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The mechanism of calcification, and within it the origin and role of phos-
phates, have been studied extensively. The demonstration of the presence of
glycogen in cartilage was a most important point in the elucidation of the
mechanism [23, 10, 13]. The correlation between the presence of glycogen and
the onset of calcification has been pointed out by Harris and others[27, 19,
25, 5]. The role of glycogen in calcification has been confirmed by the detection
of the enzymes phophatase [26] and phosphorylase [16] in cartilage. The
biochemical evidence was corroborated by histological studies demonstrating
the presence of glycogen, phosphatase and phosphorylase and their correlation
[12, 24, 15, 9, 18]. According to Harris, the phosphate esters formed in the
course of glycogen breakdown serve as the substrate for phosphatase. The
results obtained by Atbaum et al. [1], also point in this sense. These authors
have namely demonstrated several intermediates of glycolysis in cartilage
and could accelerate calcification in vitro by the addition of glucose-l-phosphate
(G—1—P) [21]. More recently, Cartier and Picard [3,4,5,6,7,8] in their
series of experiments have arrived at the conclusion that ATP is the main
phosphate-donor. In contrast with this, Di Stefano and Neuman [11] found
ATP to inhibit calcification.

In the light of the above evidence we investigated in vivo the effect of
the single phosphate esters on calcification. In the present paper the results
obtained for glucose-lI-phosphate (G—1—P) are discussed.

Materials and methods

A total of 36 albino rats, weighing about 100 g each, was used. Under ether anaesthesia
the left femur was fractured and the fracture ends were fixed by means of a marrow nail. One
group received no treatment after fracture, the other group was injected 0.5 ml of a 3 per
cent G—1—P solution intramuscularly, above the site of the fracture, every day, from the
day following operation until sacrifice. The G—1—P used was a potassium salt, prepared
enzymatically, with a pH of 7.0. Three animals of each group were sacrificed 5, 8, 11, 14, 21
and 28 days after operation. The femurs were studied histologically (haematoxylin-eosin, Azan)
and histochemically (toluidine blue, Hale, Hotchkiss and Ritter-Oleson). It has been found
that callus formation was not absolutely identical in the 3 members of the same group. For
this reason, average values were used in the comparative analyses.
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Histological results
5-day control

Between the fracture ends a haematoma showing some organisation can
be seen. Periosteally there are signs of increased activity. Subperiosteally, there
is an islet of cartilage composed of a few cartilage cells. Between the fracture
ends and periosteally, granulation tissue callus has appeared (Fig. 1).

On staining with toluidine blue there is slight metachromasia in the areas
of the cartilage islets.

The connective tissue callus gives a mildly positive reaction to the Hale,
Hotchkiss and Ritter-Oleson tests. Around the periosteal cartilage cells the
ground substance, as well as the nuclei of cells, are Hotchkiss-positive.

5 days of treatment with G—1—P

Between the fracture ends there is an organised haematoma. Strong
periosteal activity, and subperiosteally a big connective tissue callus of loose
structure extending toward the fracture ends can be seen. Under the periosteum,
islets of cartilage of various size are present (Fig. 2).

On staining with toluidine blue the periosteal islets of cartilage show
marked metachromasia.

The connective tissue callus gives a positive reaction in the Hale, Hotchkiss
and Ritter-Oleson tests. Around the periosteal cartilage cells it is mainly Hotch-
kiss’ test which is positive.

8-day control

Between the fracture ends a strong granulation tissue callus is present,
containing many islets of cartilage. Increased periosteal activity and periosteal
cartilage formation are visible.

On staining with toluidine blue the islets of cartilage show increasing
metachromasia.

Hale, Hotchkiss, Ritter-Oleson : Around the periosteal cartilage cells
there is Hale and Hotchkiss positivity.

8 days of treatment with G—1—P

There is a preponderantly cartilaginous callus between the fracture
ends, the islets of cartilage are separated from one another by granulation
tissue. Intense periosteal activity with abundant cartilage formation can be seen.

On toluidine blue staining, both the cartilage between the fracture ends
and the periosteal cartilage show marked metachromasia.

Hale, Hotchkiss, Ritter-Oleson : The cartilaginous ground substance in
the callus exhibits Hale positivity.
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Fig. 1. 5-day control. Between the fracture ends a haematoma and signs of increased periosteal activity. Azan stain.

Magnification, x45. Fig. 2. 5 days of treatment with G—1—P. Increased periosteal activity, smaller and bigger islets

of cartilage suhperiosteally. Azan stain. Magnification, X45. Fig. 3. 11-day control. Intensive periosteal activity,

extensive periosteal cartilage formation extending toward the fracture ends. Azan stain. Magnification, X45. Fig. 4.

11 day of treatment with G—1—P. Periosteally and between the fracture ends extensive periosteal cartilage is visible.
Azan stain. Magnification, X45
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11-day control

Extensive islets of cartilage can be seen between the fracture ends, and
among them a richly capillarized granulation tissue callus. Periosteal cartilage
formation is excessive (Fig. 3).

On toluidine blue staining, the islets of cartilage between the fracture
ends and the periosteal cartilage show strong metachromasia.

Hale, Hotchkiss, Ritter-Oleson : The islets of cartilage between the frac-
ture ends give a mixed reaction. In the periosteal islets of cartilage two zones
can be differentiated, a Hale positive outer one and a Hotchkiss positive
inner one.

11 days of treatment with G—1—P

The area between the fracture ends is occupied by extensive islets of
cartilage. There is abundant cartilage periosteally. Spongious bone is being
formed at the site of the cartilagineous trabecules, from the marginal periosteum
(Fig. 4).

The cartilage shows metachromasia on staining with toluidine blue.

Hale, Hotchkiss, Ritter-Oleson : The cartilage between the fracture
ends shows a mixed reaction. Periosteally, two zones are visible, an outer Hotch-
kiss positive one and an inner, Hale positive one.

14-day control

The whole area between the fracture ends is filled by cartilage. Periosteal
activity is decreasing, in the area between the periosteum and the compact
layer an increasing amount of cartilage is replaced by bony trabecules similar
to spongious bone (Fig. 5). A uniform disc of cartilage extends from the fracture
line to the zone of increased periosteal activity.

The cartilage in the fracture line is strongly metachromatic on staining
with toluidine blue.

Hale, Hotchkiss, Ritter-Oleson : There is no substantial difference from
the 11-day specimen, except that in proportion to the rate of appearance of
bony trabecules the extent of the reactive area decreases.

14 days of treatment with G—1—P

Cartilage is present between the fracture ends. The amount of periosteal
cartilage is less, newly formed bony trabecules are visible between the periosteal
cartilage and between the fracture ends. Hypertrophic osteoblasts can be found
on the guiding cartilaginous trabecules, at the junction of the cartilage and the
newly formed bony trabecules. The osteoblasts can be recognized by their big,
light cytoplasm and marked nuclei (Fig. 6).



Fig. 5. H-day control. At the cartilage-bone junction in the callus numerous dilated capillaries, young bony trabécules

with occasional osteoblasts are seen. Haematoxylin-eosin stain. Magnification, X 150. Fig. 6. 14 days of treatment with

G—1—P. In the callus, at the cartilage-bone junction elongated guiding trabecules with large numbers of hypertrophic

osteoblasts. Haematoxylin-eosin stain. Magnification, X 150. Fig. 7. 28-day control. At the site of the callus, in the

centre, the remaining islets of cartilage are still visible and around them occasional bony trabecules. Haematoxylin-

eosin stain. Magnification, X 150. Fig. 8. 28 days of treatment with G—1—P. The callus is replaced throughout by
newly formed bony trabecules. Haematoxylin-eosin stain. Magnification, X 150

NOILVYINHO4 SNTTVO NO JLVHdSOHJ-T-3S00N19 40 103443



188 I. FOLDES, L. MESZAROS and G. BOT

The remaining cartilage shows very strong metachromasia on toluidine
blue staining.

In the Hale, Hotchkiss and Ritter-Oleson tests, Hotchkiss positivity
dominates in the callus, without, however, there being a significant difference
between specimen and corresponding control.

21-day control

The area between the fracture ends is filled by cartilage. The periosteal
cartilage is reduced in size, newly formed bony trabecules grow from the perio-
steum towards the fracture ends, extending also in between the latter. Osteo-
blasts appear along the guiding trabecules.

The remaining cartilage shows strong metachromasia with toluidine blue.

Hale, Hotchkiss, Ritter-Oleson : the Hotchkiss reaction preponderates
in the callus.

21 days of treatment with G—1—P

In the area between the two fracture ends the amount of cartilage is
markedly reduced while that of newly formed bony trabecules increases. These
take the place of the periostal cartilage. Great numbers of hypertrophic osteo-
blasts are still found along the guiding trabecules.

The cartilage shows marked metachromasia on toluidine blue staining.

Hale, Hotchkiss, Ritter-Oleson : Hotchkiss positivity preponderates in
the callus.

28-day control

A very small amount of cartilage has been left between the fracture ends,
the fracture is almost completely repaired by newly formed bone (Fig. 7).

Hale, Hotchkiss, Ritter-Oleson : The picture is almost the same as after
21 days.

28 days of treatment with G—1—P

The healing of the fracture is nearly complete. The adjacent areas of the
old compacta show resorptive phenomena, the site of the fracture is filled by
spongious bone (Fig. 8). The newly formed bony trabecules in the periosteum
are under resorption.

Hale, Hotchkiss, Ritter-Oleson : the result does differ significantly either
from the control, or from the 21-day one.
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Discussion

The results outlined above suggest that administration of G—1—P
enhances fracture healing. In the treated animals the islets of cartilage appear
sooner between the fracture ends, the increased periosteal activity ceases faster
and, as a result, the processes of differentiation, consolidation and healing
proceed at a quicker rate. The experimental evidence indicates that G— 1—P
accelerates formation of the cartilaginous callus and its ossification. In the
animals treated with G—1—P, hyperthrophic osteoblasts appear along the
guiding trabecules in 14 days already.

The effect on the ground substance is difficult to evaluate. There were
differences in the results of the Hale and Hotschkiss reactions between the
G— 1—P treated animals and the controls ; the difference was most marked
at 11 days. It is known that Cobb believes that Hotchkiss positive granules
to be glycogen. Heller—Steinberg arrived at the same conclusion, because
the Hotchkiss reaction turns negative after digestion with saliva. If these assump-
tion are accepted, our results would suggest that glycogen formation is increased
by treatment with G— 1—P, confirming the histological evidence obtained.
It should be pointed out, however, that the differences in the results of the
Hotchkiss, Hale and Ritter-Oleson tests between the G—1—P treated animals
and the controls were not so marked during the course of healing as to allow
unequivocal conclusions. The less so, as the biochemical processes involved
have not been fully elucidated and the Hotchkiss reagent is known to react
with different compounds (polysaccharides, glycoproteins).

It may be also asked why it was necessary to use marrow-nailing? The
difficulties involved (Bohler, Matzen), for example that the size of the nail
distinctly influences callus formation, etc., are well-known. Still, we have chosen
this method in view of the following. (I) The fracture ends could thus be held
in place. This was controlled by rays and only the animals showing satisfactory
reposition were used. In this way standard conditions could be ensured in the
experiments. A slight degree of dislocation still resulted, but much less than
without the use of nailing. (II) The limb was forced to function, a significant
factor in healing (Krompecher). On the otherhand, this gave rise to periosteal
callus formation ; it is known that when the marrow nail injures the endosteum,
periosteal callus formation predominates (McLean, Urist).

Finally, we wish to emphasize that the present results do not yet prove
the specific action of G—1—P. It could not be decided whether G—1—P
exerted a specific effect or its role in enhancing fracture healing was only
that of a general phosphate donor. It appears, however, certain that G—1—P
has a favourable influence on the process of healing. The mechanism of
this influence will be investigated in experiments involving the use of
different phosphate esters.
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Summary

Healing of fractures has been investigated in albino rats, comparing untreated controls
with animals treated with 0,5 ml of a 3 per cent glucose —1—phosphate solution intramus-
cularly. The animals were examined 5, 8, 11, 14, 21 and 28 days after inducing the fracture
and marrow nailing. The evaluation was based on histological (haematoxylin-eosin, Azan)
and histochemical (toluidine-blue, Hale, Hotchkiss, Rittel—Oleson) studies of the femurs
of the experimental animals.

It has been found that G—1—P seems to accelerate the healing of fractures. This con-
clusion was based on the following.

(1) In the animals treated with G—1—P the phase of increased periosteal activity and
periosteal cartilage formation developed earlier (in 5 days) than in the controls.

(I1) In the animals treated with G—1—P the periosteal cartilage was more extensive and the
cartilaginous callus developed in 6 to 14 days, as compared to 14 to 21 days in the controls.

(111) In the animals treated with G—1—P increased periosteal activity ceased earlier
and new hone formation, both periosteally and between the fracture ends, began after 14 to
21 days, as compared to 21 to 28 days in the controls.

During that period hypertrophic osteoblasts appeared along the guiding trahecules.

(1V) In the animals treated with G—1—P, consolidation was complete in 21 to 28 days,
while in the controls reparation resulted only after 28 days.

(V) Nounequivocal interpretation canbegivenofcertain differencesinhistochemical reaction.
(V1) Investigations are in progress to elucidate whether G—1—P acts on the process
of healing as a specific factor or only as a general phosphate-donor.
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OEVNCTBUE T[/IIOKO3bl-1-®OCHATA HA OBPA30BAHWME KOCTHOW MO30MN
. ®ENAEW, N. MECAPOLW un Aib. BOT

ABTOpPbI NPOBOAUAN CPaBHEHWE 3aXKMBMEHUSA MepesioMoB Yy 6enbIX KPbIC, fIeYEHHbIX
BHYTpUMbILLIEYHbIM BBeaeHneM 0,5 cm33% rntoko3bl-1-tocthata (M-1-P), Kak n 'y HeobpaboTaH-
HbIX KpbIC. OHU nccnefoBav XUBOTHbIX Ha 5, 8, 11, 14, 21 u 28 feHb Nocse aKCrnepuMeHTaslb-
HOro nepenoma v nocne gukcaumeli oTnoma B6MBaHWEM FBO3feil B MO3rOBYH MOSIOCTb KOCTM.
OueHKa npoBoAnnack Ha 6efjpeHHOM KOCTM >XMBOTHbIX Ha OCHOBaHWW TUCTOMOrMYECKol (rema-
TOKCU/INH-303MH, a3aH) U rMCTOXMMUYeCKOl (ToNynamHoBas cuHbKa lene, XoTwkuce, Putrep—
OnecoH) 06pa6oTku. OueHKa pe3yNbTaToB 3KCMEPUMEHTaNIbHOr0 MaTepuana, MOBUAVMOMY,
roBOPUT 3a TO, YTO fleveHne BBefeHUeM [-1-P ycKopseT 3aXMBeHWe NepenomMoB. 3TO YCTaHOB-
fleHVe aBTOpbI CAenanu Nocse OLeHKM pasnyHbIX ha3 Ha 0CHOBaHUN CefyHoLMX HabNAeHW :

1 Y XMBOTHbIX, 06paboTaHHbIX -1-d, cTagmMa nepuocTasibHOro BO36YXAEHUSA U nepu-
OCTa/IbHO 06pasytoLLmiica XpALL NPOABASAOTCA paHbLUe YeM Y KOHTPOSIbHbIX XMUBOTHbIX (yXe
Ha 5 geHb).

2. Habniopgaetca Takxke W 60/blUOe paclUMpPEHWe MEepUOCTa/IbHOIO Xpslia, W paHHee
obpasoBaHMe XpsLEBOA MO30/IN Y XXUBOTHbIX, 06paboTaHHbIX M-1-d(6— 14 gHeil, a y KOHTpO-
nen 14—21 peHb).

3. Y XUBOTHbIX, 06pa6oTaHHbIX [-1-® cTagmsa nepuocTasibHOro BO36YXAEeHWUS Mpekpa-
LlaeTcs paHblue, a HOBOOOpa3oBaHME KOCTM TakXKe MPOUCXOAMT CKOpee, Kak MepuocTasibHo,
TakK U MeX/[y KoHUaMn OT/IOMKOB (14— 21 geHb. Y KOHTponei Ha 21—28 fgeHb). 3a 3TO BpeMs
NPOSIBNSAOTCA BLONb HANPaBNSAKLWMX LWWH rMnepTpoduyeckme ocTeobnacTbl.

4. Tpouecc 3aXMBMEHNS, KOHCONMAALMA 3aKaHUMBAETCA paHblUe Y XKMBOTHbIX, 06pa-
60TaHHbIX [-1-® (21—28 aHel). Y KOHTPOSIbHbIX XMBOTHbIX Nocne 28 fHS.

5. MposansawLwmecs B TUCTOXMMUYECKMX PeaKLUUAX OTK/IOHEHWS aBTOpbl MOKaMecT
elle He MOryT OLHO3HAYHO OOBACHUTD.

6. MpoBogVMble B HacTosiLlee BPeMS AasibHeiline WUCCNefoBaHUS MMEKT LeNbi BbISAC-
HUTb BOMPOC: SBNSETCA M faHHoe felicTBue [-1-® crneummnyecKnM, WM XXe CrefyeT ero
oueHMBaTb KaK 06Llee ¢octhaTo-A40HOPHOE BO3AeNCTBME.

WIRKLING VON GLUKOSE-I-PHOSPHAT AUF DIE KALLUSBILDUNG
. foldes, L. mészaros und gy. bot

Die Heilung von Knochenbriichen wurde bei mit 0,5 ml 3%-igem Glukose—1—Phosphat
(G—1—P) intramuskular behandelten Albinoratten und bei unbehandelten Kontrolltieren
verglichen. Nach Knochenbruch und Marknagelung wurde die Heilung am 5., 8., 11., 14., 21.
und 28. Tage untersucht. Die Auswertung erfolgte am Femur der Tiere auf Grund histologi-
scher (Haeinatoxylin-Eosin, Azan) und histochemischer (Toluidinblau, Hale, Hotchkiss, Ritter—
Oleson) Aufarbeitung. Die Resultate scheinen dafiir zu sprechen, dass die Behandlung mit
G—1—P die Heilung von Knochenbriichen beschleunigt. Diese Feststellung erfolgte nach
Bewertung der verschiedenen Stadien an Hand folgender Beobachtungen :

1. Bei den mit G—1—P behandelten Tieren tritt das periostale Erregungsstadium und
der sich periostal bildende Knorpel friher in Erscheinung (bereits am 5. Tage) als bei den
Kontrollieren.

2. Bei den mit G—1—P behandelten Tieren wurde eine grdssere Ausdehnung des perios-
talen Knorpels und die raschere Entwicklung des knorpeligen Kallus beobachtet (6—14 Tage)
als bei den Kontrollen (14—21 Tage).

3. Das periostale Reizstadium horte bei den mit G—1—P behandelten Tieren friher
auf und die neue Knochenbildung kam schneller zustande, sowohl periostal, als auch zwischen
den Bruchenden (14—21 Tage ; bei den Kontrollen 21—28 Tage). Wahrend dieser Zeit erschei-
nen den Stitzschienen entlang hypertrophische Osteoblasten.

4. Bei den mit G—1—P behandelten Tieren wird der Heilungsprozesses die Konsolidation
friher beendet (21—28 Tage) als bei den Kontrollen (28 Tage).

5. Die histochemischen Unterschiede kénnen noch nicht eindeutig erklart werden.

6. Untersuchungen im Gange sollen die Frage klaren, ob G—1—P spezifisch, oder
aber als ein allgemeiner Phosphatdonor wirkt.

Dr. Istvdn Foldes,
Dr. Lajos Mészaros, |
Dr. Gyorgy BoTt Debrecen, 12, Koérélettan, Hungary

Debrecen, 12, Anatémia, Hungary
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