains is that meaningful binding re-
sults such as specific binding and the kinetic parameters B,,,,
and K still require discrete measurements of several sections.
In making these calculations the ability to illustrate the rela-
tionship between receptor binding and histology is lost.

Received Jan. 7, 1986; accepted Feb. 24, 1986.

This work was supported by funds from The Whitaker Foundation and research
grants from the NIH, National Institutes of Neurological and Communicative
Disorders and Stroke (NS14834), National Institute of Aging (AG05681), and
Division of Research Resources (RRG1380). We wish to thank Ms. Tamara
Arnicar and Mr. George Kossl for their invaluable assistance.

Correspondence should be addressed to Arthur W. Toga, The Laboratory of
Neuro Imaging, Department of Neurology and Neurological Surgery, Washington
University School of Medicine, 660 South Euclid Avenue, St. Louis, MO 63110.

Copyright © 1986 Society for Neuroscience 0270-6474/86/092747-10$02.00/0

In this paper we present a series of procedures that provide
a direct visualization of basic benzodiazepine binding param-
eters obtained in a >H-flunitrazepam saturation study. Our
intent was to preserve the anatomic (spatial) relationships of
specific binding and B,.,, and K results obtained from an Eadie-
Hofstee analysis of the saturation data.

We divided the problems into 4 steps: (1) aligning the auto-
radiograms, (2) averaging representative sections and generating
specific binding images, (3) performing a linear regression on
image data from increasing concentrations, and (4) transforming
the images and displaying the y-intercept (B,,.,) and slope (K,).

Preliminary results from this work were presented at the 1985
annual meeting of the Society for Neuroscience (Toga et al.,
1985).

Materials and Methods

Tissue preparation for image alignment

The arithmetic operations performed on the image data to obtain spe-
cific binding, K, and B,,,,, must be performed on aligned sections. We
developed a method of aligning the images using fiducial marks. In
preparing the rat brain for sectioning, 2 brain paste-filled fiducial col-
umns of PE 205 tubing were freeze-mounted along with the brain onto
an object holder. The blocking apparatus shown in Figure 14 was used
to fix the orientation of the brain and set the fiducial columns straight
and orthogonal to the object holder. The brain and 2 pieces of tubing
were embedded in a gelatin matrix (4.5 g/ml; 300 bloom) and frozen
in liquid freon-12. This particular gelatin formulation aliowed the least
migration of fiducial marks as the sections were cut. As shown in Figure
1, B, C, each section contained the brain tissue and 2 slices of the fiducial
column (brain paste). Following the binding procedures, both the brain
section and the fiducial marks became radioactive and thus autoradio-
graphically detectable. The PE tubing kept the spots circular so the
fiducial marks were well circumscribed. Since the spots were positioned
outside the brain tissue, they did not interfere with the image. Alignment
is achieved by digitally moving (translating and rotating) one image
relative to another until the fiducial marks are aligned. The programs
that performed these operations are described below.

Binding

A modified version of the autoradiographic methods described by Young
and Kuhar (1979) was used. Briefly, 10 um coronal sections of rat brain
plus fiducials were cut on a cryostat and thaw-mounted onto subbed
coverslips. The samples were dried in an ice-cold desiccator under vac-
uum pressure for 2--3 hr. Sections were stored overnight at —60°C prior
to binding.

Coverslips with mounted tissue sections were incubated with tritiated
flunitrazepam (FLU, 84.3 Ci/mmol; New England Nuclear Corp.) in
170 mwm Tris-HCI (pH 7.4) for 90 min on ice. Triplicate sections were
incubated at 1 of 5 ligand concentrations ranging from 0.40 t0 9.83 nm.
Nonspecific binding (NSp) at the 2 highest FLU concentrations was
determined in the presence of 1 um clonazepam (Hoffman La Roche).
The sections received a 2 min rinse with ice-cold buffer, followed by
rapid freezing on dry ice. Room air was used to blow off excess rinse
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Figure 1. A, Blocking apparatus used
to fix the orientation of the brain and
2 brain paste-filled fiducial columns
of PE 205 tubing orthogonal to the
object holder. B, The brain and 2
pieces of tubing were embedded in a
gelatin matrix and frozen in liquid
freon. C, Frozen sections, 10 um, were
cut and thaw-mounted onto subbed
coverslips. The sectioned fiducial col-
umn produced marks that were fixed
relative to the brain tissue and easily
detectable using digital imaging tech-

niques. C

marks

and to dry the sections. Dried sections were coexposed with tissue cal-
ibrated (*H) plastic standards to LKB Ultrofilm. This permitted accurate
conversion between optical density units and concentration of radio-
activity (Geary et al., 1985; Lysz et al., 1982).

Image Analysis

We developed a series of computer programs that automatically aligned
the sections, based on the fiducial marks, subtracted NSp from total
bonding, and performed the Eadie-Hofstee analysis. These were devel-
oped and executed on the computer system described below.

Equipment

Our image analysis system consists essentially of 3 interrelated com-
ponents—an Eikonix model 785 flatbed digitizing scanner, a Gould/
DeAnza [P8400 image processor, and a DEC VAX 11/750 computer.
A printer/plotter, tape drive, Dunn model 632 color camera system, 1
GB disk storage, terminals, and monitors are also part of the system.
Input (or locator) devices include a joystick and Summagraphics Bitpad.
The field of view range of the digitizing scanner is approximately 18
cm to 5 mm square. A line of 2048 photodiodes moves through 2048
steps over 50 sec, giving 2048 x 2048 pixels, each having one of 4096
gray scale values. These values can then be converted to optical density
units, concentrations of radioactivity, or other quantitative measures.
A more complete description of this system is described in Toga et al.
(1984). An illustration of the architecture is presented in Figure 3.

Alignment and averaging

The algorithms were developed using FORTRAN and PASCAL program-
ming languages. The first step was to align triplicate sections so that
they could be averaged prior to computing specific binding. The align-
ment algorithm is best described in flow chart form and is shown in
Figure 2. Simply stated, the fiducial marks of the first image are des-
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ignated the reference, and subsequent images are moved up or down,
left or right until their left fiducial mark overlaps the left fiducial mark
from the reference image. Then the image is rotated about the left
fiducial mark until the right one is also aligned. Since the fiducial marks
were cut from columns fixed relative to the tissue itself, when the fiducial
marks are aligned, so is the tissue.

The triplicate sections were then averaged to give a “representative,”
rather than mean, image. The algorithm examines the density value for
each of the image’s picture elements (pixel). If 1 of the pixels deviated
by more than 10% from the other 2, presumably due to a dust particle
or scratch on the autoradiogram, it was discarded.

Specific binding

NSp binding was subtracted from the total binding representative im-
ages to obtain specific binding images. NSp binding at the 4 lowest FLU
concentrations was approximated by multiplying the NSp image ob-
tained at the highest FLU concentration by the ratios of the free con-
centrations (lower/max). This approximation was based on the prior
observation that there was a linear relationship between the free FLU
and NSp binding.

The total images were aligned to their corresponding NSp image, and
each pixel from the NSp image was subtracted from the total image. If
the result was a negative number, that pixel was assigned a value equiv-
alent to background density. During these arithmetic operations, the
image data were in the form of radioactivity. A fitted polynomial curve
relating optical densities to known radioactive concentrations of tissue
calibrated tritium standards was used to quantify the image data. The
final data transformation converted the tissue concentrations from nCi/
mg to fmol FLU/mg by dividing the radioactivity values by the ligand
specific activity.

Since all of the total images were aligned to a single NSp image (or
a mathematical derivative of the NSp image), all of the total images
were aligned with one another. Thus, the resultant specific binding im-
ages were in alignment.
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Eadie-Hofstee analysis

In order to carry out an Eadie-Hofstee analysis, a second series of digital
images representing the bound/free variable was generated. Each specific
image was divided by its corresponding free FLU concentration. Then
for each picture element (pixel), a linear regression relating the bound/
free and the bound values of the 5 FLU concentrations was performed.
The slope of the regression yielded K; and the y-intercept yielded B,....
Only after a total of 266,144 regressions (the total number of pixels in
an image) had been performed could the images of B, and K, be
presented.

The numeric values resulting from the arithmetic operations de-
scribed above were fractional and of a scale that was not appropriate
for visual presentation on a video color monitor. The range of data for
K, images was 2-3 orders of magnitude smaller than B, or specific
binding images. Therefore, for each kind of image, the values were
transformed to optical density, then radioactive concentration. Finally
they were scaled and pseudo-colored to better illustrate the variations
in binding statistics.

Results and Discussion

Alignment

A prerequisite to any arithmetic operation on multiple images
is that all the images must be aligned. The results of our fiducial
approach to image alignment are shown in Figure 4. The arti-
ficially introduced (prior to sectioning the brain) fiducial marks
were placed outside the perimeter of the brain so that they did
not interfere with subsequent image analysis. In calculating spe-
cific binding and the other binding constants (K, and B,,,), the
accuracy of the alignment is crucial because any errors intro-
duced early on will be magnified by the repetitive nature of the
image calculations. Although errors in the alignment are min-
imal using this approach, they can occur. In our procedure we
attempted to reduce this error by averaging 3 sections to derive
a “representative” coronal section. We feel that a representative
coronal section is superior to a “mean”’ section because the mean
could be heavily influenced by scratches or other imperfections
in the film itself.

The algorithms developed to perform this operation were
designed with the assumption that the sections themselves were
coplanar, and hence only translational (movements in the x or
y direction) and rotational corrections were made. The me-
chanics of serial sectioning on a freezing microtome make this
assumption reasonable. A more detailed description of the al-
gorithms is presented elsewhere (Toga and Arnicar, 1985).

Nonspecific binding

The NSp image obtained at the highest ligand concentration
(9.83 nm) is shown in Figure 5. In previous experiments it was
found that there was a linear relationship between the free 3H-
FLU concentration and NSp binding in whole sections. With
this as an assumption, the NSp images at the 4 lower ligand
concentrations were approximated from the 9.83 nm NSp image
as described in Materials and Methods. The validity of this
approach can be seen by comparing the regional NSp binding
determined experimentally at the second highest ligand con-
centration (4.43 nm) with values that were approximated by
multiplying each pixel in the 9.83 nm NSp image by the ratio
of the concentrations (4.43/9.83). Real NSp binding for gray
matter averaged 11 fmol/mg tissue, and the extrapolated esti-
mated binding was 8 fmol/mg tissue.

Not all the binding contained in the 9.83 nm NSp binding
image is true NSp binding. The dense binding apparent within
the ventricular spaces is probably specific binding to the pe-
ripheral type benzodiazepine receptors. In tissues outside of the
CNS, benzodiazepine receptors have been found that differ in
affinity and ligand specificity from benzodiazepine receptors
characterized within the brain (Braestrup and Squires, 1977;
Mohler and Okada, 1977). Richards et al. (1981) have shown
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Figure2. Flow chart of the algorithm used to align brain sections based
upon fiducial marks. One section is moved relative to another until the
marks and tissue are aligned. Note that only translational and rotational
corrections were performed. Brain sections were assumed to be coplanar
because of the mechanics of the freezing microtome.

that there is a high density of this peripheral type receptor in
the ependymal lining of the ventricles and within the choroid
plexus. These investigators also have shown that while FLU
readily binds to this receptor, clonazepam has no affinity. Thus,
the dense binding apparent within the ventricular spaces is prob-
ably specific FLU binding to the peripheral type benzodiazepine
receptors on the choroid plexus and ependymal tissue that is
not displaceable by clonazepam. In the ventricular region the
method used to approximate NSp binding at the lower ligand
concentrations is inaccurate, since the assumption of a linear
relationship between ligand concentration and binding would
be invalid.

Specific binding

The specific binding images produced following total minus NSp
image subtractions are shown in Figure 6. These subtractions
had to be performed on data in the form of concentrations of
radioactivity because the 2 sets of autoradiograms, NSps, and
totals were created using slightly different protocols. In order
to detect the NSp binding of FLU, the tissue was exposed against
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Figure 3. The major components of the imaging equipment. Heavier lines represent those components that are an integral part of the computer.
The image processor is interfaced with the VAX using direct memory access and drives the color monitors and Dunn color camera system.

the film longer than total binding tissue. Since the relationship
between optical density and concentration of radioactivity is
nonlinear (Geary et al., 1985; Lysz et al., 1982), and arithmetic
operations must be performed on equivalent sets of data, the
images had to be converted to concentrations of radioactivity.

Comparison of the total image and the specific image (see
Figs. 5, 6) reveals minor differences. This is because of the
extremely low background NSp activity for this assay. Even at
the highest ligand concentration, NSp binding rarely exceeded
10-15% of the specific binding. Nevertheless, the utility of cal-
culating specific binding is apparent. For assays with higher
backgrounds, an image subtraction technique will facilitate the

Table 1. Hypothetical example of binding differences measured in
total binding images versus specific binding images

Hypothetical binding Z?lg:;;i%
Control Stimulated vs control
Specific 70 84 20
Nonspecific 30 30 -
Total 100 114 14

Asymmetries, for example, could be significantly different when measured as
specific binding, while total binding measurements are not significantly different.

detection of small changes in specific binding. For example, if
there was a 20% change in specific binding, and NSp binding
contributed 30% of the total radioactivity, then only 14% of the
change would be apparent in the total binding autoradiogram.

Binding constants

The saturation curve and Eadie-Hofstee plot for 1 region of
cortex analyzed by standard spot densitometry is shown in Fig-
ure 7. These plots indicate saturable binding to an apparent
single population of binding sites. Increasing evidence suggests
that there are 2 types of central benzodiazepine receptors (Skol-
nick and Paul, 1982; Young et al., 1981). The apparent single
class of sites labeled by FLU in this and other studies (Bosmann
et al., 1977; Braestrup and Squires, 1978; Mohler and Okada,
1977; Squires and Braestrup, 1977) results from FLU binding
to both sites with equal affinity.

The results of the pixel-by-pixel Eadie-Hofstee analysis of the
saturation data are presented in Figures 8 and 9. The image of
B.... (Fig. 8) is composed of the y-intercept values of the linear
regression of Bound versus Bound/Free. It is essentially a more
concentrated version of the specific image generated at the high-
est ligand concentration. In the cortex, the B,,, pixel values
average 207.4 fmol/mg tissue. This is consistent with the B,,,
of 205.5 fmol/mg tissue found by spot densitometry (Fig. 7).
Following a units conversion from mg tissue to mg protein,
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Figure 4. Contours shown were generated using edge-detection algorithms to illustrate the outlines of a coronal section and its accompanying
fiducial marks. Top, Two images are shown, one overlapping the other. These images have not yet been aligned. Bottom, Results of the alignment
procedure.
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Figure 5. Pseudo-colored images of total, NSp, and specific binding of FLU (9.83 nm) generated by digitally subtracting the NSp image from the

lotal image. Data (expressed as fmol/mg) were assigned 1 of 16 colors.

assuming that 10% of tissue weight is protein, cortical and stria-
tal B,,, become 2.07 and 1.02 pmol/mg protein, respectively.
These values are commensurate with those cited by Pan et al.
(1984).

The K, image shown in Figure 9 is a display of the Eadie-
Hofstee slopes. The average cortical pixel K, of 0.98 nm (ie.,
slope = —0.98) agrees with the K, determined by spot densi-
tometry. Across structures, K, varied very little, remaining with-
in the range of 0.83-1.08 nm. This is consistent with the findings
cited for homogenates (Le Fur et al., 1979; Placeta and Karo-
bath, 1979). These K, values are slightly lower than those re-
ported by others who used an autoradiographic binding protocol
(Pan et al., 1984; Young and Kuhar, 1979). GABA has been
shown to increase the affinity of benzodiazepine binding without
altering B,,,. (Briley and Langer, 1978; Martin and Candy, 1978;
Tallmanetal., 1978; Unnerstalletal., 1981; Wastek etal., 1978§).
Since unwashed sections were used, it is likely that a significant
amount of endogenous GABA was included in the incubation,
resulting in a lower K.

Conclusion

In studies of receptor plasticity, if a binding change is found,
the final question is always whether this change is due to an
alteration in the total number of receptors and/or a change in
their affinity. For benzodiazepine receptors, regional alterations
in B,,, have been observed following repeated seizures (Burn-

ham et al., 1983; Kraus et al., 1983; Valdes et al., 1982), after
striatal lesions (Pan et al., 1984), and in postmortem brain tissue

from a patient with Huntington’s disease (Penney and Young,
1982). Finally, as already discussed, benzodiazepine receptor
affinities have been shown to be influenced by the presence or
absence of GABA.

This paper demonstrates a technique for visualizing these 2
important binding parameters. Of the 2, the visualization of K,
is probably the more important. Visual survey of specific bind-
ing at near saturating ligand concentration can approximate
what is observed from a B,,,, image, but only this pixel-by-pixel
analysis can illustrate the relationship between K, and anatomy.
K, visualization would be very useful in studying the ability of
GABA to enhance benzodiazepine binding. First, the detection
of regional differences in the ability of GABA to enhance affinity
would be facilitated. Furthermore, areas of greatest affinity al-
teration could be visually compared to the distribution of GABA
receptors.

This successful application of digital image technology has
broad implications for the way other types of in vitro tissue
section experiments might be analyzed. Examples of parameters
that theoretically could be visualized from a pixel-by-pixel
mathematical analysis are (1) individual B,,,, values for multiple
classes of binding sites calculated by iterative analyses of non-
linear Eadie-Hofstee plots, and (2) IC,, values derived from
displacement studies and based on the linear regression of a
logit versus log comparison. This approach holds great promise
for making a whole host of quantitative parameters calculated
from autoradiographic or histochemical data amenable to visual
survey and rapid quantification.
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Figure?7. Saturation curve and Eadie-Hofstee plot generated from dis-

crete measurements made in sensorimotor cortex. The values presented
graphically for K, and B,,,, are equivalent to those given in the pseudo-
colored and scaled digital images. The graphical and digital image anal-
yses were performed on the same set of autoradiograms.

Specific binding images derived from incubation in the lower 4 FLU concentrations, 4.43, 1.98, 0.89, and 0.40 nm, respectively.

Figure 8. Digital image illustrating the regional differences in B,,,,, The
data have been pseudo-colored and are expressed as fmol/mg. The
calculation of this image required aligning the images from a saturation
study, calculating specific binding, and performing a linear regression
on the images obtained from the 5 ligand concentrations.

Figure 9. Digital image illustrating the regional differences in K. Data
expressed as nanomolar concentrations.
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