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Endogenous Ionic Currents Traverse 
Intact and Damaged Bone 

Richard B .  Borgens 

Bone is a structurally dynamic tissue. Methodology 
It modulates its shape in response to  
changes in load and can heal itself spon- The ultrasensitive vibrating probe sys- 
taneously. Bone is also electrically dy- tem precisely measures the density and 
namic. Steady voltages have been re- direction of current traversing cells or 
ported along intact and damaged bone (1, tissues immersed in a natural medium. 
2) and short-lived voltages have been Essentials of its design and construction 
measured in response to loading (3). It have been reported elsewhere (4), as has 

Abstract. Living bone drives an electric current through itself and into sites of  
damage. Such 'Ifracture currents" consist of two components: an intense, decaying 
current dependent o n  bone deformation and a stable, persistent current driven by a 
cellular battery. The latter is carried by chloride ions and,  to  a lesser extent, by 
sodium, magnesium, and calcium ions. Endogenous fracture currents are of  the 
same polarity and similar magnitude as clinically applied currents that are success- 
ful in treating chronic nonunions in fractured bones. This suggests that the defect in 
biological nonunions may reside in the electrophysiology of  repair. 

has been widely suggested that such 
electrical phenomena underlie the physi- 
ology of adaptive remodeking And repair, 
even though experimental evidence for 
this is scant. Most electrical measure- 
ments of bone have not been made under 
physiological conditions, and, to  my 
knowledge, no measurements of endoge- 
nous electrical currents in living bone 
have been described. I report here my 
measurements of a steady ionic (electric) 
current traversing living bone at  physio- 
logical temperature and the changes in 
current pattern and density induced by 
damage. 

its use in a variety of biological studies 
(5). Current densities are routinely mea- 
sured on the order of nanoamperes per 
square centimeter, with a spatial resolu- 
tion of about 20 pm. The electrode is 
manipulated with a micromanipulator 
and viewing is performed with an invert- 
ed microscope. 

Metatarsals of weanling mice were 
chosen as experimental material because 
they can be dissected from the digit 
intact, with little damage to the surface 
tissue ensheathments. The small size of 
the metatarsal (about 4 to 7 mm in length 
and 1 mm in diameter) makes it ideal for 
mapping with the vibrating electrode. 

Richard B. Borgens is an assistant professor in the Freshly dissected bones were immedi- 
Department o f  Anatomy, School o f  Veterinary 
Medicine, Purdue University, West Lafayette, Indi- ately immersed in Ringer 
ana 47907. solution fortified with 5.5 mM glucose. 

Electrical recordings were usually begun 
within 2 to 3 minutes because of the 
necessary manipulations of the probe 
and specimen (Fig. 1). All bones were 
maintained at 37" * 2"C, except where 
noted. 

Intact Bone 

Current flow was mapped in 64 un- 
damaged bones. Current densities 
ranged from 0.5 to  12 pA/cm2; the dens- 
est current entered the articular surface 
of the epiphyses while less dense current 
entered the remaining epiphyseal re- 
gions. The terminal cartilaginous regions 
of any bone showed current densities 
two- to sixfold larger than the diffuse 
current observed along the diaphysis. 
The latter current both entered and left 
the diaphysis, and no consistent pattern 
could be observed in this region. 

Fracture Currents 

Twenty-three of the 64 bones were 
also studied after being experimentally 
damaged. Ten of them were incomplete- 
ly fractured with forceps (Fig. I), and the 
balance were notched with a fine needle 
(the notch being 75 to  200 km in width 
and penetrating the marrow cavity). 

In two bones, the probe was placed in 
the fracture within 30 seconds after dam- 
age. Intense currents (129 and 102 pA/ 
cm2) were observed entering the lesion. 
In all other cases the electrical records 
were begun 2 to 3 minutes after damage. 
By this time, current densities had de- 
clined to 20.2 to  86.3 p ~ l c r n ~ .  The de- 
cline reached an endpoint within 8 to 30 
minutes after the injury (Fig. 2A). Pla- 
teau currents of 4.9 + 0.5 p ~ l c m ~  (for 
all 23 bones) were exceptionally stable 
even after several hours (Fig. 2B). 

Undamaged areas were mapped to de- 
termine whether any changes in outcur- 
rent were associated with the increased 
densities of current entering the frac- 
tures. Foci of outcurrent were observed, 
but their position and pattern were high- 
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ly variable. Currents (5 to 10 p,A/cmZ) - ---- - - the measurement medium fell (from 37" 
were sometimes found leaving the bone to 19"C), the current declined by 70 to 90 
directly adjacent to the fracture gap. 
Among 11 bones fractured to produce an 
angle, currents were found leaving the 
concave surface in five and incurrents 

/ 
were detected in this region in the bal- 
ance. In some cases currents were mea- 
sured leaving adjacent uninjured regions 
of the same face. 

Fig. 1. Vibrating electrode (arrow) in a frac- 
flexure Currents and Cellular Batteries ture gap in a weanling mouse metatarsal. The 

 robe is visualized at the extremes of its 

Four incompletely fractured bones 
were reflexed, and in three of them a 
current profile similar to that of the fresh 
fracture was observed: an intense cur- 
rent entering the fracture followed by a 
steady decline to a plateau of about 5 
p,Alcmz. This suggests that the time- 
dependent current is associated with 
changes in the bone matrix and is inde- 
pendent of living cellular tissues. 

Four bones were fixed by immersion 
in cacodylate-buffered (pH 7.2) glutar- 
aldehyde for 48 hours and reequilibrated 
to mammalian Ringer solution for 5 days. 
The fixed bones were then fractured with 
forceps and explored with the vibrating 
probe in the standard medium at body 
temperature. In two bones enormous 
currents (484 and 970 p,A/cm2) were ob- 
served entering the fracture and in the 
other two smaller but still substantial 
incurrents (62.5 and 36.8 p,A/cm2) were 
measured. These currents declined to 
zero within 10 minutes. This demon- 
strates that the initial large incurrent is 
not associated with a living cellular bat- 
tery. 

Since investigations into the piezo- 
electric properties of hard tissue suggest 
collagen as a major source of transient, 
load-induced voltages (6), metatarsals 
were digested for 24 hours in collagenase 
(1.5 mg/ml). Large, swiftly declining cur- 
rents were observed in four fresh frac- 

kxcursion (about 30 ym) while vibrating at 460 
Hz. The plane of vibration is perpendicular to 
the fracture gap to record the density and 
direction of current at this position. 

tures made in this digested bone. The 
current peaks (measured 2 to 3 minutes 
after lesioning) ranged from 16 to 23 p,A/ 
cm2 (mean, 22.7 -+ 4.0 p,A/cm2) and 
were similar to flexure currents mea- 
sured in control bones left overnight in 
buffered Ringer solution without collage- 
nase (30.3 -+ 7.7 p,A/cmZ; range, 12.8 to 
42.6 p ,~ / cm~) .  Fractures were made in 
two bones demineralized in sodium cit- 
rate and formic acid, and in both cases a 
flexure current was measured entering 
the fracture. In glutaraldehyde-fixed 
bone, collagenase-digested bone, and de- 
mineralized bone, no plateau current 
was observed. 

The metatarsal of the young mouse is 
still highly chondrified and can be sliced 
cleanly with a fresh scalpel, producing 
little deformation of bone substance. 
When 38 bones were cleanly transected 
with a scalpel, the steady component of 
incurrent (5.2 r 0.38 p,A/cm2) was ob- 
served. Intense declining incurrents 
were not observed. A steady "injury 
current" was recorded in three separate 
bones for several minutes at 37"C, and 
the thermoelectric stage was switched to 
a cooling mode. As the temperature of 

Table 1 .  Composition of the test media. All the media were prepared in double-distilled de 

Concentration (mM) 
Medium 

Na+ K+ Ca2+ Mg2+ CI- H2P04 HC03 

percent of its initial magnitude; this de- 
cline was reversible (Fig. 2C). Thus the 
plateau current is immediately depen- 
dent on ambient temperature and the 
flexure current is not. Glutaraldehyde- 
fixed bone was able to produce a flexure 
current at a temperature at which the 
plateau current is reduced or absent (Fig. 
2D). These results strongly indicate that 
the injury current in living bone is of dual 
origin: an early and declining current 
initiated by deformation of bone and a 
steady current driven by a cellular bat- 
tery. In fractures in nature both compo- 
nents exist simultaneously. 

Cellular Source of the Plateau Current 

The periosteum was tested as a possi- 
ble source of the stable incurrents by 
scratching the surface of four bones with 
a fine needle under ~ 4 0  magnification. 
No significant current of injury was not- 
ed after such an operation. In two addi- 
tional bones fractured in the central di- 
aphysis a stable incurrent was measured 
(7.4 and 5.7 p,A/cmZ). The entire ends of 
these bones were cut away, leaving only 
the center section containing the original 
fracture. Current was again measured 
entering this region and little change in 
its magnitude was detected (6.3 and 5.3 
p,Alcm2, respectively). Thus cartilage 
(epiphyseal or articular) or periosteum is 
not the source of the plateau current. 

When a notch was made in the bone 
with a fine needle, a stable current began 
to enter the notch as it was deepened 
toward the marrow cavity. This suggests 
that the bone of the diaphysis is the 
limiting resistance in the circuit and that 
the metabolically powered ionic pump is 
located in deeper investments-perhaps 
the endosteum or some other syncytium 
associated with the marrow cavity (7, 8). 

:ionized water and buffered to pH 7.3 * 0.1. 

Resistivity 
(ohms - cm) Comment 

Mammalian Ringer 149 2.7 1.4 0.49 144 0.36 11.9 80 to 100 
Na+-free (tris) 2.7 1.4 0.49 144 11.9 130 Tris-HCI used as NaCl 

replacement, buffered 
with tris base 

Na+-free (choline) 2.7 1.4 0.49 144 11.9 140 Recrystallized choline 
chloride used as Na+ 
substitute, tris buffered 

K+-free 152 1.4 0.49 144 0.36 11.9 100 
Ca2+-free 149 2.7 0.49 141 0.36 11.9 78 
M$+-free 149 2.7 1.4 143 0.36 11.9 78 
CI--free 149 2.7 1.4 0.49 0.36 11.9 200 All salts were gluconates 
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Ionic Dependence of the Currents 

In studies of this type one can occa- 
sionally determine the ionic dependence 
of a current by making simple modifica- 
tions to  the standard bathing medium. 
Table 1 summarizes the various media 
used to determine the ionic dependence 
of the plateau current and Fig. 3 illus- 
trates these effects. 

When Na' was replaced with tris or 
choline chloride there was an increase in 
the leak current density. Initial current 
densities of 3 to  5 p , ~ / c m ~  immediately 
increased by a factor of 1.5 to  8 in 
response to the removal of Na+ (Fig. 3, 
A and B). 

The minority cations (Ca2+, K f ,  and 

3 10 minutes 
0 

~ g ~ ' )  were tested and little evidence 
supporting the active transport of K+ by 
bone was found (Fig. 3C). A consistent 
increase in leak current density was ob- 
served in response to  ~ g ~ + - f r e e  medi- 
um, and in two of four trials, a similar 
increase followed the removal of Ca2' 
(Fig. 3,  D and E) . 

Such increases in current density pro- 
duced by the removal of cations can best 
be explained if the net current is the 
difference between cations pumped into 
bone and a larger movement of anions 
pumped in (9). Indeed, replacement of all 
the C1- in the medium with nontrans- 
portable anions (gluconates) produced 
an immediate reversal of current at the 
lesion (Fig. 3F). 

?i - 
N 1 minute 2 .5  minutes 

0 

Fig. 2. Chart recordings of current density measured with the vibrating electrode. A reference 
(dashed line) was established with the electrode several centimeters from the specimen and out 
of the electrical field (r). The probe was then positioned in the fracture; deflections above the 
reference line indicate current entering the specimen; deflections below the line indicate current 
leaving. (A) Typical fracture current. The probe was placed in the fracture gap about 2% 
minutes after the injury. Over 30 minutes the current declined steadily to about one-tenth the 
initial value. The probe was then moved to a reference position (a check for electrode drift) and 
brought back to the original measuring position. A sensitive scale and time base were chosen to 
record the steady component of the fracture current. The initial declining current is referred to 
as a flexure current. The steady component is referred to as the plateau current. (B) Plateau 
current 2.2 hours after the original injury. (C) Temperature dependence of a plateau current. 
Eighteen minutes after a notch was produced in the diaphysis a stable current was observed 
entering the fracture gap. The electrode was moved back and forth between the reference 
position (r) and the measuring position at the bone (b) twice to verify that the current was stable. 
At (1) the thermoelectric stage was switched to a cooling mode and an extended time base was 
used. In 3 minutes the current density had dropped nearly sevenfold and was oscillating 
abnormally. At (2) the temperature was 20.2"C. At (3) the thermoelectric stage was switched 
back to a heating mode. At (4) the temperature was 25°C. At (5) the current density had nearly 
recovered. A reference and temperature check was made at (6). The temperature of the medium 
was 38.3"C. Although the plateau current is temperature-dependent, flexure currents are not. 
(D) Flexure current in dead bone. This record was taken in a fracture 3% minutes after damage 
was inflicted. The bone had been fixed in cacodylate-buffered 2.5 percent glutaraldehyde for 48 
hours and reequilibrated with mammalian Ringer solution for 5 days before the experiment. The 
temperature of the measurement medium was 19.5"C. Note that the rapidly declining incurrent 
falls to zero and that there is no plateau current. 
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A schematic model of these responses 
to ion replacement is presented in Fig. 4. 
Such an idealized model does not explain 
the sometimes enormous increases in 
current density occurring when choline 
is used as  a replacement ion for Naf  , nor 
does it speak to the identity of other ions 
not tested in this study (H+, HC03-) .  

Discussion: Bioelectricity in Bone 

Bone produces transient voltages in 
response to stress (3, 10). Steady volt- 
ages also exist along intact living bone 
and in or near fractures (1, 2, 11). These 
surface-detected voltages provide little 
quantitative data for physiologists; have, 
in some cases, not been measured under 
physiological conditions; and are subject 
to the technical difficulties encountered 
when surface contact electrodes are used 
to measure steady electrical potentials in 
biological material (5). Friedenberg and 
Brighton (1) found such "bioelectric po- 
tentials" to  be negative in articular and 
epiphyseal regions and in the fracture 
site. These observations are supported 
by this study. This study does not sup- 
port claims of a positive shift in injury 
potential a t  the fracture site (suggesting 
current leaving the injury), nor does it 
support claims of positive shift after peri- 
osteal injury (2). Injured muscle has also 
been suggested as being the source of 
fracture potentials (11). Since the meta- 
tarsals were free of muscle, it is clear 
that injured bone alone is fully capable of 
supporting large steady voltage gradi- 
ents. 

Transient changes in voltage have 
been ascribed to both piezoelectricity 
and streaming potentials (3, 6, 12). It is 
unquestioned that tendon, bone, colla- 
gen, and various other well-ordered bio- 
logical materials exhibit piezoelectric 
properties in the dry state. However, 
recent experimentation greatly favors 
the streaming potential as the dominant 
mechanism underlying load-induced, 
short-lived potentials in physiologically 
wet bone (12). My experiments suggest 
that the flexure currents are independent 
of the crystalline components of bone or 
collagen, the most likely piezoelectric 
materials in hard tissue. Second, the 
current flow produced by the deforma- 
tion of the fracture (independent of the 
cellular battery) declines over a period of 
up to 30 minutes. Such a long decay rules 
out a piezoelectric effect (since such 
voltages decay on the order of 1 Fsec in 
body fluids) and suggests that a stream- 
ing potential underlies production of the 
flexure current (12). It should be noted 
that the character of flexure-generated 
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currents may differ between adult mam- 
malian bone and cartilagenous immature 
bone (such as that used in these experi- 
ments) because of the substantial visco- 
elasticity of the latter. 

It is widely accepted (without rigorous 
experimental support) that bone remod- 
eling (Wolff s law) is dependent on load- 
induced voltages. Bioelectric measure- 
ments have suggested that the compres- 
sion side of flexed bone is electronega- 
tive with respect to the tension side. 
Negative potentials during flexure are 
said to generate bone deposition and 
positive potentials are said to be respon- 
sible for bone resorption (13). This con- 
cept has also been applied to the adap- 
tive remodeling that occurs after a frac- 
ture (14). The direct measurements of 
fracture current described in this article 
are not supportive of this thesis. The 
overall circuit about an injured bone can 
be exceptionally complex and variable- 
the only consistent observation is that 
current enters the lesion. Once current 
enters the bone substance, its pathway 
and density are entirely unknown. Bone 
is very porous, with many interconnect- 
ing canals and lacunae. The overall 
resistance to the flow of current would 
be inversely proportional to the extracel- 
lular space in these portals. Thus it is 
difficult to speculate on the magnitude of 
the fields associated with current flow. 
The electrical fields pertinent to biologi- 
cal activity would be those voltage gradi- 
ents imposed on living cells along this 
current path. 

Ionic Current and Bone Physiology 

Bone is a difficult tissue for direct 
physiological measurements. Microelec- 
trode (or ion-specific electrode) studies 
and tracer flux studies have largely been 
unreliable or unsuccessful (15). For ex- 
ample, shallow voltages (-4 mV) report- 
ed across the periosteum in tracer flux 
experiments are suspect, given their low 
magnitude and the indirect nature of 
their computation (16). However, bone 
extracellular fluid is different from body 
fluids in its ionic composition. For exam- 
ple, the concentration of K+ is as much 
as five times higher in the extracellular 
fluid of bone than in serum (15). Curious- 
ly, there is little evidence for a "pump- 
leak" mechanism in bone to modify its 
interstitial environment. Purely structur- 
al evidence suggests that the ionic fluxes 
are largely passive. Although the perios- 
teum and endosteum are sometimes de- 
scribed as epithelioid on the basis of 
their gross appearance and sometimes 
tight apposition, the lack of tight junc- 
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tions suggests only a trivial barrier to the 
free diffusion of ions (7, 15 17). Osteo- 
cytes are connected to each other and to 
surface osteoblasts by tight junctions; 
however, these connections are spotty in 
their occurrence and it is doubtful if this 
possible syncytium can form an ionic 
seal between two fluid compartments 
( 7 ) .  

Although these anatomical and phys- 
iological studies are unreconciled, direct 
measurements of charge movement in 
bone tissue offers strong evidence for an 
active pump-leak mechanism of ionic 
flux in bone. The vibrating probe does 
not register voltages in the extracellular 
fluid produced by diffusion gradients, 
and only registers voltage gradients on 
the basis of a current-resistance drop (4). 
The plateau current demonstrated here is 
almost certainly driven by an active cel- 
lular battery. This battery is dependent 
on temperature; is predictably modulat- 
ed by changes in the ionic composition of 

the bathing medium (18); and is sensitive 
to Na', C1-, Ca2', and  further 
suggesting that these ions are transport- 
ed across the "bone membrane." Fur- 
thermore, these experiments suggest 
that the membrane transporting ions be- 
tween the extracellular fluid of bone and 
the extracellular fluid of the body is the 
endosteum or the saclike syncytium sur- 
rounding the marrow (8). 

Fracture Currents and the 

Biology of Repair 

It seems that endogenous currents are 
involved in bone repair, remodeling, and 
perhaps growth, rather than being just an 
epiphenomenon. Experiments in which 
tetracycline labeling is used as an index 
of bone formation indicate that areas of 
steady electronegativity in bone (current 
entering) are also sites of bone deposi- 
tion (19). Also, artificially applied weak 

Fig. 3. Steady current 
0 Ringer in fractures in re- 
@ Test  sponse to changes in 

the ionic composition 
of the bathing medi- 
um (see Table 1).  
Four to six separate 
recordings of a peak 
and stable current en- 
tering the severed 
bone were first made 
in Ringer solution. 
The bone was then 
washed twice in test 
medium and another 
set of measurements = 

0 was made in that me- 
dium. Values are 
means standard er- 
rors for each set of 
these measurements. 
No error bars are de- 
picted where the mul- 
tiple recordings were 
identical. In (A), cho- 
line chloride (recrys- 
tallized) was substi- 

C 
W Potassium-free Calcium-free tuted for NaCl and 

the medium was buff- 
ered with tris. Note 
the sometimes enor- 
mous increase in cur- 
rent density recorded 
after this replace- 
ment. In (B), more 
modest increases 
were observed when 
Na' was replaced by 
tris. In (C), no effect 
was noted after 
changing to Kf-free 

Bone 1 2 3 4 medium. In (D), a 
Magnesium-free lack of response to a 

' ' Ca2+-depleted medi- 
Chloride-free um is demonstrated in 

bones 3 and 4; however, a marked increase in current density is observed in bones 1 and 2. In 
(E), consistent increases in current density were recorded in response to the removal of Mg2+. 
In (F), a complete reversal of the current's polarity occurred after immersion in chloride-free 
medium. 



currents can heal clinical nonunions (20) 
and otherwise modulate bone resorption 
and deposition (5, 14). Do clinically ap- 
plied d-c currents mimic the naturally 
produced currents in polarity and magni- 
tude? It is necessary to implant negative 
electrodes in the fracture to achieve 
healing (20, 21); thus, extracellular cur- 
rent is pulled into the gap (9). The natu- 
rally produced fracture current enters 
the lesion as well. The area of ununited 
fractures in human long bones may ex- 
ceed 1 cm2. A four-electrode configura- 
tion ( l C  p.A per electrode), as used clini- 
cally, would produce a density of 40 FA/ 
cm2 in a lesion of 1 cm2-a value within 

the range of current densities naturally 
produced by fractures. These similarities 
suggest that a defect common to clinical 
nonunions may be in the generation of 
endogenous fracture currents. 

If endogenous currents are essential to 
bone repair, they may provide a redun- 
dant control system. Since, in the ani- 
mal, load is intermittently exerted on the 
lesion, intermittent flexure current may 
be a long-term feature of the electro- 
physiology of injury. For bones that re- 
ceive little loading or deformation, the 
cellular battery will still pull current into 
the injury. 

The idea that surface-detected injury 

Ringer 

Pump Leak (lesion) I I C u r r e n t  d e n s i t y  
a t  l e s i o n  

B Sod ium-f ree  

Pump Leak (lesion) 

Ch lo r ide - f r ee  

Pump Leak (lesion) 

Fig. 4. Hypothet ical  pump-leak model  fo r  ionic current  traversing bone .  (A) Direction of 
extracellular current  in Ringer solution a n d  the  actual  direction (9) in which N a + ,  Mg2+ ,  C a Z + ,  
a n d  C1- a r e  moved  ac ros s  t h e  pumping membrane .  All t hese  componen t s  a r e  arbitrarily 
assigned numbers  a t  t he  leak site: negative values  fo r  current  entering the  lesion and  positive 
values for  current  leaving it .  Tota l  current  densi ty  calculated f rom these  values is depicted in 
t he  ba r  graph a t  right.  N o t e  that  in Ringer solution the  net  current  flow is inward a t  t he  lesion 
because  of a proportionately larger flux of C1-. (B) Effects of N a +  removal .  No te  that  
magnitude of inward current  flow a t  t h e  leak is greatly increased. In  a chloride-free medium (C) 
the  direction o f  current  flow a t  t h e  lesion has  reversed and  the  magnitude of t he  net  densi ty  is 
larger t han  that  measu red  in Ringer solution. This  schemat ic  is generally consistent with t h e  
response of current  t o  changes  in t he  ionic composi t ion of t he  medium (Fig. 3). 

potentials may help to control the re- 
sponse to damage is not restricted to 
bone, and this has been a fertile area of 
research since the mid-19th century (5). 
Our modern understanding of current 
flow in developing cells and tissues has 
largely rendered the surface detection of 
bioelectric potentials as an obsolete de- 
scriptive technique. However, one idea 
engendered by these antiquated mea- 
surements-that electrical phenomena 
may help to control the tissue response 
to injury-is undergoing a renaissance. 
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