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Electron probe x-ray microanalysis was used to measure 
water content and concentrations (mmol/kg dry weight) of 
elements (Na, P, S, Cl, K, Ca, and Mg) in myelinated axons 
and glial cells of rat optic nerve exposed to in vitro anoxia 
and reoxygenation. In response to anoxia, large, medium, 
and small diameter fibers exhlbited an early (5 min) and 
progressive loss of Na and K regulation which culminated 
(60 min) in severe depletion of respective transmembrane 
gradients. As axoplasmic Na levels increased during an- 
oxic exposure, a parallel rise in Ca content was noted. For 
all axons, mean water content decreased progressively 
during the initial 10 min of anoxia and then returned toward 
normal values as anoxia continued. Analyses of mitochon- 
drial areas revealed a similar pattern of elemental disrup- 
tion except that Ca concentrations rose more rapidly dur- 
ing anoxia. Following 60 min of postanoxia reoxygenation, 
the majority of larger fibers displayed little evidence of re- 
covery, whereas a subpopulation of small axons exhibited 
a trend toward restoration of normal elemental composi- 
tion. Glial cells and myelin were only modestly affected by 
anoxia and subsequent reoxygenation. Thus, anoxic injury 
of CNS axons is associated with characteristic changes in 
axoplasmic distributions of Na, K, and Ca. The magnitude 
and temporal patterns of elemental Na and Ca disruption 
are consistent with reversal of Na+-Ca2+ exchange and sub- 
sequent Ca entry (Stys et al., 1992). During reoxygenation, 
elemental deregulation continues for most CNS fibers, al- 
though a subpopulation of small axons appears to be ca- 
pable of recovery. 

[Key words: anoxia, reperfusion, axon injury, myelinated 
axons, glial cells, optic nerve, elements, electron probe 
x-ray microanalysis, Na+-Ca2+ exchanger] 

It has been hypothesized that the injury to myelinated axons 
caused by CNS white matter anoxia or hypoxia is mediated by 
a cascade of events initiated by ATP depletion and resulting 
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inhibition of axolemmal Na+/K+-ATPase activity. The subse- 
quent rise in axonal Nat, in conjunction with membrane depo- 
larization, promotes reverse operation of the Na+-Ca2+ exchang- 
er and damaging influx of CaZ+(Ransom et al., 1992; Stys et al., 
1990, 1991, 1992). Although this initial ionic disruption is likely 
to be of primary pathophysiological significance, CNS oxygen 
deprivation in vivo is often transient and is followed by reoxy- 
genation. Evidence suggests that, despite restoration of normal 
regional CNS oxygen content, the reoxygenation (reperfusion) 
period is associated with further axonal injury. This secondary 
injury is presumably a consequence of free radical generation 
and additional Na+ and Ca*+ entry in axons (Young, 1986; Sies- 
jo, 1988). Since excess CaZ+ can mediate irreversible injury, 
axonal accumulation of this ion might underlie the paradoxical 
“maturation” of anoxic damage that presumably occurs during 
reoxygenation (Farber et al., 1981; Young, 1986; Siesjo, 1988). 
The mechanism of Ca2+ influx during reoxygenation injury is 
unknown but, like anoxia, might involve the Na+-Ca2+ exchang- 
er. Regardless, these findings suggest that loss of Na+, K+ and 
Ca*+ regulation during anoxia and subsequent reoxygenation is 
responsible for changes in the structure and function of myelin- 
ated axons. To investigate this possibility, we have used electron 
probe x-ray microanalysis to determine the distribution of Na, 
K, Ca, and other elements in myelinated axons of rat optic nerve. 
The elemental composition of resident glial cells was also as- 
sessed based on the potential involvement of these cells in an- 
oxic and reperfusion injury (Kimelberg and Ransom, 1986; 
Kim-Lee et al., 1992; Ransom and Philbin, 1992). 

Due to the small dimensions of myelinated axons and glial 
processes in mammalian CNS, it is technically difficult to mea- 
sure ionic concentrations using conventional methods such as 
fluorescent dyes or ion-selective microelectrodes. Similarly, tis- 
sue-level measurements using atomic absorption spectrophotom- 
etry or radioisotope fluxes cannot distinguish glial- versus axon- 
specific changes in elemental composition that evolve during 
anoxia or reoxygenation. Electron probe x-ray microanalysis 
(EPMA) is a quantitative electron microscopy technique that 
measures both water content and total (free plus bound) concen- 
trations of elements (e.g., Naj K, Ca) in cellular morphological 
compartments (for detailed methodological and theoretical con- 
siderations see review by LoPachin and Saubermann, 1990). 
Thus, unlike other methods of ion/element measurement, EPMA 
permits differentiation of nervous tissue cell types (i.e., glia vs 
axon) and subsequent analyses of intracellular morphological 
compartments (e.g., mitochondria). Since compensatory changes 
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in cell water accompany injury-induced ion shifts (Ma&night, 
1988), EPMA measurements of compartmental water content 
allow calculation of molar concentrations and, consequently, es- 
timation of the pathophysiological relevance of anoxia-induced 
elemental alterations. 

Previous EPMA studies have demonstrated that CNS and PNS 
myelinated axons and glial cells exhibit characteristic subcellular 
distributions of elements and water (LoPachin et al., 1988, 1991) 
and that experimental peripheral myelinated axon injury (e.g., 
axotomy, diabetes, chemical intoxication) produces specific, 
temporally dependent alterations in these distributions (LoPachin 
et al., 1990, 1992, 1993). Results of the present study indicate 
that in vitro optic nerve anoxia produces alterations in axonal 
Na, K, and Ca distributions that are consistent with the Na+- 
Ca2+ exchanger hypothesis of Stys and colleagues (1992). Fol- 
lowing 60 min of postanoxia reoxygenation, the majority of larg- 
er fibers displayed little evidence of recovery, although a sub- 
population of small axons exhibited a trend toward restoration 
of normal elemental composition. We also report that the ele- 
mental composition of glial cells and myelin was only modestly 
affected during both anoxia and the reoxygenation period. 

Materials and Methods 
In vitro anoxia and reoxygenation of rat optic nerve. Adult Long Evans 
rats aged 50-70 d were anesthetized with 80% CO,/20% 0, and de- 
capitated. Rat optic nerves (RONs, approximately 8 mm in length) were 
dissected free and were placed in an interface brain slice chamber (Med- 
ical Systems Corn., Greenvale, NY) and perfused at 3 ml/min with 
artificial cerebrospinal fluid (aCSF) contain&g (in mM): NaCl 126, KC1 
3.0. MeSO, 2.0. NaHCO, 26. NaH,PO, 1.25. CaCl, 2.0. dextrose 10. 
pH’7.43, maintained at 3?C.(Stys et al., 1992). Isolated RONs were 
incubated for at least 60 min in aCSF aerated with a 95% 0,, 5% CO, 
gas mixture. At the completion of this initial normoxic control period, 
RONs were either removed from the chamber (t = 0 min, n = 3) or 
were subjected to anoxia for varying periods by switching to a 95% 
N2, 5% CO, gas mixture (t = 2.5-60 min; n = 3-4 per time point). 
Once removed from the chamber, normoxic control (t = 0) and anoxic 
nerves were immediately quench frozen by immersion in melting Freon 
22 (Chlorodifluoromethane, Aldrich) and then stored in liquid nitrogen 
until analysis. As a control for the in vitro anoxic period, RONs (n = 
2) were maintained in normoxic conditions for 60 min beyond the initial 
equilibrium period (t = 60). To investigate reoxygenation, RONs (n = 
3) were subjected to 60 min of anoxia as described above and then 
returned to normoxic conditions for 60 min. At the completion of this 
postanoxic reoxygenation period, RONs were removed from the cham- 
ber and cryopreserved (see above). As a control for the rcoxygenation 
study, nerves (n = 2) were incubated in normoxic aCSF for 120 min 
beyond the initial equilibrium period (t = 120). 

Cryoultramicrotomy and electron probe x-ray microanalysis 
(EPMA). The methodologies for cryoultramicrotomy and EPMA have 
been published extensively (Saubermann et al., 1981a,b; Saubermann 
and Heyman, 1987; Foster and Saubermann, 1991; LoPachin et al., 
1991). Briefly, frozen RONs were sectioned (500 nm nominal thickness) 
on a cryomicrotome at an ambient cryochamber temperature of -55°C. 
Unstained, unfixed, hydrated cryosections were then transferred under 
vacuum to the cold stage (- 185°C) of an AMRay 1400 scanning elec- 
tron microscope. The electron microscope was equipped with a Tracer 
Northern energy dispersive detector and pulse processor which was con- 
nected to a PC based multichannel analyzer for collection and process- 
ing of .x-rays. 

For quantitative analyses of elements in optic nerve cryosections, wet 
weight specimen mass was measured in frozen hydrated sections by 
determining continuum generation rates (Saubetmann et al., 1981a,b; 
Saubermann and Heyman, 1987). Cryosections were then dehydrated 
in the electron microscope column vacuum by raising the temperature 
of the cold stage from - 185°C to -60°C for 30 min. Stage temperature 
was returned to -185°C for microanalysis. Morphological compart- 
ments were visualized in dehydrated cryosections using scanning trans- 
mission electron microscopy (STEM). The electron beam (20 keV, 0.4 
nA current) was rastered within anatomical boundaries of the chosen 

structures. X-Ray spectra were collected over 100 set of live counting 
time. Dry weight elemental mass fractions (mmol/kg dry weight) for 
Na, K, Cl, S, Mg, P, and Ca were determined using software applying 
the Hall et al. (1973) method of continuum normalization (Foster and 
Saubermann, 1991). Water content (% water) of morphological com- 
partments was determined by the ratio of continuum counts in the hy- 
drated and dried states (Bulger et al., 1981; Saubermann et al., 1981b). 
As indicated above, EPMA does not distinguish ionic versus bound 
element. Therefore, symbols for each element are exoressed without 
valences (e.g., Na) when corresponding concentrations have been de- 
rived by EPMA. Valences are indicated (ea.. Na+ ) for discussions of 
previous research involving ion-sensitive‘m&urements or for physio- 
logical processes (e.g., membrane transport) where involvement of the 
ionized species is implicit (see Discussion). 

In cryosections of optic nerve, myelinated axons were classified as 
either small (<I pm), medium (l-2 pm) or large (>2 Km) diameter 
fibers (Fig. 1). For each class of nerve fiber, elemental composition and 
water content was determined in axoplasm, mitochondria, and myelin. 
The majority of axoplasm analyzed in transverse cryosections was of 
internodal origin. Paranodal and nodal regions were also identified and 
analyzed, although the small number of respective analyses precluded 
statistical evaluation. For each axon size group of the reoxygenation 
study, the frequency data for dry weight axoplasmic K and Na concen- 
trations are expressed as percentiles (see Figs. 5 and 6, respectively). 
Presentation of percentile graphs permits easy identification of axon 
subpopulations and the expression of individual fiber data, that is, for 
each axon analyzed the concentration of element is indicated. Moreover, 
the dispersion or heterogeneity of the data can be discerned by visual 
inspection and, since all groups of data (Normoxia, Anoxia and Reox- 
ygenation) can be displayed on a single graph, comparisons among 
experimental groups can be readily made. 

The mitochondrial compartment (Fig. 1) has been identified accord- 
ing to both functional (e.g., differential response to injury, Ca seques- 
tration) and gross structural (e.g., size, shape, and orientation) criteria 
and is designated as “mitochondrial area” (LoPachin et al., 1991, 1992, 
1993). Mitochondrial data represent analyses pooled primarily from or- 
ganelles in large and medium fibers since mitochondria from small fi- 
bers were difficult to identify conclusively. Glial cell cytoplasm and 
myelin (Fig. 1) were also analyzed. The former compartment was rep- 
resented primarily by glial processes (LoPachin et al., 1991). The re- 
spective elemental compositions of myelin from large, medium, and 
small diameter axons did not differ statistically and the data were there- 
fore pooled. 

Statistics. One-way analysis of variance (ANOVA) was used to de- 
termine whether analyses from individual animals of an experimental 
group could be pooled as independent data to derive a group mean. 
Therefore, descriptive parameters such as group means and variances 
are not based on the number of RONs (i.e., 3-4Aime point), but rather 
are derived from pooled axon data. As in previous studies of myelinated 
axon injury (LoPachin et al., 1992, 1993), two types of statistically 
significant changes were determined in the present investigation: non- 
parametric increases in variance (i.e., heterogeneity or increased dis- 
persion) and parametric shifts in group mean data. For nonparametric 
analyses, squared deviates from within groups were calculated and a 
Kmskal-Wallis test was applied among groups. A Mann-Whitney U test 
with Bonferroni correction was used to determine differences (p < 0.05) 
between control and anoxia group data (variance). For parametric anal- 
yses, statistical differences 0, < 0.05) among group means were deter- 
mined using one-way ANOVA. Treatment versus control mean differ- 
ences (p < 0.05) were assessed using Dunnett’s t test. 

Results 
Morphological observations 
Myelinated axons and glial cells in cryosections from preanoxic 
(t = 0) and normoxic control (t = 60, 120 min) nerves exhibited 
morphology that was similar to that described in a previous 
EPMA study of in situ rat optic nerve (LoPachin et al., 1991). 
Moreover, morphological features in frozen section were compa- 
rable to those observed in conventionally fixed thin sections of 
rat optic nerve exposed to equivalent in vitro control incubation 
conditions (Waxman et al., 1992). Figure 1A is a low-magnifica- 
tion scanning-transmission electron micrograph (STEM) image of 
normoxic (t = 60’ control) optic nerve in transverse cryosection. 
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8re.l. A, Scanning-transmission electron micrograph (STEM) of a frozen, unstained dehydrated transverse cryosection from normoxic t 
60’) rat optic nerve. Small (S arrow), medium (M). and large (L) diameter myelinated axons are indicated. Also identified are mitoch 

arrows) and a glial cell area (GI). Despite in vitro incubation for a total of 120’, axonal and glial morphological characteristics are comr 
ose of cryosections from optic nerve prepared in situ (see LoPachin et al., 1991). A, 13,500X; B, STEM image showing optic nerve morpl 
Iwing 60’ of in vitro anoxia. Numerous intramyelinic vacuoles are evident primarily associated with larger diameter fibers (arrows, inset). 
:ctive mitochondria (Mi arrows) are enlarged. B, 15,000X; inset, 12,000X. 
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Table 1. Elemental composition and water content of control rat 
optic nerve compartments 

Dissection 
Preanoxia 
(3) 

Normoxia 
(2) 

In situ (4) (2) “t = 0” “t = 60” 

Medium axons 
Na 194 -c 13 
P 461 -+ 23 
Cl 335 + 14 

K 1465 + 56 
Ca 352 

Mg 27 + 3 

RIO 91 ” 0 
%x 56 

Glial areas 
Na 147 + 12 
P 636 2 38 

Cl 151 + 18 
K 458 + 27 

Ca Ok1 
Mg 38 2 5 

Hz.0 80 2 1 
% 24 

308 2 19* 202 2 17 

538 2 19 617 5 22 

197 ? 22 405 + 27 

1008 + 122* 1580 5 105 

723 621 

35 k 8 39 -c 6 

91 2 0 90 5 1 
25 43 

345 + 31* 

712 ? 40 

211 + 19 
536 k 36 

221 

40 t 7 

78 2 1 
18 

189 f 15 
795 k 25 

91 * 10 
541 5 26 

621 
52 -c 4 

80 k 1 
24 

202 2 18 

702 + 57 

441 t 45 

1596 ? 167 
423 

33 k 7 

89 2 1 
26 

218 ” 21 

825 2 43 

105 2 15 

487 ‘- 52 

Ok2 

42 k 8 

78 + 2 

27 

Elemental data are expressed as mean mmol/kg dry wt 2 SEM; H,O data are 
expressed as mean % water t SEM. “In situ” data are from LoPachin et al. 
(1991). Dissection, preanoxia (r = 0), and normoxia (t = 60) controls are as 
described in Methods and Materials. Numbers in parentheses represent number 
of rats per experimental group. n,, total number of axons analyzed per group; 
Q. total number of glial areas analyzed per group. 
* Significantly @ < 0.05) different form preanoxia control as determined by 
ANOVA with Dunnett’s t test. 

Small, medium and large diameter axons are evident as well as 
glial cell areas. Mitochondrial areas in STEM images appear as 
electron-opaque, ovoid, or elongated structures, depending upon 
the plane of section (Fig. 1A). In cryosections of anoxic optic 
nerve, morphological alterations followed a pattern of develop- 
ment and expression similar to that reported by Waxman et al., 
(1992, 1993). Thus, Figure 1B is a low-magnification STEM im- 
age showing a transverse cryosection of optic nerve exposed to 
anoxic conditions for 60’. Large, intramyelinic spaces adjacent to 
irregular axonal profiles were the most prominent morphological 
feature of these cryosections (Fig. 1, inset). In addition, many of 
the respective mitochondria were enlarged (Fig. 1). These struc- 
tural changes were primarily associated with large-diameter fibers. 

Electron probe x-ray microanalysis (EPMA) of anoxic and 
reoxygenated optic nerves 

Elemental composition of axons and glia from in vitro normoxic 
control optic nerves. Table 1 presents EPMA data from medium 
diameter axons and glial areas under in situ (LoPachin et al., 
1991) and control in vitro incubation conditions. Following dis- 
section, myelinated axons (e.g., medium axons, Table 1) and 
corresponding mitochondrial areas (data not shown) exhibit sig- 
nificant decreases in axoplasmic K and slight increases in Na 
relative to the preanoxic control (t = 0). Similar changes were 
observed in large and small diameter fibers (data not shown). 
We also found that the elemental composition of axons incu- 
bated for 120 min under normoxic conditions were comparable 
to respective compartments from in situ optic nerves (t = 60, 
Table 1). Together, these findings suggest that nerve dissection 
was associated with axon injury as indicated by modest elemen- 

LarPe Axons 

+ Na 
-I)- Ca 

OIO 
0 10 20 30 40 60 60 

Anoxia (minutes) 
Figure 2. Effects of anoxia on mean (?SEM) axoplasmic dry weight 
Na, Ca, and K concentrations of large diameter optic nerve fibers. Left 
ordinate is concentration scale for Na and K, right ordinate is the scale 
for Ca. *, Mean data are significantly different (p < 0.05) from nor- 
moxie control as determined by ANOVA with Dunnett’s t test; A, data 
variance is significantly different 0, < 0.05) from that of normoxic 
control as determined by Kruskal-Wallis test with Mann-Whitney U test. 
Number of fibers analyzed per experimental time point is provided in 
Table 2. 

tal derangement (see review by LoPachin and Saubermann, 
1990). However, this injury was reversible since during nor- 
moxie control incubations (Table l), elemental composition re- 
covered to in situ levels. Results also indicated that the elemental 
composition and water content of glial cells (Table 1) and myelin 
(data not shown) remained relatively unaffected following dis- 
section or normoxic incubation. Finally, statistical comparisons 
of respective elemental data among controls (t = 0, 60, 120) 
revealed no differences and, therefore, the data were pooled as 
a common normoxic control for the anoxia and reoxygenation 
data (normoxia; see Tables 2-5 and Figs. 2-7). 

Effects of anoxia and reoxygenation on elemental composition 
and water content of rat optic nerve myelinated axons. In vitro 
rat optic nerve anoxia produced progressive changes in myelin- 
ated axon elemental composition and water content. For exam- 
ple, in axoplasm of large fibers, statistically significant and pro- 
gressive decreases in mean dry weight K concentrations were 
observed (Fig. 2). In contrast, large axon Na levels increased 
steadily during the initial 40 min of anoxia and then remained 
constant (Fig. 2). For each anoxia time point, both the minimum 
and maximum Na concentrations (mmolkg dry wt) increased 
progressively with concomitant widening of the data range, for 
example, normoxic control (minimum-maximum) = 60-485, 
10’ anoxia = 195-1011, 60’ anoxia = 338-4335. In addition, 
the corresponding dispersion of each data set was skewed toward 
higher Na concentrations resulting in a non-normal distribution. 
Accordingly, nonparametric statistics (see Materials and Meth- 
ods) revealed significant increases in respective variance. Over- 
all, the extent of anoxia-induced K loss in large axons was great- 
er than the gain in Na (Fig. 2). Consequently, after 60 min of 
anoxia there was a 17% net deficit in total mean cationic ele- 
mental composition of large axons relative to that of normoxic 
control (see Mg and Ca changes below). Mean axoplasmic Ca 
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Table 2. Elemental composition and water contents of myelinated axons and mitochondrial areas 

Anoxia (min) 

Normoxia 2.5 5 10 20 40 60 

Large axons 
P 629 + 24 675 + 32 575 + 23 553 k 35 560 t 48 581 k 33 592 + 25 
Cl 492 2 23 482 2 27 478 + 32 355 k 30* 446 + 537 441 2 30 542 + 69t 
Mg 36 2 4 42 2 6 28 It 5 26 2 5 27 c 7 15 2 4* 6 + 2* 
W 91 5 0 91 +o 89 5 1 87 5 1* 89 + 1 93 k 1 91 + 1 
n 69 37 40 32 30 50 34 

Medium axons 
P 663 +- 23 780 + 43* 606 L 29 548 -t 33 669 + 39 635 2 25 526 + 30* 
Cl 426 k 22 378 + 20 389 2 21 268 IT 20* 359 + 31 357 2 29 457 + 46t 
Mg 39 -+ 4 26 k 4 29 k 4 13 -+ 3* 17 + 4* 9 ” 2* 6 + 2* 
W 89 ? 1 90 2 1 89 2 1 84 2 1* 88 k 1 92 k 1 89 f  1 
n 71 40 37 36 38 61 37 

Small axons 
P 712 f  20 766 k 20 667 k 31 625 2 31 619 + 33 565 t 22* 476 ? 19* 
Cl 224 + 11 236 k 10 255 ? 17 173 2 10 191 + 15 191 * 14 258 + 19t 
Mg 27 + 3 26 k 3 12 2 3* 12 t 3” 19 t 3* 10 t 2” 4 t 1* 
W 88 + 1 86 + 1 85 I! 1* 80 F 1* 84 2 1* 89 ? 1 86 t 1 
n 72 46 42 36 33 54 37 

Mitochondrial area 
P 732 + 22 720 f  38 702 2 26 565 2 30* 662 + 39 713 2 35 645 + 45 
Cl 536 t 33 410 + 35 448 L 29 340 +- 28* 558 t 53t 433 2 34* 547 + 49t 
Mg 39 c 5 30 r 4 29 2 4 16 +- 4” 14 c 3* 14 ? 3” 10 + 3* 
Hz0 84 ? 1 81 + 2 84 2 1 85 2 1 83 + 2 90 +- 1* 86 + 2 
n 37 24 41 24 22 36 26 

Elemental data are expressed as mean mmol/kg dry wt + SEM; H,O data are expressed as mean % water + SEM. 
rz, Number of analyses per axon group or mitochondrial area. 
* Mean data are significantly different from Normoxia as determined by ANOVA with Dunnett’s t test. 

t Data variance is significantly different from that of normoxic control as determined by Kruskal-Wallis test with 
Mann-Whitney U test. 

Medium Axons 
2ooo 

1 -O- Na 

I I I I I I 

0 10 20 30 40 60 6o” 

Anoxia (minutes) 
Figure 3. Effects of anoxia on mean (‘SEM) axoplasmic dry weight 
Na, Ca, and K concentrations of medium diameter optic nerve fibers. 
Left ordinate is concentration scale for Na and K, right ordinate is the 
scale for Ca. *, Mean data are significantly different @ < 0.05) from 
normoxic control as determined by ANOVA with Dunnett’s t test; A, 
data variance is significantly different (p < 0.05) from that of normoxic 
control as determined by Kruskal-Wallis test with Mann-Whitney U test. 
Number of fibers analyzed per experimental time point is provided in 
Table 2. 

concentrations increased slowly during the first 40 min of an- 
oxia, and thereafter Ca levels rose abruptly (Fig. 2). Similar to 
large axon Na, these changes in Ca content were characterized 
by significant increases in variance. Anoxia-induced losses of 
Na, K and Ca regulation were associated with parallel pertur- 
bations in Cl, Mg, and water content (Table 2). Axoplasmic Cl 
concentrations in large axons decreased continuously during the 
initial 10 min of anoxia and then returned to normal over the 
next 50 min (Table 2). The 60 min Cl data was associated with 
a statistically significant increase in variance. Mean dry weight 
Mg concentrations in large axons continued to fall during the 
entire anoxic period, whereas P level declined only slightly (Ta- 
ble 2). No changes in axoplasmic S were observed (data not 
shown). These alterations in large axon elemental composition 
occurred in conjunction with fluctuations in axonal water con- 
tent. During the initial 10 min of anoxic exposure, mean percent 
water decreased significantly and then returned to slightly above 
normoxic values after continued oxygen deprivation (Table 2). 

The temporal development and patterns of elemental altera- 
tions in medium diameter axons were similar to those occurring 
in large fibers (Fig. 3, Table 2). However, in small axons the 
onset of Na, K and Ca derangements was early relative to that 
of larger axons (e.g., Fig. 4 vs Fig 2). The changes in axoplasmic 
K and Na concentrations in medium and small axons were not 
matched (i.e., K declined more than Na increased) during anoxia 
and therefore a net mean cationic deficit existed after 60 min of 
anoxia: medium fibers = - 19%, small fibers = -28%. Charge 
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Figure 4. Effects of anoxia on mean (t-SEM) axoplasmic dry weight 
Na, Ca, and K concentrations of small diameter optic nerve fibers. Left 
ordinate is concentration scale for Na and K, right ordinate is the scale 
for Ca. *, Mean data are significantly different (p < 0.05) from nor- 
moxie control as determined by ANOVA with Dunnett’s t test; A, data 
variance is significantly different (p < 0.05) from that of normoxic 
control as determined by Kruskal-Wallis test with Mann-Whitney U test. 
Number of fibers analyzed per experimental time point is provided in 
Table 2. 

appears to be maintained by a parallel loss of axoplasmic P: 
medium fibers = -21%, small fibers = -33%. The changes in 
mean Mg and water contents are also presented in Table 2. 

In reoxygenated rat optic nerve, mean dry weight axoplasmic 
K of large and medium axons was increased modestly relative 
to anoxia (Fig. 5AJ3). This increase was due to small subpo- 
pulations (- lO-15%) of fibers that expressed elevated axoplas- 
mic K relative to other members of these size groups. As a 
consequence, the dispersion of the respective data was greater 
than that of normoxia and associated variances were signifi- 
cantly increased (p < 0.05). For large axons, mean axoplasmic 
dry wt Na remained similar to anoxic levels (Fig. 6A). However, 
Na content of medium axons rose and a significant increase in 
variance was detected (Fig. 6B). This is attributed to the devel- 
opment of a subpopulation of axons that exhibited elevated Na 
levels (i.e., data above the 50th percentile) relative to the distri- 
bution of anoxic Na concentrations, while remaining medium 
axons displayed concentrations similar to or below the anoxia 
data (Fig. 6B). In contrast to larger axons, the distribution of K 
concentrations in small fibers revealed the presence of a sub- 
population with elevated K when compared to the anoxic dis- 
tribution (Fig. 5C, >5Oth percentile). Small axons with K con- 
centrations approaching normoxic values tended to have Na lev- 
els (Fig. 6C) that were much less than those associated with 
anoxia. Conversely, the subpopulation of axons whose distri- 
bution of K concentrations was similar to that of anoxic fibers 
(Fig. 5C, <5Oth percentile) tended to have Na concentrations 
that were greater than those of anoxic axons (Fig. 6C). Taken 
together, our data reveal that reoxygenated axons show either a 
tendency toward normalization of elemental composition, or ex- 
hibit persistent and severe elemental deregulation. A greater pro- 
portion of small axons displayed recovery compared to larger 
fibers. For most axons, that is, those not demonstrating a trend 
toward normalization, gains in mean axoplasmic Na were 
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l Normoxia- 158Qk79 
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Figure 5. Percentile distributions of dry weight K concentrations in 
axoplasm of large (A), medium (B), and small (C) diameter myelinated 
axons exposed to normoxia, 60 minutes of anoxia or 60 min of postan- 
oxia reoxygenation. The respective distributions of K concentrations 
show that during reoxygenation, small groups of large and medium 
fibers exhibit a trend toward normalization of axoplasmic K when com- 
pared to the K distributions of anoxic axons. In contrast, a larger portion 
of small fibers exhibit partial recovery of K content during 60 min of 
postanoxia reoxygenation. Axons demonstrating a relative increase in 
K contents showed parallel improvements in axoplasmic Na concentra- 
tions. Mean dry weight K concentrations (mmolkg dry wt + SEM) for 
each experimental condition are presented. *, Anoxia data are signifi- 
cantly different (p < 0.05) from normoxic control results; A, variance 
of reoxygenation data is significantly different (p < 0.05) from that of 
anoxia tis determined by Kruskal-Wallis and Mann-Whitney U tests. 

matched by losses of K, therefore, net axonal cationic contents 
were equivalent to normoxic controls (Figs. 5, 6). Furthermore, 
reoxygenated axons exhibited increases in axoplasmic P, Cl, and 
Mg when compared to anoxic values (Table 3). Most notably, 
mean axoplasmic Ca levels of these fibers increased significantly 
(Table 3). 
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Sodium Table 3. Elemental composition of mvelinated axons and 
mitochondrial areas durihg postanoxis reoxygenation 

.Normoxia-2OQztl2 Normoxia Anoxia Reoxvaenation 

Large axons 
P 629 5 24 
Cl 492 t 23 
Ca .5*2 
Mg 36 2 4 
Hz0 91 k 0 
n 69 

Medium axons 
P 663 + 23 
Cl 426 + 22 
Ca 322 
Mg 39 + 4 
W 89 + 1 
n 71 

Small axons 
P 712 + 20 
Cl 224 + 11 
Ca 151 
Mg 27 + 3 
W 88 k 0 
n 72 

Mitochondrial areas 
Na 168 + 12 
P 732 + 22 
Cl 536 2 33 
K 1849 t 107 
Ca 622 
Mg 39 5 5 
W 85 2 1 
n 37 

592 5 25 648 + 611 
542 ‘-’ 69 774 + 127t 

42 + 9 63 + 11* 
6+2 18 ? 5* 

91 + 1 90 t 1 
34 27 

526 t 30 699 k 55t 
457 I? 46 616 t 104t 

33 + 5 57 I! 13t 
622 19 ‘_ 5* 

89 2 1 90 t 1 
37 31 

4000 B. Medium Axons 
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Figure 6. Percentile distributions of dry weight Na concentrations in 
axoplasm of large (A), medium (B), and small (C) diameter myelinated 
axons exposed to normoxia, 60 min of anoxia or 60 min of postanoxia 
reoxygenation. The distribution of Na concentrations for large fibers 
from reoxygenated optic nerve is similar to that of large anoxic axons. 
In contrast, the Na distributions of medium and small reoxygenated 
fibers suggest tbe presence of subpopulations of respondents, that is, 
axons that display supra-anoxic Na contents, Na concentrations similar 
to those of anoxic axons and fibers that express normal to nearly normal 
Na levels. In these latter fibers, an improvement in Na content was 
correlated with elevated K levels when compared to respective anoxic 
values (see Fig. 5). Mean dry weight Na concentrations (mmol/kg dry 
wt + SEM) for each experimental condition are presented. *, Anoxia 
data are significantly different (p < 0.05) from normoxic control results; 
A, variance of reoxygenation data is significantly different (p < 0.05) 
from that of anoxia as determined by Kruskal-Wallis and Mann-Whit- 
ney U tests. 

Effects of anoxia and reoxygenation on elemental composition 
and water content of axonal mitochondrial areas. During an- 
oxia, mitochondrial areas from large and medium diameter fibers 
exhibited temporal patterns of element and water disruption that 

476 + 19 773 + 44t 
258 + 19 500 + 991 

21 + 5 65 t 21t 
421 18 2 5t 

86 2 1 87 k 1 
37 38 

1612 t 144 2559 +- 328t 
645 + 44 1421 L 169t 
547 t 49 1082 ? 157f 
156 t 15 532 + 143t 
22 + 4 830 + 245t 
10 ? 3 41 + 117 
86 + 2 83 + 2 
26 36 

Elemental data are expressed as mean mmol/kg dry wt ? SEM; H,O data are 
expressed as mean % water 2 SEM. Normoxia, normoxic controls; anoxia, 
mean dry wt axoplasmic data from optic nerves exposed to 60 min of in vitro 
anoxia; reoxygenation, mean dry wt axoplasmic data from optic nerves ex- 
posed to 60 min of in vitro anoxia followed by 60 min of normoxic reperfusion. 
Normoxic control data are presented for reference; see Table 2 for correspond- 
ing statistical comparisons of normoxic and anoxic data. n, Number of analyses 
per axon size group or mitochondrial area. 
* Mean reoxygenation data are significantly different from anoxia as deter- 
mined by ANOVA with Dunnett’s t test. 
t Variance of reoxygenation data is significantly different from that of anoxia 
as determined by Kruskal-Wallis test with Mann-Whitney U test. 

were similar to changes in respective axoplasm (Fig. 7). Thus, 
mitochondrial Na concentrations rose rapidly during the first 20 
min and proceeded at a slower rate as oxygen deprivation con- 
tinued. Mean mitochondrial K concentrations exhibited early, 
rapid and progressive decreases while mean Ca levels remained 
normal for up to 10 min of anoxic exposure. Thereafter, mito- 
chondrial Ca content rose rapidly to a maximum (31 2 5 mmol/ 
kg dry wt ? SEM at 40 tnin) and then decreased modestly (22 
+- 3 at 60 tnin; Fig. 7). Anoxia-induced changes in mitochondrial 
P, Cl, Mg, and water are presented in Table 2. Following 60 ruin 
of postanoxia reoxygenation, rnitochondtial areas from reoxy- 
genated axons exhibited an exacerbation of the elemental de- 
rangement associated with anoxia (Table 3). The elemental com- 
position of reoxygenated mitochondria is highly heterogeneous, 
for example, Na concentrations range form normal (200-400 
mmol/kg dry wt) to greater than 5000 tnrnoykg. This wide data 
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Figure 7. Effects of anoxia on mean (?SEM) dry weight Na, Ca, and 
K concentrations of mitochondrial areas from large and medium di- 
ameter optic nerve fibers. Left ordinate is concentration scale for Na 
and K, right ordinate is the scale for Ca. *, Mean data are significantly 
different (p < 0.05) from normoxic control as determined by ANOVA 
with Dunnett’s t test; A, data variance is significantly different (p < 
0.05) from that of normoxic control as determined by Km&al-Wallis 
test with Mann-Whitney U test. Number of mitochondrial areas ana- 
lyzed per experimental time point is provided in Table 2. 

dispersion is reflected in corresponding statistically significant 
increases in variance for each element (Table 3). Perhaps the 
most notable changes in mitochondrial areas of reoxygenated 
axons were the marked increases in Ca and P relative to anoxic 
levels (Table 3). 

Efects of anoxia and reoxygenation on elemental composition 

and water content of rat optic nerve glia and myelin. Both glial 
cell regions and myelin exhibited modest changes during anoxic 
exposure. After 60 min of anoxia, small but significant increases 
in mean Na and decreases in K were observed in both morpho- 
logical compartments (Table 4). Reoxygenation was associated 
with a further slight depression of glial K with no additional 
changes in other elements or water (data not shown). 

Discussion 
Results of the present study demonstrate that in vitro exposure 
of rat optic nerves to anoxia causes early and progressive de- 
creases in axoplasmic K concentrations in conjunction with in- 
creases in the Na content of large, medium, and small diameter 
myelinated axons. These changes in Na and K are accompanied 
by increases in intraaxonal Ca. Mitochondrial areas exhibited 
similar, parallel alterations in elemental composition. The close 
temporal relationship between axoplasmic and mitochondrial el- 
emental deregulation, and parallel decline in compound action 
potential during optic nerve anoxia (Stys et al., 1990; see be- 
low), suggest that CNS myelinated axons have little energy re- 
serve and are critically dependent upon aerobic metabolism for 
maintenance of ionic gradients and, therefore, excitability. An- 
oxia-induced alterations in optic nerve intraaxonal Na, K, and 
Ca are temporally correlated to the expression of structural and 
functional deficits and are, therefore, likely to be mechanistically 
relevant. For example, in previous electrophysiological studies, 
optic nerve compound action potential was completely abolished 
after 10 min of in vitro anoxia (Stys et al., 1990). Loss of elec- 
trophysiological function is likely due to the substantial decrease 
in axoplasmic K (with a concomitant rise in K+‘,; Ransom et al., 
1992) and gain in Na occurring at this experimental time point 
(Figs. 2-4, Table 5). After 60 min of in vitro anoxia, morpho- 
logical perturbation of optic nerve axons is well developed, for 
example, axonal cytoskeletal dissolution and mitochondrial 
swelling are evident (Waxman et al., 1992, 1994; Fig. 1 this 

Table 4. Effects of anoxia on rat optic nerve glial cells and myelin 

Anoxia (min) 

Normoxia 2.5 5 10 20 40 60 

Glial cells 
Na 202 2 12 206 2 12 182 2 12 157 + 19 336 IT 25 236 L 16 354 + 43* 
P 827 ? 23 786 + 33 727 ? 33 687 + 32 778 +- 44 720 k 33 704 ? 42 
Cl 97 2 8 94 -e 10 105 + 10 99 2 9 194 k 7 83 2 10 95 5 13 

K 518 ? 23 485 k 24 446 t 27 600 t 28 546 5 50 573 ? 34 371 2 36* 
Ca 4*1 521 l?l 6k2 522 521 3t2 

Mg 46 ” 3 46 k 4 38 Ifr 4 39 I? 6 43 2 3 39 2 5 38 k 7 
Hz0 79 2 1 78 k 1 74 k 2 75 2 1 80 + 1 80 + 1 81 ? 2 
n 63 31 35 37 28 49 25 

Myelin 
Na 168 + 7 189 2 11 169 z!z 4 179 2 10 239 + 23 227 2 17 308 k 23* 
P 655 Ifr 15 662 t 24 642 + 10 645 k 12 614 k 22 648 t 23 636 k 16 

Cl 88 2 5 116 2 6 90 + 3 64 2 5 81 + 6 59 + 5 92 ? 8 

K 249 k 15 273 2 16 232 + 8 199 2 9 162 + 13 180 k 10 89 ? 7* 
Ca 3+1 4&l 220 Ok1 522 321 11 k 2* 

Mg 13 + 2 14 It 2 11 22 11 + 2 11 +2 11 22 6 -t 2* 
W 53 2 1 49 2 2 45 -I 1 47 ” 2 47 k 2 58 ” 3 57 k 3 

It 39 29 24 19 25 20 21 

Elemental data are expressed as mean mmol/kg dry wt 2 SEM, H,O data are expressed as mean % water 2 SEM. 
TZ, Number of compartmental analyses per time point. 
* Significantly @ < 0.05) different from normoxic control as determined by ANOVA ‘with Dunnett’s r test. 
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Table 5. Calculated mean millimolar concentrations of axonal elements 

Anoxia (min) 

Normoxia 2.5 5 10 20 40 60 Reoxy 

Na 
Lg Ax 16 18 27 54 83 68 93 135 

Md Ax 17 21 34 69 86 63 106 135 

Sm Ax 24 29 46 82 77 63 89 105 

K 

Lg Ax 162 153 161 110 56 17 13 30 

MdAx 151 150 156 108 60 17 12 31 
Sm Ax 119 131 127 97 54 18 14 48 

Cl 

Lg Ax 50 46 54 47 45 26 46 86 

Md Ax 45 42 46 45 43 23 50 68 

Sm Ax 29 37 40 41 33 20 37 75 

Mean aqueous concentrations (mhQ for each element were calculated using individual axoplasmic mmol element/ 
kg dry wt concentrations and corresponding % water content. Calculations of aqueous concentrations were corrected 
assuming the following free fractions of intracellular elements: K = 0.9, Na = 0.76 (Hinke, 1961; Caldwell, 1968), 
and Cl = 1.0 (Alvarez-Leefmans et al., 1990). Ionized Ca was not estimated because of the very low free fraction 
in cells. 

study). These structural alterations are probable consequences of 
the axonal Ca accumulation and generalized elemental disrup- 
tion identified in the present study. Finally, the quantitative 
changes in axoplasmic and mitochondrial Ca (i.e., 5-20-fold 
rise) associated with anoxia are equivalent to those observed in 
peripheral axons undergoing active Wallerian degeneration and 
predegenerative, swollen axons from peripheral nerve of acry- 
lamide-intoxicated rat (LoPachin et al., 1990, 1992). This im- 
plies that the magnitude of intraaxonal Ca accumulation is caus- 
ally related to axon injury in anoxic rat optic nerve. 

Among axons of a given size, statistically significant changes 
in axonal K are expressed as mean population shifts whereas 
changes in Na and Ca concentrations are heterogeneous and, 
thus, primarily represented by increases in variance. The patbo- 
physiological basis for this contrast in statistical expression is 
unknown but might represent differences in axonal processing 
of these elements. Thus, the subaxonal distribution of Na and 
Ca following anoxia-induced entry is a product of multiple reg- 
ulatory influences involving exchangers (Na+-Ca*+ exchanger), 
residual membrane ion pump activities (Na+/K+-, Ca*+/Mg*+- 
ATPases), buffering by organelles (SER, mitochondria) and pas- 
sive binding. On an individual axon basis, variable expression 
of these homeostatic processes during the development of anoxia 
might be responsible for observed increases in variance associ- 
ated with Na and Ca concentrations. In contrast, anoxia-related 
axoplasmic concentrations of K are not a product of complicated 
disposition kinetics but rather are due to simple efflux presum- 
ably via internodal K+ channels (Waxman and Ritchie, 1985). 
Consequently, expression of axonal K content is less likely to 
be heterogeneous. 

The mechanism of Na+, K+, and Ca*+ deregulation during 
anoxia has not been fully characterized. Stys et al. (1992) have 
proposed that Ca*+ entry into axons injured by anoxia is medi- 
ated by reverse operation of the membrane Na+-Ca2+ exchanger. 
This hypothesis is based on indirect electrophysiological and 
pharmacological evidence that suggests a sequential derange- 
ment of Na, K, and Ca levels in affected axons (Ransom et al., 
1992; Stys et al., 1990, 1991, 1992). In the present study these 
and other biologically relevant elements were measured directly 

using electron probe x-ray microanalysis (EPMA). The coordi- 
nated loss of Na and K gradients is compatible with failure of 
axolemmal Na+/K+-ATPase activity and precedes increases in 
subaxonal Ca. Recent evidence suggests that transmembrane 
Na+ movement during anoxia occurs via a TTX-sensitive, non- 
inactivating Na+ conductance (Stys et al., 1992, 1993; Taylor, 
1993). The increase in axonal Na in association with K efflux 
and, consequently, membrane depolarization, creates conditions 
that favor Ca*+ import via reverse Na+-Ca*+ exchanger (Baker, 
1969; Cervetto et al., 1989; Dipolo and Beauge, 1988). Thus, 
these patterns of axonal elemental perturbation are consistent 
with the injury cascade proposed by Stys et al. (1992), that is, 
(1) anoxia-induced depletion of ATP, (2) reduced Na+ pump ac- 
tivity, (3) loss of transmembrane Na+ gradients, (4) reverse op- 
eration of the Na’-Ca*+ exchanger, and (5) subsequent entry of 
damaging quantities of Ca*+. 

Relative to respective axoplasm, mitochondrial areas from au- 
oxic axons exhibit a large increase in Ca content during early 
anoxia (i.e., 20 min). This probably reflects the Ca*+ buffering 
capacity of mitochondria (Nicholls, 1985; Carafoli, 1987) and 
suggests that Ca*+ influx during early anoxia is more extensive 
than indicated by corresponding axoplasmic levels. It is impor- 
tant to note that Ca accumulation by mitochondria progresses 
over 40 min of anoxia and then declines slightly (see Fig. 7). 
Cessation of sequestration, in spite of high axoplasmic Ca levels, 
might reflect severe loss of mitochondrial membrane potential 
with subsequent failure of electrophoretic Ca*+ uptake (Carafoli, 
1987; Gunter and Pfeiffer, 1990). Regardless, this failure of CaZ+ 
buffering is reversible since during optic nerve reoxygenation 
extensive mitochondrial Ca*+ uptake resumes (see ahead). 

Following 60 min of postanoxia reoxygenation, the majority 
of optic nerve axons exhibited severe elemental disruption with 
axonal and mitochondrial Ca levels that exceeded those associ- 
ated with anoxia. It is assumed that these axons are irreversibly 
injured given the magnitude of Na and Ca disruption and their 
failure to express any potential for recovery (see ahead). The 
mechanism(s) of axonal reoxygenation injury is unknown. As 
indicated above, CNS myelinated axons appear to be critically 
dependent on aerobic energy metabolism and, therefore, mito- 
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chondrial dysfunction during reoxygenation will be a primary 
determinant of axon injury. In most reoxygenated axons, mito- 
chondrial areas exhibit massively elevated Ca and P levels sug- 
gesting the formation of calcium phosphate complexes (see re- 
view by Nicholls and Akerman, 1982). Since mitochondrial Ca2+ 
uptake occurs at the expense of ATP production (Nicholls, 1985; 
Nicholls and Akerman, 1982), disrupted aerobic ATP synthesis 
and subsequent energy deficit might contribute to the demise of 
reoxygenated optic nerve axons. It has also been suggested that 
during reoxygenation, the formation of free radicals is super- 
imposed on the preexisting ionic disruption and, as a conse- 
quence, the magnitude of injury induced by anoxia is exacer- 
bated (Fiskum, 1985; Cao et al., 1988; Patt et al., 1988; Halli- 
well, 1992; Watson et al., 1994). However, the role of free rad- 
ical formation in mediating axonal elemental disruption in the 
present study remains to be determined. 

Despite irreversible injury to most optic nerve fibers, small 
subpopulations of all axon groups exhibited trends toward res- 
toration of axoplasmic concentrations of Na, K, and other ele- 
ments after reoxygenation. Ionic restoration in axon subpopu- 
lations might be the basis for partial (30% of control) recovery 
of rat optic nerve compound action potential previously identi- 
fied following 60 min of postanoxic reoxygenation (Stys et al., 
1990, 1992). It is remarkable and somewhat paradoxical that 
most of the recovering fibers were from the small diameter 
group. Small axons have a relatively large surface-to-volume 
ratio, and they have high rates of metabolism and limitedenergy 
reserves (Gerard, 1927; Brody, 1966). Moreover, earlier studies 
suggest that these fibers are selectively vulnerable to anoxia 
(Gelfan and Tarlov, 1956). Thus, small axons seem unlikely can- 
didates to express recovery potential. The functional traits re- 
sponsible for resistance to anoxia and reoxygenation injury are, 
at present, unknown but might involve more effective Ca2+ ho- 
meostasis and buffering of free radicals or greater resistance to 
other injurious secondary events. The selective trend toward re- 
covery by small axons and the severe elemental derangement of 
larger fibers correlates well with morphological observations 
which show that larger axons continue to exhibit pathologic 
changes (mitochondrial swelling, axoplasmic dissolution) de- 
spite 60 min of postanoxia reoxygenation (Waxman et al., 1992). 
The limited ability of CNS myelinated axons to restore normal 
elemental composition is in marked contrast to the full recovery 
of PNS axons achieved during postanoxia reoxygenation (Lo- 
Pachin et al., unpublished observations). This finding under- 
scores the marked differences in anoxic susceptibility between 
PNS and CNS fibers (Utzschneider et al., 1991). 

As indicated in the introductory section, EPMA measures to- 
tal elemental concentrations (i.e., ionic + bound species) and 
water content (% water) in subcellular compartments. From 
these data, the equivalent aqueous concentration (in rnrvr) of an 
element can be calculated assuming a specific free fraction and 
that this fraction remains constant during anoxia (Table 5). The 
estimated millimolar concentrations should be interpreted cau- 
tiously since the validity of these assumption is unproven. For 
axoplasmic elements that presumably have a large ionized frac- 
tion (e.g., Na, K, Cl), such calculations might be reasonable 
estimates of respective free ion content; however, these calcu- 
lations are inappropriate for other elements (e.g., Ca) where a 
significant bound fraction exists (Shporer and Civan, 1977; 
Walker and Brown, 1977). Although the axoplasmic ionic con- 
tent of mammalian CNS axons is unknown, normoxic millimolar 
concentrations of Na+ and K+ calculated from our EPMA data 

(Table 5) are comparable to earlier peripheral nerve axon mea- 
surements employing other techniques (Brismar, 1980; Franken- 
haeuser, 1957; Walker and Brown, 1977). During 1 hr of in vitro 
anoxia, the extent of axonal K loss exceeds Na gain. In addition, 
transient decreases in water content occur and, when elemental 
concentrations are calculated on a mu basis, a progressive net 
loss of osmolarity is revealed: e.g., Table 5, medium axon 
[Na+K+Cl] - normoxia = 213 mu versus -60’ anoxia = 168 
mu. In contrast, during reoxygenation many optic nerve axons 
continue to gain Na and/or loose K (see Figs. 5, 6) and, as a 
result, mean osmolarity is returned to slightly above normal; for 
example, Table 5, medium axon [Na+K+Cl] - normoxia = 
213 mu versus -reoxygenation = 234 mu. Whether these 
changes in osmolarity reflect anoxia-related events or method- 
ological problems (e.g., inaccurate water measurements) is not 
known. However, we note that intracellular K+ concentration is 
generally larger than necessary for electrochemical equilibrium. 
Therefore, since axolemmal K+ permeability is greater than that 
of Na+, the rate of K+ loss can exceed the rate of net Na+ influx 
during anoxia. As a consequence, the net loss of K+ will be 
associated with a transient decrease in cell volume. Eventually, 
the K+ gradient will dissipate and water will enter in conjunction 
with continued Na+ and Cl- entry (Macknight, 1984). In addi- 
tion, osmoregulation during anoxia is a complex process (Mack- 
night, 1984; Erecinska and Silver, 1994), and it is possible that 
net loss of element is offset by evolution of idiogenic osmoles 
such as lactate and/or metabolites of proteins and lipids which 
do not contribute to a net change in EPMA detected elemental 
composition (Hossman and Takagi, 1976; Hatashita et al., 1988; 
Erecinska and Silver, 1994). 

Dry weight elemental composition of glial cells and myelin 
remained relatively unchanged up to 40 min of anoxia. There- 
after, both compartments exhibited modest but statistically sig- 
nificant changes in Na and K. Other than a slight worsening of 
K loss, reoxygenation was not associated with an exacerbation 
of anoxia-induced effects. Alterations in glial cell Ca were not 
observed during either anoxia or reoxygenation. The patterns of 
glial cell elemental changes produced by anoxia and reoxygen- 
ation are consistent with reversible perturbation (LoPachin et al., 
1992b) and, in agreement with others (Petit0 et al., 1990; Ja- 
neczko, 1991; Hertz et al., 1992; Hori et al., 1994), it appears 
that glia are relatively resistant to injury associated with oxygen 
deprivation and reoxygenation. 

In summary, in vitro exposure of rat optic nerve to anoxia 
produces a sequential derangement of Na, K, and Ca concentra- 
tion in myelinated axons. Postanoxia reoxygenation, rather than 
promoting recovery, exacerbates the preexisting elemental dis- 
ruption and causes apparent irreversible injury in the majority 
of axons. However, in a subpopulation of mostly small axons, 
reoxygenation is associated with a trend toward normalization 
of elemental composition. In contrast to axons, glial cells display 
only modest changes in elemental composition and it is sug- 
gested that these cells are relatively resistant to anoxia/reoxy- 
genation injury. The development of axonal elemental deregu- 
lation that occurs in response to in vitro anoxia and reoxygen- 
ation is temporally correlated to the onset of related structural 
and functional deficits. This suggests that these changes are an 
important mechanistic component of CNS white matter injury 
associated with anoxia. Furthermore, the pattern of elemental 
alteration in anoxic axons is consistent with Ca2+ entry via re- 
verse operation of the axolemmal Na+-Ca*+ exchanger (Stys et 
al., 1992). This pattern is also similar to that produced by me- 
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chanical, chemical, and ischemic injury of myelinated axons in 
CNS and PNS tissues (Hansen, 1985; Young and Koreh, 1986; 
Kwo et al., 1989; LoPachin et al., 1990, 1992a) and, therefore, 
it is possible that Ca*’ overload via reversal of Na+-Ca2+ ex- 
change represents a general mechanism with possible implica- 
tions for other forms of axon damage and degeneration. The 
present findings represent fundamental information concerning 
transmembrane movements of Na+, K+, Ca*+, and other ions 
during anoxia and reoxygenation, and provide a rational basis 
for further mechanistic investigations of myelinated axon injury 
in CNS white matter. 
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