an phagocytic cells and generates therein
very large amounts of cyclic AMP. This,
in turn, suppresses a variety of neutro-
phil and macrophage functions including
superoxide production, chemotaxis, and
bacterial killing. This phenomenon prob-
ably explains previous observations of
alveolar macrophage dysfunction in B.
bronchiseptica-infected rabbits and may
explain the greatly increased susceptibil-
ity to secondary bacterial pneumonias
seen in B. pertussis—infected humans.
Our observations may also help eluci-
date the pathogenesis of atrophic infec-
tious rhinitis in pigs, a chronic Bordetella
infection in which there is agenesis and
dissolution of the turbinate bones within
the snout. Indeed, programmed eleva-
tions of cyclic AMP have been implicat-
ed in the atrophy and loss of certain cell
types during normal morphogenesis
9.

The Bordetella adenylate cyclase
probably represents an important adap-
tive strategy for the bacterium, in that
suppression of host phagocytic response
will permit the survival and replication of
an otherwise vulnerable organism. Bor-
detella accomplishes this through the
purposeful misuse of a control system
that normally operates as a negative
modulator of various cellular functions.
We anticipate that this unusual bacterial
adenylate cyclase will add to our under-
standing of the pathogenesis of Borde-
tella infections. This enzyme may be
used to manipulate intracellular cyclic
nucleotide metabolism in a variety of
experimental and, perhaps eventually,
clinical situations.

DennNis L. CONFER
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Departments of Medicine and
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Initiation of Endochondral Calcification Is Related to

Changes in the Redox State of Hypertrophic Chondrocytes

Abstract, The level of pyridine nucleotides (NADH and NAD") in the mineralizing
growth plate of the chick was ascertained by high-resolution scanning microfluori-
metry and biochemical analysis. Scanning electron microscopy and light microscopy
were used to relate the concentrations of NADH and NAD" to stages of chondrocyte
maturation. A dramatic increase was found in the relative concentration of reduced
pyridine nucleotides in the hypertrophic zone. On either side of this zone, in
proliferating and calcifying cartilage, there was a decrease in NADH fluorescence,
and the NADHI/NAD™ ratio was depressed. The finding that NADH accumulated in
the tissue zone associated with the earliest deposition of bone mineral supports the
hypothesis that a change in the redox state initiates tissue mineralization.

Studies of the epiphyseal growth plate
have shown that, during the mineraliza-
tion process, chondrocytes undergo se-
quential metabolic and developmental
changes. In the premineralizing regions
of the plate, cells concentrate inorganic
ions in their mitochondria (I). At the
calcification front, cellular Ca?* and
phosphate (P;) efflux is related to the low
tissue O, tension (2). Ion efflux may also
result from the accumulation of phos-
phoenolpyruvate. This glycolytic inter-
mediate is found in high levels in hypoxic
cells and can induce Ca’" release from
isolated chondrocyte mitochondria (3).
Thus, several lines of investigation sug-
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gest that cell ion discharge and mineral
deposition is associated with hypoxia-
related events.

Experimental support for the concept
that redox conditions directly modulate

‘endochondrial mineralization is largely

inferential. While there have been mea-
surements of normal respiratory activity
as well as measurements of glycolytic
and pentose shunt pathways in chondro-
cytes, there are neither calculated values
nor direct determinations of redox-sensi-
tive components (4). We have combined
biochemical and morphological tech-
niques to measure the major redox cou-
ple of cells in the growth plate. The
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experiment reveals that there are zone-
specific differences in the relative distri-
bution of pyridine nucleotides, with a
marked increase in the reduced form
of nicotinamide adenine dinucleotide
(NADH) in the zone of hypertrophic
cartilage. Thus, NADH accumulates in a
tissue zone previously shown to be hyp-
oxic and in which mineralization is first
seen. '

The metabolic state of the tissue was
ascertained by using scanning micro-
fluorimetry to record fluorescence sig-
nals from chondrocyte mitochondria.
The principle of this technique is that
when NADH is excited with light at 366
nm it emits light with a peak intensity of
about 460 nm (5). At these wavelengths,
NAD™* and nicotinamide adenine dinu-
cleotide phosphate (NADP) have only a
small fluorescence yield. The morpholo-
gy of the tissue can be related to NADH
fluorescence by scanning electron mi-
croscopy (SEM). The concentration of
both NADH and NAD" in 90-um tissue
slices was also measured biochemically

by a sensitive enzyme cycling procedure
and correlated with the tissue slice mor-
phology.

White Rock chicks, 6 to 8 weeks old,
were killed by cervical dislocation. The
legs were immediately frozen in liquid
nitrogen, skin and flesh were removed,
and the tibia and fibula were exposed by
blunt dissection. The epiphyseal zones
were revealed by freeze-fracturing the
bone. Pieces of the frozen growth 'plate,
measuring about 5 by 15 mm, were
milled to yield a flat surface, and three
small holes were drilled into selected
regions of the plate to serve as fiducial
points. These holes facilitated correla-
tion of the distribution of the fluorescent
spectra with the tissue morphology.

For the microfluorimetry measure-
ments, a computer directed an 80-pm
lightguide, connected to a time-sharing
fluorimeter, across the growth plate sur-
face in a raster of points 100 wm apart.
At each point in the raster, the fluores-
cence intensity of NADH (Fig. 1A) was
measured with a computer-linked scan-

Normoxic

ner and was displayed on a television
monitor (6). Nonspecific effects were
ruled out by recording phosphorescence
measurements 4 msec after excitation
at 366 nm. Although some phosphores-
cence was elicited, it was insufficient to
mask the fluorescence signals of the
plate.

After the fluorescence scan, the sam-
ples were dehydrated with acetone, criti-
cal point-dried, and sputter-coated with
gold. With the drill holes as guides, SEM
montages were made to correlate the
fluorescence spectra with growth plate
morphology.

A low-power view of the growth plate
(Fig. 1B) shows the positions of the three
drill holes, which can be related to the
fluorescence scan of the tissue (Fig. 1A).
Drill hole 1 is in the premineralized rest-
ing and proliferating zones (Fig. 1, C and
D). Drill hole 2 is located at the junction
of the late hypertrophic and calcifying
cartilage (Fig. 1E). It is in the late hyper-
trophic zone that miperalization takes
place. When the pyridine nucleotide

Anoxic

B - - A ] " . 4 1 - X
Fig. 1. NADH fluorescence and SEM of growth plate cartilage. (A) Two-dimensional distribution of NADH in the epiphyseal growth plate. The
highest level of fluorescence (displayed as a ““white’* signal), due to the presence of reduced pyridine nucleotides is seen lateral to drill hole 2. Be-
tween holes 1 and 2, a low level of NADH fluorescence is seen. The high fluorescence above drill hole 1 does not respond to cellular anoxia and is
probably an artifact of tissue preparation. (B) Low-power SEM of chick epiphyseal growth plate showing the cell zones and the three drill holes.
Scale bar, 1000 nm. (C) Upper portion of drill hole 1. This region of the hole lies in a zone of resting cartilage (RC). Scale bar, 100 nm. (D) One
side of drill hole 1. Lateral to the drill hole is a zone of proliferating cartilage (PC). Scale bar, 10 nm. (E) Drill hole 2. This is shown in relationship
to the hypertrophic zone (HTC) and calcifying cartilage (CC). Scale bar, 10 nm. (F) The relative NADH fluorescence (RF) of normoxic and
anoxic growth plate cartilage. '
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scan was matched with tissue morpholo-
gy, dramatic zone-specific differences in
fluorescence were seen (Fig. 1A). Thus,
in the hypertrophic cartilage zone, the
NADH signal was high. Above this zone
and drill hole 2, a low pyridine nucleo-
tide signal was elicited from proliferative
cartilage. The lowest NADH signal was
obtained from bone and calcified carti-
lage (below drill hole 2). Between each
zone, sharp fluorescent boundaries were
observed. A similar fluorescence distri-
bution was seen if the tissue was rapidly
frozen in liquid nitrogen or first frozen in
"Freon-13 or in hexane cooled in liquid
nitrogen. A high fluorescence was seen
in the tissue zone above drill holes 1 and
3. This zone contained few cells, and the
fluorescence of the layer was not influ-
enced by the metabolic state of the tis-
sue. We concluded that this fluorescence
band was due to an intrinsic fluorescence
of the cartilage matrix and not related to
NADH.

When the fluorescence intensity was
related to the tissue morphology, the
maximum relative fluorescence signal
(RF) was recorded in the central region
of the hypertrophic zone (Fig. [F); mini-
mum NADH fluorescence was observed
in the resting-proliferating zone. The flu-
orescence of a separate sample of anoxic
growth plate cartilage, produced by
maintaining the tissue in a nitrogen envi-
ronment for 30 minutes before it was
frozen, was also studied. Figure IF

shows that the individual regions of the

anoxic growth plate have reached the
same fluorescence intensity level, and
the heterogeneity of normoxic bone is
lost. This finding is consistent with the
concept that the NADH heterogeneity is
due to variations in the oxidative activity
of growth plate chondrocytes.

The actual concentration of NADH
and NAD" in growth plate cartilage was
determined by biochemical analysis. For
this part of the study, the frozen tissue
was sectioned in a transverse direction
on a Jung microtome, and 4 by 30 wm
sections were collected, pooled, and ly-
ophilized. The tissue was then analyzed
for pyridine nucleotides (7) and for pro-
tein (8). Every fifth tissue section (6 pm
thick) was stained with hematoxylin-eo-
sin and examined by light microscopy.
The pyridine nucleotide concentration in
each of the tissue zones of growth plate
cartilage is shown in Fig. 2. This figure
shows that the ratio of NADH to NAD*
is low in the resting-proliferating zone; in

the hypertrophic zone, this relation is

reversed, and the tissue is very reduced.
The relative concentrations of the redox
pairs in these two zones corroborate the
qualitative and quantitative findings ob-

952

tained with the fluorimetric scans. The
high NADH/NAD" ratio of the hyper-
trophic zone is comparable to values
obtained from glycolytic, hypoxic, and
anoxic tissue (9). The similarity of the
biochemical measurément of total cell
NADH to the fluorescent spatial distri-
bution demonstrates that the mitochon-
drial redox measurement is a good indi-
cator of the oxidative state of the cell
(10).

The functional significance of the
NADH concentration in each of the
zones of the calcifying growth plate re-
quires discussion. In the hypertrophic
zone, the high NADH signal indicates
that the mitochondria are in a reduced or
resting state; this is probably related to
the low tissue O, tension (2). It is in this
zone that there is loss of accumulated
mitochondrial Ca®* and P; and that vesi-
cle mineralization is first detected (I, 2).
The finding that there is an increase in
the level of reduced pyridine nucleotides
in the hypertrophic zone provides direct
support for the hypothesis that mito-
chondrial ion efflux results from a de-
crease in cellular oxidative activity. Ef-
flux of these ion stores could serve to
initiate tissue mineralization.

Fluorimetry revealed the presence of
relatively sharp redox borders between
the precalcified and the calcifying zones.
In nonmineralized tissues, sharp borders
are characteristic of transitions between
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Fig. 2. The pyridine nucleotide content of
growth plate cartilage. Cartilage was sec-
tioned on a microtome and pooled tissue
slices were analyzed for NAD*, NADH, and
protein. The pyridine nucleotide content was
related to the morphology of the tissue by
staining every fourth section with hematoxy-
lin-eosin and evaluating the section by light
microscopy. PC, proliferating cartilage; RC,
resting cartilage; HTC, hypertrophic carti-
lage.

normoxic and hypoxic tissue volumes.
This is particularly evident in model cor-
onary occlusion in freeze-trapped rat
hearts where the border zone is 150 pm
wide (6). Similarities in border fluores-
cence of hypoxic soft tissue zones and
those observed in our study of calcifying
cartilage support the view that hypoxic
regions may also exist in the growth
plate. While the causes of a localized
hypoxia are unknown, possible contrib-
uting factors include changes in matrix
permeability, high rates of cellular me-
tabolism, .and poor vascular supply.
Regardless of the cause, localized tissue
hypoxia may provide the metabolic sig-
nal for the initiation of cartilage mineral-
ization.
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