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ABSTRACT ' \

[ 1 ‘

¢

This study focussed on mineral homeostasis and vitamin D metabolism in
.young rats, pair fed a standard diet and subjected to eitherj chronic éhenobar.bital or
saline (control group)u injections. Caudal vertebrae and "plaques" of induced
endochondral bone were examined histologically ana histomorphometrically to

determine whether osteomalacia had been induced.

Significant mixed function oxidase induction occured, but mean serum

25-(OH)D concentrations remained unchanged. Mean serum 1,25-(OH)2D concentra-
tions remained within known normal ranges, reflecting an apparently unaltered
. vitamin D activation pathway. Serum calcium and phosphorus concentrations were
not consistent with an osteomalacic synd}'ome.

Histologically, no adverse effects on the endochondral sequence of dével-
opment were observed in the induced bone. Histomorphometry of the caudal
vertebrae and the induced bone failed to support a diagnosis of osteomalacia.

Although phenobarbital-induced osteomalacia in the t:uman is muitifac-
torial, this study underscores the importance of a die:t replete in calcium, phospho-

rus and vitamin D in preventing the syndrome.’
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. EFFETS D'UNE ADMINISTRATION CHRONIQUE DU PHENOBARBITAL
SUR L'HOMEOSTASE PHOSPHOCALCIQUE, LE METABOLISME DE LA
VITAMINE DETLA FORMATION D'OS ENCHONDRAL

\\ PR

. RESUME

Le métabolisme de la vitamine D et I'homéostase phgsphoc cique furent
étudiés chez de jeunes r'ats recevant une diéte normale et soumis a des injections a
long terrﬁfe soit dde phénobarbital, soit de solution saline physiologique (groupe
contrdle). Des coupes histologiques de vertébres caudales et de "plaques" d'ossifi-
cation induite selon la séquence endochondrale furent examinées et analysées par des
méthodps histomorphométriques, afin de déterminer si des lésions ostéomalaciques
‘avaient été induites.

<2

wionctions mixtes a été

Rl

3,4, des conéentrations
sériques moyennes de la 25-(OH)D. Les taux sériques myens de la°1,25-(OH)2D se
situaient dans I'éventail des valeurs normales chez le rat, indiquant que l'activation
de la vitamine D n'a apparemment pas été affectée. Les concentrationgséridues de/
calcium et phosphore ne concordaient pas avec un syndrome d'ostéomalacie.

Au point de vue histologique, aucun effet nocif sur la séquencq du
développement enchondral de I'os ne fut observé dans l'os induit. La morphemétgie
osseuse des vertébres caudales et de l'os induit démontrait I'absence d'ostéomalacie.

Quoivque chez l'homm? I'étiologie de l'ostéomalacie induite par le phénobar-

bital demeure énigmatique, cette étude démontre que l'apparition de ce syndrome

peut &tre prévenue par un apport alimentaire adéquat en calcium, phosphore et

vitamine D.
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ORIGINAL CONTRIBUTION i

[

-~

Young male rats pair fed a standard diet _replete‘ on calcium, phosphorus

and vitamin D were subjected to either long term phenobarbital or saline

4

(sham) injections.

7 Mean serum 25-(OH)D concentrations did not differ significantly,

o

indicating an adequate and an unaffected vitamin D pool. Serum 1,25-(OH)2D

. ,
. remained within accepted normal ranges, thus reflecting an apparently

unaltered vitamin D activationupalthway-e

Sequential serum calcium and phosphorus determinations did not r‘éveal
values consistent with an osteomalacic sypdrome,

In vertebral metaphyseal bone ,and in "pla;]ues" of induced endochondral
bone, histological and histomorphometric proof of an osteomalacic process
was lacking. ‘

In the context of chronic phenobarbital treatment of epileptic patients,
this study suggests that the vitamin D activation process is r;ot adversely
affected and that osteomalacia does not develop, provided that an adequate

dietary content in calcium, phosphorus and vitamin D is ensured.

~
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INTRODUCTION

[+] 1

SKELETAL EMBRYOLOGY AND GROWTH

Endochondral and intramembranous bone formation are two different

processes mediating prenatal and postnatal wsgsletal growth. Fetal skeletal growth is

initiated by the endochondral process in which mesenchymal cells aggregate and

differentiate to form cartilage models of the fetal bones. These are subsequently
invaded by capillary tufts in thf; diaphyseal region forming the primary center t;f
,<3§s:ificat16n, and in the epiphyseélﬂ regions at the secondary ossification centers.
Immediately following, these cartilage anlages are mineralized, and then resorbed,
and finally gradually replaced by bone tissue. {

Longitudinal growth of the skeleton, particularly that of the long bones
a156 occurs by an endochondr;u process: cartilage cells ‘gf the epiphyseal grov\}th

plates situated at the metaphyseal-epiphyseal junctions broduce calcified cartila-

genous bars which advance in the metaphyseal zones to be partially eroded by

-

chondroclasts and replaced by young "woven" bone laid down by osteoblasts. This .

s

primary bone structure or "primary" spongiosa is then removed by osteoclasts and
replaced by lamellar bone ("secondary spongiosa").
Lati¥udinal bone growth in the diaphyseal zone occurs by intramembranous

bone formation, whereby bone matrix produced by cells directly beneath the

~ osteogenic periosteal envelope becomes mineralized to yield woven bone, which

graduélly is incorporated into a cortical lamellar pattern (Ogden, 1980). Thus, ir

]
this process, bone is formed without an intervening cartilage stage, which is an

integral part of the endochondral process of bone formation. 3y -
Diametric expansion of the physeal plate occurs by interstitial expansion

and cell division within the physis, and also by means of endochondral ossification of

N
N

L
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" cells produced by the ossification groove of Ranvier. Enlargement of the funnel-ﬁke

shape of the metaphyseal segments takes place by intramembranous ossification,

and is a function of the groove of Ranvier (Shapiro et al., 1977).
’

SKELETAL MODELING AND REMODELING

Skeletal growth during childhood and _adolesceénce and bone structural
integrity doring'adu!thood are maintained by means of two different activities.

Bone modeling refers to processes by which bone enlarges and changes its shape
) ,

throughout the growth period to finally assume adult proportions; it therefore

alludes to growth in length (mediated exclusively by endochondral bone formation)

and in width (produced by intramembranous and endochondral processes). Bone °

remodeling reldtes to the intrinsic cellular activities occuring during childhood*on
adult life whereby bone tissue is removed by osteoclasts and replaced by osteobla;sts
in the same location so as to maintain the structural as well as the physiological
properties at tlhe Ebone organ level (Frost, }973; 1979). AThio cycle of events
comprises a balanced or "coupled" process of bone resorption by osteoclasts followed
by bone formation by osteoblasts, and is mediated by specialized groups of cells
known as Basic Multicellular Units (BMU) (Frost, 1973) acting on the three

functional bone tissue envelopes, namely the haversian, the periosteal and the

endosteal envelopes. BMUs ultimately 'modify the biomechanical properties of the

adult skeleton; they furthermore participate directly in some of the metabolic

functions of the skeleton as an ion reservoir of calcium, phosphorus, magnesium,

———
e

sodium and carbonate.

CONTROL OF SKELETAL MODELING AND REMODELING

" The mechanisms. whereby modeling ‘and remodeling are con_trolled are

1

poorly understood, but include genetic factors influencing cellular metabolic func-

i

ol e ey o ot o e

Y gt s SR g S




3

tions, cellular development and cellular interactions; external and internal stimuli
such adphysical stress, weight bearing and piezoelectric properties of bone crystals;
. ] . .

and also hormonal control. The hormones modulating these activities can be

classified as ‘systemic hormones and calcium-regulating hormones (Harrison and

Harrison, 1979). The systemic hormones affgcting cartilage and bone growth are the
same ones affectin‘g all cell prolifera*tion’ and grdwth: growth hormone-mediated
somatomedin; the \#yroid hormones; the adrenal androgens; insulin; and, during the
pubertal growth spurt, the estrogen and androgen of gonadal origin. Parathyroid

hormone (PTH) and vitamin D (vit D) are the two principal calciotropic hormones
&

which- influence directly or indirectly bone mobdeling and remodeling, probably

through changes effected in the’ synthetic activities of either the osteoblast
: _ o
(Meunier, 1979), the osteocyte or the osteoclast.

v

DRUG-INDUCED METABOLIC BONE DISEASES

¥ . L
4 v

A, variety of disease states, metabolic stimuli and exterpal agents can

affect modeling to the extent of causing major aberrations of skeletal growth.
Similarly, these factors can influence or disrupt bone remodeling by ;;roducing a
disequilibrium between the normally c‘oupled events of \osteoclastic bone resorption
and osteoblastic bone formation. If the disease is protracted or the offending agent

i

strong enough, the resulting changes produced at the cellular and tissue level will be

. r—nanifested clinically by symptoms and signs characteristic of one of the different

2

types of melai:olic bone diseases ci\f adolescence or of adulthood.

The research carried out in the past on ‘the mecganismLof dsteoperﬁa
induced by exogenous glucocorticoids stimulated interest in the study of other
;netaboﬁc bone diseases possibly related to-.chronic drug intake. The importance of
accurately defining a:nd understanding thése disorders stemmed from the widespread
use of these drugs and by their recognized essent.ia'l role in controlling many disease

5

states.
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Antong these. drugs commonly used in clinical medical practice, anticon-.

vulsant medication has been found to be susceptible of causjng a syndrome characte-
rized by bone pain, fatigue, biochemical and occasjonally histological evidence

suggestive of an osteomalacic process.

¢ ]

» ANTICONVULSANT-INDUCED OSTEOMALACIA

g

P

: Current anticonvulsant medication effectively controls most seizure disor-
ders despite the fact that epilepsy ‘occurs in association with a variety of metabolic
conditions or as a result of different types of organic lesions of the central nervous
system. '

Among the many types of anticonvulsant agents now in use, over the years
and up until now phenobarbital and diphenylhydantoin émp‘loyed singly or in

, combination have constituted the mainstay of medical control of most seizure

o
-

B

disorders. .

With the widespread use of these two different agents, side gﬁects were
rapidly recognized and have been amply described. However, it was not until 1967
and 1968 that reports first appeared c;n the "latent" side effects of éitr{er of these
two mt;dications on bone and mineral metabolism (Schmid, 1967; Kruse et al., 1968).

These reports and subsequent ones (Genel et al., 1972; Matsuo et al., 1972;
Borgstedt et al., 1972; Teotia and Teotia, 1973) called attention to the frequent
association of symptoms and sign:s of osteomala(cia in patients receiving these drugs;
the term "anticonvulsant induced osteomalacia" was thus coiﬁed.

While symptoms were not frequent manifestations of the synd_ron\\e, they
included fatigue, and in rare cases pain related to pseudofractures.’ Biochemical
parameters which were altered in mar‘1y cases included hypocalcemia, elevated

alkaline phosphatase, and elevated immunoreactive parathyroid hormone (iPTH)

concentrations (Bouillon et al., 1975; Kruse et al., 1980). Histologial confirmation,




obtained only in a few cases, showed increased amounts of unmineralized osteoid.
Radiologically, ;he bones of some patients appeared osteopenic.
Though the earliest descriptions of anticonvulsant associated osfeomalacia
| were contained in reports from Europe (a continent where mild vitamin D deficiency
is not uncommon) (Richens and Rowe, 1970; Dent et al., 1970; Christiansen et al.,
1972; Sotaniemi et al. 1972; Murchison et al., 1975; !:A/osekilde et al.,, 1977) and
though they dealt with epileptics living in Northern European communities (and thus
patients likely to receive less sunlight becauwse of geographic reasons), subsequently
the same ﬁndinés were discovered in patients under phenobarl‘)idtall or dipﬁenyl-
hydantoin treatment living in North America. In addition, even though thle condition
we;s initially shown to affect predominantly institutionalized epileptic patients
receiving long term anticonvulsaﬁts (Richens and Rowe, 1970; Hunter, 1971), later
all epileptic in-patients or out-patients of any age group were found to be at risk of
) developing the conditiony (Hahn et al.,, 1972b; Lifshitz and Maclaren, 1‘973).
However, the clinical spectrum of the syndrome of anticonvulsant-associated
osteornalacia was soon discovered to be extremely broad:
For example, the reported incidence of hypocalcemia ranged from 4% to
70% dgpenéiing on the population studied and the sensitivity of the tecﬁnic';ue
employed; on the other harfd, the mean reduction in serum calcium relative to
matched controls averaged between 0.3 and 0.8 mg/dl, with the incidence of frank
hypocalcemia varying from 4 to 30 per cent.’ Significant ;levatibns in serum
alkaline phosphatase le‘vels occured in 24 to 40 per cent of cases with inc:easgs in
both liver (44%) and bone fractions (55%) (Hahn et al., 1972b). Serum phosphate
levels were occasionally reduced but most often remained in the normal range.
The radiographic evidence of osteobenia in this syndrome has remained
‘controversial. Kruse et él. (1968) estimateci a 15% incidence of radiologic bone

disease in a German juvenile epileptic outpatient population. A 22% rate of serious

A
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bone‘c‘iisease dete .by.routine radiographic technics was reported by Lifshitz et
al. (1973) in one large group of institutionalized children on chronic anticonvulsant
drug regimens; in this population, it was point::d out that bone loss occufed primarily
in the non-ambulatory patients confined indoors. On the ;)ther hand, an opposing
view was presented in an American study (Livingston et al., 1973) in which no X-ray
changes were found on reviewing skull films of 15,000 outpatient juvenile epileptiés

seen over a 36 year period. Mo;eover, Lussier-Lazaroff et al. (1971) showed that

roentgen examination of 37 children who had received anticonvulsant medications

- for an average duration of more than four years failed to demonstrate any evidence

of rickets. Photon absorption bone-mass measurements (which have an error of 4%
approximately; Hahn et al., 1974) have in fact documented more accurately than
X-rays the siénificantly reduced bone mass in anticonvulsant-treated epileptics
compared to age-matched controls (Lifshitz and MacLaren, 1973; Christiansen et
al., 1973; Hahn et al., 1975b; Dymling et al., 1979; Christiansen et al., 1981).

" In contrast to the numerous reports detailing the biochemical changc;,s
related to anti-epileptic treatment, only a few descriptions pertaining to the
f\isto-morphological qhanges have been published. Experimentafpanimal models were
developed to study this effect, but the data has been difficult to extrapolate to
humans partly because of the "inappropriate" protocols in which osteomalacia and
rickets were produced only after massive doses of drugs had been administered to
animals often maintained on rachitogenic diets (Harris et al., 1978; Villaraele et al.,
1978). Clinical histological data which has been sparse, was obtained fromireviews
of patients receiving principally diphenylhydantoin, alone or in combination with

other anticonvulsants. One of these studies simply described excessive osteoid and

incre'ased osteoclastic activity (Dent et al.,, 1970); others have reported more

information in terms of "static" histological measurements of increased osteoid

seam thickness, diminished calcification front, and also increased trabecular osteo-

|




clastic resorption surfaces witt; increased mean volume of péﬁiosteoeytic lacunae
suggesting secondary hyperparathyroidism (Melsen and Mosekilé[e, 1976; Johnell et
al., 1979;’éastwood et al.,, 1980). Recently, Melsen and Mosekilde (1980) have
presented data revealing normal mineralization lag times in bone biopsies obtained

o

from 20 epileptics receiving diphenylhydantoin alone or in combination with other

‘ ‘
’
i

RISK FACTORS PREDISPOSING TO INCREASED SEVERITY OF ANTICON-

anticonvulsants for at least 10 years.

VULSANT-INDUCED OSTEOMALACIA -

Over the years, careful epidemiological assessments of the different series

from various parts of the world helped to identify a number of risk factors shared by .

most of the affected epiiepticé. A few of these variables were subsequently shown
to correlate well with the production of either biochemi;:al or radiological charac-
teristics of the syndrome, whereas many other ?bserved features were found to be
simply associated with, or possibly predisposing to the development of the syndrome.

\Multiple anticonvulsant drug regimens and the total daily dose of the drug
received were identified as factors likely to produce more severe derangements of
mineral metabolism in epileptics (Richens and Rowe, 1970; Hahn et 51.,‘ 1972b; Hahn
et al.,, 1975b). Additionally, the incidence of these abnormalities was noted to
increase with the duration of therapyo (Lifshitz and Maclaren, 1973; Rodbro,
Christiansen énd Lund, 1974; Tolman et al.: 1975; Bouillon et al., 1975). It was also
suggested that the various types of anticonvulsant drugs differed widely in their
ability to produce disordered mineral metabolism (Richens and Rowe, 1970), but this

has not yet been specifically confirmed. L §

It is acknowledge that reduced dietary content in vitamin D2 or [:)3 and

reduced sunlight exposure resulting in decreased skin synthesis of vitamin D3 lead to

a state of absolute or 'relative h{vpovitaminosis D; it has been argued that, in
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pgtients receiving ‘anticonvulsants for prolon'ged periods, these factors compounééd
the chances of developing the biochemical picture of rickets or osteomalacia. These
t;vo r'isk factors were found to be critically important in anticonvulsant-treated
institutionalized epileptics receiving limited sunlight exposure, or in patients living

in temperate climates, where a seasonal effect on 25-(OH)D levels was clearly

demonstrated, with lower levels prevailing during winter months (Haddad and Hahn,

1973). Furthermc;re, the variations from coun"cry to country in the frequency of
anticonvulsant-induced rickets or osteomalacia probably stemmed from the varia-
tions in vitamin D intake and amount of sunlight exposure.

Another related parameter studied in these patients was physical activity
as it relates to bone mass. In adults, physical stress is the most potent known
stimulus for bone formation, and its effect is thought to be mediated by induction of
piezoelectric forces in bone, resulting in increased ostéoblastic activity. Indeed, in
many patients with seizure disorders, osteopenija has been documented repeatedly by
means of'radiography and of photon absorption densitometry. Decreased \physical
activity resulting from sedative effects of anticonvulsant drugs and/or the physical
limitations imposed by associated neurological disorders probably accounted for the
major portion of the osteopenia\(Murchison et al.,, 1975). In fact, a significant
positive correlation between bone mineral content and muscle strength was noted by
Dymlin.g et al. (1979) in controls and in epileptics maintained on combination
anti-epileptic drugs.

Interactions between nutritional factors and vitamin D biotransformation

have also been postulated in the context of anticonvulsant-induced alterations in

vitamin D, metabolism. Alvares et al. (1976) have demonstrated in man the marked

influences of dietary carbohydrate and protein ratios on the hepatic microsomal
mixed function oxidase system. Thus, since it is acknowledged that many institu-

tionalized epileptics do not receive balanced nutritious diets, it is conceivable that

v
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the type of nutrition that certain epileptics receive may have an influence on their

na

R -
. vitamin D"metabolism.

Finally, many drugs such as tranquilizers, oral hypoglycemic agenfs, etc.
induce hepatic microsomal eniyme activity (Conney et al., 1967) which in turn may

affect vitamin D metabolism (see below). Thus, in epileptics, the potential for

drug-induced modifications of vitamin D metabolism in a wide range of - clinical .

situations is apparent.

. PATHOGENESIS OF ANTICONVULSANT-INDUCED OSTEOMALACIA

1

With the advent of sensitive diagnostic laboratory techniques, attempts
were made to shed light on the mechanisms of the drug-induced hypocalcemia in
epileptic patients receiving anticonvulsants. The interest was thus cémcentrated in
two main areas: altered vitamin D metabolism and intestinal calcium malabsorption.
These investigations yielded data which eventually permitted other related research
pertaining to the anticonvulsant-induced modifications of bone and mineral homeos-
tatic mechanisms. The most important scientific research carried out in this
domain will be highlighted ne‘x';, following an overview of current knowledgé on

vitamin D metabolism.

1- ALTERED VITAMIN D METABOLISM

i) Normal Vitamin D metabolism (Fig. 1)

Vitamin D refers to a group of steroids having important effects on bone

'and mineral homeostasis. In humans, the two important ones are vitamin D, (Dz)

and vitamin "DB' (DB)' D, is formed by the irradiation of the plant sterol ergosterol.

D3 is produced in the skin from the conversion of 7-dehydrocholesterol to pre-vita-

min D, under the influence of ultraviolet light, followed by thermal conversion of
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previtamin D3 to vitamin D3. Although in sunny climates most of the vitamin D

requirements can be obtained from skin synthesis, in temperate climates vitamin D

" must be added to the diet to compensate for limited 03 skin synthesis. In view of

-

s

the fact that vitamin D is soluble in fat, the absorption of vitamin D is affected by
factors which influence fat absorption. Once absérbéd, large amounts of vitamin D
are stored in ‘muscle and fat, while the rest is circulated to the liver where it is
hydroxylated predominantly ip the mitochondria, and also in the microsomes by
calciferol-25-hydroxylase to  yield 25-hydroxyvitamin D (25-(0H)D)
(Bhattacharyya et al.,, 1974a; Bjorkhem et al., 1978). Although thé molecular
components of this reaction are not completely understood, it appears that
~calciferol-25—hydroxylase behaves as a mixed function oxidase enzyme (Madhok et
al,, l978ﬂ)land that the involvement of cytochrome P-450 in this reaction, once
considered doubtful, n0\\v appears more certain (Bhattacharyya et al.,, 1974b).
25-OQHD is the most abundant circulating form of vitamin D, and its serum
concentration (normal range: 25 to 35 ng/ml) is thought to reflect the vitamin D
status of an individual. Due to the dual source of vitamin D in humans, the serum
concentration of 25-OHD 15 under the influence of both dietary vitamin D and also
the amount of sunlight exposure. After transport to the kidney, it is hydroxylated a

second time by an enzyme located in the mitochondrial fraction of renal cortical

cells to yield either 1,25-(OH)2D or 24,25-(0H),,D.

IS

It has become widely accepted that 1,25-(OH)2D is the most biologically

active form of the vitamin, and that it behaves as a steroid hormone. In par'gicular,
a cytoplasmic receptor has been shown to play a role if] tlj; uptake of the free
hormone; the r;esulting steroid-receptdér complex moves to the nucleus, where it
binds to the chromatin (Norman, 1974; DeLuca et al., 1976). ‘I}Iormal 59er
concentration values of 1,25-(OH)2D range from 30 to 55 pg/ml. ﬁyperparathyroi..
dism, hypocalcemia and hypophosphatemia tend to increase 's.erum 1,25-(OH)2D

values.




12

’ 1,25 ‘-(OH)ZD is considered, at present, the most important vitamin D
metaboli:ce regulating bone and mineral metabolist (D::Luca, 1978). It promotes the
absorption of calcium and phosphorus from the gastrointestinal tract, acts synergis-
tically with parathyrbid hormone in the mobilization of calcium fror)n bone, and
stimulates the transfer of phosphate from bone and soft tissue into extracellular
fluid. Many{ studiesjhaven tried to implicate it as an agent exerting direct effects on
skeletal growth and on cartilage and bone m‘ineralizapion. However, the evidence in
;upport of this view is lacking. An indirect effect can be surmised by its ability to
promote the availability of calcium and phosphate. The possibility of other vitamin
D metabolites 'including metabolites of 1,25-(OH)2D having vitamin D activity has
not yet been eliminated (Schnoes et al., 1980), |

The 24,25-(OH)2D metabolite has been considered -an inactive form of
vitamin D. However, many investigators suspect that it exerts an” effect on
cartilage and bone mineralization (Ornoy et al., 1978; BorLiier et al., 1978). Some of
the observations obtained fron; current studie; on this matter include increased
intestinal absorption of calcium in man (Kanlis“ et al,., 1978; Brickman, 1979), healing
of fracture callus in chicks (Dekel et al., 1979), and healing of rachitic lesions in
chicks (Ornoy et al., 1579). i}mterestingiy, productic;n of ?4,25-(OH)2D may be
stimulated by 1,25-(OH)2D (Taylor, 1979).  Nevertheless, the r;ulatiqn of
24,25-(QH)2D in man remain; poorly understood.

Ip Figure | are shown the“grincipal vitamin D metabolites mentioned
above, It is important to point out that \other metabolites, produced in smaller

Ry
concentrations, do exist, but their effects on bone and mineral metabolism have yet

° to be determined.
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Almost all anticonvulsants are capable of increasing bhiliary ﬂoyv (Roberts
and Plaa, 1966), and of inducing cytochrome P?MO dependent hepatic microsomal
° °°mixed function oxidase activity (Conney et al., 19675. These enzymes as a group are
known to be involved in deéradative or anabolic reactions of many hormones and of
many drugs (Conney et al., 19672. An increased activity of these enzymes results in
accelerat?d bi%transformation of drugs in vivo Wit;l an increased prodgction of
polar, hydroxylated and biologically inactive compounds which e;re eliminated in the
rbile; and urine (Conney et al., 1967). This phenomenon of hepatic microsomal
enzyme induction by drugs resulting in sfgniﬁcantly reduced duration angi intensity
of the activity of:‘drugs or hormones, has been particularly well documented in the
case of exogenoous estrogen, progesterone or cor!ticosteroids administered concur-
rently with hepatic microsomal inducing agents such as phenobarbital and diphenyl-
hydantoin (Levin et al., 1967; Jubiz et al., 1970).

1

iii) Effects of anticonvulsant medication on vitamin D metabolism

A

iy A lower circulating level o\{ the 25-(OH)D metabolite was the first
. <
observed alteration “in vitamin D metépolism in .epileptics receiving long term

anticonvulsant therapy (H_ahn et al., 1972b). -The possible mechanisms invoked

* included anticonvulsant-related malabsorption of vitamin D, drug-altered vitamin D,

metabolism and catabolism, accelerated excretion and/or t{ssue disposal of the

metabolites, or different combinations of these mechanisms.
[y k2
~ In the rat, possible inhibition of vitamin D absorption by chronic pheno-

st

barbital intake was ruled out by Schaefer et al, (1972) and ‘later by Hahn et al.
. N

(1975a) when they d%onstrated normal (1 QC) cholecalciferol absorptipn and

norr%al 3'H vitamin D3 absorption. %hronic diphenylhydantoin use was also shown in

(_* another study (Hahn and Halstead, 1979) not to interfere with vitanjn D absorption.

PreER )
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"In man, Matheson et al. (1976) demonstrated -that 3H-vitoamin D, absorption was

unaffected by either ¢hropic phenobarbital or chronic diphenylhydantoin therapy.
The bulk of the investigative work dealing with lowered 25-(OH),D levels
in epileptics receiving long term anticonvulsants focussed on altered vitamin D
metabolism and excretion. Hahn et al. (1972b) reported that the serum values of
25-(OH)D in adult epileptic outpatients receiving combined phenot;arbital and
diphenylhydantoin therapy were significantly decreased in 33% of patients compared
to untreated controls, with the lowest values seen in patients with lowest vitamin D
intake a‘nd least exposure to sunlight; however in a group of 13 patients receiving

either chronic phenobarbital or dlphenylhyd,antom therapy, similar but less marked

changes were seen. In a \study comparing the effects of a three week course of

vitamin D (2000 IU/day) on serum 25-QHD levels in a group of institutionalized

epileptics receiving antic(onvulsants‘ and also in a control group of institutionalized
psychiatric patients not receiving anticonvulsafits, Houillon et al. (1975) found a
significantly smaller rise in serum 25-OHD in the epileptics maintained on anticon-
vulsants. The explanation put forth was fhat thoixgh the non-epileptic cohabitant
controls appeared to have subcﬁniqal r?utritional hypovitaminosis D due to limited
sunlight exposure and beCause of dietary reasons, that the a‘nticopvulsant-treate'd
epileptics living in the same conditions developed low serum 25-OHD levels because

\

of the additive influence of anticonvulsant increased vitamin D degradation.
@« S

In ‘work carried out by Gascon-Barré (1978), the rat's ability to dispose of

x

pharmacological doses of vitamin Dy was investigated with special interest on the

' mﬂuence of K\retreatment of the animal with exther phenobarbital (50 mg/kg) alone.

\
or u’l éombmatxon with diphenylhydantoin (14 mg/kg) It was, shown that the treated

““rats exhibited an accelerated disposal of the excessive amounts of vitamin D as

measured by lower serum levels of 25-(OH)D, and also Ey the significantly increased

median lethal dose (LD50) of vitamin D3 as well as the median time to effect (Lt50).
‘ &
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Hahn et al. (1972a, 1973) and Silver et al.'(1974) proposed a mechanism of
accelerated disappearance of vitamin_ D in rats and in humans by an anticon-
vulsant-induced increase in hepatic production of more polar and hydroxylated
inactive vitamin D metabolites. However, one must point out the small group of
patients studied in the first report, aiong with the in vitro nature of the results
obtained from the animal m@els used in all these studies. Furthermore, in the light
of the more precise current techniques of isolating and identifying the main‘vitamin
D metabolites (see below), one must also object to the interpretation given to the
results of thése three reports, as the peak V metabolite isolated with the techniques
available at that time contained all the dihydroxylated vitamin D compounds,
including 1,25-(0H)2D and 2#,25-(0H)2D; thus, according to today's improved
methods of assaying vitamin D metabolites, the significarce of these results is
unclear. Finally, as these experiments have not since been repeated elsewhere using
current technology, it is difficult at the present time to unequivocably accept this
premise.

‘Increased choleresis in rats and pigs receiving short term phenobarbital was
demonstrated by Silver et al. (1974) and Gascon-Barré et al. (1977). Although this
mfght indicate another mechanism of accelerated disposal of vitamin D metabolites
i;x animals receiving phenobarbital? it is nevertheless difficult to extrapolate these
results to the human as there4 exists no data confirming or denying that biliary
physiology in the x'-at and in hl;mans is i<lientical (Hollander, 1981).

ngev,er, while many studies generated information on the effects of
chronic anticonvulsant use on vitamin D metabolism, investigations on the effects of

»

short term anticonvulsant theraf:y on vitamin D metabolism also yielded interesting
results. Hahn et al. (1972b) noted no ‘change in serum 25-(OH)D levels in epileptic
adults who had received for 'less than six weeks either phenobarbital or diphenyl-

Q i
hydantoin, alone or in combination. Following (MC) cholecalciferol administration
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to rats and pigs which had received brief courses. of phenobarbitone, Silver et al.
(1974) noted an enhanced appearance of the 25-(OH)D metabolite,- After giving 5

-

days of phenobarbital treatment (75 mg/kg) to rats, Hahn et al. {1975a) demons-

rated an early acceleration of hepaﬁtié: conversion of 3H vitamin D3 to
;\H\-M&)DB. Similar results were also obtained by Matheson et al. (1976) and
Norman et al. (1976). ‘Alsc;, Gascon-Barré et al. (1981, in press) demonstrated in
rats given phenc;barbital (50 mg/kg) that the typical plasma 25—(0!-!)03 response
duting the first 48 hours following a sithgle intraportal injection of Dy proceeded in
two distinct phases with an initial transient ﬁhase ocCu;ir;g at 24 hours and
characte‘riz;d by a marked increase in piasma 25-—(0H)D5, followed by a second
phase typified by an accelerated digggpearance of 25-(OH)D3 in the plasma. Hence,
it would appear that the acute effects 6f anticonvulsant rr'nedication on vitamin D
metabolism are reflected by an‘enhanced anabolism of 25-(OH)D, but that the long
term effects are an acbe}erated catabolism and biotransformation into other
L-apparently inactive metabolites. ‘

The work of Jul;’iz et al. (1977) shed more light on the matter by

w
demonstrating (in many epileptic patients receiving anticonvulsants) normal or

slightly elevated levels of .1,22-(0H)2D despite lowered serum 25-(OH)D levels. -

They concluded that though an anticonvulsant-induced ‘cataboiism of 25-(OH)D to
inactive metabolites existed in these pétients, that sufficient qt;antities of
. 25-(OH)D were :still available to permit biosynthesis of adeciuafé quantities of
1,25-(OH)2D. They also speculated that since no deficiency in the activated
metabolite of vitamip D existed in this sy%r\ome, that either there weére no
abnormalities of vitamin D metabolism of pathogenetic significance, or, that
depressed serum levels of 25-(OH)D possibly contributed to the development of the
skeletal abnorrr;aﬁties of anticc'mvulsant-inducéd osteomalacia. This tim@ly work

thus indirectly suggested possible active involvement of the 25-(OH)D metabolite in

ek P W o o
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bone and mineral homeostasis, as was suspected by many scientists investigating
other forms of metabolic bone disease (Rasmuss_en and Bt?rdier, “1 974; Bordijer et al'.,
/1977; Fournier et al., 1977; Ivey et al., 1977; Bell et al., 1979). !

. At approximately the same time, it wa’s shown by Levison et al. (1977)
that.long term administration of ;ither diphenylhydantoin or phenobarbital to chicks
resulted in an increase in renal mitochondrial 25-(0!“1)03 - la hydroxylase. This
information, though obtained frbm animal experiments, provided a pbbsible explz;na-
tion for normal or slightly elevated serum 1,25-(0H)2D3 valués seen in humans
receiving long térm anticonvulsants. ‘-

On thé other hand, it 15 equally important to cite the results of other
experimental and clinical studies which were, in fact, completely épposite to those
discussed up to this points, |

In31 Iambulatory Israel children and adolescents receiving either pllmenyto_in
or phenobarbital for over one year, Weissma;n et al. (1979) found that serum
25-(OH)D concentrations were similar to those of healthy? age-matched controls,
presumably because of the abundant ultraviolet radiation prevélent in Israel. In a
group of non-institionalized, non-epileptic, c\ardiac patients r‘eceivingadiphenylhy-
dantoin for two years for the control of cardiac anythmias, and with serum
concentrations within the therapeutic range for the control of epileps;y,‘Wark et al.
(1979) found normal 25-(OH)D levels, ﬁormal serum calcium levels, a;md elevated
hepatic isoenzyme alkaline phosphatase levels, compared to agg-mat;hed controls.
Moredver, in a double blind series performed‘ on 74 children recei;/ing either
phenobarbital- or placebo for 5 to 12, months for the control of singlé febrile
seizures, Camfield et al. (1981, unpublished data) didu ﬁot find any significant
alterations in serum 25-(OH)D levels. . '

. " In rats, Gascon-Barré (1981; in press) was unable to demonstrate a

significani effect on plasma 25-(OH)D concentrations by either phenobarbital,
. )

[P
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( XJ"‘___,\ diphenylhydantﬁ\ or both in combination, in the presence of constant vitamin D3 .
intake (100 yg/kg/day). Furthermore, Delvin et al. (1980) showed that a greater
{

phenobarbital inductive 'influence on microsomal protein synthesis was achieved in
rats when vitamin D deficiency was present; they then postulated that, in humans, |

vitamin D deficiency potentiated anticonvulsant-mediated induction of cholecalci-

ferol-25-hydroxylase resulting in lower serum 25-OHD concentrations.
’ - ]

3

a

2- ANTICONVULSANT IMPAIRMENT OF INTESTINAL CALCIUM ABSORPTION

i) Normal mechanisms of calcium absorption

t

Calcium absorption takes place principally in the duocdenal segment of the
small intestine. Uptake at the intestinal border occurs by simple diffusion, and
transfer to the serosal surface is mediated by carrier proteins including a specific

caicium binding protein (CaBP). Vitamin D 1,25—(OH)2D, and 25-(OH)D in pharma=

‘cological doses increase the rate of transfer of calcium from luminal ﬂu:"(ﬁnto the
mucosal cell, and also the rate of elimination of calcium from the mucosal cell into

the interstitial fluid bathing the basal and lateral surfaces of the cell. Whether the

e b Y i aiad S s

primary action is to increase the rate of calcium permeation through the luminal .
surface remains a question. The net effect, however is that, even at high

concentrations of calcium in the luminal fluid, calcium moves only slowly into the

mucosal cell in the absence of the active vitamin D metabolite.

g . =

ii) Anticonvuisant impairment of calcium absorption

The relevant information on this topic was obtained primarily from animal
experiments and organ cultures. The latter technique enabled analysis to focus on
0 the direct effects of the drugs at the intestinal level t6 .the exclusion of their

]

( indirect effects on intestinal absorption via altered vitamin D metabolism.
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In the rat, prolonged intake of diphenylhydantoin, alone or in combination

-

- with phenobarbital was shown to impair intestinal calcium absorption, with calcium

(Y

binding' protein activity (and presumably calcium binding protein Synﬂ!esis) re-

maining intact k(Caspary, 1972; Koch et al, 1972). These observations were

-

supported by the work of Harrison and Harrison (1976),0 in which fhey also demons-

trated that (Sombined diphenythydantoin and phenobarbital therapy did {{10t block
vitamin D-stimulatedpassive diffusion of calcium across the intestinal mucosal
barrier, nor did it affect vitamin D-stimulated increase of ‘serum calcium in vitamin
D deficient rats; a specific inhibitory effect by anticonvulsant medication on an
energy dependent calcium transport system within the intestinal mucosa and at the
serosal surface was bc;stulated. Prolong;ed and brief courses of phenobarbital, on the
other hand were not found to hinder intestinal calcium absorption in vitamin D
repleted rats, in orgayn cultured rat du&ena, or in humans (Koch et al.,, 1972;
Krawitt et al,, 1972; Schaefer et al., 1972). |

In the chick, Villareale et al. (1974) observed that, regardless of t‘he

vitamin D dietary content, that prolonged diphenylhydantoin lead to decreased bon€"

ash, decreased “7ca absorption, and, in contrast to the reports of Koch et al. (1972)

" and Caspary (1972), a depressed calcium binding protein activity. These effects

S
were directly related to the diphenylhydantoin dose and inversely proportional to the

dietary vitamin D3 content. Species differences in calcium binding proteinq

responsiveness to 'diphenyihydantoin was cited as a possible explanation for the

differences in the rat and chick models. In a similar model, Corradino (1976) also

-showed that diphenylhydantoin-treated chicks exhibited both depressed intestinal

45 Ca absorption and calcium binding protein synthesis in parallel.
In a clinical study performed on 40 institutionalized and out-patient
epileptics receiving combined diphenylhydaﬁtoin and phenobarbital therapy, Caspary

et al. (1975) demonstrated that 62.5% of the patients exhibited malabsorption of
» ’

3

St el e AR AL et 410 Vb B e ]

]




20

4 Ca despite normal serum calcium and phosphorus levels and normal alkaline ;
phosphatase activity. Similar results were obtained by Shafer and Nuttall (1975)ina . P
clinical study conducted on 28 epileptics receiving diphenylhydantoin and phenobar-

bital, with a significantly greater asCa malabsorption (56%) being obser;'ed in

* patients receiving diphenylhydantoin alone than in patients on both diphenyl-
hydantoin and phenobarbital. ’

[

3- END-ORGAN UNRESPONSIVENESS TO THE EFFECTS OF VITAMIN D AND OF

PTH

Considerable. evidence has accumulated suggesting that anticonvulsants

produce resistance to the actions of vitamin D by exerting direct inhibitory effects

<
I B o ARt W, SRASRE N bR k¥ et K ¥ S ari S

on mineral metabolism at the tissue level. In the, first instance, the finding of
normal or elevated 1,25-(OH),D, levels in affected patients (Jubiz et al., 1977) was
interpreted by some as a manifestation of end-organ resistance to activated vitamin

D”(l,ZS-(OH)ZDB] at the intestinal and bone tissue levels. The inhibition of in vitro
)

1 A b et

vitamin D-mediated intestinal calcium transport in the rat by combined in vivo
diphenylhydantoin-phenobarbital therapy (Harrison and Harrison, 1976) also indi-
cated a blunting- of the effects of vitamin D at the intestinal tissue level.

*Furthermore, it was demonstrated by Hahn et al. (1978) that both phenobarbital and

diphenylhydantoin inhibited basal as well as PTH-and 1,25-(OH)2D3-stimulated
release of calcium from cultured fetal rat forelimb rudiments, with diphenyl-
hydantoin exhibiting a several fc;ld more potent inhibitory effect than phenobarbital.
Jenkins and co-workers (1974) reported that diphenylhydantoin, but not pheno-
barbital, inhibited parathyroid extract-stimulated 4 Ca release from cultured mouse
calvaria; aithough these results"‘\%ere not consonant with those of Hahn et al. (1978),

the differences could be attributable to species differencés, or to differences in the

drug concentrations employed.




e et e v e o o

21

- . SeveLl clinical studies have demonstrated that chronic diphenylhydantoin

can aiso produce eﬁects‘that‘ imply end-organ resistance -to the effects 'of PTH.
Radiographic surveys of dentition in pat.ients recei\(ing chronic diphenylhydantoin
thera{py have demonstrated a markedly increased incidence of root abnormalities
characteristic of those seen in hyperparathyroidism and pseudohypoparathyroidism
(Harris and Goldhaber, 1974). Moreover, calvarial' thickening, another feature of
chronic. hypoparath‘yroid states, has been observed with increased frequency after

prolonged diphenylhydantoin administration (Kattan, 1970).
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The clinical entity of anticonvulsant-induced osteomalacia remains a
contentious issue. Obstacles to proper interpretation of the available data arise

either because of multiple anticonvulsant drug thetapy or because of lack of

standardization of the content of calcium, phosphate, and vitamin D in the dietary

¢ .

intake. Furthermore, the paucity of adequate histological assessments documenting
the évents occurring at the bone tissue level under the influence of various
anticonvulsants does make it d.ifﬁcult, if nc‘>t appropriate, to continue !abeling the
disorder as "osteomalacia".

Anticonvulsants are a heterogeneous group of pharmacological agents.

From the review of the literature presented here, it is obvious that they do not all

influence metabolism to the same extent. It is thus reasonable to. assume that the

choice of one anticonvulsant over another might be associated with a higher chance
of developing the syndrome.

This project was designed with-a view of obtaining aclear understénding of

the effects of long term single-drug anticonvulsant treatment on bone and mineral ‘

\‘1

i

metabolism. Specifically, our aims were:

1. To study the alterations on hepatic and mineral metabolism in young rats

‘recefving long term phenobarbital, with particular attention focussed on the

possible effects on vitamin D metabolites.

2. To study concurrently the possiblé effects of phenobarbital on endochondral bone °

growth using the rat model of endochondral bone induction developed by Reddi
and Huggins (1972). -
3. To determine quantitatively the extent of anticonvulsant:induced osteomalacia

in the long bones and caudal vertebrae of these animals.

v
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METHODS

’

MATRIX-INDUCED ENDOCHONDRAL BONE FORMATION

v oo
*

: . s
Endochondral bone formation can be conveniently studied in the rat by

means of the matrix-induced endochondral bone-forming system (Reddi and
Huggins, 1972; Reddi and Huggins, 1975; Reddi and Anderson, 1976). By' means of

this model, the discrete stages of .endochondral bone- differentiation, such as
. -
Ly

. \ ' - .
mesenchymal cell proliferation, chondrogenesis, cartilage calcification, osteogenesis

o

and bone-mineralizai:“ion are reproduced in an regular fashion, as shown in Table I; -

the many cgifficul:ries inhetent in the use of the - epiphyseal érowth plate are thus
circumvented. The method consists of subcutaneous implantation of demineralized
didphyseal bone matrix into allogenic rats, and it results: in the induction of de novo
bone formation by the endochondral process. Type I bone ;:ollagen or other
extracellular matrix macromolecules Icontained in the preR\ared bone ‘matrix powder
are presumed to be the substainces with specific mi't“ogenic effects which influencel

the connective tissue mesenchyme to differentiate according to the developmental

cascade ‘of endochondral bone formation (Rath and Reddi, 1979; Urist, 1980). -

~ ’

s

PREPARATION OF BONE INDUCING POWDER

The bone inducing powder was prepared according to the method of Reddi -

and Huggins (1972), with a few modifications. The femoral, tibial and humeral
diaphys;éal sections of Sprague Dawley male rats aged 28 daysawgre harvested and
cleaned of adherent tissue; the marrow was extracted and the medullary canal was
cleaned by means of forceful injections of deionized water. The bones were then
broken into small chips measuring 2 x 3 x 3 mm3, approximately, then washed four

T
times in deionized water over a period of two hours, after which they were defatted
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STAGE EVENT v )
.0
® DAY O lmplantatlon of cortical bone powder .-
® DAY 4 VASCULAR INVASION of bone powder implant ‘
® ‘DAY 7 Appearance of CHONDROCYTES and™ onset of . v
- cartilage matrix production '
e DAY 11 4+ CARTILAGE MATRIX production wlth early
CALCIFICATION I
& DAY 14 4+ Calcification of induced cartilage matrix ‘
A Appearance of OSTEOBLASTS and early osteoid
formation f
{
& DAY 20 4 OSTEOID FORMATION with early minerall- '
zation
e DAY 42 + _Osteoblast number ‘ o .
+ MINERALIZATION OF OSTEOID
Appearance of MARROW "
!

formatxon.

TABLE | - Developmental sequence of matrix~induced endochondral bone
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in alcohol bgths (twice in 95% ethy!l alcohol for 40 minutes followed by twice in
absolute ;thyl alcohol for 40 minutes). Finally the bone fragments were washed
with anhydrous ethyl ether for 30 minutes after which they were allowed to dry
overnight at room temperature. ‘ 0

" Next, the dehydrated borie chips were milled in a Spex Freezer Mill set at
maximum impact frequency and for a period of | minute. The coarse powder thus
produced was then demineralized for three hours using 0.5 N HCI (25; mEq/g). The
solution was centljifuged at 10,000 rpm for 30 minutes in the S$5-34 rotor of a Sorvall
RC-2B centrifuge, the supernatant discarded and t.he precipitate demineralized
another 30 minutes in 0.5 N HCI (25 mEq/g); the supernatant was again discarded
and thé precipitate washed three times in deionized water, 40 minutes each wash;

q

with centrifugation (10,000 rpm for a 30 minute period) being done between each

wash. Dehydration of the precipitated powder was done twice in 95% ethy] alcohol .

(30 minutes each time) and once in absolute ethyl alcohol (30 minutes) with

centrifugation (10,000 rpm/for a 30 miﬁﬁ(ce period) carried out between each alcohol

<

bath. The precipitated powder was finally stirred in anhydrous ethyl ether and then

allowed to dry overnight in a petri dish.
¢

Three samples of the bone powder preparation were incinerated in an oven

at 600°C for 18 hours until no measurable inorganic Ca -or Pi could be extracted

from the bone powder.
Twenty five milligram aliquots of the sieved bone powder of particle, size
measuring 180-425 y were then placed in no. 5 gelatine gelules ready for

implantation. -

4

EXPERIMENTAL DESIGN

1

+ A schematic representation of the experimental design is shown in

Q

Figure 2. ' ' . .
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P SCHEMATIC REPRESENTATIOB" OF QQXPERIMENTAL DESICGN

-y

Saline injections (controls) or PB injections ("treated")

- ’ y .

.1 30 controls

Implantation of bone

20 "treated" inducing powder and implants*

Harvesting of bones

R Wa

01 : 30 31 35 38 . 42 45 51 .

Experimental time (days) )
-

* Animals killed at experimental tirmes corresponding to key
developmental stages-of induced endochondral bone
e ) .
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FIGURE 2 - Schematic representation of experimental desigp.
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Sixty 21 day old male Sprague Dawley weanling rats (Car‘zadian Breeding
Farms and L'aboratories, St.Constant, Quebec, Canada) were equally” divided at
random .into a control group and a phenobarbital (PB)-"treated" group. All animals
were housed in’ individual hanging cages in a windowless room with automatically
controlled temperature and lighting, and paqir fed- 15 g/day of a standard rat chow

diet (no. 5012, Ralston-Purina Canada, Woodstock, Ontario, Canada) containing:

o

Calcium: 0.68% »

Phosphoru;: / 0.61%

Vitamin D: ‘ 2.5 1U/gm ¢
Protein, ot fess than . 22.0%

Fat, not less than 4.0%

Fiber, not more than ' 5.0% ) )

i)emir';eralized water was given ad libitum.

The PB treated animals were administered sodium phenobarbital ("Luminal
Sodium", a generous gift of Winthrop Laboratories, Division of Sterling Drug Ltd.,
Dorval, Quebec, Canada), 50 mg/kg/day, intraperitoneally for 30 days, whereas the
controls were given the vehicle only (physiological saline) according to the same
schesiule. )

’ At this poinf, all animals were anesthetized with phenobarbital, 45 mg/kg
("Nembutal Sodium"; Abbott Laboratories, Dorval, Quebec, Canada); using aseptic
technique, gelules containing 25 mg aliquots of the demineralized cortical bone
powder weré subcutaneously irr;planlted bilaferally in ’the anlterolateral thoracic
region through a midline dorsal interscapular incision which was subsequently closed”
with 2 stainless ste'el‘clips. Following this procedure, the rats continued to receive

daily in'jections of phenobarbital (PB) or saline in the treated and control groups

respectively. . iﬁ
/ / )

R
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Five control and five PB-treated rats were killed at 4,7,11,14,20 and 42 -

days ‘after implantation of the gellules, each of these times corresponding to key

b

events in the context of induced endochondral bone formation (Table 1). At these

same stages were carried out the assays described in the following sections.

<

A)
/s

PREPARATION OF HEP‘ATIC MICROSOMAL FRACTION

Liver microsomes were isolated é’c?a{rding to the method of Schenkman and
Cinti (1972). Following decapitation of control and treated animals at the specified
intervals, the livers were excised at once, blotted and weighed and then carefully
pe;"ifuséd with cold O.‘154 M KCI. They were homogenized with a Potter-Elvehjem
homogenizer fitted with a Teflon pestel in ice-cold 0.25 M sucrose containing 1 mM
NaH,PO

o’
sedimented at an integrated field-time of 8300 g-min at Fav 7.3 cm in the 5S5-34

buffer adjusted to pH 7.4 with 1 M NaOH. The nuclei and cell debris were

rotor of a Sorvall RC-2B centrifuge equilibrated at 4°C, The supernatant was
centrifuged at.an integrated field-time of 196,200 g-min in the same apparatus and
the supernatant, consisting of the microsomal and cytosolic fractions, was retained

for aminopyrine demethylase and cytochrome P-450 assays.

AMINOPYRINE DEMETHYLASE ASSAY

The - mjcrosomal-cytosolic fraction was resuspended in 0.154 M KCI buf-
fered with 0.1 M NaH2P04 adjusted to pH 7.4 with 0.1 M NaOH. Aminopyrine

demethylase was assayed according to the method of La Du et al. (1955) with the

following modifications. To a 1.5 ml aliquot of the oxygenatéd cofactor (10 min .

with 02) solution consisting of 1 mM NADPH, 16.7 mM glucose-6-phosphate and 15
mM sémicarbazide in 0.5 M NaHzPoq, adjusted to pH 7.4 with 0.1 M NaOH, were
added: 0.25 ml of glucose-6-phosphate dehydrogenase (3 units) in 25 mM MgClz,

0.25 ml of 2.0 mM aminopyrine, in 25 mM MgClz. The mixtures were incubated for

e AR s bt W S e
1
-
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exactly 5 min at 37°C after which time, at fixed intervals, 1 ml of the microsomal
suspension containing approximately 1.5~ nmoles cytochrome P-450 was added to
each flask. The incubations continued. for 5 min, and the reaction was stopped by
the addition of | ml of 0.52 M ZnSOu followed by 1 ml of saturated Ba(OH)zl @‘ftér

centrifugation at 1000 g for 20 min at 4°c, 2.5 ml of the clear supernatant fluid

were used for the formaldehyde measurement by the method of Nash (1953). The |

units reported are nmoles formaldehyde produced/min/mg of microsomal protein. L

)
CYTOCHROME P-450 AND PROTEIN MEASUREMENTS

Cytochrome P-450 was measured spectrophotometrically using the micro-
somal fraction resuspended in buffered 0.154 M KCI# solution'according to the
method described by Mazel (1972). The proteins were measured by the method of
Lowry et al. (1975) using human serum albumin (Connaught Medical Research

Laboratories, Toronto, Ontario, Canada) as standard.

SERUM ASSAYS OF CALCIUM, PHOSPHORUS AND OF VITAMIN D METABOLITES

LN

At the time of sacrifice, blood was extracted from fhe animals by means of
intracardiac puncture and centrifuéed. The supernatant serum was then stored
frozen at -20°C until theé time of assaying.

Serum calcium (Ca) and phosphorus (Pi) were determi;med by Auto Analyzer

\

procedures (Technicon Instruments, Tarrytown, NY).

The concentration of 25-hydroxyvitamin D (25-OHD) was rgeasured by
radioligand assay by the method of Haddad and Chyu (1971) and 1,25-dihydroxy-
vitamin D [1,25-(OH)2D) by the method of Eisman et al. (19765 modified by , -
separating the bound from the free hormone with a Dextran T-20 coated charcoal
suspension instead of a polyethylene glycol solution. The circulating 24,25-dihy-

droxyvitamin D. (2#,25-(0H)2D) was also measured by a competitive binding assay

el
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after careful purification by high liquid chromatography on'a 5 um particle
m1croporasnl column (Beckman Instruments, Paolo Alto, CA, USA) equilibrated with

6.5% propan-2-ol/n-hexane as mobile phase. The inter- and intra-assay variation

coefficients for the three assays were 10 and 8% respectively.

. DETERMINATION OF PERCENTAGE BONE ASH AND OF ASH CALCIUM AND

’

PHOSPHORE CONTENTS

The left tibial and femoral ‘diaphyses and metaphyses \.Nere used to
determine the percéntage bone ash and the calcium and phosphorus content in bo'ne.
Folllowing removal at autopsy, the bones were placed in an oven at 100°C overnight,
weighéd ("dry weights"); and subsequently incinerated in an oven at 600°C for 18
hours. The ashes were weighed and this value expressed as a percentage of the dry

bone weight. Calcium and phosphorus contents in the ashes were measured by Auto

.

Analyzer (Technicon Instruments, Tarrytown, NY, USA) and the results expressed as -

mg of Ca or Pi per mg of dry bone weight. All data shown in Tables 5 and 6 are
I( .
expressed as mean values (x) + standard error of the mean (SEM);. The significance

. (p) of the differences between PB-treated and controls was evaluated by the Student

t-test for independent variates.

HISTOLOGY AND BONE MORPHOMETRY

The remaining two third portions of each plaqué of induced bone, longitu-

3

dinal one half portions of the first three tail irertebrae, and the right tibial and

femoral diaphyses and metaphyses were fixed in buffered formaldehyde (pH 7.1),

embedded undecalcified in methylmethacrylate, and sectxoned longxtudxnally on a
microtome (Autocut, Jung Inc,, Heidelberg, W. Germany)
Five micron thick sections of the implants of induced bone (harvested from

the animals' right thoracic region), of} the epiphyseal and metaphyseal regions of the

v

st
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vertebrae, and of the long bones were stained with toluidine blue at pH 2.8 (Bordier
et al., 1972) or by the Von Kossa method (Villaneuva, 1973) and were quantitatively
analyzed using a semi-automatic image analyzer coupled to a photomicroscope
(MOP3, Carl Zeiss Inc., W.Germany).

By means' of in vivo double tetracycline labeling (Achromycin, 40 mg/kg,
administered seven énd three days prio.r to sacrifice) and fluorescent microscopy,
the following dynamic parameters were measured in the metaphyseal region .of the
seventh caudal vertebrae and along the surfaces of the induced bone: the mean
osteoid seam thickness (MOST) determined by measuring the mean distance (in
microns) between midpoints along the osteoid surface; the calcification rate (CR) by

' dividing the MOST by the interval bf time (4 days) between the two labels; the
. mineralization lag time (MLT), calculated as the ratio of the MOST ovet the

corresponding CR.

v

AUTORADIOGRAPHY

Five micron thick sections were coated in complete darknes¢ with NTB>
'liquid emulsion (Eastman Kodak, Rochester, NY), dried in a low humidity atrﬁos-
phére at 20°C and placed in dark boxes at 4°C for five days... At the end of the
exposure p;riod, the slides were developed in D19 and fixed (Unifix, Kodak), rinsed

30 min in running’ cold tap water, then stained with toluidine blue.

C’,‘:’ﬁ

RADIOISOTOPE LABELING OF BONE IMPLANTS

J

Radioisotopes were obtained from New England Nuclear Canada Ltd;}
Montreal, Quebec, Canada. Four hours prior to sacrifice, each animal of stage 4 and

7 received 100 UCi of Na3 3 SO# (carrier free, 5.00 mCi/ml) whereas each animal of

« stage 11,14,20 and 42 feceived 100 1Ci of *°

( :

CaCl, (5.00 mCi/ml).

h

\
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At Isacrifice, the plaques of induced en&ochondral bone were harvested
from the thoracic region and cl:aned of adherent tissue. Representative
one-third-portions of the speciméns of stages 4 (day 35) and 7 (day 38) were washed
for 30 minutes in 0.1 M Nazsoa (non radioactive) in 0.05 M sodium phosphate bufefer
(pH 7.4) while those of stages 11,14,20 and 42 (days 42, 45, 51 and 73, respectively)
were washed for 30 minutes in 0.1 M CaCl, (non radijoactive); the specimeéns were
then blot:ced dry, weighe& and then solubilized in 2 cc of 88% formic acid at 90°C.

Radioactivity was then assessed in a LKB Model 1216 Rackbeta II liquid scintillation

- spectrometer using a mixture of 0.2 ml of the solubilized samples and Aquasol (New

England Nuclear Canada Ltd; Montreal, Quebec, Canada) as scintillation liquid.
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RESULTS '

b
i

1. EFFECTS OF PHENOBARBITAL ON WEIGHT GAIN AND EATING ACTIVITY

- Under the stated conditions of pair feeding of a standard rat chow diet, the

/

PB animals gained significantly less weight than their controls, from day 38 until the
\\ o 0
end of the experiment (Fig. 3). Important behavioural changes noted in the PB rats

included hyperkinesis and voracious appetites at the time of feeding, and also a
change in the biphasic circadian cycling of food intake, such that eating activity was

confined to the first feeding episode. It is important to point out that daily levels of

. food consumption were equivalent in both groups.

2. BIOCHEMICAL DATA

/
i) Effect of phenobarbital on liver weight, cytochrome' P-450 content and,amino-

’
.

pyrine demethylase activity

»

4

The data contained in Table 2 indicates that in the PB animal, significant
increages in liver \»;eights and cytochrome P-450 content and hepatic a;minopyriqe
demethylase levels (as an index of mixed f{}nction oxidase levels)” were obtained
after prolongt;d treatment with phenobarbital, thereby attesting to the effectiveness

of the experiment's protocel in stimulating hepatic metabolism in the rat.

ii) Serum calcium and phosphorus determinations .

The averages of the sequential serum calcium and phosphorus determina-

i
tions are shown in Table 3. Mild serum calcium and phosphorus elevations in the PB
animals were observed at many stages,’ but while these values were statistically

significant ir: these instances, nevertheless they were not in keeping with true states

J

[
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TABLE 2 - EFFECT OF PHENOBARBITAL TREATMENT ON LIVER WEIGHT,
CYTOCHROME P-450 CONTENT AND »AMINOPYRINE
DEMETHYLASE Acrgww

,, CONTROLS PB/TREATED p *
‘ n n
LIVER WEIGHTS (x + SEM**) i 76 0.3 5 . 9.9 0.5 5 <0.005
. CYTOCHROME P-450 (nmoles/mg
microsomal protein) ‘ 0.837 £0.5 9 1.33+£1.3 10 <0.01
AMINOPYRINE DEMETHYLASE (nmoles/ . . )
mg microsomal protein/min) 5.5+0.6 4 11,419 " | 4 <0.025

* significance of difference was calculated by the Student's t-test for independent variates
** x  SEM : mean + standard error of the mean

n =sample size

_%
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TABLE 3 - SERUM CALCIUM (Ca) AND ﬁHOSPHORU,S (Pi) MEASUREMENTS

Ca Pi
Echer_imental C PB p* ) C , PB p*
time
(days) n n
35 9.7+0.2 3 10.5£0.2 | 5 < 0.025 7.2+ 0.1 8.1+ 0.1 <0.005 °
38 n.d. | n.d. n.d. n.d. ) n.d. n.d.
42 9.6 £0.I- | &4 10.3+£0.3 | 4 <0.05 7.8+0.3 8.4+0.2 <0.05
45 10.0+£0.2 | & 10.0 £ 0.1 4 . N.S. - 7.8+0.2 8.0+0.4 N.S.
51 9.7 £0.2 5 10.2+0.1 4 ‘ <0.025 7.3£0.3 7.5 * 0.2 N.S,
73 9.5 +0.1 3 10.0£0.0 | 5 < 0.0005 5.8+ O.é 6.8%0.2 < 0.005

* signﬁicmce of difference was calculated by the Student's t-test for independent variates

n = sample size

n.d.: not done -
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of hypercalcemia or hyperphosphatemia. The data for day 7 could not be-

determined due to insufficient quantities of sera.

iii) Sequential measurements of vitamin D metabolites

In Table 4 are shown the mean serum valqgs of the vitamin D metabolites
obtained sequentially at the key developmental stages of the matrix-induced

Huggins, 1972; c.f. below).

endochondral bone forming system (Reddi a

Mean serum 25-(OH)D levels did not\differ significantly in the PB animals
from controls. Mean values for PB and contrQl animals ranged from 14,0 ng/ml to
28.1 ng/ml.
. Serurr) 1,25s(OH)2D levels in the [;B animals were similar to controls at
days 38, 42, 45 and 51. Although the levels c;f this metabolite were significantly
lower in the PB animals at days 35 and 73, these lo\wer values were still “}ithin the
nor}nal range (Shepard andlDeLuca, 1980). The elevated mean value of 1,25—.(OH)2D
in controls at day 51 was swayed upward by two high measurements (113 and 117
pg/ml); 'chel physiological significance of these particular results is unknown.

At days 35 and 73, the levels of 24,25-(OH)2D were significantly increased
in the PB animals compared to controls. However, caution is advised in interpreting
the 214,25-(OH)2D values, as the fractions measured possibly contain other vitamin D
metabolites  such as 25,26-dihydroxyvitamin D and the vitamin D 3,26-lactone;
nevertheless, we believe our 24,25—(OH)2D fractions to be pure as a result of the
technique employed here consisting of two separations with two different solvents,
as opposed to a single separation with one solvent, which is the technique most

frequently employed by most investigators.
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TABLE 4 - SEQUENTIAL MEASUREMENTS VITAMIN D METABOLITES
: < 25-QHD (ng/mi) 24-25(OH)2D (ng/mI) 1,25(0H)2D (pg/mi)
Experimentarl Controls. PB animals Controls PB animals Controls PB animals
time . -
(days) n n n oo n n n
¢
35 140105 | 16.0£2.0°| 5 | 41202 | 5 | 81209 | 5| 55.0:6.0(5 | 36.0:5.0% i 5
38 21.0+x2.2 | 4 19.0+x1.9 | &4 10,6 0.8 | &% 10.0+ 0.4 4 || 58.7+8.4 | 4 51.8\1 4.6 4
! . 42 24.8+29 | 4 18.9+1.6 | 4 [10.0 t 051 4 8.9+0.9 4 || 29.8 +39 14 26.4+ 5.8 4
45 25.2+4.01 & 28.1+0.7 | & [16.3£1.0] & 17.2 +0.9 4 || 25.2+4.0 | & 28.1+ 0.7 4
, - 21.8£3.71 5 25.4+0.8 | 4 [13.8+0.6| 3 17.6+ 1.9 3 180.6+£14.8]5 50.8 +5.8 4
73 19.9+ 1.4 | 3 223406 | 5 §123+0.5| 3 15.2+0.7% | 5 [ 53.7+ 2.5 3 36.9+ 4.0% |- 5
*  Significance of difference was calculated by the Student's t-test for independent variates
I p<0.005
. 2 p<0.025 :
n = sample size T e T
- V,//”,’"‘" - N . .
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4

iv) Bone ash weight and ash calcium and phosphorus contents

¢

In Tables.5 and 6 respectively, ar¢ shown the mean values of the long bone
ash content, and of calcium and phosphorus contents (ug) in the bone ashes
é;(pressed m relation to the dry weight (mg) of the long bones. Again, despite
statistically significant r.esults obtained at some of the inter\;als, the values must be
interpreted as not being trully different, as“the calculated differences were due to
the high precision of the techniques employed, the sma.ll values for erroTs of the

mean, and also due to the small number of samples mvolved @

y

]

3. HISTOLOGY

'i) Effects of phenobarbital on induced endochondral bone -

The protocol for the matrix-induced endoch;>|1dml bone-forming system
yielded plaques OfJb—()Qe formed by an e;ndochondi'al sequence, both in control and
PB-treated animals, in approximately 60% of animals. In the remaining 40%, the
bone powder had either been ‘g:ompletely resorbed and none remained at autopsy, or
else the bone-inducing powder Rad been- completely encapsuled such ;chat it could
not i;@i’any bone-forming response in the org;mism. The "success rate” of bone
induced by this protocol was deemed statisfactory and concorded with the rate of
bone induction obtained in other’ expenments using thls system (Reddl, 1981,

<
personal communication).

& > At day 35, the plaques which measured approximately 1 cm were covered

with a thick, firm, fibrous capsule and-were surrounded by edema fluid. The cut
sections revealed loose bone particles and the histological sections sl‘;owed a
vascular response invading the implant and surrounding the bone particles. The
intensity of the reaction was equivalent in Both controls and PB animals. With
polanzmg light, the bone matrix was noted to-be entlrely lamellar in structure and

thus of cortical origin. A few foci of cartxlage growth plate: matnx were seen in the

T s

e #




TABLE 5 - SEQUENTIAL DETERMINATION OF PERCENTAGE ASH CONTENT
IN LONG BONES!

- ; &
Expealfnn:ntal Day 35 Day 38 Day 42’ Day 45 Day 51 Day 73
Controls 74.6 104 | 707403 | 703103 | 70.4:02 | 702402 | 71.1%0.1
PB animals © | 76.2+0.5 _ 70.4+0.1 69.3+0.4 | 69.910.2 70.5 0.1 70.71 0.3
np" value? p < 0,025 p = N.S. p< 0.05 p0.05 p=NS. | p=NS.

- -

1) i.e. Weight of bone ashest dry bone weight x 100%

2) Significance of difference was calculated by the Student's t-test ior independent variates

*N.S. = not significant
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TABLE 6 - BONE ASH CALCIUM AND PHOSPHORUS CONTENT!

; . - Experimental Day 35 Day 38 Day 42 Day 45 Day 51 Day 79 .
| ( Controls 282+ 3 284+ 4 274 8 . 278+ 5 2804 285 +2
Ca ‘
PB anirr;als 294+ 42 ) 284 £2 2669 280 =4 278t 4 280% 3
Controls 142 +3 114}2:2 ‘ 13823 144 £2. ‘ 1400 ll;O:t 0
; Pi i
PB animals 48+3 148 t'22 13§10 < lle:Z }38+2 140£ 0
‘ ‘.
} ‘l) Expressed in ug/mg dry weight of bones. Significance of difference was calculated by the
Student's t-test for independent variates. @. :
} 2)‘ p <0.05
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[

homoiogous bone powder and undoubtedly represented unresorbed, long cartilage
columns which had penetrated deeply‘ into thev diaphyseal sections of the lor{g bones
of the donor animals, and which had been retained throughout the preparation of the
bone powder. _

) At day 38, the implants were more firm and opaque, and were more
adherent to underlying muscle. The cut surface was more homogenous and solid, yet
still slightly granular in cor;nsistency. Histological examination of toluidine blue
sections revealed foci of early cartilage cell differen’%iation with production of
ground substance as exemplified by increased uptake of the dye at these locations.
Simila!; changes were seer? in both groups of animals, and to the same extent. |

At day 42, the gross appearance of the implants was pearly white.
Microscopically, cartilage cell proliferation was abundant on the surfdces of the
powder particles, and greater amoants of ground substance were being produced
(Fig. 4) and mineralized, ds witnessed by the von Kossa sﬁhhg. An interesting and
new observation made at this point was the finding of similar chondrocyte cellular

" activity within old Haversian canals of the donor‘bone powder, thus showing that

bone induction was not restricted to the surface of the bone particles but that it

could also take place inside of old Haversian systems bf the homologous bone

matrix. Moreover, it was observed that the focus of these activities was not at the

center of thg plaque, as advocated by Reddi and Huggins (1972), but thaf it was
more or less diffuse throughout the button-like plaque. Again, at day 42, th;se
cellular responses to the presence of the inducing powder were seen in both control
and PB animals. ' |

At day 45, the presence of regularly arrang;ed rows of osteoblasts progucing
unmineralized osteoid within'olcll haversian systems and along the surfaces of the
inductive powder was noted in both clontrol and PB animals. Active osteoclasts were
" also present. The intensity of these events at this stage was identical in b‘ooth groulis
'of animals.

4
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FIGLIRE 4 - -Representative histologic sections of implants of induced .bone harversted at 1l days after

implantation from control (left) and PB-treated (right) rats showing in both the osteogenic bone
-matrix (b.m.) surrounded by cartilagenous matrix produced by chondroblasts (arrows). Note the

B presencé of cells in old osteocytic lacunae. - T

- (5 um thick toluidine blue stained section, 250 X ) -
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At day 51, the osteoid produced was almost all mineralized in both groups
of animals (Fig. 5). | | ' |

At day 73, the plaques felt hard to touch and looked blood-tinged on their
cut surfaces. Histological evaluation revealed ‘mainly calcif{ied matrix, active
osteoblasts, marrow elements, and rerunaining,decalciﬁed bone powder. The extent
of the development and the sizes of the resulting bone irﬁplants wﬁgre identical‘ in
both groups of animals;.'

The regularity of the time of appearance of these developmental stages of
matrix-induced bone was uniform and ‘predictable in most circumstances, in both
animal groups. However, occasionally it was observed that an implant from a
control or a PB animal contained histological features typical of the next most
advanced stage of growth. For example, a section from an 11 day old implant
harvested°from a control animal (Fig. 6) clearly demonstrated active osteoblasts
producing osteoid, a feature usually séen only in a 14 day old}'implant. Similarly, in
one 20 day old implant we;re found marrow precursor cells in the form of loose cells
mixed with fibrous connFctive tissue elements. Thus, this particular model of bone

induction faithfully recapitulated the events of endochondral bone formation, with

variables of plus or, minus three days observed in the early stages.

i) Histomorphon%try

Histomorphometi'ic data for.day 73 is reported in Table 7. This stage alone
was chosen for measurements and interpretatnionf of implant and verfebral bone
deve\,lopment as it was considered likely to yield more meaningful information than
would be possible at the other stages. Not only were attempted measurements of
induced bone at earlier intervals difficult to obtain because of the heterogenous
~ character of the induced bone (see above), but alsQ because an insufficient number

of possible readings (on account of immaturity of the new bone) rendered any

3




FIGURE 5 - . Histologic sections of implants of induced bone harvested 20 days post implantatior (control on

left; PB-treated on right). Mineralized (m.o.): and unmineralized osteoid (o.s.) are seen ‘under
PO .

(%]

rows of regularly arranged osteoblasts (0.b.). Osteoclastic activity (o.c.) is also visible.

(5 um thick Von Kossa stained sections, 250 X ) : ,
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Histologic section of 11 day old implants of induced bone in a control rat showing events usually

seen in a 14 day old implant. Osteoblasts (o.b.) are seen producing osteoid (0.s.) on the surface of

" the bone-inducing matrix (b.m.)

(§ um thick toluidine blue stained section, 250 X ) ’ !
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TABLE 7 - QUANTITATIVE HISTOLOGY OF BONEl
Day 42
= : T o — :
Mean osteoid seam Calcification rate Mineralization lag time
thickness (um) - (um/day) : (days)
(Mean % S.D.) (Mean * S.D.) (Mean t S.D.)
Implant Vertebra " Implant Vertebra " Implant Vertebra
Controls | 5.71:0.48  6.00£0.19 | 245032 - 2.41£0.18 | 2.36:0.3%9  2.50:0.18
- .
n= 4 .
Treated 6.09 £0.40 5.98 £0.09 ' 2:82+0.35 2.21 £0.16* } 2.19+0.38%*  '2,70+0.20
n=>5 . - ‘ p .

=

7

1  Significance of difference was calculated by the Student's t-iest for independent variates
*  p< 0.0l compared to implant in same animals
*%  p<0.02 compared to vertebra of same animal

n = sample size N

A/

PP
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measurement at these earlier stages imprecise and misleading. The information
presenfed in Table 7 represents mean values of the measurements * standard érror

» Wt the means.,
The quantltatlve measurements of the pldques of induced bone and of the
vertebrae of one group were compared to each other, and then compared to the

" values obtained in animals belonging to the other group. No significant dxfferences

were noted in mean osteoid seam thickness in implants of controls compared to

those of PB animals, or between implants from one group compared to the vertebra
in the same group, or between vertebrae from either group. Double fluorescent
\ uptake with tetracycline was seen in the induged bone as well as the vertebral

£
metaphyseal bone (Figs. 7 and 8). No differences were found in the mean

calcification rate of the implant compared to that of the vertebra. However, in PB *

animals, the mean calcification rate of the implant was found to be significantly
increased compared to that of the vertebra; on the other hand, it is apparent that
the differences shown are not large, and thet they probably do not have biological
significa_nce.,

Mineralization lag time was essentiaily the same in control implants and
vertebrae, and between vertebrae from control and PB animals. Due to the
difference in ca}lcificaﬁ;n rate of PB implants and vertebrae stated aone, there

was a significant difference calculated in the mineralization lag timé of the PB

implants and vertebrae, with implant m“\ineralization lag time being slightly shorter
' T
in the implants. Again, the difference is small, and probably does not constitute a

I's

biologically significant observation.

iii) Autoradiography

T

Autoradiographs obtained from sections of vertebrae at day 73 I:evealed

essentially the same extent of *ca incorporation in both PB animals and controls

\




! ) i . " .
FIGURE 7 - Sections of control (left) and PB-treated (right) implant; of induced bone harvested 42 days post

implantation (d;ay 73). Uptake of the double labels was evidenced by the two layers (arrows) of

-3 - L

fluorescence at the sites of active bone formation on the surface of the bone-inducing matrix’

(b.;11:).

15 um unstained section, fluorescent light, 250 X )
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FIGURE 8 - Sections throGgh metdphyseal region of control (left) and PB-treated vertebrae (right) harvested

at day 73, showing uptake of both fluorescent labels (arrows) (b.t. = bone trabecula).

(1% um unstained section, fluorescent light, 250 X )
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-

Ca autoradiography of control (left) and PB-treated (right) implants harvested 42 days after

implantation showing active sites of mineralization (arrows) of the matrix (b.m.) in both animal

& -

groups. ) - .

- - - (5 um sections, toluidine blue stained sections, 250 X ) - L
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TABLE 8 - RADI()ISOTOPE INCORPORATION IN IMPLANTS MATRIX-INDUCED ENDO- '
CHONDRAL BONE!
33 Incorporation #5Ca Incorporation ) .

Experimental -
time
’ Day 35 Day 38 Day 42 Day 45 Day 51 Day 73
Controls 279 +37 280 +21 1803 + 603 2102+ 624 1596+ 244 2653 +374

: 13 3 2 3 3 ; 2
PB animals 225 +71 251 %51 185 +85 1164 +464 1327 £513 1349 + 353

1) Mean of the measurement {(dpm/mg tissué€) * standard error of the mean.
difference was calculated by the Student's t-test for independent variates."

2) p<0.01

3) p: not significant

. P

. ’ *2."7

E

Significance of

2

33
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(Fig. 9). “Sca deposition in the newly produced osteoid was ev1denced both at the
surface of the matrix powder and also within newly "colonized" Ha\érsxan cangls of

/; the matrix powder. A few osteoblasts also showed intracellular radioactivity,

reﬂectmg mc:plent nucleation of mmeral on the ostemd These results thus

corrgborated the hlstologzcal observations reported above.

iv) Radioisotope labeling of bone implants

The results of radioisotope labeling of the implants done at the key

developmental stages of matrix-induced endochondral bone formation are shown in

- Table 8. Sig‘niﬁcant differences in mean Vvalues of dpm of isotope/mg of tissue were |

noted -at days 42 and 73, with PB implants receiving less isotope incorporation.

However, it was necessary to interpre} this data otherwise, in the light of the

: following information:
As the experiment was being performed,y it became apparent that the
.radioisotope lai:eling résults depended very n}uch on which part of the plaquz was
. }eing submitted for this assay. Since)the bone indpced in the implants tendéd to be

the most material forescriptive and quantitative histological information, it& ;

impossible to lend Credence to the differences in the results of i‘mplant radioisotope

s
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DISCUSSION

Selection of the rat as an experimental animal‘this work wés considered
appropriate since the results obtained could then readily be compared to those of
other related studies ;xndertaken with the same model, and also because the
matrix-induced endochondral bone forming system was '.;hou}n to be more reliable in
the rat than in other rodents (Huggins et al., 1970; Reddi, 1981,' personal communi-
(;ation). l '

~

-

>

:I'he results of this experiment support the contention that, under normal
nutritional circumstances, long term anticonvulsant treatment induces liver micro-
somal enzyme production in humans and in the experimental animal (Conney, 1967),
but does'not affect vitamin D activation, nor does it indﬁcé histologic or bioche-

tcal features of osteomalacia or of rickets (Livingston et al., 1973: _Balazs et al.,
1974; Ray et al,, ll97l+; Villareale et all.,' 1978; Wark et al.,, 1979; Weisman et al,,
1979; Melsen et ai., 19j0;\Camﬁeld et al.,, 1981, unpublished data; Gascon-Barré et
al., 1981, in press). The differences between our results and most reports dealing
with anticonvulsant-induced osteomalacia may stem from our ;'igid conditions ;af
experimentaiio?r;’ namely pair feeding of a standard rat diet replete in calcium,
phosphorus /and vitamin D, a condition which mimicks the clinical setting of most

5

ﬁatignts receiving anticonvulsants. As opposed to other clinical surveys or animal
experiments dealing with- this syndrome, the protocol of this experiment was
designed to monitor simultaneously the main biochemical parameters and also the

histologic ‘events during long term singlé drug anticoﬁvglsant therapy, in order to

provide a global view of the effects and possibly a better undersmnciing of the

mechanisms involved. An attempt was thus made to' reduce to a minimum the

additive influence of the risk factors predisposing to the development of the

v

" T
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syfidrome. On the other hand, one could argue that the vitamin D content (2.5 IU/g);.f/

in the "standard" rat chow diet was large enough to afford a good safeguard against

the development of signs of vitamin D depletion. Nevertheless, this amount of

vitamin D in the diet was not excessive; it complied with the minimum requirement

of 1 1U/g diet/day (Subcommittee on Laboratory Animal Nutrition, National
Research Council, Washington, DC}() ‘necessary jto prevent nutritional rickets in the
rat, and it compared with the vitarpin D content in othgr: corhmerc':iz;l diets.

‘Gé%eral effects of long term phenoba.lrbital treatment which [included
sldwer weight gain and a}change \in the circadian .cycling of food intake, are in

agreement with the observations of Peraino et al. (1980). -

Although the normal ranges of serum vitamin D metabolites have yet to be

established in the young rat, it can still be stated with »confidence tt;at the /serum
vitamin D metabolite levels‘measured, in the PB a.x:imals remained within ranges
observed in ‘control animals and are therefore likely to have p:%ovided sufficit;nt
tissue levels of the hormone. The levels were furthermore comparable to the
concentrations obtained elsewhere using diets providing aﬁproximately the same
daily quantity of vitamin D (Shepard and De Luca, 1930). o
With our protocol, hepatic microsomal mixed function oxidase induction
‘was obtained as evidenced by the increase in aminopyrine demeth)"lase activity and
in cytochrome P-450 content. |
s  Serum 25-(OH)D levels in the PB-treated rats being similar to those of
cor;trqls, reflected the adequate bioavailability cﬁ the parent vitamin. It has been
shown that acute treatment of rats ‘wi‘th phenobarbital alters the in vitro hepatic
cholecalciferol 25-hydroxylase kinetics (Delvin et al.,, 1980) in such é way lthat at
low substrate concentratior; there is a decreased production,of ‘25;(OH)D while at
high substrate concentration the hydroxylation is increased. It could therefore be

postulated that the unchanged 25-(OH)D levels reflect a balance between an

<« i

.
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increased liver hydroxylation rate and'an iﬁcreased choleresis (Silver et al., 1974;
Gascon-Barré et al., 1977) of 25-(OH)D. |

Normal serum 1,25-(OH)2D ;/alues in the PB animals maintained throughout
the experiment are a coﬁsequence of an adequate 25-(OH)D pool and any intact renal
Hydroxylating ;nechanisms, -and also correspond to the serum concentrations
obtained elsewhere (Shepard and De Luca, 1980) in fiormal rat; fed diets providing

approximately the same daily quantity of vitamin D. As there exist three orders of

‘magnitude between 1,25-(0H)2D and 24,25-(0H)2D serum concentrations, it was

difficult to establish a definite link between these two metabolites. As mentioned
previously, comigration of other dihydroxylated vitamin D metabolites (such as

25,26-dihydroxyvitamin D and the vitamin D 3,26-lactone) (mgy be responsible for

. the elevated 2#,25-(OH)2D concentrations at days 35 and 73.- This possibility is

unlikely since with two different solvents used for purification, these other

dihydroxylated métabolites do not comigrate with 2#,25-(OH)2D. The 24,25-(OH)2D
values in both animal groups furthermore fall in the range of values obtained by

Danan et al. (1980) in normal rats of the same age.

In keeping with the lack of effect of long term PB administration on serum

i

levels of vitamin D metabolites in the rat, no effect of biological significance on,

serum c;’_.dcium and phosphorus vallfxes was observed. Suffi¢ient dietary calcium and
phosphorus intake and adequate calcium intestinal absorption (Koch et al., 1972;
Krawitt et al., 1972; Schaefer et al., 1972) are responsible in part for assuring the
maintenance of mineral homeostasis in the P{ animals, a\l'ong with adequate

concentrations and activity of the 1’25'(0H)ZD metabolite. Furthermore, normo-

_ calcemia was not linked to a mild secondary hyperparathyroid state, on account of

the normophosphatemia in the PB animals, and as witnessed by the appropriate bone

resorption-formation equilibrium observed his/tologically (see below).

i i A
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" There may be several éxplanations for “the diﬁcrepancies between these
biochemical resu1.t$, anc! those of other in\;estigators. In the first place, most clinical
studies have heen difficzjlt to interpret because of the difficulties in clearly defining
the dietary intake of czgl;;um, phosphorus and vitamin D in anticonvulsant-treated
and in control patients, and because of ;,he imposssibiiity of measuring endogenous
vitamin D synthesis or of quantifying sunlight exposure. In the present study both
animal groups were equéll in terr;'ls of dietgry content an;:l of lack of exposure to
ultra violet rays. ( -

Furthermore, in contrast to the protocols of the present study and those of
other related animal experiments (Gascon-Barré, 1981, in press; Hahn et al., 1978),
it has not been possible in most clinical investigations to discri‘minate’ between the
biochemical effects induced by one anticonvulsant over those produced by another,
mainly because most epileptics studied were control)lefi with multi-drug as opposed
to single-drug regimens, Since the individual types Q‘f anticonvulsant medications
control epilepsy by different mechanisms of action, .and since they consequently‘
have different side effects, one would suspect ﬂl\at these pharmacologilcally related
but distinct medications’would.not necessarily exert the same side leﬁects on bone
and mineral metabolism. Yet, it seems that the majority of the clinical reviews
have ignored th'is fundamental objection, and have ascribed the observed bioche-
mical abnormalities in treated epileptics to "anticonvulsant medication"”, although
many different types of anticonvulsaﬁts were administered singly or in combination.
Furthermore, since a wid;z variety of drugs (ipcluding aspirin) are known to be.
hepétic mixed function oxidase inducers, it is not unr;asor;able to suspect that part
of the observed alterations in vitamin D metabolism in this gr?u;; of patients (who
often received other medication for the treatment.of concurrent illnesses) could

-

 have as well been effected by other drugs taken concomitantly.
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Finally, one must point out the often overlooked inﬂuencg of dietary
macronutrient composition on hepatic microsomal enzyme activity (Alvares et al.,
1976), a factor which applies to many insfitutionalized and many out-patient
epileptics receiving anticonvulsant tréa;ment. Indeed, since many of these epilep-
tics are unable or unwilling to ingest a balanced diet on account of debility‘,

associated chronic illnesses, impairment of deglutition or because of associated’

organic brain lesions causing behavioural changes, or since many epileptics unfortu-

nately are not fed a balanced nutritious diet, one must take into account in these

individuals the marked influence of an unbalanced low protein/high carbohydrate .

diet on hepatic microsomal enzyme activity and thus on the plasma elimination
rates of vitamin D metabolites. In this respect, it would be possible to observe

lower 25-(OH)D lgvels in these indivi&uals, especially in vitamin D-deficient states,

by virtue of the rent kinetics of the anticonvulsant-induced calciferol-25-hy-

droxylase system (Delvin et al., 1980).

In contrast to most of the published clinical and experimental studies in

which a tissue diagnosis of {osteomalacia was made, in this animal model osteo-
malacia was not oBdServeSi in either the long bones or in the plaques of induced
: /

endochondral bone of.the PB rats.\ Once again, one can account for the present

results ’by the adequate vitamin D, calcium and phosphorus dietary contents which
were effective in pr\eventing this. problem from developing.

In co;'nparing these histologic results with those of other studies, it is
important to draw a;ttenfion to the current histological definition of ostéomalacia
.whict_m relies very much on histomorph me'tric data (Frame anq Parfitt, 1978). In the
context of metabolic bone diseases, istomorphometrié analysis of bone samples
following in_vivo ‘double tetracycline labeling offers a unique opportunity to
elucidate the mode of interference by a pathogenetic factor with the remodeling

System (Jaworski, 1976), In a steddy state situation with regard to osteoid

r
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thickness, the rate of apposition of ostecid equals the rate of mineralization; any

systematic chqnge‘in this proportion will result in a disappearance or an accumula-

I

tion of unmineralized bone. This assumption makes it possible to calculate the

mineralization lag time or the time interval between apposition and subsequent

minergﬁzétion of osteoid. This-measurement is a characteristic feature of different

metabolic bone diseases, and the changes thus observed in the mean wid(th of osteoid
seams may be explained by variations in' calcification rate of osteoid and in ghe
mineralization lag time (Melsen et al., 1980). ‘
Osteomalacia can thus be defined as a metabolic bone disease linked to
many disease conditions in which there is a defect in the( mineralization of the
preosseous rﬁatrix of mature lamellar bone, leading to an accumulation of non-min-
eralized or poorly mineralized osteoid over the surfaces of both compact cortical
and spongy trabecular bone. This histological picture results fror;'l‘an uncoupling
between the rates of bone matrix synthesis an(i mineralization, so that osteoid
seams increase slowly in thickness, or there is #harked delay in the onset of
mineralization {mineralization lag time) because of a disturbance of matrix matura-

tion (Frame and Parfitt, 1978). *

It is important to stress that the observation of wide osteoid seams is not

.

necessarily synonymous with osteomalacia, as wide osteoid seams are seen in high

bone turhover states, such'as Paget's disease (Meuniér, 1975), uremic osteitis fibrosa

(Sherrard et al., 1974), and ‘primary hyperpérathyroidism (Melsen and Mosekilde, °

1980) which are conditions in which the calcification rates are propertionally
prolonged such that mineralization lag times remain normal.
Unfortunately, most of the available histological proof of osteomalacia

associated with anticonvulsants has simply consisted of observations of wide

,unmineralized osteoid seams (Dent et al., 1970; Teotia and Teotia, 1973; Villaraele -

et al., 1978; Lidgren et al., 1979; Johnell'et al., l979§ Eastwood et al., 1980). This

-
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information is thus incomplete, according to current quantitative methods of tissue

vy

‘\diajgosis of metabolic bone diseases.

On the other hand, the histological results of this experiment are in

'

agreemeht with the ones presented by Melsen and Mosekilde (1980) in which a

normal mineralization lag time was calculateg'! in bone tissue obtained from 20
A

epileptics receiving an average of 294 IU/day of vitamin D and maintained on

diphenylhydantoinj alone or in combination with other a@onvulsants for at least 10

years. Therefore, in this clinical study and in the present animal model, no evidence.
E S

gf uncoupling between bone matrix synthesis and mineralization was detected using
histomorphometric methods. It is impo;'tant to stress that normal nutritional
circumstanées prevailed in both studies, and in part{cular vitamin D, calcium and
phosphorus dietary contents were adequate.

- The data obtained here complement results from other investigations

‘ @
", pertaining to this illusive syndrome, and also support the few published studies

advocating views opposing the mainstream of opinions on this matter. From this

work and from the available literature, it is possible to formulate an explanation of

the mechanisms involved in producing the biochemical and histological features of

phenobarbital-induced "osteomalacia': , s
The mechanism involved in phenobarbital-induced modifications of vitamin

D metabolism in humans at the hepatic level are still poorly defined and of unknown

clinical éigniﬁcance. Much of .the available information stems from in vitro work

. (Hahn et al., 1972a; Delvin et al., 1980) and thus is difficult to extrapolate to man.

Chronic phenobarbital treatment may be associated with mild lowering of serum

0

calcium or phosphorus levels, but there exists no evidence indicating a direct
phenobarbital-indixced malabsorption of calcium or of impaired mobilization of

minera] at the tissue level (Melsen et al., 1980); it is suggested that other causes of
]

hypocalcemia should be investigated in epileptics wjth mild or severe hypocalcemia.
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However, in individual receiving chronic diphenylhydantoin therapy, hypocalcemia
may be the result of impaired intestinal calcium absorption (Shafer and Nuttall,
1975); the g vitro work of Hahn et al. (1978) also suggests a diphenylﬁydan-
toin-inducea hypocalcemija related to impaired. PTH-mediated mobilization of
mineral. |

The osseous response to chronic phenobarbital treatment might differ from

that to long term diphenylhydantoin therapy. If dietary vitamin D and sunlight

exposure are adequate, no bone tissue changes of osteomalacia are likely to develop

with prolonged use of either anticonvulsant. When, in individuals receiving long
term diphenjlhydantoin, vitamin D input and sunlight exposure are not sufficient to
maintain adequate concentration of active vitamin D me\tabolite, then histological
changes diagnostic of osteomalacia and of secondary hyperparathyroidism (Melsen et
al., 1976) might predominate;’ it is surmised that an analogous situation might take
place in patients maintained on long term phenobarbital medication. The severity of
these osseous changes, either in the vitamin D depleted or; in the vitamin D repleted
individuals, are also affected by the presence or absence of any of t&risk factors
associated with the pa;thogenesis of the syndrome.

‘Bone density in epileptics receiving anticonvulsants may be reduced by a
variable amount, l?ut this is more likely to be altered as a resultl of decreased

7

physical activity and strength, or because of concomitant disease such as osteopo-

rosis. . -

N A
N N

Due to the lack of histological evidence of $steomalaci§ in the majority of
phenobartital-treated épileptics, it-does not seen appropriate to label the syndrome

as "osteomalacia". Bone tissue changes of osteomalacia are- likely to occur only in

a

. individuals who are marginally deficient in vitamin D. Finally, vitamin D in the diet

should be sufﬁciént or an appropriate supplement should&be added (Hahn, 1-986) in

order to minimize the biochemical changes observed in some epileptics ‘receiving

anticonvulsant medication.

¥ -

9




‘ . ’ .
e e pratmane % U hoiwe AF Ah e ey e - . - e ST ¥ awe o e e & e A ot b Ak mrbmaty ian ety danens = s e et
» Z, °
- o kd ’
.
. * -
y . . ,
.
- . s .

) * "+ CONCLUSIONS ‘ -

|




P NG S bt brm -

D ST

-0

1.

2,

CONCLUSIONS

It was concluded from this study that;

Chronic phéenobarbital administration’ does not induce osteomalacia in the

~

vita}rrin D-repléted rat.

Chronic phenobarbital administration has no effect on the processes of induced

endochondral bone formaiton and metaphyseal bone remodeling.

! M a
.

Long term phenobarbital administration does not.appear to alter the vitamin D

¢
-

activation pathway. -

Osteomnalacia observed in humans maintained on chronic phenobarbital therapy
is multifactorial and depends largely on dietary calcium, phosphorus and
vitamin D availability. ' )
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