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A proton microprobe with windowless exit port has been used to

study zinc distributions in various types of skeletal tissues. The

use of an external beam facilitated positioning of the targets for ex-

amination of particular points of interest. The proton microprobe is

uniquely suited to this work since it combines high sensitivity for

zinc determinations in thick samples with good spatial resolution.

Our measurements on rat and rabbit Achilles tendon showed a significant

increase in zinc concentrations as the beam moved from the untnineralized

collagen into the mineralized attachment site. Cartilage gave a similar

result, with calcified cartilage having a greater zinc level than the

articular surface on unmineralized epiphyseal cartilage.
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1. Introduction

The recent development of techniques for trace element analysis by

proton-induced x-ray emission (PIXE) with proton raicrobeams has had ex-

citing implications for experiments in the life sciences. First, mea-

surements can be made on thick samples with moderately good spatial reso-

lution and with a sensitivity generally several orders of magnitude bet-

ter than for the electron microprobe [1,2]. Second, the availability of

the beam in the laboratory opens up the possibility of spatially resolved

measurements on living cells in a variety of environments \1]. Although

several groups have developed proton microprobes with resolutions down

to the ym level, our experience has been with a simple easily used sys-

tem with ^> 25 ym resolution determined by a fine hole collimator. This

resolution has been found to be entirely adequate for many investigations.

The present work exploits the proton microprobe usefulness in thick

target measurements. Zinc is known to be an important factor in the for-

mation of skeletal tissue [4-7] or in skeletal malformation [8], but meth-

ods with both adequate sensitivity and spatial resolution do not exist for

the analysis of these tissues. The mechanisms responsible for these skele-

tal effects are unknown, but could be due to the necessity of having sine

available as a cofactor for certain enzyme systems [4,8,9] during skele-

tal development. In order to understand how these abnormalities can de-

velop, we first need to analyze for zinc concentrations at various ana-

tomical sites in the normal skeleton. We outline briefly the biological

role of zinc in bone formation and then describe measurements at various
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locations in rat and rabbit Achilles tendons and in cartilage and bone.

The results of this work show that the proton microprobe will be a

uniquely useful instrument in opening new frontiers in investigating

the role of trace elements in bone physiology.

2. Biological Role of Zinc in Bone Formation

The development of bone occurs by the conversion of cartilage to

mineralized tissue (endochondral bone formation) or by direct bone

foi.Tne.cion within a connective tissue matrix (intramembraneous formation).

During embryonic development, prior to the appearance of mineralization,

the "pre-skeleton" is formed out of cartilage or connective tissue. Then

during late embryonic life and into the newborn period, blood vessels

penetrate the pre-skeleton tissue and bone formation begins. In endo-

chondral bone formation, the cartilage anlage is invaded by blood ves-

sels, resulting in the death of these cartilage cells and the simultane-

ous mineralization of the remaining cartilage matrix. The blood vessels

also bring in undifferentiated cells which can become bone-forming cells

(osteoblasts) and a collagenous matrix is produced which overlays the

remainder of the calcified cartilage matrix. The complex of an inner

core of calcified cartilage and the surrounding layer of new bone is

called "trabecular" bone. Trabecular bone serves as a supporting struc-

ture at the end of long bones during growth and can rapidly be formed or

resorbed, depending on the growth rate and structural stability required

during skeletal development. Trabecular bone is also found as the sup-

porting structure in vertebrae of the spine and generally persists
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throughout life except as bone is lost due to aging or bone disease.

Trabecular bone also serves as a temporary stabilizing structure in cal-

lus tissue which is formed during fracture healing. After the fractured

bone ends are united, and stability is achieved, this trabecular bone is

resorbed.

Intramembraneous bone formation in general occurs in flat bones of

the skull and fac<i, and the major portion of the scapula. Osteoblasts

differentiate and begin to form new bone within a connective tissue

framework. The resulting bones are not weight-bearing structures although

they are subjected to some mechanical stress. They add to their size and

shape by formation of new bone and resorption of previously formed bone.

For each step mentioned above which has been described for normal

bone growth and development, examples can be shown whereby the individual

step has gone astray, resulting in abnormal skeletal growth and develop-

ment. For example, poor vascularity or improper blood supply can occur

in some metabolic diseases and this results in loss of skeletal growth

or necrosis of already formed tissue. Cartilage and bone cells can be

affectad at the genetic level, resulting in severe skeletal problems and

grossly abnormal development. Hormonal imbalanres during growth may re-

sult in severely retarded growth, increased susceptibility to fracture

or an inability to regulate calcium and phosphorus levels in the blood.

A few metabolic abnormalities are correctable by hormonal and/or dietary

manipulations. Hormones which affect bone directly include parathyroid

hormone, calcitonin, growth hormone, insulin, and the sex hormones. Di-

etary factors which affect bone include deficiencies in vitamins and
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minerals. The vitamins are necessary for organic matrix synthesis and

subsequent mineralization. The minerals, such as calcium and phosphate,

obviously participate in the mineralization process, however, deficien-

cies in zinc, copper, magnesium, etc., have effects on the skeleton

which are not well understood. One end result of these deficiencies is

an abnormal skeleton which does not respond to mechanical stress and is

susceptible to multiple fractures which may or may not repair properly.

The most severe end result is the loss of metabolic control, severe

calcium or phosphorus fluctuations and perhaps an overall pH imbalance.

These problems, although they may be correctable, may eventually affect

the function and stability of other tissues and organs.

The uptake of elements into bone mineral is found to occur most

rapidly at sites of new bone formation and at the zone of calcification

of cartilage. In a matter of minutes following intravenous injection of

calcium or phosphorus, these two areas show the most rapid incorporation

of elements to form mineral deposits. Bone mineral is considered to be

calcium hydroxyapatite, Calo(PO.) (0H)_. The incorporation of other

minerals into bone is generally not known or documented except that zinc

has been shown to localize in areas of new bone formation. Also, zinc

is a known co-factor for the enzyme alkaline phosphatase, an enzyme which

has been associated with mineralization and new bone formation. Zinc de-

ficiency, which can result in abnormal skeletal development, may result

in reduced alkaline phosphatase activity f9]. However, at certain con-

centrations, zinc can also act as an inhibitor of calmodulin action [10]
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(i.e. prevents calcium from stimulating certain cellular functions) or

zinc may behave as a general inhibitor of protein and collagen synthe-

sis [4]. Therefore, it is important to determine zinc localization in

bone and quantitate zinc concentrations at mineralizing sites. Such

information is crucial if we are to understand the influence and role

played by zinc in bone growth and metabolism.

3. Experimental Methods

Protons for the microprobe were obtained from a 3.5-MV Van de Graaff

accelerator. The beam from the machine was magnetically analyzed with a

momentum resolution of Ap/p * ± .05%. A two-stage differential pumping

system [1] was used to make the beam available in the laboratory atmos-

phere for the experiment. The final aperture between the vacuum system

and the atmospheric pressure of the laboratory was a pinhola with a typi-

cal diameter of 25 um that defined the beam diameter at the target. The

upper limit on size was defined by the capacity of the pumping system.

Upstream from the pinhole two chambers were defined by the use of three

5-mra diameter apertures. The first stage was pumped with a 1.67-H/s

mechanical pump and the second stage by a 85-2,/s air-cooled diffusion

pump. Beyond the second chamber the vacuum was approximately that of

the main accelerator vacuum system.

Measurement of the beam was done by placing a cup around the narrow

tube holding the final pinhole and reading the current with a picoammeter.

The absolute value is seriously affected by secondary electrons from the

last slit so that this method can only be used as a relative monitor of
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of the beam current. Experience showed that the current was stable over

long periods of time. Normalization of various spectra could thus be

done relative to the total beam incident on the system. Checks on the

spatial extent of the beam were made by moving a straightedge past the

pinhole and measuring the amount of light produced by the beam when it

struck a scintillator placed behind the knife edge. Resolutions close to

that of the pinhole in use were obtained at a distance 1 to 3 mm from

the pinhole thus showing that atmospheric multiple scattering was not

important.

Standard micrometer assemblies were used to position the target or

knife edge in the beam. For thin targets It is possible to choose the

position of interest by using a microscope to position the target rela-

tive to a fiducial mark produced by viewing a scintillator. For the

thick targets used here it was not possible to view from the front, and

the target position was also helped by using a .005" mylar sheet with

ZnS on one side to show the beam spot. Extreme care was taken not to

touch pinhole or target and produce extraneous zinc background.

Targets were inclined at an angle of 15° between the normal and the

beam at about 1-2 mm from the pinhole. The tilt angle enhanced the ob-

2
servation of the x rays with a 80-mm Si(Li) detector positioned at 135°

to the incident beam. The energy resolution of the detector was 180 eV

for Mn Ka x rays. A typical spectrum is shown in fig. I.

Targets were prepared from freezed dried specimens of rat and rabbit

Achilles tendon (fig. 2) and rat bone and cartilage (fig. 3). A microtome
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with glass knife was used to prepare flat, but relatively thick sections

of 10 Urn. The glass knife was preferred to stainless steel or other

metals becuase there was less possibility of introducing extraneous Zn

contamination. A typical bulk specimen of rat femur is shown in fig. 3

and a thin section of rabbit Achilles tendon in fig. 2. Measurements

were made on a number of specimens to average over the possible variabil-

ity from specimen to specimen and to ensure that irregularities in the

surface did not affect the results.

Quantitative estimates of the amount of zinc present at various

points in the tissue were complicated by the use of thick targets and

by the varying matrix effects caused by the changing Ca/P ratios as one

passed from cartilage to fully mineralized bona. The sensitivity for

thin targets of known thickness was found from evaporated targets and

from multi-element standards. The calibration appropriate for thick

targets were then determined by integrating over the range of the pro-

tons using the known production cross sections [11,12]. This procedure

gave the number of Zn vacancies produced as a function of depth in the

target. The actual number of observed x rays was diminished by the ab-

sorption of the photons by the Ca-P matrix, an absorption which thus de-

pended on both the depth and Ca-P ratio. Typical curves used in the cal-

culation are shown in fig. 4.

4. Results

Results from a previous study of zinc in skeletal tissue have been

reported [1]. There it was shown that zinc present in unwashed samples of
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rat incisor was not removed by washing the sample with 0.1 M cacodylace

buffer, pH 7.4. This indicated that the zinc was strongly bound to the

mineral samples.

The microprobe analysis of bone and cartilage frora growing rats

(see fig. 3) generally indicated that the zinc concentration was propor-

tional to bone mineral content. Thus, in cartilage of the epiphyseal

growth plate, where mineralization occurs slowly the zinc level was

166 ppm. At the zone of provisional calcification, where the ratio of

mineral to organic matrix is higher than in bone, the zinc level was

367 ppm. In bone, the zinc concentration was 238 ppst.

The importance of zinc during calcification is amplified in a study

of tendon calcification. Achilles tendons are dease collagenous struc-

tures which attach muscle to bone and transmit the mechanical force of

muscle contraction to the calcaneus bone during walking. With age or

injury this tendon begins to calcify at the point or origin into the

bone and the calcification slowly spreads along the length of the tendon

towards the muscle. In old adult rabbits the calcification of the tendon

resulted in increasing zinc concentrations along the length of the tendon,

compared to the same tissue from a young rabbit. In the young uncalci-

fied tendon the zinc content was only 9-10% of the zinc level found in

the bone. However, in the tendon from the old animal the zinc concentra-

tion was 31.5%t 78.3% and 90% of the bone levels, ar one measured from

the muscle-tendon junction to the bone-tendon junction. Thus, the older

tendon was becoming well mineralized, and one could expect less flexibil-

ity and perhaps impaired function in this tissue.
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The proton microbeam permits us to analyze small volumes of tissue

in discrete anatomical locations for elements which are impossible tc

detect with electron beam induced x-ray emission. In this study, the

analysis of zinc concentrations demonstrated that this element increased

during calcification of tissues. The presence of zinc in cartilage indi-

cated chat we are not measuring zinc in blood cells or serum since carti-

lage is avascular. And since the zinc level increased with increasing

mineral content of tendon and cartilage, tissues which calcify but do

not form true bone, the calcification process per se is tr.e zinc-requirin-=

step, not bone formation. It may be predicted therefore that zinc defi-

ciency with its resulting skeletal deformities, is a result of altered

activity at the site where inorganic ions are laid down on a preformed

collagenous matrix.
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Figure Captions

Fig. 1. A typical x-ray pulse height spectrum obtained by bombardment

of a thick rat femur specimen with 2.6-MeV protons. The large

peaks above 8.S keV are L-x rays from the platinum pinhole.

Fig. 2. Photograph of a typical 10-ym thick specimen of rabbit Achilles

tendon. Points on the tendon where PIXE measurements were made

are shown. The horizontal width of the specimen is about 4 mm.

Fig. 3. Photograph showing the parts of a typical rat femur. The vari-

ous components of the tissue referred to in section 2 are

labelled as follows: A, epiphyseal growth plate; B, zone of

provisional calcification; C, trabecular bone; D, marrow;

E, compact bone; F, cartilage of articular surface. Typical

zinc concentrations are 166, 367, and 238 ppm at points A, B,

and C, respectively. The scale shown at left is marked in 1-mm

divisions.

Fig. 4. The cross section for K-vacancy formation in Zn, a , transmission,

T, of the target material, in this case pure Ca, and the product,

0 • T, are plotted as a function of depth in the target. The

corresponding proton energy is also shown. In this case the

energy is 2.52 MeV. These curves were used to establish the re-

lation between the yields from the thick bone targets and the

thin calibration target.
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