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Summary. Differential counts of osteocytes were performed in human cortical femora] 
bone of 40 patients with chronie renal failure and of 40 patients without skeletal disease. In 
undeealcified ground sections (50-70 ~z) stained with basic fuchsine, osteocytes were differen- 
tiated into small (= neutral) osteoeytes, enlarged (~  metabolically activated) osteocytes 
and empty lacunae (~  dead osteocytes). In uremia the fraction of activated cells and of 
empty laeunae is markedly increased, whereas the fraction of small neutral osteocytes is 
reduced. These findings are somewhat more pronounced in Haversian than in interstitial bone. 
The aetivated osteocytes are randomly distributed in Haversian systems and do not accu- 
mulate in the outer and older parts of individual osteones of uremic or nonuremie subjects. 
These findings are presumably caused by elevated serum parathyroid hormone levels, which 
lead to increased activation of osteocytes. Activation of osteocytes may induce shortening 
of osteocyte survival time. 

Zusammen/assung. In der Cortiealis der Femurdiaphyse wurden bei 40 Patienten mit 
chronischer Niereninsuffizienz und bei 40 skeletgesunden Kontrollpersonen Osteoeyten- 
differentialzählungen durchgeführt. An unentkalkten Knochendünnschlifien wurde nach Fär- 
bung mit basischem Fuchsin der Anteil der kleinen neutralen Osteocyten, der großen meta- 
bolisch aktivierten Osteoeyten und der Anteil der leeren Osteocytenlakunen ausgezählt. In 
der Corticalis steigt bei chronischer Niereninsuffizienz die Zahl der großen aktivierten Osteo- 
cyten und der leeren Lakunen signifikant auf Kosten der kleinen Osteocyten an. Die Ver- 
änderungen sind in Haversschen Osteonen etwas stärker ausgeprägt als in interstitiellen 
Knochenlamellen. 

Aktivierte Zellformen sind in den äußeren älteren Abschnitten der Osteone nicht häufiger 
anzutreffen als in der Nähe des Gefäßkanals. Die Befunde werden auf eine vermehrte Akti- 
vierung der Osteocyten unter dem Einfluß erhöhter Serum-Parathormonspiegel zurück- 
geführt. Die Zunahme aktivierter Zellen und leerer Osteocytenlakunen deutet auf eine Ver- 
kürzung der Osteoeytenlebenszeit bei sekundärem Hyperparathyreoidismus hin. Die gestei- 
gerte metabolische Aktivität der Osteoeyten in der Urämie ist angesichts der urämischen 
Störung des Calciumstoffwechsels mit Hypocalcämie bemerkenswert. 

Since serum calcium homeostasis has recent ly been shown to depend primarfly 
on osteoeytic ae t iv i ty  (Neuman and  Ramp,  1971), the morphology of osteocytes 
has a t t rae ted  considerab]e interes t  (Baud, 1962, 1968; Vittali ,  1968; Mathews 
and  Martin,  1971). The popula t ion  of osteocytes cannot  be eonsidered as a homo- 
geneous group of cells. On the contrary,  they  m a y  be in  ra ther  different funet ional  
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stares, which are also refleeted by  differenees in  morphology (Jande,  1971, 1972). 
Based on electron microscoloiC studies, the snbmicroscopic s t ructure  of osteocytes 
with their  surrounding mat r ix  has been elucidated. According to Baud  (1968) 
the processes of osteolysis and  osteoplasia can be recognized and  are evidence of 
the role of osteocytes in  the hormona] control of calcium homeostasis. 

By light microscopy Baud  and  Auil  (1971) were able to differentiate small 
osteoeytes, large osteocytes and  empty  lacunae. Small osteocytes are apparen t ly  
in a neut ra l  state and  ]arge osteocytes in  an  ac t ivated  stare with osteo]ysis or 
osteoplasia, whereas emp ty  lacunae are evidence of cell death. A characteristic 
h is togramm of these different osteocytes has been obta ined  in normal  h u m a n  
bone (Baud and  Auil, 1971). Al though ac t iva ted  osteocytes have been described 
decades ago in  various metabolic  osteopathies, such as rickets or hyperpara thyroi -  
dism (v. Recklinghausen,  1910; Jaffe and  Bodansky,  1930), no systematic quan-  
t i ta t ive  invest igat ions have been carried out. I n  our exicerience act ivat ion of 
osteocytes is a highly sensitive morphologic sign of pa ra thyro id  hormone action 
on the skeleton. Likewise ac t iva t ion  of osteocytes is the earliest morlohological 
change tha t  is detectab]e in  the bone after the exioerimental admin is t ra t ion  of 
para thyroid  hormone (Jande,  1972). 

I n  view of the impor t an t  role of osteocytes in  the dis turbance of ca]cium 
metabol ism in renal  insufficiency, differential counts of osteocytes were obta ined 
in  cortical bone of uremic patients .  

Material and Methods 

Circular disks (1 cm thick) were taken from the proximal diaphysis of the right femur 
in 40 patients with ehronic renal insufficieney of different aetiology (20 males, 20 females; 
serum creatinine > 5 mg- %, mean age 38,4 -+- 19.8 y) and in 40 age and sex matched controls 
without skeletal disease. The samples were obtained at autopsy 5-12 hours after elinieal 
death and fixed immediately in 70 % eold alcohol. Ground sections of 50-70 ~ thickness were 
prepared from the anterior medial quadrant. The sections were dehydrated with aleohol, 
stained with 5 % basic fuchsine (10 min) and mounted on slides. Osteocyte differential counts 
(differentiating small osteoeytes, enlarged osteocytes and empty lacunae) were performed 
(using oll immersion, entargement 1 : 1000) according to the criteria given by Band and Auil 
(1971): The small osteocyte is loeated in a flattened ellipsoid lacuna with a smooth and 
regular outline, the short axis not exceeding 4 ~: I t  poeesses a dense and homogeneously 
stained nucleus and little eytoplasma. The enlarged osteoeyte is found in an irregular oval 
lacuna with a small axis exeeeding 4 ~. The nueleus is swollen and shows coarse granules of 
fuehsino]~hilic chromatin. I t  is enclosed by broad eytoplasmic rims. Empty lacunae have 
the same outline as enlarged lacunae but eontain no material that ean be identified as part of 

Fig. 1 a--d. Femoral cortical bone. Undecalcified ground sections (50 ~). Basie fuchsin stain. 
Microphotographs. a 32 year old man, chronic renal failure. Numerous enlarged osteocytes 
in interstitial and in Haversian bone. Increased fuchsin permeability of bone indicating Iow 
mineral density. Enl. 1 : 150. b 38 year old man, no skeletal disease. The fraction of enlarged 
osteocytes is marked smaller than in chronic uremia. Fuchsin permeability of bone is less 
extensive. Enl. 1:150. c Uremie osteopathy with enlarged osteocytes, irregularly shaped 
lacunae and rough lacunae outline. Cellular activation is more pronounced in interstitial 
(above) than in Haversian bone. Enl. 1:325. d Empty osteocytic lacunae: enlarged cavities 
with rough border containing no osteocytes. Enl. 1:1000 (oil immersion), a-c Reduced to 5/7 

1" 
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a living osteocyte (Fig. 1 a ß ) .  In all cases 500 osteocytes from Haversian osteones as well 
as from interstitial lamellae were counted by two examiners without knowledge of the clinieM 
history. The topographic distribution of enlarged osteocytes in individual Haversian systems 
was evaluated by counting the percentage of large osteocytes both in the inner and in the 
outer part of the Haversian system (the section of the radius from the outer edge of the 
central canal to the cement line was halved and osteoeytes in the respective eircular rings 
were counted). Statistical anMysis of the results was carried out by students t test. All data 
are given as mean =j= standard deviation. 

R e s u l t s  

The results of the differential counts are summarized in Tab]e i and represent- 
ed graphically in Fig. 2a  and b. 

a) Osteocyte Di/]erential Count in Haversian Bone (Fig. 2a) 

I n  Havers ian  lamellar bone of heal thy subjeets wi thout  skeletal disease the 
number  of small neutral  osteoeytes was highest. The number  of large aet ivated 
osteocytes was markedly  smaller, whereas empty  lacunae were ra ther  inirequent.  
I n  eontrast,  in pat ients  with chronie renal insufficiency the number  of large 
act ivated osteocytes as well as the number  of emp ty  laeunae was markedly  
inereased, whereas the fraetion of small osteocytes was elearly decreased. 

/ 

b) Osteocyte Di//erential Count in Interstitial Bone (Fig. 2b) 

I n  pat ients  wi thout  skeletal disease the fraction of ac t ivated  large osteocytes 
in interstit ial bone is rauch higher than  the fraetion of smal] neutral  cells: This 
contrasts  with what  is seen in Havers ian bone (Fig. 2a). The fraction of emp ty  
lacunae is small bu t  still exceeds tha t  of emp ty  ]aeunae in t Iavers ian  bone. I n  
uremia the number  of ac t ivated  osteoeytes and of e m p t y  lacunae increases even 
more, whereas the fraction of srna]l osteocytes decreases. All differenees are 
highly significant. 

c) TopoŒraphical Distribution o I Enlar«ed Osteocytes within Individual Osteones 

Both in patients without skeletal disease and in patients with uremia the 
fractiõn of enlarged osteocytes in the inner part of the Haversian systems (defini- 
tion s. material and methods) was approximately 25% of the total number of 
enlarged osteocytes/osteone (control: 20.3-4-4.8% of enlarged osteocytes in the 
total osteone, uremia : 19.1 :L 4.72%). Since the ratio of the area of the inner part 
of the I-Iaversian system to the total area of the I{aversian system (neglecting 
the eentral eanal) is 

r 2 
--XTt 
2 1 

r 2 × ~  - -  4 

the measured fractions do no t  ditfer significantly f rom the value expected 
( =  25%). Enlarged osteocytes therefore are r andomly  distr ibuted in the Haver-  
sian systems and do no t  accumulate  in the outer  and older parts. 

The classißication of osteocytes into different categories is a subjective decision. 
The soundness of the criteria for the dedsion m a y  be tested by  testing the repro- 
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Fig. 2a and b. Histogram showing the percentage of small osteoeytes, enlarged osteoeytes 
and empty l~cunae in Haversian (a) and interstitial lamellae (b) of human femoral eorgieal 

bone 

Table 1. I{esults of osteocyte differential counts in human cortical femoral bone of uremic 
patients and of patients without skeletal disease 

Control Uremia Students 
(%) (%) t test 

Haversian bone 

Small o. 54.0 ± 8.28 31.2-4- 8.59 p<0.001 
Enlarged o. 39.2 ~- 8.48 52.7 ~ 8.70 p<0.001 
Empty laeunae 6.09-4- 3.12 15.9~- 8.99 p<0.001 

Interstitial bone 

Small o. 35.6 ± 7.36 22.1 ~ 9.18 p<O.O01 
Enlarged o. 52.0 ± 6.05 56.3 -t- 8.75 p <  0.05 
Empty lacunae 11.8 ~ 5.1 21.1 ~ 9 . 1 8  p<0.001 

ducebi l i ty  of the method.  We therefore calculated the 95 % limits for indiv idual  
observat ions after Bowker (Table 2). 10 repe~t differential  counts  of 100 osteo- 
cytes in  7 femura were performed and  the l imits were calculated by  t ransforming 
counts  to a normal  d is t r ibut ion  and  using factor k 4 (Geigy Table, p. 44). The 
confidence interval ls  for ghe mean  values of osteocytes differengial counts in  
normal  bones are given in  Table 3. 
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Table 2. Tolerance limits for osteoeyte counts in femoral cortex of normal and uremic 
patients (a mean and 95 % toleranee limits after Bowker) 

Patients Haversian bone 
number 

Enlarged o. Small o. Empty lacunae 

Controls 

Uremic 

1 26 (12-44) a 64 (46-82) 10 (1-24) 
2 42 (22-70) 52 (40-68) 4 (0-22) 
3 42 (32-50) 50 (42-64) 6 (0-24) 

1 50 (42-60) 32 (2242) 18 (16-22) 
2 36 (16-86) 24 (14-32) 40 (22-66) 
3 54 (44-66) 40 (24-60) 6 (0-22) 
4 52 (46-60) 36 (24-42) 12 (4-24) 

Table 3. 95% confidence intervall for osteocyte differential counts in normal femoral bone 

Enlarged o. Small o. Empty lacunae 

Haversian bone 38.5 (36~41) 55.1 (57-63.2) 5.0 (3.6-6.3) 
Interstitial bone 66.2 (63.8-68.5) 19.3 (17.2-21.5) 14.8 (12.3-17.4) 

Discussion 

The above differential eounts of osteocytes in femora of healthy individuals 
are in good agreement with data obtained by Baud and Anil (1971) in human 
alveolar bone and by Frost (1960) in eortieal bone of different loeation. Our 
results show that  ehronie renal insufficiency leads to profound changes in the 
osteoeytie differential eount in lamellar cortica] bone. The fraetion of large 
activated osteoeytes and the fraction of empty lacunae rises at the expense of 
small osteocytes both in lamellar Haversian and in interstitial bone (Fig. 2a, b; 
Table 1). 

Aecording to Jowsey (1968) it is important to distinguish between enlarged 
osteoeytes in lamellar bone, whieh are evidenee of increased metabolic activity, 
and large osteoeytes, whieh are found in woven borte, built in disorderly accelerat- 
ed osteogenesis. Osteocytes in woven bone are former fibrous osteoblasts, which 
are scattered more or less at random in the matrix. Enlarged cytoplasmic seams 
and swollen nuelei are part of their normal appearance. In  addition fhey appear 
to be unresponsive to endocrine and metabolie stimuli (Frost, 1964). 

Aetivation of osteoeytes was reeognized first by v. t~eeklinghausen (1910) in 
rickets and osteomalaeia. He eoined the term " t r y p t i s e h e  Onkose". Later onkosis 
has been thought to be primarily a neerobiotic phenomenon which anteceeds 
eell death (Wettstein, 1947). l~eeent experimental data (Remagen, 1970) suggest 
t r a t  onkosis may reflect necrobiosis of eells exhausted by excessive stimulation 
as weil as reversible aetivation of osteocytes. The latter eontention is supported 
by the finding of Majno and Roullier (1952) that  alkaline phosphatase, which is 
present in osteoblasts and is lost in neutral osteoeytes, reappears in onkotie 
osteoeytes. 
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When studied by eleetron microseopy, osteoeytes in metaphyseal bone of 
rat  tibiae apparently pass through various stages of maturation, in whieh they 
earry out different tunctions (Jande and Belanger, 1971). Aceorcling to these 
authors the life eycle of an osteocyte eonsists of an early formative period, where 
the osteoeytes resembles osteoblasts. This is followed by a second phase of 
osteoeytie osteolysis, upon which the cell will finally degenerate and die. Whether 
these findings in metaphyseal bone of rats are representative for bone in general, 
is a moor question. In cancellous bone of human iliac crest for instanee one sees 
elosely interspersed active osteoeytes as well aa empty laeunae er neutral osteo- 
eytes without any layering (Vittali, 1968). 

This finding would argue against a preprogrammed irreversible sequenee of 
funetional stares. 

Aetivated osteoeytes are able either to destroy mineralized bone matrix by 
the proeess of osteolysis er to synthesize new bone matrix (Belanger, 1965; Bay- 
link and Wergedal, 1971). The loreeminent importanee of osteocytie activity for 
the regulation of serum ca]einm levels seems to be firmly established today (Neu- 
man and Ramp, 1971). Simple arythmetics show that  the release of caleinm by 
osteoclastic resorption represents only a minute fraction of total ealcium eIflux 
from the skeleton, the differenee being aecounted for by caleium transport across 
unspeeified eellular membranes. The latter presumably also inelude osteoeytes. 
In uremia there is a peculiar discrepaney between the histologieal evidenee of 
increased activation ,of osteocytes with increased osteoeytie osteolysis on one 
hand and the inability of the uremic skeleton to maintain normal serum caleinm 
levels (hypocalcemic hyperparathyroidism, Stanbury, 1968) on the other hand. 
The paradoxial inability of aetivated osteoeytes to remove adequate amounts of 
ealeium from the skeleton might point to impaired ee]lular effieieney similar to 
what has been found for osteoclasts in elinieal (Jaworski et al., 1969; Villanueva 
et al., 1970) and experimental uremia (Krempien et al., 1972a). The histological 
finding of an inereased number of activated cells eertainly does not give informa- 
tion about the rate of osteo]ysis. 

Seine of the alternative explanations seem less likely. Since the total amount 
of unmineralized bone matrix has been show]l to be inereased in ehronic renal 
insuffieieney (Garner and Ball, 1966), bone mineral released by aetivated osteo- 
cytes might well be trapped in newly formed osteoid (internal shift). Finally 
sinee azotemie bone is underminera]ized as shown by miero-radiography (Jow- 
sey, 1969) and by measurements of mierohardness (Krempien et al., 1972c), it is 
conceivable that  the amount of borte mineral in the bone volume under the 
influenee of a given aetivated osteocyte is reduced. I t  should also be pointed out 
that  the resistanee of the skeleton to the calcemic aetion of parathyroid hormone 
(Evanson, 1966), whieh is commonly found in renal failure, must involve osteo- 
eyte malfunetion. 

In renal insuffieieney serum parathyroid hormone levels are markedly elevated 
(l%eiss et al., 1969). Parathyroid hormone is known to aetivate osteocytes and 
to enlarge osteoeytic laeunae by periosteoeytie osteolysis (Belanger, 1965). Meu- 
niet et al. (1971) found marked widening of osteoeytie lacunae in hyperpara- 
thyroidism. In good agreement with this finding a reasonable eorre]ation was 
observed between the size of osteocytic laeunae and the height of serum para- 
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thyroid hormone levels in caneellous bone of patients with renal insuffieiency, 
who were examined in one of our previous studies (Krempien et al . ,  1972b). 

The aeeumulation of empty  laeunae as evidence of osteoeytie death suggests 
that  in renal insufficieney the survivM time of osteocytes is shortened presum- 
ably under the influenee of exeessive parathyroid hormone activity. In  an electron 
microseopic study Jande (1972) observed an inerease of the fraction of resorptive 
and degenerating osteocytes associated with a decrease of the fraetion of formative 
osteoeytes under the influence of parathyroid hormone. An shortened survivM 
time of osteoeytes as a consequenee of exeessive stimulation should lead to an 
increase of the fractions of act ivated and dead osteoeytes at  the expense of the 
fraetion of neutral osteoeytes. This is exactly the change of osteoeyte pat tern 
tha t  was found in the present investigation. E m p t y  osteocytic lacunae as evidenee 
of osteoeytie death are randomly distributed over the cross seetionM area of an 
Haversian system and do not aeeumulate in the loeripheral and older parts. This 
finding would suggest tha t  osteocyte death is a random event. 

In  contrast to what is seen in t taversian bone, the increase of activated osteo- 
eytes was less pronounced in interstit~al extra-tIaversian bone of azotemic 
patients. This finding may  simp]y reflect the faet tha t  the 13oo1 of neutral pre- 
cursor osteocytes in interstitial bone, i.e. the remnants  of former IIaversian 
systems has Mready been exhausted previously. I t  is therefore not surprising 
to find increased aecumulation of dead osteocytes under the influence of parathy-  
roid hormone in this site. I f  the presence of dead osteoeytes triggers osteoclasia, 
as suggested by Frost  (1962), one might speculate whether the acceleration of 
osteoeytie life eycle with the consequent aceumulation of dead osteoeytes might 
not be the event triggering increased eortieal bone remodelling in uremia. 

In  eonclusion, activation of osteoeytes is one of the most sensitive indicators 
of parathyroid hormone activi ty in the skeleton. I t  is therefore also of diagnostie 
value. In  addition, osteoeyte malfunction must  be the major  determinant of the 
faulty regulation of serum caleium levels in chronie renal insuffieiency. This is 
partieular]y remarkable, since osteocytes alopear to be act ivated histo]ogically 
in spite of their disturbed capacity to liberate mineral from the skeleton. Since 
hypocaleemia induees hyperparathyroidism, a vicious eircle is estabhshed, that  
leads to progressive destruetion of the premorbid skeleton by hyloerparathyroid 
bone disease. 
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