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SUMMARY

RorH, Lroyp J., DiaB, IHsaN M., WATANABE, MITSUTOSHI, AND DINERSTEIN, ROBERT
J.: A correlative radioautographie, fluorescent, and histochemical technique for cyto-
pharmacology. Mol. Pharmacol. 10, 986-998 (1974).

Using mouse intestine, a model system has been developed in which two target cell loci,
biogenic amine-containing enterochromaffin cells and regenerating crypt cells, are used for
correlation of drug localization with fluorescence and microscopic structure. The combined
procedure described for the cellular localization of drug and fluorophore is based on the use
of frozen freeze-dried sections, dry-mounted on dried photographic emulsion, and has gen-
eral applicability. Tissues need not be subjected to contact with any solvents until after
radioautography, cellular fluorescence, and microspectrophotofluorometry have been com-
pleted. The use of freeze-dried frozen sections provides the possibility for localization by im-
munofluorescence labeling and thus offers the opportunity, by combining radioautographic
and fluorescence labeling, to investigate competitive inhibition at the cellular level. Because
this technique provides for reversible separation of the tissue from the emulsion for inde-
pendent treatment, histochemical methods that are potentially destructive for the radioauto-
gram can also be used. The correlative technique described here is rigorously controlled and
systematic, and the results are unambiguous.

the type and stability of the association, and
the chemical environment. It is manifest in

INTRODUCTION
The interaction of biologically active sub-

stances with specific cells and their constitu-
ents is a process which becomes pharma-
cologically significant when that interaction
results in a response. The type of associa-
tion which exists between drug and tissue
depends on the chemical nature of the drug,
the nature of the biological components,
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the transient effects of many drugs that they
exist only briefly at their site of action be-
fore they are removed, inactivated, or
metabolized. The forces which bind the drug
to specific sites are rarely irreversible.
Rather, a combination of weaker binding
forces (ionic, dipolar, hydrogen bonding,
dispersion, hydrophobic, charge transfer) is
generally assumed to be adequate to account
for the drug-receptor complex. It cannot be
overemphasized that the dissociation of
drugs from binding sites is highly favored by
the very nature of the associations which
exist between the drug and the tissue (1-4).
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The purpose of this work has been to
develop a general cytopharmacological
method applicable to the localization of
diffusible as well as covalently bound com-
pounds. Such a goal imposes restraints on
the use of any procedure likely to distort the
localization of both endogenous and ad-
ministered compounds. Treatment of the
excised tissue is critical, and every effort
must be made to guard against solution,
translocation, and extraction. It is impera-
tive, therefore, that all procedures poten-
tially capable of displacing either endogen-
ous or exogenous compounds be rigorously
excluded from the methodology (5, 6).

Experimental procedures which employ
polar or nonpolar solvents in the treatment
of tissue clearly ignore the potential inter-
action between these solvents and weakly
bound substances in the tissue, interactions
which can result in translocation in and
leaching from the specimen. Insolubility of
the drug, when assumed adequate to protect
against translocation of the substance dur-
ing histological treatment, does not elim-
inate the possibility that the solvent may
shift the drug within the specimen by sus-
pension or desorption. Moreover, endogenous
tissue components (e.g., biogenic amines)
are likewise susceptible to the same solvent
dislocating effects. In correlating drug lo-
calization with cellular concentrations of
endogenous substances, the potential for
erroneous cytochemical data is compounded
when both drug and endogenous compound
are diffusible.

A system based on the above criteria was
developed previously in these laboratories
for the radioautography of diffusible sub-
stances (7-13). Since all solvents were
rigorously excluded in the radioautographic
technique which we have described, that
method could be used to verify the nuclear
localization of [*H]estradiol in cell fractiona-
tion studies. The radioautographic data con-
firmed the biochemical data, whiech were
then used to formulate a theory for the inter-
action of hormones with receptor sites
(14-16).

This report describes a model system,
based on the use of frozen freeze-dried tissue
sections, capable of general application for
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combined radioautography and fluorescence
techniques. By reversibly separating the
tissue sections from the emulsion, it is pos-
sible to perform radioautography, fluores-
cence microscopy, and histochemical stain-
ing independently or in sequence. The freeze-
dried tissue can be protected from solvents,
photographic solutions, viewing oil, and
mounting media, while the photographic
emulsion can be protected from histochem-
ical stains which may alter or ablate the
radioautogram. Treatment of the tissue with
histochemical or immunological stains can
be reserved for the penultimate step, before
final staining.

METHODS

Tissue from mouse duodenal-jejunal area
was selected for the model test system be-
cause two well-characterized target cell loci
exist in the ecrypts, i.c., enterochromaffin
cells containing biogenic amines, convertible
by gaseous formaldehyde into fluorophore,
and regenerating crypt cells whose nuclei
can be readily labeled with [*H]thymidine
for radioautography.

Animals and Treatment

Four C576 male mice, weighing approxi-
mately 25 g, were fasted for 24 hr with
water ad libitum. Tritiated thymidine (0.1
ug, 4 uCi/g of body weight) in 0.9% NaCl
was injected intraperitoneally. After 114 hr
the animals received an intraperitoneal in-
jection of 0.2 mg/g of dopa dissolved in
0.9 % NaCl. One-half hour later the animals
were killed by decapitation and the duo-
denal-jejunal tissue was rapidly excised for
freezing at —210°.

Freezing and Sectioning of Tissue

Excised tissue (a block approximately 3
mm/side) is mounted on a brass tissue
holder with tissue mince as an adhesive and
quenched in an equilibrium mixture of solid-
liquid nitrogen slush at —210°. The slush is
prepared by evaporating liquid nitrogen
from a Dewar flask in a desiccator under re-
duced pressure (11). Several round appli-
cator sticks in the Dewar flask serve to pre-
vent bumping. Continued evacuation, with
a rotary vacuum pump, will convert all the
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liquid to solid nitrogen. Superior conduc-
tivity with the slush is achieved because the
tissue comes in contact with liquid nitrogen
at the freezing point, where the heat of
fusion rather than the latent heat of vapori-
zation is utilized for freezing the tissue.
Thus the formation of a gaseous insulator
around the tissue is avoided. The frozen
tissues mounted on the brass tissue holders
may be stored in a liquid nitrogen refrig-
erator or placed in a cryostat for tempera-
ture equilibration in preparation for section-
ing.

The cutting, in a cryostat, of frozen sec-
tions as thin as 0.5 um and their subsequent
freeze-drying has been described elsewhere
(8, 9). The freeze-dried sections are trans-
ferred in an atmosphere of less than 15%
relative humidity to a desiccator and stored
under nitrogen.

Glass Assembly Procedure

Because treatment of tissue with water
and organic solvents introduces the possi-
bility for translocation or extraction of la-
beled compounds or biogenic amines in
freeze-dried sections, a method for avoiding
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contact with solvents was required. A glass
hinge system for accomplishing this objec-
tive is shown in Fig. 1. The two glass com-
ponents of the assembly are similar to stand-
ard microscope slides and coverslips but dif-
fer significantly from the standard commer-
cial products because they are made of the
same composition optical glass having the
same coefficient of expansion.

Combined radioautography and fluores-
cence microscopy is accomplished by dry-
mounting freeze-dried sections on a plas-
tic-coated glass slide and by bringing the
sections into close contact with a glass cover-
slip coated with photographic emulsion. The
tissue sections remain attached to the plastic-
coated slide when the slide and coverslip,
cemented together at one end, are parted.
Care is taken to maintain the tissue at low
humidity during development of the photo-
graphic emulsion by carrying out the process
in a humidity-controlled darkroom. The
developed emulsion on the spaced assembly
is dried in a desiccator or air-dried in a low-
humidity room for 1 hr, after which the
tissue may be gassed with formaldehyde for
development of the fluorophore. Reapposi-
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tion of tissue and radioautogram is accom-
plished by removing the spacer and closing
the hinge with slight pressurc. The radio-
autogram and the “fluorogram” are then
viewed dry or under oil, which does not
come in contact with the tissue.

Confirmation of reregistry is determined
by microscopic examination of the reregistry
control, described below, on the glass slide
for realignment between the 8-ray source and
the radioautogram. The radioactive source
may be either a plastic line or a tissue section
labeled with covalently bound [*H]thymi-
dine.

Glass Assembly Procedure (Fig. 1)

Step 1. Clean No. 4 slides, 0.4 X 25 X 75
mm (Corning cover glass, No. 4 thickness),
are dipped for two-thirds of their length
into an Entellan? or Formvar® solution and
then suspended for 3 hr in air to dry at room
temperature. The terminal 2 mm of thick-
ened, dried plastic is removed from both
sides at the end of the No. 4 slide with a
razor blade before tissue mounting.

Step 2. Photographic emulsion (Kodak
NTB-3) is warmed to 40° in total darkness,
poured into a 250-ml jar, and diluted 1:1 by
the addition of deionized water at 40°. Clean
No. 0 coverslips, 0.1 X 25 X 77 mm (Corn-
ing cover glass, No. 0 thickness), are dipped
for two-thirds of their length into the emul-
sion for about 2 sec and suspended for dry-
ing overnight at a relative humidity of 60-
80% in complete darkness. The dry emul-
sion-coated coverslips are then stored in
sealed black slide boxes (Clay Adams) over
Drierite for at least 24 hr at 4° before use.
For background evaluation coverslips from
each slide box are developed in D-19 de-
veloper (Kodak) for 4 min, washed, and
fixed for 10 min at 15°. Developed emulsions
which show a background less than 10 silver
grains/1000 um? are accepted for radioau-
tography.

Step 3. In a temperature-controlled, low-
humidity room (20°, 10-15% relative hu-
midity) the freeze-dried sections, together

2 Entellan solution is Entellan (E. Merck,
Darmstadt) diluted 1:1 with xylene.

3 Formvar solution is 29, Formvar (Monsanto)
in ethylene dichloride.
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with a reregistry control (discussed later),
are transferred to a 2-cm? Teflon sheet. The
sections are then positioned and smoothed
out under the dissecting microscope. Using
the Teflon sheet as a support, the sections
are pressed against the dried, plastic-coated
No. 4 slide. The sections adhere to the No. 4
slide, and the Teflon sheet falls off by simple
inversion.

Step 4. In a low-humidity darkroom (10—
15% relative humidity) a small drop of
Eastman 910 adhesive (an alkyl-2-cyano-
acrylate) is placed on the plastic-free glass
end of the plastic-coated No. 4 slide. The
emulsion-free end of the companion No. 0
coverslip is then apposed to the adhesive
and both are aligned, with the emulsion-
coated coverslip projecting 2 mm beyond
the nonglued end of the assembly. After a
few seconds the glued assembly is placed
between two Teflon sheets (25 X 77 X 1
mm, Crane Packing Company, Morton
Grove, Il1l.) and held in place with four
No. 2 binder clips (I.D.L. Manufacturing
Company, Carlstadt, N. J.). The total
assembly is then placed in light-tight boxes
over Dricerite for 2-6 hr before storage in a
freezer at — 15° for radioautographic ex-
posure.

Step 5. At the end of exposure time the
sealed box, containing the complete as-
sembly, is removed to a low-humidity dark-
room for temperature equilibration: approxi-
mately 1 hr. The boxes are then opened in
total darkness, the Teflon supports are re-
moved, and a spacer is inserted between the
hinged limbs of the assembly, with care
taken not to touch the emulsion. The 2-mm
protruding end of the emulsion-coated No. 0
coverslip serves as a finger grip to facilitate
spacing the assembly. The emulsion is de-
veloped in the low-humidity room for 4 min
in Kodak D-19 developer at 15°, fixed in
Kodak acid fixer for 5 min at 15° and,
washed in tap water for 10 min. Final drying
is done in the low-humidity room for 1 hr.

Step 6. After drying, the hinged end of the
glass assembly is dipped in Eastman 910 ad-
hesive to reinforce the bond. When the
adhesive is dry, the spaced assembly is
transferred to a 100-ml Coplin jar contain-
ing 2 g of paraformaldehyde which has been
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F1G. 2. Plastic reregistry control

See Preparation of Plastic Reregisiry Conlrol
under MeTHODS. Order of assembly: 1, epoxy plugs
(a); 2, radioactive film (b) over plug apex (a); 3,
epoxy cap (c¢) over radioactive film (b) on plug
apex (a); 4, truncated composite plug; §, vertical
view of 4; 6, composite of plastic sections a, b,
and c; 7, quarter segment of 6.

equilibrated under an ambient atmosphere
of 50 % relative humidity. The jar is then
sealed and placed in an oven at 80° for 1 hr,
after which it is cooled to room temperature.
After heating at 80° in the presence of para-
formaldehyde the radioautogram is not al-
tered, as determined by pre- and post-
microscopy. The glass assembly may be
stored in the closed Coplin jar for later
microscopic and fluorometric examination.

Preparation of Plastic Reregistry Control
(Fyg. 2)

A standard electron microscope BEEM
(No. 00) capsule is filled with the following
epoxy resin mixture: 7.0 parts Epon 812, 3.0
parts DDSA, 3.0 parts NMA, 0.2 parts
DMP-30 Accelerator (Fisher Chemical Com-
pany), and 1.0 part Resoflex R296 (Cam-
bridge Industries, Watertown, Mass.).

After curing at 60° in an oven for 24 hr
the capsule is removed and cooled to room
temperature. Then 3 mm of the butt end of
the capsule are cut away, and the epoxy plug
is removed. The plug is withdrawn from the
capsule with tweezers, and the capsule is
retained for a later procedure.

About 150 mg of polymerized [*H]n-butyl
methacrylate (Amersham/Searle; specific ac-
tivity, 10 mCi/g) are dissolved in 10 ml of
diethyl ether. Several drops of the ethereal
solution are released onto a distilled water
surface, which then spreads out as a thin
film. The epoxy plug is lowered into the
water beyond the periphery of the radio-
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active film. With the pointed end of the plug
upward, the plug is raised under the film, as
in stripping-film radioautography. The ra-
dioactive film is thus draped over the pointed
end of the plug, while the excess is trimmed
away from the plug with a razor blade. The
radioactive film and plug are allowed to
stand overnight.

The original BEEM capsule mold is punc-
tured in the apex, and a small amount of
commercial, room-temperature-setting epoxy
(3-M Company) is placed in the bottom of
the capsule. The plug, coated with radio-
active methacrylate, is now reinserted into
the capsule. Excess epoxy is extruded from
the capsule via the hole in the tip, permitting
a second layer of epoxy to form a cap over
the radioactive methacrylate film.

After curing at room temperature for 24
hr the BEEM capsule is cut away from the
composite epoxy plug. The composite plug is
then mounted on a Sorvall MT-1 ultramicro-
tome, and the tip is cut off, forming a square.
Sections of the composite are cut at room
temperature at 0.75-1.0 um with a glass
knife. The plastic sections are transferred
with tweezers to drops of water on No. 4
slides to be used in the correlative technique.
Brief warming of the slide brings the plastic
sections smoothly onto the surface of the
No. 4 slide, where they serve as reregistry
controls (Fig. 3).

Microscopy

Following development of the fluorophore
in step 6 of Fig. 1 described above, the
hinged glass assembly is reapposed without
mounting media, and, with the thicker No.
4 glass slide on the bottom, is placed between
the spring clamps and the base of the glass
assembly holder (Fig. 4). A rubber “0”
ring, 7§ in. outer diameter, 34 in. inner
diameter, and 4% in. thick (Kirkhill Faucet,
Kirkhill, Inc., Downey, Cal.), is cemented
on the thin No. 0 coverslip, circumscribing
the area to be examined. When cemented
with Eastman 910 adhesive, the ‘“O” ring
serves to retain the immersion oil and pre-
vent its seepage into the tissue.

Microscopic examination and photomi-
crography are performed with a Leitz Ortho-
plan microscope fitted with a 35-mm Leitz
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F16. 3. Radioautogram of reregisiry control
See Reregistry Using Glass Hinge Assembly under RESULTS.

camera body. In order to produce a grid
pattern on the photographic image, a reticle
(Leitz eyepiece net monochromator 10 X 10
mm, divided into 1.0-mm squares) is placed
in ap eyepiece in the vertical monocular
photographic tube. The glass assembly is
placed, without mounting media, between
the spring clamps of the slide holder, which
in turn is held in place by the microscope
stage holder. The radioautogram is surveyed
by focusing on the silver grains in the upper
emulsion-coated coverslip, using tungsten
light with a phase contrast condenser and a
low-power dry objective. The tissue beneath
may be seen by focusing the microscope at
the level of the tissue on the slide. Repetition
of this procedure over various portions of the
slide provides a general impression of the
radioautographic localization. Reregistry of
the coverslip with the slide is also checked in
this operation, together with a survey of
tissue fluorescence under ultraviolet light.
When the tissue areas to be photographed
have been selected, the glass hinge assembly
and its holder are locked in a fixed posi-

Glaoss Hinge Assembly

Rubber
Retainer
Ring %

Thickness Imm

F1G. 4. Glass hinge assembly holder
See Microscopy under METHODS.

tion by the microscope stage holder for
tissue mapping, microspectrophotofluoro-
metry, and photomicrography of tissue, fluo-
rescence, and radioautography.

Tissue Map

A photographic grid map of the unstained
tissue section is made at a series of magnifi-
cations, using dry objectives (4X, 25X,
40X ) to assist in relocating specific areas
under the microscope if the assembly should
have to be removed from the stage, as, for
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example, in final staining of the tissue. The
grid is required for precise photographic
superposition of tissue and fluorescence with
the radioautogram (Fig. 7C).

Macrospectrophotofluorometry

Fluorescence spectra of individual entero-
chromaffin cells are obtained using a micro-
scope equipped with a Leitz Ploem vertical
illuminator and with grating monochro-
mators and optics (Schoeffel Instrument
Corporation, Westwood, N. J.), assembled as
follows for microspectrofluorometry. The
light source for the microscope is a 300-W
pressure xenon lamp (Illumination Industries
PEK X-300 lamp) mounted in a Schoeffel
LH 151 N lamp housing and powered by a
Schoeffel LPS 255 lamp power supply. Light
for fluorescence excitation is obtained by
using the xenon lamp in combination with a
grating monochromator (Schoeffel model
GM 100; grating blazed for 240 nm; recipro-
cal linear dispersion, 8.5 nm/1.0 mm slit
width) and then focusing the light for Ploem
illumination. The Ploem illuminator is ad-
justed so as to use the TK 405 dichroic
mirror, which provides excitation light in the
350—400 nm range and permits observation
of emission fluorescence at wavelengths
greater than 410 nm. The fluorescence from
the specimen is analyzed by first isolating
the light source in the microscopic field from
the nonfluorescing background with a dia-
phragm system incorporated in a Schoeffel
modified Leitz MPV microscope photometer
attachment. The light then passes into a
second, analyzing monochromator (Schoeffel
model GM 100; grating blazed for 500 nm;
reciprocal linear dispersion, 8.5 nm/1.0 mm
slit width). The intensity of the light from
the monochromator is measured with an
EMI 9558B photomultiplier in a Schoeffel
D-500 T housing equipped for both water
and thermoelectric cooling (maximum cool-
ing, —40°) to increase photomultiplier sensi-
tivity. The picoammeter (Schoeffel model
M 600) readings of the photomultiplier
current are plotted vs. wavelength on a
Houston HR89T =zy recorder. Both the
excitation and the emission monochromators
are equipped with separate bidirectional
motor drives (scanning the monochromators
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at a rate of 100 nm/min) coupled to po-
tentiometers. As the wavelength setting of a
monochromator is varied, the potentiometer
varies the voltage supplied by a battery to
change the x coordinate of the plotter. A
switching system facilitates shifting between
excitation and emission monochromators.
The tissue is surveyed for fluorescence
using a 54 X fluorite oil immersion objective.
The cell to be scanned spectrophotometri-
cally is centered in the microscopic field, and
the slide is held in a fixed position for micro-
spectrofluorometry and photomicrography.
To obtain a spectrum of the fluorescing
source in a tissue section, the area of interest
in the center of the miecroscopic field (e.g.,
the cell) is first isolated from its surroundings
with the MPV diaphragm system. Eoth the
emission monochromator and the excitation

F1G. 5. Fluorescent enterochromaffin cells in duo-
denal-jejunal (issue from mouse (reated with 0.2
mg/g of dopa

Frozen freeze-dried sections were dry-mounted
on Entellan and gassed with formaldehyde, and
the cellular fluorescence was photographed as de-
scribed for microscopy procedures under METHODS.
X 125.
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monochromator are then adjusted manually
until a maximum signal is registered on the
picoammeter. With the emission mono-
chromator setting fixed, an excitation spec-
trum is obtained by varying the excitation
monochromator over a range from 340 to
about 410 nm. The excitation monochro-
mator is then set for the observed maximum
in the excitation spectrum, and the emission
monochromator is varied from about 420
nm until the emission peak is recorded. A
complete uncorrected fluorescence spectrum
(17, 18) with both excitation and emission
peaks is thus obtained (Fig. 5).

Photomicrography of Tissue, Fluorescence,and
Radioautography

To view tissue fluorescence a Ploem il-
luminator is used, because vertical illumina-
tion with ultraviolet light in conjunction
with conventional tungsten substage illu-
mination permits mixing of both. A drop of
nonfluorescing immersion oil is placed within
the retainer ring. Using an oil immersion
objective (54X ), the exact same area scanned
for microspectrofluorescence, with the se-
lected cell in the center of the field, is now
photographed for silver grain distribution
through the grid, using substage illumination
with tungsten light and a phase contrast
condenser. By switching to ultraviolet ver-
tical illumination, with or without substage
illumination, the tissue and its fluorescence
may also be photographed. Thus a micro-
spectrophotofluorescence scan is obtained
together with photomicrographs of tissue,
loci of fluorescence, and a radioautogram,
each within a fixed grid. Data are obtained
from the same area of tissue without moving
the position of the slide assembly under the
microscope or the condenser, with but a
change of light source and focus.

Staining

The assembly is removed from the holder,
and the glass hinge is separated with a spacer.
The glass No. 4 slide carrying the tissue is
dipped into a thin square Plexiglas container
and stained with methyl green—pyronin for
5 min, after which it is washed twice in
water, care taken to protect the developed
emulsion from water and stain. Other histo-
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chemical stains may be used, because the
tissue and the radioautogram are separated
from each other. The spaced assembly is then
air-dried for 1 hr. At this point a drop of
mounting medium (Permount or oil) may be
placed between the slide and the coverslip.
The assembly is clamped in the slide holder,
which is then replaced in the microscope
stage slide holder. With the aid of the map-
ping photographs and vertical tube eyepiece
grid, the same area of interest can be located
and repositioned for simultaneous pho-
tography of the stained section and its
radioautogram by focusing at a point be-
tween the two (Fig. 7D).

Printing

Precise realignment, by superposition of
any combination of the above photographs,
is achieved by realignment of the grid pat-
terns using a Premier Multiprint easel
(Photo Materials Company, Chicago).

RESULTS
Reregistry Using Glass Hinge Assembly

The 1.5-um wide-line source of [*H]n-butyl
methacrylate within the composite plastic
section (Fig. 2) was mounted on a No. 4 glass
slide, which was processed for radioautog-
raphy. Because the methacrylate and epoxy
plastic have substantially different indices of
refraction, the line source is readily dis-
tinguished by phase contrast microscopy.
The bidirectional line of [*H]n-butyl meth-
acrylate serves as a control to demonstrate
reregistry of the radioautogram on the thin
No. 0 coverslip and the radioactive source
on the No. 4 slide.

The accuracy of reregistry using the glass
hinge procedure is shown in Fig. 3. By visual
inspection the radioautogram overlies the
bidirectional line source over its entire
course. Using a standard scale (Zeiss microm-
eter with markings each 10 uym), the tritium-
labeled line source was measured as 1.5 um
in width. By counting grains on each side of
the line as a function of distance, a bell-
shaped histogram was obtained, giving a
“half-distance” as defined by Salpeter et al.
(19, 20) of about 0.8 um. Moreover, [*H]thy-
midine radioautograms prepared by the glass
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hinge technique exhibited similar distribu-
tion of silver grains, as seen with radioauto-
grams prepared by the dipping technique.
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F1a. 6. Microspectrofiuorometric scan of an
enterochromaffin cell
See Microspectrofluorometry sections
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It can be inferred that in the glass hinge
technique the photographic emulsion is
applied as closely to the radioactive source
as it would be if the emulsion had been
directly coated on the source itself.

To further demonstrate the accuracy of
the glass hinge technique and to emphasize
the importance of using the same composi-
tion of glass for coverslip and slide, an ex-
periment was performed using two different
types of glass in the slide and coverslip. A
commercial glass slide (coefficient of expan-
sion, 91 X 1077/°C) and a glass coverslip
(coefficient of expansion, 72 X 10~7/°C) were
assembled into a hinge with the plastic
radioactive line source. The assembly was
exposed at 0°, and the emulsion was de-
veloped. When viewed at 25°, the radioac-
tive line had shifted away from the plastic
line in the direction toward the cemented
end. The line source was offset from the
mean position of the silver grains by some

» e

Fi1c. 7A. Photomicrograph of intestinal crypts and fluorescing enterochromaffin cells. See Superposi-
tion of Radioautogram, Tissue, and Cellular Fluorescence under RESULTS. X 275.

Fic. 7B. Radioautographic image of [*H]thymidine from intestinal crypts. See Superposition of
Radioautogram, T'issue, and Cellular Fluorescence under RESULTS. X 275.
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2.5 um. This difference is about the expected
value of 3 um calculated from the difference
in expansion for the commercial 75-mm
coverslip and 75-mm glass slide when
warmed from 0° to 25°. The glass hinge
technique is thus sensitive enough to detect
the difference in the coefficients of expansion
for these two types of glass.

Mcrospectrophotoftuorometry

Enterochromaffin cells were observed in
the intestines of mice given L-dopa (2 mg/g)
1% hr before death (Fig. 5). Fluorescent
spectra were obtained of enterochromaffin
cells, using the microspectrophotofluorome-
ter equipment described above. A typical
spectrum of one such cell is shown in Fig. 6.
Comparison of this uncorrected spectrum
with standard spectra of norepinephrine and
serotonin in bovine albumin droplets (17)
suggests that the observed spectrum is the
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sum of both incorporated catecholamine
derived from r-dopa and endogenous 5-hy-
droxytryptamine in the enterochromaffin cell
(21).

Superposition of Radioautogram, Tissue, and
Cellular Fluorescence

The photomicrograph of the tissue and
fluorescing enterochromaffin cells (Fig. 7A)
was combined with the radioautographic
image (Fig. 7B) by superimposing the grid
pattern of each on a blank control grid
mounted on the Multiprint easel. The super-
position print of tissue fluorescence and
radioautogram is shown in Fig. 7C. Reregis-
try was demonstrated as described for Fig. 3
and by the coincidence of [*H]thymidine
labeling with nuclei of the intestinal crypt
cells. Finally, the section on the glass as-
sembly was stained with an aqueous solution
of methyl green—pyronin, washed, air-dried,
and permanently mounted with a drop of Per-
mount between the No. 0 coverslip and the
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Fig. 7C. Combined radioautogram and fluorogram. See Superposition of Radioautogram, Tissue, and

Cellular Fluorescence under RESULTS. X 275.

Fie. 7D. Radioautogram of stained intestinal crypts. See Superposition of Radioautogram, Tissue,

and Cellular Fluorescence under RESULTS. X 275.
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No. 4 slide (Fig. 7D). With Formvar-coated
slides it was possible to treat mouse intes-
tinal tissue with a periodic acid-Schiff stain,
because the tissue is separated from the
emulsion without shifting or loosening of the
Formvar plastic base on the slide; the base
is unstable when this stain is applied to tissue
mounted on Entellan-coated slides.

Diffusion and Stability of Fluorophore

Frozen freeze-dried sections of mouse in-
testine were dry-mounted on Entellan-coated
slides to test the effect of humidity on the
location of biogenic amines in intestinal
crypt cells. Freeze-dried tissues maintained
in an atmosphere of low relative humidity
(less than 15%) before treatment with
formaldehyde gas showed no apparent dif-
fusion. Similar sections exposed to more than
50 % humidity for 15 min and dried over
Drierite, followed by gassing, showed diffu-
sion throughout the entire crypt. Further-
more, exposure to such humidity resulted in
disappearance of fluorescence, presumably
because of oxidation. This loss, but not diffu-
sion, was prevented when a dilute aqueous
solution of ascorbic acid was applied to the
tissue before drying. When frozen freeze-
dried sections of mouse intestines were dry-
mounted on plastic-coated slides and gassed
with formaldehyde the majority of the fluo-
rescent cells showed a substantial loss in
intensity following passage through photo-
graphic solutions, while some disappeared
entirely.

DISCUSSION

The localization of drugs in tissue at the
cellular level represents an important pro-
cedure for studying the mechanisms by
which drugs act (14-16, 22-24). Radioautog-
raphy can be a significant tool in such deter-
minations, provided that the methodology is
systematically controlled and capable of re-
liably establishing localization.

The use of frozen freeze-dried, dry-
mounted sections on dried photographic
emulsion seems to be the only method for
avoiding the problem of extraction and
translocation inherent in the use of conven-
tional histological techniques (5). The fact
that aqueous processing of tissue for radio-
autography carries a serious risk of dislocat-

ET AL.

ing water-soluble substances during histolog-
ical processing has been appreciated for some
time (25-30). Solvent effects of nonaqueous
fluids, such as hot paraffin, unpolymerized
plastic, and nonpolar organic solvents, have
also been pointed out (31-34).

Fluorescence microscopy has been widely
used for studying the localization of bio-
genic amines after it was found that they
were converted by formaldehyde gas to the
corresponding fluorophore in the presence of
protein and in freeze-dried tissue (35). The
use of frozen, freeze-dried, dry-mounted
tissue sections for biogenic amine fluores-
cence microscopy has been successfully
applied here without resorting to liquid
fixation of tissue, embedding, de-embedding,
or other solvent application. The combined
techniques of fluorescence microscopy and
radioautography are based on a series of
sequential steps, from which it follows that
any single link, improperly designed or exe-
cuted, may lead to errors sufficient to in-
validate all the data so derived.

Tissue fixation has sometimes been used
to prevent translocation and/or extraction,
usually on the grounds that an insoluble
fluorophore in situ can be induced with
tissue components. A number of investi-
gators have studied the possibility of com-
bining radioautography with fluorescence
microscopy (36-44). In each case, however,
methods were used which allowed histolog-
ical agents or photographic developing solu-
tions to come in contact with the tissue
specimen. The assumption that catechol-
amine-induced fluorophores are immobilized
in tissue by treatment with formaldehyde
gas has been found to be generally inappli-
cable. Consequently Bjorklund and Falck
(45) have recommended, when exploring new
tissue sites for monoamines, that the ex-
posure of tissue to hot paraffin or organic
solvents be avoided. Thus dependence on
such immobilization must be restricted to
rigorously proven cases. Gaseous treatment
with formaldehyde does not necessarily pre-
vent loss of fluorophore when the tissue is
exposed to wet photographic emulsion. In
our experiments with duodenal-jejunal crypt
tissue gaseous formaldehyde treatment of
frozen freeze-dried tissue sections provided
inadequate protection against loss of fluoro-
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phore by passage through water or photo-
graphic solutions. The use of wet liquid
emulsion and wet stripping film is likewise
contraindicated.

The solvent-free system which we have
described can meet the criteria of high
solubility and little or no binding because
the methodology avoids all agents and pro-
cedures likely to result in translocation or
extraction. Cellular correlation studies can
be carried out concomitantly or by super-
position photography. We also point out
that the option for localization of drugs by
immunofluorescence is retained in the pro-
cedure because the tissue, prior to final
histochemical staining, is free from contact
with solvents. Assuming that the antigen in
question has not been denatured by ex-
posure to formaldehyde gas, the freeze-
dried specimen should be suitable for im-
munofluorescence studies in combination
with radioautography and induced biogenic
amine fluorescence. In the event that for-
maldehyde is found to be contraindicated
for immunofluorescence, the induction of
endogenous fluorophores by formaldehyde
gas may be omitted, leaving the ability to
compare radioautographic and immuno-
fluorescent localization without reference
to cells containing endogenous biogenic
amines.

The methodology discussed is combined
or segmental, in that it provides for (a)
examination by phase contrast microscopy
of frozen freeze-dried sections untreated by
media or solvents, (b) radioautography of
diffusible and nondiffusible substances, (c)
fluorescence microscopy and microspectro-
photofluorometry, (d) immunofluorescence,
and (e) final histochemical staining of the
tissue isolated from the photographic emul-
sion. This last procedure makes possible, for
the first time, the use of such tissue stains as
periodic acid—Schiff, which ablate the silver
grains (34, 39, 46) when it comes into con-
tact with the developed emulsion.

Relative binding and the identification of
drugs and biogenic amines may be ascer-
tained when the results are compared with
various histological procedures utilizing sol-
vents which wash out unbound constituents
(10, 47). The effect of releasing agents or
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biogenic amines may be examined in a sim-
ilar manner. Competitive antagonism is now
open to investigation, in which one compo-
nent can be radioactively labeled while
the other either fluoresces or is stained im-
munologically. The latter is made feasible
because the section will have remained un-
treated to this point. Correlations among
fluorescence, radioautography, and histo-
chemical staining may also be assessed.

CONCLUSIONS

High-resolution radioautography is the
only research technique currently available
for the direct examination of labeled cells in
a heterogeneous population. As such it has
become a valuable tool for studying the
localization of drugs without disrupting the
structural integrity of the system under in-
vestigation. Selective histochemical staining
without alteration of the radioautogram
provides an added dimension for cell identi-
fication. Correlations existing between la-
beled drug and biogenic amine-containing
cells can now be carried out: for example,
correlative studies on the localization of [*H]-
lysergic acid diethylamide and serotonin-
containing neurons. Studies of the cytologi-
cal relationships between drugs detected by
radioautography and immunofluorescence
labeling, for example, *H-labeled narcotic
agonist and fluorescent antibody-labeled
antagonist, seem a distinct possibility.

The use of dry-mounted, frozen freeze-
dried tissue sections, reversibly separable
from the photographic emulsion, permits iso-
lated development of the radioautogram, in-
duction of fluorescence, microspectrofluorom-
etry of single cells, and final histochemical
staining of the same tissue section. Simplicity
consistent with accuracy was the guideline
controlling the development of the method,
whereby the final result obtained depends
on the rigor applied to each step in the pro-
cedure. The technique is systematic, each
step is independently justifiable, and the
results are unambiguous.
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