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Arrays o f  platinum (faradaic) and anodized, sintered tantalum pentoxide (capac- 
itor) electrodes were implanted bilaterally in the subdural space o f  the parietal cor- 
tex o f  the cat. Two weeks after implantation both types o f  electrodes were pulsed for  
seven hours with identical waveforms consisting o f  controlled-current, charge- 
balanced, symmetric, anodic-first pulse pairs, 400 ~sec/phase and a charge density 
o f  80-100 ~C/cm 2 (microcoulombs per square cm) at 50 pps (pulses per second). 
One group o f  animals was sacrificed immediately following stimulation and a sec- 
ond smaller group one week after stimulation. Tissues beneath both types o f  pulsed 
electrodes were damaged, but the difference in damage f o r  the two electrode types 
was not statistically significant. Tissue beneath unpulsed electrodes was normal. A t  
the ultrastructural level, in animals killed immediately after stimulation, shrunken and 
hyperchromic neurons were intermixed with neurons showing early intracellular 
edema. Glial cells appeared essentially normal. In animals killed one week after stim- 
ulation most o f  the damaged neurons had recovered, but the presence o f  shrunken, 
vacuolated and degenerating neurons showed that some o f  the cells were damaged 
irreversibly. It is concluded that most o f  the neural damage f rom stimulations o f  the 
brain surface at the level used in this study derives from processes associated with pas- 
sage o f  the stimulus current through tissue, such as neuronal hyperactivity rather than 
electrochemical reactions associated with current injection across the electrode-tissue 
interface, since such reactions occur only with the faradaie electrodes. 
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I N T R O D U C T I O N  

The mechanisms by which prolonged electrical stimulation induces neural damage 
are still largely unknown. Some studies have implicated toxic products generated at 
the electrode-electrolyte interface during charge injection (7,8,9,10,11). However, the 
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occurrence of neural damage at relatively low charge densities, using charge balanced 
stimulation, suggests that in many systems, other processes may contribute most of 
the damage (1,17,24,31). 

One approach to eliminating electrochemical reactions at the electrode-tissue inter- 
face during surface stimulation of  the brain is by the use of  capacitor electrodes. 
Capacitor electrodes are fabricated by anodizing a metal surface with a thin layer of 
dielectric material such as tantalum pentoxide (8,12,13,14,18,25,27,28). With these 
electrodes the current pulses are injected across the electrode surface by capacitive 
charging without the oxidation-reduction (faradaic) reactions which occur with noble 
metal electrodes. 

This study was designed to utilize these differences in noble metal and capacitor 
electrodes to provide insights into the mechanisms of neural damage due to electri- 
cal stimulation of  the brain surface (2,3,22,23,30). Neural damage beneath capaci- 
tor electrodes can be attributed only to mechanical factors related to the presence of 
the electrode or to factors associated with the passage of current through the tissue, 
whereas neurons beneath pulsed platinum electrodes could be damaged by elec- 
trochemical reactions (including the products of  electrode dissolution) as well. 

M E T H O D S  

Electrodes  and  S t imula t ion  Pro toco l s  

The faradaic electrodes were platinum discs, 1.1 mm in diameter. The capacitor 
(nonfaradaic) electrodes were sintered pellet, anodized tantalum-tantalum pentoxide 
units, 1.0 mm in diameter, supplied by Sprague, Inc. The platinum electrodes were 
embedded in silicone elastomer (Dow-Corning, Type A Medical Grade Adhesive) 
leaving exposed only the lower surface of  each disc. The capacitor electrodes were 
mounted in recesses in the silicone 1.1 mm in diameter; the small gap around the sides 
permits better utilization of  the capacitance. Thus, when implanted in the subdural 
space, both types of electrodes will face the pia through round windows with an area 
of  0.01 cm 2 and thus, the current density in the subjacent brain tissue should be the 
same when the identical current waveform is injected through both electrode types. 
The capacitance of the tantalum electrodes ranged from 0.15-0.25 #F as determined 
by low frequency potentiodynamic cycling (1 v/sec), and with the mounting described 
above, the utilizable capacitance (I /(dv/dt)) ,  during injection of  the 400/~sec con- 
trolled-current pulses was 0.05-0.07 /~F. The embedded discs were mounted on 
porous polyester matrices molded to conform to the shape of the cat's gyrus suprasyl- 
vius. The capacitor electrodes, as well as the associated ancillary structures (leads, 
junctions, etc.) were tested for electrical integrity by soaking for 24 hours in 0.9~ 
NaCI solution with +27 volts dc between the leads and a carbon counterelectrode. 
The electrode assemblies were tested for dc leakage current at four volts positive to 
the potential of  hydrogen evolution. Assemblies whose leakage exceeded 0.05 #A 
were rejected. 

The arrays were then cleaned by mild sonication in ethanol and distilled water and 
sterilized with ethylene oxide. At least 24 hours after sterilization, two arrays con- 
taining a platinum and a capacitor electrode (four discs) were implanted bilaterally 
in the subdural space over the parietal (gyrus suprasylvius) cortex of  25 adult or 
adolescent cats of  either sex (Fig. 1). A total of  100 electrodes of  both types was 
implanted. A large (1 cm 2) platinum counterelectrode was implanted beneath the 
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FIGURE 1. Autopsy view of the 2 electrode sites on the right gyrus suprasylvius. The posterior (plat- 
inum) electrode site (arrow) is clearly visible while the anterior (tantalum pentoxide) electrode site 
is visible, but poorly defined due to the presence of an annulus of tissue surrounding the electrode 
(note tissue surrounding the dark tantalum penotxide electrode). In this instance the platinum elec- 
trode was free of this annulus but in other cases a tissue distribution similar to that seen around the 
tantalum pentoxide electrodes was present. 

temporal muscle adjacent to one of  the craniectomy defects. The procedure was per- 
formed using general anesthesia (nitrous oxide and halothane) and aseptic surgical 
technique. 

Two weeks after implantation and just prior to pulsing, the cats were anesthetized 
with pentobarbital and the implanted capacitor electrodes were tested for dc leak- 
age at +4 and +20 volts with respect to the implanted platinum counterelectrode. 
Electrodes with zero or slight dc leakage were pulsed if the leakage current was less 
than 10/~A at +20 volts with respect to the counterelectrode. However, the histolog- 
ical data were considered only if, upon dc bubble testing of the (recovered) array, the 
site of  any leakage could be shown to be remote (at least 2 mm) from the electrode 
pellet. 

The platinum and capacitor electrodes were pulsed against the large counterelec- 
trodes with identical waveforms (controlled current, charge-balanced, symmetric, 
anodic-first pulse pairs, 400/~sec/ph in duration with no delay between the anodic 
and cathodic phases). Between pulse pairs, the potential of the platinum stimulating 
electrodes was returned to that of  the platinum counterelectrode through a large (500 
kOhms) resistance. Since the capacitor and platinum electrodes were both embedded 
in silicone and faced the pia through circular windows of  essentially the same diam- 
eters and areas, the identical current waveform was used with both types of  electrodes 
to ensure a similar time course of current density in the subjacent brain. In addition, 
to ensure precise charge balance over time, all electrodes were coupled to the stim- 
ulus current source through 4.7 /~F Mylar capacitors. This stimulus waveform is 
nearly ideal for pulsing faradaic electrodes, providing optimal (although not neces- 
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sarily complete) reversal of electrochemical charge injection processes at the metal- 
electrolyte interface (9,10,11). It has been used in previous studies of platinum 
stimulating electrodes conducted in our laboratory (2,3,4,17,24,31); however, this 
biphasic waveform is by no means ideal for capacitor electrodes. Because of the semi- 
conductor nature of the tantalum oxide, such electrodes must be pulsed anodic first, 
but if the anodic charge is subsequently removed quickly, as occurs with a symmet- 
rical pulse pair, the electrode potential overshoots the interpulse baseline (sometimes 
by several volts). The negative overshoot may be sufficient to cause the tantalum 
oxide to conduct, causing the capacitor electrode to behave momentarily as a faradaic 
electrode. This conduction can be observed as a decrease in the slope near the end 
of the cathodic phase of the voltage transient induced across the electrode by the 
stimulus current pulse. The negative-going overshoot is probably due to the multi- 
ple time constants which arise from part of the capacitance being in series with the 
relatively large ohmic resistance of the pores in the electrode pellet (12). During injec- 
tion of short, high amplitude current pulses, these longer time constants charge and 
discharge more slowly than does the capacitance near the geometric surface of the 
electrode, thereby producing the overshoot of the interpulse voltage during the charge 
removal process. Therefore, the interpulse (baseline) potential of the capacitor elec- 
trode was biased up to 4 volts positive of the platinum counterelectrode, placing the 
interpulse potential further from the point at which the oxide begins to conduct. For 
each electrode, the pulse amplitude was set and the bias was increased until additional 
bias produced no further decrease in the slope at the end of the cathodic phase of 
the voltage transient. The same bias was placed on the second capacitor electrode, 
if it passed the prestimulus dc leakage test. The bias produced no measureable effect 
on the current pulse pairs. 

In all animals, the transient and interpulse potential was monitored on an oscil- 
loscope against the platinum counterelectrode. Also, in eight animals, the (biased) 
interpulse potential was monitored during pulsing by means of a chronically 
implanted Ag/AgC1 reference electrode coated with methyl methacrylate and embed- 
ded in the muscle adjacent to the craniectomy defect. This reference electrode car- 
ries no current, providing a crude 3-electrode system. The potential of the implanted 
Ag/AgCI electrode was in turn measured several times during the experiment against 
a saturated calomel electrode (SCE) placed in the cat's mouth. By this means, the 
current-carrying platinum counterelectrode was seen to polarize somewhat (up to 
-200 mv SCE) at the start of pulsing, but then to maintain that potential (within _+ 
30 mV) throughout the 7 hours of stimulation. 

At least one capacitor electrode and one faradaic (platinum) electrode were pulsed 
continuously, for 7 hours at 50 pps. The animals remained under light pentobarbi- 
tal anesthesia throughout the stimulation. In all but one animal, the same pulse 
amplitude was used with the capacitor and platinum electrodes. In each animal the 
highest current, up to 2.5 mA, which did not drive a capacitor electrode beyond the 
capacitor dielectric formation voltage (+ 30 volts vs. the saturated calomel electrode) 
was used. This ranged from 0.8 to 1 #C/ph. The corresponding charge densities, 
based on the electrode's "geometric" surface areas, ranged from 80 to 100 #C/ 
cm 2.ph. After the seven hours of stimulation the capacitor electrodes were again 
tested for dc leakage as described above. 

Recording of compound action potentials (CAPs) from the pyramidal tract was 
omitted in the animals in the present study in which electrodes had been chronically 
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implanted, since the physiologic effectiveness of  stimulation of  the motor  cortex at 
the range of the pulse amplitudes used was demonstrated previously (17). However, 
an acute experiment, also using pentobarbital anesthesia was performed, in which the 
CAP was recorded from the ipsilateral pyramidal tract via a monopolar  electrode (16) 
while the same spot on the precruciate cortex was stimulated at 50 pps, first with a 
platinum electrode (mounted in its array), then with a mounted capacitor electrode. 

Histologic Methods  

Eighteen animals were killed within 20-30 minutes following termination of  seven 
hours of  stimulation. Two were killed one week after stimulation. Aortic perfusion 
was carried out under general anesthesia. For light microscopy, a prewash of approx- 
imately 1 liter of  0.9~ NaC1 was perfused at a gravity flow pressure of  120 mm Hg. 
This was followed by perfusion of  2 liters of  unbuffered 10~ formalin at the same 
pressure. In three animals used for electron microscopy, the prewash was followed 
by 2 liters o f  one-half  strength Karnovsky 's  solution (2.5070 glutaraldehyde, 2.0% 
paraformaldehyde in 0.1 M sodium cacodylate buffer).  Continued fixation of the 
brain was carried out by placing the head in the respective fixatives until autopsy the 
following day. 

At autopsy, bone flaps and dura were removed to reveal the array on each gyrus 
suprasylvius. Photographs were taken of the array sites before and after removal of  
the array. 

Parasagittal blocks of  tissue were cut to include both electrode sites in each hemi- 
sphere, in addition to a remote control block from the frontal cortex. The tissue sites 
were marked by horizontal punch holes, made with a no. 20 needle, below each elec- 
trode site. In addition, the boundaries of  the disc sites were marked by inserting nee- 
dies tipped with India ink. For light microscopy, the blocks were further fixed, 
dehydrated and embedded in paraffin. Parasagittal sections six ~zm in thickness were 
made to include both electrode sites on each hemisphere. Serial sections were alter- 
nately stained with Nissl, H&E and Masson's  trichrome. 

For electron microscopy 1 m m  3 blocks were post-fixed in 2.0~ osmium tetrox- 
ide in 0.1 molar sodium cacodylate buffer. Following graded alcohol dehydration the 
tissues were embedded in Polysciences Polybed 812 resin. Plastic sections 1/~m thick 
were stained with Richardson's-toluidine blue (2:1). Ultrathin sections were stained 
with uranyl acetate and lead citrate. 

RESULTS 

Figure 2 shows CAPs recorded f rom the ipsilateral pyramidal  tract, evoked by 
a capacitor and a plat inum electrode, pulsed at 2.0 m A  and 50 pps. The directly- 
evoked (early) and transsynaptically evoked (late) components of  the CAPs are nearly 
identical for the two electrode types. Since shifting the position of  the stimulating 
electrode by only a small fraction of  its diameter produced a large change in the 
amplitude of the CAPs (especially in the late components)  the similarity of  the two 
CAPs indicates that the two electrodes evoked neuronal activity with similar 
efficiency. 

At autopsy, the dura overlying the electrode array was usually slightly thickened. 
In most cases, the dura was easily reflected f rom the external capsule of  connective 
tissue overlying the arrays. The layer of  connective tissue between the electrodes and 
the pia was usually thin, a l though in two animals a thicker layer of  tissue (approxi- 
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FIGURE 2. Compound action potentials recorded from the ipsilateral pyramidal tract during stim- 
ulation of the precruciate gyrus with a platinum electrode, and a capacitor electrode. Each record 
is the average of 10 consecutive evoked responses. 

mately 0.5 m m  to 0.7 mm in thickness) was observed. Data  f rom these sites were 
excluded f rom the series, since it is likely the stimulus current can disperse in such 
a pad of  tissue, effectively reducing the current density (and charge density) at the 
pia. Also, any toxic products formed at the electrode interface can disperse in such 
a pad. The contour of  the polyester mesh matrix, which was curved to fit the gyrus, 
appeared intact. After removal  of  the array, the imprint of  the matrix and the elec- 
trode discs often were visible on the surface of the brain (Fig. 1). In a few instances, 
an annulus of  firmly attached connective tissue had formed around the discs. In addi- 
tion to the 4 sites lost to format ion of  connective tissue, electrode sites in which the 
electrode had migrated to lie atop a sulcus also were excluded (four sites), as were 
those capacitor electrodes which did not meet the dc current leakage criteria de- 
scribed above after the end of  the seven hours of  stimulation. (Capacitor electrodes 
which did not meet the leakage criteria before the start of  the stimulation were used 
as unpulsed controls.) In two animals, the electrodes became shorted together dur- 
ing the ten days before pulsing, due to intrusion of  fluid into the cable or trans- 
cutaneous connector. Also, animals in which at least one pulsed capacitor electrode 
was not acceptable after the poststimulation leakage test were not perfused. This left 
65 of  the original 100 electrodes f rom 20 of  the 25 animals of  which 54 were exam- 
ined. The tissue beneath 11 of  the unpulsed platinum electrodes were not examined, 
as discussed below. 

Histologic Findings 
Fifty electrode sites were examined at the light microscope level only, and eight 

additional sites from three cats were examined at both the light and the transmission 
electron microscope level. One of  the cats perfused for electron microscopy had been 
killed immediately after the end of  stimulation and two others were killed one week 
later. Tissue collected f rom sites on the frontal  lobe, remote f rom the electrode 
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arrays, showed normal leptomeninges and molecular layer. The underlying neurons 
also appeared normal. 

Table 1 summarizes the histologic findings at the light microscope level for brain 
tissue subjacent to 16 pulsed capacitor electrodes and 17 pulsed platinum electrodes 
from the 18 animals killed immediately after the end of  stimulation. Six of  the plat- 
inum sites were stimulated at 0.8/~C/ph, five at 0.88/~C/ph and six at 1 #C/ph. Four 
of the capacitor sites were stimulated at 0.8/~C/ph, six at 0.88/~C/ph and seven at 
1 /~C/ph. Fourteen unpulsed capacitor sites and three unpulsed platinum sites also 
were examined. Of the 22 sites from these 18 animals not enumerated in Table 1, six 
capacitor sites were lost, either because the electrode developed large leakage currents 
during pulsing, or they were found at autopsy to lie atop a sulcus. Five of the pulsed 
platinum sites also were lost. Eleven of the unpulsed platinum electrodes were not 
prepared and examined due to our familiarity with the biocompatability of unpulsed 
platinum from previous studies (3,4,23,24). 

Tissue beneath all of the unpulsed platinum electrodes and most of the unpulsed 
capacitor electrodes appeared normal (Fig. 3). Tissue beneath the edges of two of the 
unpulsed capacitor electrodes contained foci of minimal (grade 1) damage, proba- 
bly due to mechanical compression of the cortex by the rather sharp edges of the 
slightly protruding discs. The leptomeninges beneath most of the unpulsed electrodes 

TABLE 1. 

Severity of neural damage 
Electrode Pulsed/ Total 
Material Unpulsed Sites 0 + + +  + + +  ++4 -+  

Platinum Unpulsed 3 3 0 0 0 0 
Platinum Pulsed 17 1 1 1 1 13 
Capacitor Unpulsed 14 t 2 2 0 0 0 
Capacitor Pulsed 16 1 2 1 4 8 

Data are from 18 animals killed after 7 hours of stimulation. Twenty two of 
72 electrode sites are not included. Only 3 unpulsed platinum sites were exam- 
ined due to abundant extant data attesting to biocompatibil i ty of subdural 
implants of this metal (see text, Results section). 

Stimulus parameters: Charge/phase was 0 .8 -1 .0  #C/ph using 2 .0 -2 .5  mA 
pulse duration of 400 #sec and a frequency of 50 pps for 7 hours. Charge den- 
sities ranged from 80-1 O0 #C/cm 2 .ph, (see Methods Section for further details 
on parameters). 

Damage code: 

+ minimal 

+ +  mild 

+ + +  moderate 

+ + + +  severe 

Slight neuronal shrinkage with or without hyperchromism or 
a small number of neurons undergoing degeneration. 
Increased neuronal shrinkage approaching a stellate profile. 
Thin pericellular halo, or a few neurons undergoing degen- 
eration. 
Moderately shrunken, stellate, hyperchromic neurons. 
Widened perineuronal halo, or a moderate number of neu- 
rons undergoing degeneration. 
Markedly shrunken, stellate, hyperchromic neurons with 
large perineuronal halos. Damage extending through most or 
all layers with or wi thout neuronal loss. 
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FIGURE 3. Parietal cortex beneath unpulsed tantalum electrode. The leptomeninges are not appre- 
ciably thickened and the molecular and neuronal layers appear indistinguishable from control cor- 
tex remote from any array. Nissl stain. Bar = 3 0 0  #m. 

was usually somewhat thickened and there was often slight gliosis of the underlying 
molecular layer. 

Neural damage at sites immediately subjacent to pulsed platinum or capacitor elec- 
trodes in animals killed immediately after seven hours of stimulation was qualitatively 
the same although the severity of the damage was on the average slightly less beneath 
the capacitor electrodes. However, this difference was not significant in a 2-sided chi- 
square test of  homogeneity (X 2 = 1.46, d f  = 4, p = 0.4). There was also only a very 
small positive correlation between the severity of  the damage and the intensity of  the 
stimulation over the small range used (0.8-1 #C/ph) .  The slopes of the regression 
lines were 0.71 damage grades/#C for the platinum electrodes, and 0.75 grades/#C 
for the capacitors. However, there was considerable variability, and damage ranged 
from grade 0 or 1, to 4 at both 0.8 and 1 #C/ph  for both electrode types. The dam- 
age beneath electrodes with a small amount  of  dc leakage current was not greater 
than beneath those exhibiting no detectable leakage. When moderate leakage (less 
than 10 tzA at 20 volts) occurred, the location of  the leak was found to be at a site 
remote from the actual electrode pellet and did not effect the tissue immediately sub- 
jacent to the pellet. 

The damage beneath the pulsed electrodes consisted primarily of  stellate profiles 
of  shrunken hyperchromic neurons usually extending to a depth of  no more than 750 
t~m but often extending across the full diameter of  the electrode discs. The lep- 
tomeninges were somewhat thickened and infiltrated by large and small mononuclear 
cells and eosinophils sometimes accompanied by perivascular cuffing. In severely 
damaged tissue the neurons were more severely shrunken and hyperchromic, and the 
perineuronal halos were more pronounced (Figs. 4 and 5). 

At the electron microscopy level, tissue beneath unpulsed electrodes appeared nor- 
mal (Fig. 6); whereas the ultrastructure of  three pulsed electrode sites pulsed at 1 
#C/ph  (1 platinum and 2 capacitors) from the animal killed immediately after stim- 
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FIGURE 4. Platinum electrode site pulsed with 88/~C/cm 2 -ph and a charge per phase of 0.88/~C/ph 
for 7 hr. The leptomeninges are infiltrated and overlaid by numerous mononuclear cells and neu- 
trophils (confirmed by observation at greater magnification). The latter have permeated the molecular 
and upper neuronal layers. Gliosis is not present. The uppermost neurons are markedly shrunken, 
hyperchromic and surrounded by wide perineuronal haloes. Nissl stain. Bar = 300/xm. 

ulation, all showed a gradation of neuronal damage ranging from damaged mito- 
chondria with loss of cristae, (Figs. 7 and 8) intracellular edema (Figs. 9-11) to 
shrunken, hyperchromic "dark neurons" (Figs. 12-14). Degenerative stages of neu- 
rons were accompanied by vigorous phagocytic activity by both neutrophils and 
macrophages (Fig. 15). Other cell types, including endothelial, astrocytes and oligo- 
dendrocytes often immediately adjacent to damaged neurons, appeared normal 
(Fig. 12). 

At one week poststimulation, four  electrode sites pulsed at I #C/ph (2 capacitor 
and 2 platinum electrodes) showed less damage than immediately after stimulation, 
particularly when studied by the light microscope. At the ultrastructural level, how- 

FIGURE 5. Tantalum pentoxide electrode site pulsed with 88 p,C/cm 2.ph. The findings are essen- 
tially the same as those in Fig. 3. Nissl stain. Bar = 300 /~m.  
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FIGURE 6. Electron micrograph beneath unpulsed Pt electrode. Five neurons and surrounding neu- 
ropil appear normal. Bar = 10 #m. 

ever, markedly shrunken, often fragmented dark cell profiles and degenerating axons 
were frequently observed indicating irreversible damage to some neurons. Degener- 
ating cellular elements were usually accompanied by macrophages engaged in 
scavenging damaged cell remnants (Figs. 16 and 17). 

FIGURE 7. Early neuronal damage characterized by peripheral cytoplasmic edema and swelling with 
rarefaction of mitochondria (arrows). The adjacent ol igodendrocyte does not show such changes. 
Bar = 4 #m. 
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FIGURE 8. Greater magnification of mitochondria in Fig. 7, showing marked rarefaction and loss 
of cristae, and dilatation of rough endoplasmic reticulum (asterisk). Bar = 0.5 #m. 

DISCUSSION 

These results demonstrate that charge-balanced pulse pairs of 0.8-1.0 #C per phase 
and a charge density of 80-100/~C/cm 2 applied at the brain surface for seven hours, 
at a frequency of 50 pulses per second, induces a comparable amount of neural dam- 
age, whether delivered through platinum or tantalum pentoxide disc electrodes. The 
damage beneath most (25) of the pulsed platinum and capacitor electrodes from ani- 
mals killed immediately after stimulation was moderate to severe and at least partially 
irreversible. Five pulsed electrodes (3 capacitor and 2 platinum) induced only mild 

FIGURE 9. Neuron (center) showing swollen mitochondria with loss of cristae and generalized 
cytoplasmic edema. Aside from a single swollen mitochondrion, the subjacent oligodendrocyte ap- 
pears normal. The surrounding neuropil contains several edematous cell profiles, presumably den- 
drites (asterisks). Note the lack of extracelluiar edema. Bar = 10/~m. 
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FIGURE 10. Upper neuronal layers showing several presumptive neurons in a state of marked shrink- 
age and hyperchromism (arrows). One neuron (right center) shows an earlier stage of damage, with 
severe peripheral vacuolation (compare with Fig. 10). Bar = 40/xm. 

or minimal neural damage. The cause of  such variability in the severity of  the dam- 
age is unknown, but it may be related to the thickness of  the layer of  connective tis- 
sue which often develops between the implanted array and the pia. Although data 
from animals in which the connective tissue was greatly thickened were excluded 
(greater than approximately 0.5 mm or half the diameter of  the stimulating elec- 
trodes), the variability in the thickness of  even the thinner layers would be expected 
to cause some variability between animals in the dispersion of  stimulus current above 
the pia. When minimum connective tissue was present and the pulsed electrodes left 

FIGURE 11. Two neurons showing marked differences in damage. The more intact neuron {N) con- 
tains only a few swollen mitochondda and appears relatively normal while the adjacent neuron con- 
tains marked cytoplasmic vacuolations (Y). Bar = 10/~m, 
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FIGURE 12. Two markedly damaged and shrunken neurons accompanied by a relatively normal- 
appearing oligodendrocyte (arrow) and astrocyte (A). This hierarchy of cellular vulnerability to dam- 
age was a constant finding. Bar = 5/~m. 

distinct impressions on the pia of the fixed brain (e.g., Fig. 1), then damage to the 
subjacent neurons was always moderate to severe. Conversely, in those animals in 
which connective tissue had developed into conspicuous "pads" greater than approx- 
imately 0.5 mm in thickness, the neurons beneath pulsed platinum and tantalum elec- 
trodes were undamaged, possibly because the current at the actual surface of its brain 
was more dispersed. 

Our results are not in agreement with those of Bernstein et al. (8), who tested sim- 
ilar anodized, sintered pellet tantalum electrodes implanted chronically on the cat's 
cerebral cortex. These authors reported no damage subjacent to the pulsed electrodes. 
However, they did describe thick pads of connective tissue adherent to the tantalum 
discs, and their experimental design did not include pulsing faradaic electrodes and 
looking for neural damage beneath these, which would have served as a control for 
the experimental conditions, including dispersion of stimulus current by such inter- 
posed connective tissues. 

Auer et al. (5,6), in an ultrastructural study of hypoglycemic brain damage, dem- 
onstrated that neither "dark" (hyperchromic) neuronal change or extensive mitochon- 
drial alterations can be considered hallmarks of lethally injured neurons. He noted 
ultrastructural indicators of fatal cellular injury as "amorphous cytoplasm lacking 
ribosomes and Golgi apparatus, mitochondria containing flocculent densities, thick, 
electron dense chromatin clumps, large breaks in the nuclear and cell membranes, 
rupture of cytoplasmic contents into the extracellular space (cytorrhexis) and herni- 
ation of nuclear contents into the cytoplasma (karyorrhexis)." In the present study 
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FIGURE 13. Portions of two markedly shrunken, hyperchromic neurons (center and bottom of micro- 
graph). Many cell profiles in the adjacent neuropil appear rarefied and edematous. The axosomatic 
synapse (arrow, and see Fig. 13) confirms the neuronal nature of the damaged cell. Bar = 5 #m. 
x5,500. 

these changes, as well as later stages (cytolysis and phagocytosis by macrophages and 
neutrophils) were observed in some neurons. Although morphometric analyses were 
not carried out, it was apparent from comparing the data from animals killed im- 
mediately and one week after stimulation, that most of  the neurons undergoing 
shrinkage immediately after stimulation had recovered. There were fewer profiles of 
degenerating neurons one week after stimulation (compared to immediately after 
stimulation) and a similar neuronal density, as assessed by either light or electron 

FIGURE 14. Axosomatic synapse (arrow) shown in Fig. 12. Note the severe vacuolation (V) in the 
neuronal cytoplasm and the marked cytoplasmic attenuation. Bar = 0 .5  #m. 
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FIGURE 15. Three degenerating neurons (arrows) and adjacent edematous neuropil (numerous pale 
cellular profiles). Phagocytosis of damaged cells is indicated by the presence of a macrophage (M) 

and 2 extravascular neutrophils (N). Bar = 10 p.m. 

microscopy. However, the widespread phagocytic activity (removal of  the necrotic 
cells) after one week firmly establishes that some of the cells were irreversibly 
damaged. The obscuring of  organelles by the extreme cytoplasic density of  the 
degenerating profiles made identification difficult. However, these cells were posi- 
tively identified as neurons by the presence of  axosomatic synaptic processes. 

At the stimulus charge density used in the present study (80-100 /~C/cm2-ph) 
grade 5 damage, with necrosis and loss of tissue architecture was not seen (Table 1). 
However, such damage has been elicited with higher charge densities and more pro- 
longed stimulations (3,4). In the present study, the ultrastructural pattern of  dam- 
age was that of a selective vulnerability of neurons over glial cells. Fibrous astrocytes 
in the molecular layer were consistently spared, whereas neurons 100 to 200 ~m from 
the pia were most frequently damaged. In many fields, oligodendrocytes and astro- 
cytes were observed immediately adjacent to neurons and dendrites in various stages 
of  degeneration. This highly selective damage suggests factors associated with neu- 
ronal hyperactivity and /o r  extreme electrical hyperpolarization/depolarization of  
neurons as the causative mechanism. 

Other insults to the brain known to produce dark and irreversibly damaged neu- 
rons include hypoglycemia, the chemical convulsants kainic acid (29), folic acid (20) 
and sustained electrical stimulation of the perforant pathway (19). In the latter study, 
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FIGURE 16. Pulsed Ta-Ta205 electrode site f ixed 1 wk. after stimulation. The degenerating cell is 
presumably a neuron inasmuch as the cytoplasm contains lipofuscin (arrows) and other cell types 
(astrocytes and oligodendroglia) were never seen degenerating. A macrophage is present above the 
damaged neuron. Bar = 4 #m. 

the affected hippocampal neurons were activated indirectly via the stimulated afferent 
tract so the neural damage was ascribed to prolonged neuronal hyperactivity. These 
authors observed hyperchromic, shrunken neurons intermixed with those with 
marked intracellular edema. This is similar to the ultrastructural findings in the hip- 
pocampus following systemic administration of  exogenous excitotoxins (e.g., kainic 
acid), or following induction of status epilepticus by other means, and also the find- 
ings from the present study after several hours of  continuous stimulation. Some 

FIGURE 17. Same electrode site as that  shown in Fig. 16. One of  2 macrophages contains cellu- 
lar debris and lipid inclusions (arrows). Aside f rom an occasional deranged axon, the surrounding 
neuropil appears normal. Bar = 5/~m. 
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workers (16,19,20) have hypothesized that intracellular edema is the early stage o f  
the damage sequela and in fact is the primary damaging factor (16,19). While our 
histopathologic findings are very similar to theirs, identification of the specific met- 
abolic mechanism responsible for this pattern of  damage must await biochemical 
investigations. 

It is unlikely that hypoxia, either from vasogenic factors (oligemia) or from 
increased 02 consumption during hyperactivity contributes significantly to the neu- 
ral damage. In the present study, the extracellular edema which occurs early in 
hypoxic brain damage (21) was not observed. Other studies have shown that increased 
blood flow adequately compensates for the increased oxygen demand in the hip- 
pocampus during neuronal hyperactivity accompanying kainate seizures (22). Also, 
Bartlett et al. (7) were not able to reduce neural damage in the cortex during electrical 
stimulation by dilating central blood vessels with CO2. 

A number of possibly hazardous charge transfer reactions have been demonstrated 
or hypothesized to occur at the surface of  a platinum stimulating electrode. Brum- 
mer & Turner  (10) suggested that evolution of  hydrogen or oxygen may be hazard- 
ous in part because of the pH changes which may accompany the resulting imbalance 
of injected charge. This is due to the partial electrochemical irreversibility of the gas 
evolution reactions. However, these authors calculated the nongassing charge capac- 
ity of platinum electrodes to be 350/~C/cm 2 for anodic-first pulses (9), which is 
greater than the maximum charge density used in our experiments. However, other 
possibly hazardous reactions may occur at lower charge densities including dissolu- 
tion of the metal electrode (8,26), or reduction of oxygen to peroxide (15). The pres- 
ent study indicates that these and other electrochemical processes contribute, at most, 
a minor component to the neural damage induced by surface electrodes pulsed with 
charge-balanced pulses, even at the moderately high charge densities of  80-100 
/~C/cm 2 geometric, since they can occur only with the platinum electrodes and both 
types of  electrodes induced similar damage. Thus, even at these rather high charge 
densities, most of  the neural damage seems to be due to passage of  the stimulus cur- 
rent through the tissue, rather than the processes by which the current is injected 
across the metal-electrolyte interface. The former category would include, but would 
not be limited to, the evoked neuronal hyperactivity (19). 

Finally, the stimulus waveform used in this study is nearly ideal for  faradaic elec- 
trodes (symmetrical, actively charge-balanced pulse pairs). With electrode materials 
more subject to corrosion than is platinum, with higher charge densities, or with stim- 
ulus waveforms which permit injection of  significant net charge (e.g., monophasic, 
direct-coupled pulses), it is likely that faradaic reactions could contribute more sub- 
stantially to the neural damage. 

These findings have several important connotations. First, they provide insight 
into the mechanisms of neural damage induced by stimulation of the brain which 
have practical implications with regard to functional electrical stimulation. They also 
indicate that direct contact between the electrode and nervous tissue is not essential 
for the production of  neural damage. Thus, it is possible that neural damage may be 
induced by prolonged use of  the high intensity extracranial stimuli employed for 
evoked potential studies during various neurologic procedures (1,30). 

Abbreviations-/zC = microcoulomb, ph = phase, #F = microfarad, CAP = compound action potential, 
pps = pulses (stimulations) per second. 
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