Osmiophilic Polymer Generation: Catalysis by Transition

Metal Compounds in Ultrastructural Cytochemistry

Abstract. A transition metal compound that is bound in tissues by any appro-
priate cytochemical reaction may catalyze the generation of an insoluble osmio-
philic polymer from organic monomers such as 3,3'-diaminobenzidine. When the
polymers are treated with osmium tetroxide, electron-opaque, insoluble osmium
blacks (coordination polymers of osmium) are formed at the sites of the particular
macromolecule or enzyme permitting its light, and electron, microscopic localiza-
tion. This approach represents a distinct advantage over earlier cytochemical
methods because the shorter incubation time needed here results in less artifactual
deposition of metal ions, and less tendency to crystallize the reaction product. In
addition, the shorter incubation times permit longer fixation of tissues and hence

less artifact due to enzyme diffusion.

Coordination polymers of osmium
(1), osmium blacks, can be deposited
selectively (2) by macromolecules or
sites of enzyme activity. Because these
polymers generally remain unaltered
during the processes of dehydration
and plastic embedding, they are quite
useful in ultrastructural cytochemistry
(3).

Localization of enzymes was achieved
by the formation of osmiophilic poly-
mers in demonstrations of esterase (4)
and in the demonstration of oxidative
enzymes (5) such as peroxidases, cyto-
chrome oxidase (6), and cytochrome c.
In the case of the oxidative enzymes,
the polymerization of 3,3’-diaminoben-
zidine (DAB) to an indamine-type
polymer (6) was found to be catalyzed
by the transition metal of the prosthetic
group of the enzyme.

We report a new approach to ultra-
structural cytochemistry. Small quanti-
ties of transition metal compounds can
be localized at tissue sites by their
selective affinity for particular macro-
molecules, or by their selective deposi-
tion at sites of enzyme activity. Upon
subsequent treatment with organic
monomers such as DAB, the transition
metal compound generates an osmio-
philic polymer. When treated with os-
mium tetroxide, the site of the original
biopolymer or the site of enzyme activ-
ity is rendered visible with light micros-
copy or electron opaque with electron
microscopy.

This approach involves shorter in-
cubation periods than do other methods
in that only the deposition of a cata-
lytic quantity of transition metal is
required. This provides significant ad-
vantages over other approaches to ultra-
structural cytochemistry. Inhibition of
enzymes by capture reagents (7), for
example, does not appear to be a prob-
lem. Less random precipitation (8) of
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metal capture reagent occurs and prob-
lems associated with nonenzymatic sub-
strate hydrolysis, such as those induced
by metal ions (9), are diminished.

The generality of the approach is
evident in that we have been able to
use it to demonstrate enzymes such as
acetylcholinesterase, nonspecific cholin-
esterase, esterase, phosphatases, aryl-
sulfatase B, Q-glucuronidase, mono-
amine oxidase, and succinic, lactic, and
NADH dehydrogenases. In most of
these enzyme procedures (Fig. 1),
cupric ferrocyanide, Cu,Fe(CN)g * TH,O
(Hatchett’s brown), may be used as the
catalyst for DAB polymerization. This
was introduced as a suitable end prod-
uct in itself for electron microscopic
cytochemistry (/0). We have dem-
onstrated - sites of acid mucopolysac-
charides and of basic protein by selec-
tive deposition of a transition metal
compound, treatment with DAB, and
subsequent treatment with osmium te-
troxide, or osmication.

The application of our approach to
the localization of a particular enzyme
can most readily be seen with acetyl-
cholinesterase. The conditions used to
deposit catalytic quantities of cupric
ferrocyanide at the sites of acetylcho-
linesterase activity were essentially sim-
ilar to those given by Karnovsky and
Roots (I10). The shorter incubation
times resulted in a reduction in deposi-
tion of nonspecific metal ions as well
as diminished tendency toward crystal
formation or gel aggregation (11). Our
approach permits longer fixation and
results in decreased enzyme diffusion
artifacts (12). It also facilitates light
microscopic study.

Using catalytic osmiophilic polymer
generation, we also obtained ultrastruc-
tural localization of hydrolases with
substrates which were previously useful
only for light microscopy; for example,

esterase activity with the substrate 2-
thiolacetoxybenzanilide (TAB) (/3) and
acid phosphatase activity with the sub-
strate didicyclohexylammonium-2-naph-
thylthiolphosphate (DDNTP) (I14). A
light micrograph showing esterase-con-
taining lysosomes in Kidney tubules is.
seen in Fig. 2. Reaction product,
showing extralysosomal acid phospha-
tase activity, is seen within the endo-
plasmic reticulum of a Sertoli cell (Fig.
3). The overall reaction sequence for
the demonstration of acid phosphatase
is shown in Fig. 4.

In addition, we have extended this
approach to the localization of nicotina-
mide adenine dinucleotide (NAD)-
dependent dehydrogenases such as lac-
tic dehydrogenase (LDH), to NADH
dehydrogenase, and to monoamine oXi-
dase by using N-thiazolyl for-
mazans chelated with cobalt (15) as
catalysts for DAB polymerization.

The ability of transition metal com-
pounds deposited in tissues to catalyze
the oxidative polymerization of DAB
was also seen by our demonstration of
phosphomolybdic acid-bound acid mu-
copolysaccharides which catalyze the
oxidation of benzidine (/6). Phospho-
tungstic acid (PTA) bound to basic
proteins (I7) also was effective in cata-
lyzing DAB oxidation. This is consist-
ent with the known ability of transition
metals “stabilized” in higher oxidation

_ states to catalyze the oxidation of benzi-

dine-type compounds (I8). It is also
an example of the ability (19) of metal
ions in transient valency states to ini-
tiate polymerization.

With the exception of the demonstra-
tion of PTA bound to basic proteins
(20), the catalytic generation of the
osmiophilic DAB polymer and its sub-

. sequent treatment with osmium tetrox-

ide were performed in an identical
manner. Cryostat sections on cover slips
or 1-mm3 blocks of tissues in which a
transition metal compound was selec-
tively localized as a result of one of
the above cytochemical reactions (21),
were passed through three washes, of 5
minutes duration each, in distilled
water. They were then treated for %
hour (22) with a freshly prepared solu-
tion of 0.05 percent DAB in 0.05M
phosphate buffer, pH 6.8. In catalytic
osmiophilic polymer generation by dep-
osition of transition metal compounds,
the oxidation of DAB appears to occur
stepwise, going through an initial “ben-
zidine-blue” type stage (23) before the
final reddish brown product is at-
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tained. This is not seen in the oxida-
tion of DAB by cytochrome oxidase.
Attempts to isolate a sample of the
“benzidine-blue” type product by meth-
ods which had previously been used
(6) to prepare the characteristic red-
dish brown osmiophilic polymer were
unsuccessful. More successful was an
approach in which Whatman No. 1 filter
papers were impregnated with very
small quantities of cupric ferrocyanide
by successive treatment with dilute solu-
tions of cupric sulfate and potassium
ferrocyanide. Papers so impregnated
were dried and immersed in the DAB
solution described above for the cyto-
chemical studies. Polymer generation
occurred immediately on the papers
and they were withdrawn from the
monomer solution at various times, and
were thoroughly rinsed and dried.
Studies performed with a derivative

Hydrolases
Acid and alkaline phosphatases
Esterases and aryl sulfatase

Oxidative enzymes
Mitochondrial dehydrogenases
Monamine oxidase

recording, double wavelength, ultravio-
let-visible spectrophotometer showed a
difference between the 2-minute (blue)
species and the (reddish brown) species
obtained at later time intervals (24).
The reddish brown form of the poly-
mer generated catalytically by cupric
ferrocyanide held 1.3 atoms of osmium
per mole of DAB monomer (25).

In addition to using transition metals
as catalysts for osmiophilic polymer
generation, we were able to intensify
the sites of the transition metal com-
pounds, such as Hatchett’'s brown, by
bridging (3, unsaturated lipid) them to
electron-opaque osmium through thio-
carbohydrazide (TCH). Although the
existence of insoluble unreactive com-
plexes, many of which have infinite
chain structures, has been shown (26)
for the reaction of excess hydrazine with
certain transition metal complexes, we
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have no evidence of polymerization in
these studies with TCH. However, TCH
bound to Hatchett’s brown held con-
siderably less osmium than the 1.3 atoms
held per mole of DAB monomer.

The oxidative polymerization of
monomers other than DAB, such as
p-phenylenediamine (PPD) and many
biogenic amines, to form osmiophilic
melanin-type polymers was also cata-
lyzed by Hatchett’s brown. This could
be blocked by o-phenylenediamine which
is also consistent with the suggestion of
initial complexing between cupric fer-
rocyanide and DAB (24).

An advantage of catalytic osmio-
philic polymer generation over bridging
with TCH was demonstrated (21) in
the amplification of N-thiazolyl forma-
zan chelated with transition metal
which was deposited at the sites of de-
hydrogenases (/5) and monoamine oxi-
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Fig. 1. General reaction sequence for the histochemical or cytochemical demonstration of enzymes by catalytic osmiophilic polymer
generation. After cupric ferrocyanide is localized as a result of the enzymatic reaction, stepwise treatment with DAB and OsO,
results in the deposition of an osmium black at the sites of the enzyme. Fig. 2. Light micrograph showing esterase in lyso-
somes in rat renal tubules. Frozen section of calcium-formalin fixed kidney treated (21) according to reaction sequence shown in
Fig 4. No counterstain (X560). Fig. 3. Electron micrograph showing extra-lysosomal acid phosphatase associated with endoplas-
mic reticulum of rat testicular Sertoli cell. Short fixation at pH 5.6 in formalin (freshly prepared by depolymerization of paraformal-
dehyde) and treated (21) according to reaction sequence shown in Fig. 4. No counterstain (calibration bar = 0.5 um). Fig. 4. Re-
action sequence for acid phosphatase (APase) demonstration. The didicyclohexylammonium salt (DDNTP, not shown) of the sub-
strate 2-naphthylthiolphosphoric acid (NTP, shown) is used in an incubation medium containing cupric ion and alkali ferricyanide.
The 2-naphthalenethiol liberated by phosphatase activity forms cupric ferrocyanide at the sites of enzyme activity. Polymer generation
and osmium treatment as above.
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dase (27). Although the cobalt-chelated
formazan conforms rather well to the
sites of mitochondria in the cell, it is
soluble in organic solvents and there-

fore does not withstand dehydration.

Although we were able to bridge
osmium to the cobalt-chelated forma-
zan by means of TCH, the product
resulting from treatment with osmium
tetroxide was likewise soluble in or-
ganic solvents. The products resulting
from osmium treatment after catalysis
of DAB polymerization by the transi-
tion metal-chelated formazan, on the
other hand, withstood dehydration in
organic solvents. This is contrary to
the suggestion that some translocation
of marker could occur in procedures,
such as ours, that depend upon several
reactions until osmium blacks are
formed. In some cases our procedure
actually prevents or inhibits transloca-
tion.

Osmiophilic melanin-type polymers
(28) formed by oxidation of mixtures
of PPD or catechol and biogenic
amines were especially intense stains.
It would be expected that these poly-
mers would complex well with pro-
teins and nucleic acids and conform
well to ultrastructure. It must be
stressed, however, that the localization
that is obtained is dependent upon and
limited by the accuracy of localization
of the initial transition metal com-
pound.

That the transition metal compounds
are behaving as catalysts is supported
by several considerations. First, our
spectral studies (24) suggest that DAB
initially complexes with cupric ferro-
cyanide. This, in turn, suggests that the
cupric ferrocyanide is a catalyst in this
reaction since one theory of cata-
lytic activity of transition metal ions
and compounds requires the formation
of unstable complexes with the organic
substrate (29). In addition, although
our reaction was initially very rapid,
distinct increases in absorbency on
papers were noted with time. This
could only occur if the transition metals
were behaving as catalysts. Incubations
for enzymes, such as acetylcholin-
esterase in peripheral nerve, which pre-
viously require incubations of 18 to
24 hours could now be performed with
incubations of less than an hour. The
amount of Hatchett's brown formed
was barely visible with our procedures
but the polymers or osmicated poly-
mers were intense stains. The special
ability of transition metal ions and
compounds to act as catalysts in the
oxidation of organic substrates such as
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the aromatic diamines is related to the
variable valency of these metals (29).
This variable valency results from the
small difference in energy levels be-
tween orbitals in the outer and penulti-
mate shells of the metals, which, in
turn, facilitates the promotion of elec-
trons, complexing ability, and catalytic
activity in oxidative reactions.
The principle of selectively localizing
a small amount of a transition metal
compound for its catalysis of osmio-
philic polymer generation may well
have other general applications to cell
biology.
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