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Abstract

In order to determine the distribution of diffusible
ions, especially calcium, in rat spinal cord axons before
and after trauma, sham, 6 hours post 6 gm/cm and 20
gm/cm trauma cords were cryo-jet frozen in situ and
cryo-sections were subjected to electron probe X-ray
microanalysis. The results confirm part of the Ca
hypothesis, i.e., some spinal cord axons accumulate
intracellular Ca after traumatic injury. In addition,
6 hours after trauma, Ca is only accumulated by axons
that have also lost homeostasis. Thus, it is likely that
observations of the continual rise of Ca in the
traumatized spinal cord are due to an increase in the
number of axons that have lost homeostasis rather than
an overall increase in Ca within surviving cells.

Key Words: Cryo-jet, cryo-section, freeze substitution,
calcium toxicity, spinal cord trauma, myelopathy, X-ray
microanalysis.

*Address for correspondence:
William B. Greene,
Department of Pathology and Laboratory Medicine
Medical University of South Carolina
171 Ashley Ave
Charleston, SC 29425
Telephone number: (803) 792-3587
FAX number: (803) 792-4157

587

Introduction

The pathologic events of spinal cord trauma can re-
sult in varying degrees of necrosis at the site of injury,
with permanent neurological impairment. Necrosis,
which is the sum of all the degradative changes that take
place in cells and tissues after they die, takes time to
develop. Except for slight hemorrhages, the cord may
reveal no microscopic changes until 6 to 24 hours after
trauma. Therefore, there is a considerable latent period
between the moment of injury and the onset of necrosis.

This period has been defined in the animal trauma
model at 3 to 24 hours. The questions of precisely
when the segment of cord dies and whether or not it can
be salvaged during the latent period remain unanswered.
Research has provided a rational basis for believing that
post trauma factors contribute to the permanent func-
tional impairment of the spinal cord. This has given
hope that therapies designed to modify the secondary
events may lead to significant improvement in the spinal
injured patient.

The patterns of necrosis observed in humans can be
readily reproduced in the laboratory using animal models
of injury which include dropping a known weight from
a known height onto a surgically exposed spinal cord
(Balentine, 1978; Balentine and Dean, 1982). At the
moment of impact and during the primary injury phase,
there are changes in the spinal cord which indicate that
neural membranes are altered (Banik ez al., 1980). In
order to develop therapeutic treatment methods, the
extent and reversibility of these alterations were
investigated by several groups (Green et al., 1985;
Noyes, 1987; Saunders et al., 1987; Young, 1985). In
the present report, emphasis has been placed on
secondary events leading to calcium toxicity. Increased
intracellular calcium was previously associated with
secondary damage following spinal cord injury
(Balentine and Spector, 1977; Schlaepfer, 1979).

Spinal cord, as well as most other tissues suffer im-
mediate and irreparable ischemic damage when removed
from the living host for subsequent physical or chemical
preservation. Diffusible ions can be shifted well away




from their native positions during the short interval
between separation and preservation (Morgan et al.,
1978). The most critical step in the preparation of tissue
for X-ray microanalysis of diffusible elements is cryo-
preservation. The cryo-jet technique is ideal for freez-
ing rat spinal cord segments that cannot be removed
from the host animal without severe ionic perturbations.
The jet stream hits the entire curvature of the exposed
cord surface simultaneously and with maintained force.
Tissue samples which were free from discernible freez-
ing artifacts have been documented with propane jet
freezing of small droplets of samples between thin layers
of conductive material (Burstein and Maurice, 1978;
Knoll and Plattner, 1982; Plattner and Knoll, 1984),
plunge freezing (Ryan, 1992) or high pressure freezing
(Miiller and Moor, 1984; Miiller et al., 1976). The
depth of vitreous freezing is difficult to quantify without
performing electron or X-ray diffraction on suitably
oriented frozen, hydrated specimens. The problem may
be best circumvented by giving measurements for the
depth of preservation which is free from discernible
freezing damage observable in the microscope following
freeze substitution. This depth appears to be normally
only 10-20 um (Angell and Choi, 1986; Costello, 1980;
Mayer and Brugeller, 1982; Sitte, 1979) from the sur-
face of biological specimens that are thicker than 40 ym.
If a sample is thicker than 40 um then the center of the
specimen cannot be cooled rapidly enough to prevent the
growth of ice crystals (Costello and Corless, 1978). For
most in situ biological samples, vitreous freezing cannot
be accomplished. However, freezing is sufficient for
compositional analysis when the size of ice crystals is
smaller than the smallest structure to be probed.
Although vitrified cells are limited to a predictable
and very shallow depth from the tissue surfaces (Haggis,
1986), some deeper tissues, that contain natural cryo-
protection such as lipid rich axons, can be useful for
microanalysis if the ice crystals remain relatively small
(Hereward and Northcote, 1972). In usual practice, we
often find acceptably frozen axons for microanalytical
purposes, more than 100 ym below the cord surface.
An important factor in any freezing method is the
achievable cooling rate. In plunge freezing, it is neces-
sary that the specimen pass rapidly into and continue
through a liquid coolant in order to extract heat from the
tissue sample caused by the formation of ice crystals
(Ryan, 1992; Ryan et al., 1987). This is normally
called the latent heat of crystallization and is a major
factor affecting the cooling rate. As tissues plunge
through a stationary coolant the insulating surface vapor
is displaced. Specimens are accelerated through the
limits of the plunge (depth versus time) in the attempt to
dissipate the latent heat of crystallization. In using the
propane jet, the sample is stationary and the column or
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"tank" of coolant is plunged onto and around the sample
achieving the same or a better freezing rate than plung-
ing. The jet blast can last 5 or 10 seconds whereas a
plunge is complete in less than a second, depending on
the depth of the tank.

In the present study, animals were sacrificed six
hours after trauma and axonal profiles in spongioform
areas of the cryo-jetted cord were studied by transmis-
sion electron microscopy (TEM) and electron probe
X-ray microanalysis (EPMA).

Materials and Methods

The cryo-jet

The jet freezing apparatus (Fig. 1) was constructed
by the modification of a model 4770 Parr critical point
drying bomb (Parr Instrument Co, Moline, IL) and has
been described in a previous publication (Greene and
Walsh, 1992). An indwelling, resistance thermometer
(DP651/661, Omega; Omega, Stamford, CT) with a 20
cm wand type thermistor [Omega Resistance Thermome-
ter Digital (RTD) type] was added so that the tip
reached to within 1 cm of the bottom of the reaction
vessel). The distal end of the thermistor was secured to
the flat surface of the top of the vessel by a pressure
fitting. The pressure jet consists of an insulated, low
temperature spring valve (Whitey SS-1GS4-LT; Whitey,
Solon, OH) with a stainless steel 5 mm orifice tube that
is the outlet for pressurized liquid propane. The jet
assembly is screwed into the top surface and fastened
with a pressure plug. A dip tube extending from the
bottom opening of the pressure jet serves to draw up the
super cooled liquid propane from the bottom of the
chamber. The internal pressure of the chamber is con-
stantly monitored by a low temperature pressure gauge
(U.S. Gauge Co., Moline, IL; 316 stainless steel tube
socket and tip welded) that is mounted onto the top sur-
face of a stainless steel manifold via a 10 cm long, 7
mm inner diameter tube. The tube connecting the mani-
fold to the chamber top, keeps the main body of the
pressure gauge a sufficient distance away to prevent the
gauge from freezing. External pressure is supplied from
a dry nitrogen cylinder that is fitted with a high pressure
regulator (Fisher Scientific, Atlanta, 10-572-1E). A
stainless steel flexible hose (Swagelock, Solon, OH)
joins the regulator to the manifold valve using the fe-
male portion of the quick connect. The hose is connect-
ed to a copper coil submerged in liquid nitrogen so that
the dry nitrogen used to pressurize the chamber is pre-
cooled to prevent sudden increases in temperature.
Pressure safety is provided by a blow out device, con-
nected directly to the main body of the manifold valve
and in constant series with the reaction vessel. The
manifold contains a screw type shut off valve to seal off
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Figure 1. Diagram-
matic view of the

cryo-jet  apparatus,
the propane jet-
freezer.
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the reaction chamber, however, this valve remains open
to the external nitrogen tank during jet operation to
repressurize after each blast.

Liquid propane is collected directly into the pre-
cooled reaction vessel by passing propane gas under
moderate pressure through a coil of 4 mm bore, copper
tubing immersed in liquid nitrogen. After collecting
100-125 ml of liquid propane, the vessel is disconnected
from the coil and brought to 200 psi (690 kPa) with dry
nitrogen through the manifold valve. When the reaction
vessel temperature readout reaches -188 to -190°C,
jetting can be started.

We estimate, based on our calculations and a cham-
ber pressure of 200 psi (690 kPa), that the propane jet
velocity exceeds 100 m/sec at the nozzle tip. The tem-
perature and freezing rate of the tissue sample was also
monitored. Microthermocouples of 25 um constantan,
(Costello, 1980) and an Omega model 651 resistance
monitor were interfaced to a Zenith PC through an oscil-
loscope and the following data was collected:

1) Temperature of liquid propane (LP) just at solidi-
fication was -191°C; 2) Temperature of LP at the nozzle
(5 mm orifice) at 200 psi (690 kPa) was -195°C; 3)
Temperature of LP 5 mm from the jet nozzle at 200 psi
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(690 kPa) was slightly colder; 4) The cooling rate with
the thermocouple placed 5 mm from the nozzle and the
pressure set at 200 psi (690 kPa) was 30,000°C per
second; 5) Freezing rate of the sample with the
thermocouple placed beneath and in the middle of the
sample was approximately the same as in 4. Our
preliminary data shows that pressures higher than 200
psi (690 kPa) do not appreciably alter the freezing rate.
Cryo-jet operation

Sham and experimental rats weighing 250 grams
were anesthetized with Ketamine, laminectomies were
performed and the dura carefully removed. A 0.5 gram
teflon impounder was placed on the exposed dura, and
either sham, 6 or 20 gm/cm impact trauma was deliver-
ed by sliding an appropriate weight down a rod onto the
impounder. The wound was immediately sutured
closed. No analgesics were administered. Six hours
later the animals were again anesthetized with Ketamine
and prepared for jet-freezing. The jet apparatus was
cooled, filled with liquid propane and pressurized with
dry nitrogen. A short blast of liquid propane from the
jet valve cooled the jet nozzle to the proper temperature.
The cryogen pressure dropped sharply but recovered im-
mediately. While testing and conditioning the system,




the laminectomy sutures were carefully opened and the
cord exposed. Desiccation of the cord surface was pre-
vented by applying a small chamber, containing a saline
pad, over the wound. The anesthetized rat was then
placed directly in front of the jet nozzle with the blast
directed to the center of the exposed cord. The animal
was held with a safety glove in a slightly bent position
to present the cord squarely within 3 to 5 cm of the jet
nozzle. The exposed spinal cord was frozen in situ with
a jet of super cooled liquid propane. This immobilized
all electrolytes in the freezing zone within 1 msec
(Greene and Walsh, 1992). Jet-freezing could be repeat-
ed 10 to 15 times, depending on the amount of liquid
propane used in filling and the duration of the jet blast
used for each animal. Care must be taken when using
propane in the cryojet to avoid the possibility of an
explosion (Ryan and Liddicoat, 1987).

Immediately after jetting, the entire animal was
plunged into a container of liquid nitrogen placed in
close proximity to the jetting apparatus within the explo-
sion proof hood. Successful removal of the spinal cord
from the frozen animal was accomplished more than
2/3rd of the time using the following procedure. First,
the glistening, well frozen surface tissues were cut away,
under liquid nitrogen, using a cutting wheel on a
Dremmel tool. The cutting wheel was kept 1 cm from
the impact site to avoid heating the adjacent tissue.
After the tissue was removed the spinal cord was chip-
ped or sawed out and the ends of the piece of spinal
cord were sanded away under liquid nitrogen, until the
3 mm central portion remained. One to two mm blocks
for cryo-ultramicrotomy were cleaved from the central
portion in the sham animals and from the trauma zone
in the experimental animals and stored in cryo-vials
under liquid nitrogen.

Electron probe microanalysis (EPMA)

Blocks were frozen onto aluminum stubs using an-
hydrous heptane and 200 nm thick sections were cut en
face at -120°C in a Reichert Ultracut IV. The sections
were placed on carbon coated, folding copper grids and
stored under liquid nitrogen. Grids were transferred to
a Be-tipped, Gatan analytical cold stage, placed in an
Hitachi H-7000 electron microscope, freeze dried at
-100°C to -80°C and analyzed at -100°C. Specimens
were analyzed at 125 kV in the scanning TEM (STEM)
mode with a 2-4 nA beam (beam current was calculated
from screen current measurements that were previously
calibrated using a Faraday cup stage). Spectra were
collected for 400 seconds live time, using a horizontal
KEVEX 30 mm? SiLi detector which has 159.6 eV reso-
lution, measured at the Mn Ko, 1000 cps, using Mn
evaporated onto a formvar film on a Be grid. Spectra
were analyzed using a KEVEX Delta IV analyzer. Axo-
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plasm, axonal mitochondria, endoplasmic reticulum and
myelin were individually analyzed in each trauma group.

Quantitative analysis of X-ray spectra

Quantification of all thin film biological EPMA
analyses was based on accepted methods (Hall, 1979;
Hall and Gupta, 1982; Ingram et al., 1988; Shuman, ez
al., 1976) in which the concentration of an element is
related to the ratio of its peak to the background X-ray
production. During one step in quantification the back-
ground is suppressed by digital filtration. The old anal-
ysis programs deleted all data that was negative. How-
ever, the nature of the filtering process is to transform
about half the data into negative numbers. This was
especially troublesome, since the major Ca X-ray peak
overlaps with a region of the K peak, this always pro-
duces negative counts on filtering. Using this program,
Ca could not be measured at concentrations less than
one-tenth that of K. Improvements were made in the
analytical programs by deconvoluting the overlap of K
and Ca X-ray peaks. We investigated ways to correct
the errors introduced into the deconvolution by varia-
tions in K peak width. In the first approach we mathe-
matically broadened the K peaks in the reference spec-
trum to match the width of the K peaks in the specimen
spectrum. This decreased the standard error of Ca in
mixed K plus Ca standards by 25 %, but introduced a
systematic offset in the results. We then introduced a
second, more intuitive, approach based on the influence
of peak width on peak shape. Residuals left after fitting
56 spectra of K standards that had variable K peak
widths were summed. The shape of the residual was
uniform and reproducible with broader K peaks produc-
ing a larger residual. When we included the summed
residual spectrum in K-Ca peak deconvolution as if it
were an element, the standard error for Ca measurement
was significantly reduced without any offset (Walsh and
Greene, 1991).

Spectral deconvolution using residuals has not been
previously reported. Developing this deconvolution
method was an important advance for our EPM A meas-
urements, since it is faster, simpler and more accurate
than previous methods which account for shifts in peak
width (Walsh and Greene, 1991).

Our spectrum fitting procedure involves several
steps. First, a film spectrum, acquired near the current
analysis site, is subtracted. Second, the specimen spec-
trum is recalibrated so that its Ko centroid is within 0.1
eV of the K "shape" standard. Peak centroid position is
located by subtracting the background from a copy of
the spectrum, under the K and Cu peaks, and then mod-
elling these peaks with computer generated Gaussian
peaks. The escape peaks are then subtracted from the
original spectrum and the gain and zero of the spectrum
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Figure 2.

Diagrammatic view of the freeze substitution apparatus.

is shifted appropriately. We have previously shown that
this recalibration markedly improves deconvolution of
the K and Ca overlap (Walsh and Greene, 1991).

Third, the contribution to the spectrum that arises
from the grid bars is removed by subtracting a "grid"
spectrum that is normalized to the Cu Ko peak. The
"grid" spectrum was produced by acquiring a spectrum
from a carbon particle that was located close to a grid
bar and subtracting a spectrum from an identical particle
acquired in the middle of the grid square. The remain-
der of the spectrum is the component that is due to scat-
tering of electrons into the grid bar. This includes Cu
K and L peaks and a significant background.

Fourth, the continuum region integral is measured.
We use the region from 4.6 to 6.1 keV because it is de-
void of peaks and the contribution from the grid bars is
readily removed.

Fifth, multiple least square fits are made with the
filtered "shape" standard spectra. We typically include
a filtered K residual spectrum to improve deconvolution
of K and Ca if the spectrum has a high K content.

Sixth, concentrations are then calculated from the k-
ratios (an element’s peak integral in the unknown sam-
ple, relative to the standard peak counts, which is a
good first approximation of the elemental concentration)
and proportionality constants and corrected for
their mean (ZZ/A, Z = the atomic number, A = absorp-
tion within the sample and detector).

Standards

Large quantitation errors, up to 65%, were intro-
duced by following established methods for analysis of
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standards. Traditional standards of salt solutions in an
organic matrix exhibited variable sensitivity to mass loss
during analyses that depended on the salt composition of
the standard. This had not been previously reported.
None of the standards were a good match for tissue.

We established a procedure for minimizing this vari-
ability by using three different types of standards, i.e.,
"shape", "absolute" and "relative" standards. The
"shape" standards were thin slivers of mixed salts. The
"relative” standards were freeze dried cryo-sections of
dextran containing known stoichiometries of mixed salts,
always including K. The "absolute" standard was the K
content of human red blood cells (RBC). The RBC
standard composition was more similar to tissue than any
artificial standards. "Relative" standards were used in
conjunction with an "absolute" standard to reduce the er-
rors in EPMA due to differences among mass loss from
the standards and from the specimens. "Shape" stand-
ards were used for fitting spectra to facilitate deconvo-
lution of overlapping peaks.

In addition, a modification of the "Hall" approach
to EPMA quantification was made in which the k-ratio
was used. This eliminated the need for repeated meas-
urement of the standards’ continuum integrals during
quantification.

Freeze substitution

In order to monitor the success of cryo-jet freezing,
samples were routinely freeze substituted and processed
for electron microscopy. A previously described freeze
substitution methodology (Greene and Walsh, 1992) of
our own design (Fig. 2), where the temperature of the
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substituting fluid is controlled, was used.

The prototype freeze substitution apparatus was
made from a styrofoam shipping container [7.5 x 10.5
x 10.5 inches (19 x 26.5 x 26.5 cm)] with 2 inch (5.1
cm) walls. The inner substitution chamber is 7.5 x 2.5
x 5.5 inches (19 x 6.3 x 14 cm) deep. Flow of cold ni-
trogen gas is controlled by the placement of stationary
panels, which form the wall of the liquid nitrogen well,
and adjustable panels, after the method of Sitte (1982).
The stationary panels are glued vertically with a 0.5 inch
(1.25 cm) gap from the top of the stationary panel to the
top of the box. The cold gas evolved from the liquid ni-
trogen flows over the top of the stationary panel and
then to the bottom of the reaction vessel through a space
formed by the adjustable panels. The gap at the bottom
of each adjustable panel can be altered to control the
flow of gas into the reaction chamber which governs, to
some extent, the convective cooling of the reaction
chamber.

An externally controlled heating plate is located just
under the cold acetone containing vessel at the floor of
the reaction chamber to heat the substituting fluid and
nitrogen gas to the desired temperature. The tempera-
ture of this plate is adjusted to keep the substituting fluid
at the desired temperature (a constant -85°C for most of
the substitution run). Adjustments of the plate tempera-
ture are usually not necessary after the first half hour of
operation except when warming the vessel or after filling
the liquid nitrogen chambers. The temperature of the

592

Figure 3. Freeze
substitution of cryo-
jetted rat spinal cord.
Epoxy resin section.
Toluidine blue
stained.

acetone is monitored by the placement of an RTD wand
directly into the plastic substitution vessel.

In order to maintain laminar flow of the nitrogen
gas, the system is closed off tightly at the top by the
cover of the styrofoam container. A port in the cover
permits access and placement of the temperature probe
and the stirrer. Holes are cut into the styrofoam cover
directly over the liquid nitrogen containers for refilling
with liquid nitrogen. These holes are kept plugged with
#2 rubber stoppers when not in use. The depth of the
liquid nitrogen can be periodically checked by inserting
a wet dip stick to the bottom of the container and noting
how high the water freezes.

The second most important component of good
freeze substitution, after temperature control, is constant
agitation of the substitution medium. Water (ice) is ex-
tracted from the frozen tissues much more efficiently if
the interfacing coolant is in motion. This is easily ac-
complished by placing a motor driven propeller into the
top one-third of the substituting fluid and stirring slowly
throughout the procedure. Pre-cooled, substitution me-
dia must be replaced at regular intervals, since it gains
water from the tissue and loses substitution efficiency
(Humbel and Miiller, 1986).

Protocol

1. Bring the reaction chamber of the freeze
substitution box to a stable balanced -85°C using the
methods described above.
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Figure 4. Represent-
ative conventional
TEM image of freeze
substitution.  Sham
operated.

2. Add 80 ml of fresh, spectroscopic grade acetone
to a plastic container (Fisher specimen container 128 ml
cat. #14-375-110A).

3. Add 3-4 grams of baked molecular sieve (Fluka
cat. # 69839) to the cold acetone. Cap and shake gently
to expose all the acetone to the molecular sieves.

4. Place the acetone container into liquid nitrogen
and bring the temperature to -85°C. Monitor the tem-
perature with the RTD rod through a snug opening in
the cap.

S. When the acetone has reached the proper tem-
perature, place the container into the freeze substitution
chamber.

6. Place the temperature probe wand into the cold
acetone through the access opening in the styrofoam top.
Make sure the rod is placed to one side of the container
so as to avoid contact with the stirring propeller.

7. Place the stirring propeller into the center of the
acetone container, 2/3rd from the bottom of the liquid.

8. Begin stirring. The solution should quickly
equilibrate to the proper substitution temperature.

9. Transfer frozen tissue from liquid nitrogen stor-
age into -85°C acetone in reaction chamber.

10. Continue stirring and replace the substitution
fluid every 6-8 hours.

11. Monitor the temperature and adjust as needed.
Osmium tetroxide crystals or uranyl acetate may be dis-
solved in the cold acetone for fixation and block staining
if desired.
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12. When substitution is complete (24-48 hours) the
specimens can be gradually warmed to room temperature
by adjusting the temperature of the nitrogen gas heating
plate (and lowering the level of liquid nitrogen) or

a. Remove the thermometer and stir rod.

b. Replace the cap on the acetone container
and remove it from the reaction chamber.

c. Place the closed container into a styrofoam
cooler containing 4 pounds of dry ice and allow
the ice to sublimate to ambient temperature (24-
36 hours).

13. After reaching room temperature, change the
acetone twice.

14. Process the tissues using propylene oxide, infil-
trate with resin and embed as usual.

Spinal cords that were cryo-fixed in the above de-
scribed manner and processed for freeze substitution ex-
hibited excellent preservation. Thick, toluidine blue sec-
tions showed that the depth of acceptable freezing ap-
peared to be in excess of 50 um (Fig. 3). Thin sections
of sham operated and traumatized axons showed good
morphological detail as well (Fig. 4).

Results

Twenty axonal profiles from each of 2 blocks, taken
from 10 animals in each group were examined (400
spectra each in the sham operated, 6 gm/cm and 20
gm/cm groups). Elemental composition was measured
by EPMA in the axoplasm, mitochondria, endoplasmic




Table 1. Elemental composition of dorsal axons 6 hours
after sham trauma. Values are means + standard error

of mean (sem); units are mmoles/kg dry weight. Cont.
= Continuum.

Axoplasm ER Mitochondria Myelin
Na 96 + 13 153 + 26 85 + 13 68 +4
P 259 £ 25 390 £ 50 353 +17 450 & 12
Cl 219+27 349 4+66 198+ 19 32+ 3
K 1027 + 106 1704 + 304 886 + 69 105 + 10
Mg 20.0 +£ 2.6 27.0 + 5.1 27.6 + 2.415.1 + 1.0
Ca 63+10 125+ 2.8 4.1 +£0.8 3.0+ 0.3
Fe 67+14 6.1+21 854+09 64+0.5
Cont. 25 + 3 335 £ 59 +6 134 + 13

reticulum (ER), and myelin sheath in superficial axons
of the dorsal columns in sham operated, 6 gm/cm and
20 gm/cm impact trauma spinal cords. In probing the
axoplasm, the probe area window was set to cover as
large an area as possible. If a large phosphorus peak
appeared, the window size was reduced to avoid the
myelin sheath. Spectra that showed large copper peaks
were discontinued and other suitable axons were found
(away from the grid bar or out of the shadow). Strict
criteria for normally appearing, non-swollen shams were

adhered to (Fig. 5).
Sham axons

The elemental composition of axoplasm, axonal mi-
tochondria, axonal ER and myelin from shams (Table 1)
is similar to that measured by EPMA of cardiac muscle
(Walsh and Tormey, 1988a,b) and epithelia (Mason ez
al., 1981). The major differences in concentration
among compartments is due to the amount of hydration.
For instance, mitochondria are more dense than axo-
plasm and have a lower water content. Consequently,
when two structures with identical K ionic activities are
analyzed, the less dense structure will have a higher K
concentration, as measured by EPMA. This makes
EPMA especially useful for identifying changes in hy-
dration, due to swelling, and for measuring sequestra-
tion, where the element is bound and the cell content
rises while the ionic activity in the cytoplasm is not
changed.

Measurements of sham K/Na and K/P (10.7 and 4.0
mmoles/kg) agrees well with other studies of EPMA of
spinal cord, sciatic and optic nerve (9.7 and 4.6
mmoles/kg) (LoPachin et al., 1988, 1989, 1990, 1991).
The Ca content of sham animals was low in all areas
measured except the ER, which is about twice that of the
surrounding axoplasm. Ca sequestration by ER has been

594

W. B. Greene and L. G. Walsh

Table 2. Elemental composition of swollen axons 6
hours after 6 gm/cm trauma. Values are means + sem;
units are mmoles/kg dry weight. Cont. = Continuum.

Axoplasm ER Mitochondria Myelin
Na 130 +22 162 +23 168 +37 71 + 4
P 451 + 57 461 + 57 454 + 33 488 + 11
Cl 467 £59 354 +46 314 +43 58 +5
K 1760 + 134 1438 + 181 1159 + 127 133 + 6
Mg 47.1 £+ 7.6 423 +3.9 29.7 +3.115.0 + 2.4
Ca 67+24 66+14 44+1.1 3.4 +0.3
Fe 06+24 1.6+18 05+22 45+ 04
Cont. 10 + 1 19812 22 +3 133+ 6

Table 3. Elemental composition of swollen axons 20
hours after 20 gm/cm sham trauma. Values are means
+ sem; units are mmoles/kg dry weight. Cont. = Con-
tinuum.

Axoplasm ER Mitochondria Myelin
Na 55 + 18 59 +4 55y+:8 43 + 3
P 367 +30. :.328.+27 343:+35 371 & .17
Cl 421 +28 181 +26 120+ 11 47 +6
K 1620 + 121 878 + 124 667 + 80 135 + 10
Mg 371 5.6, 22.8 + 2.8 19.8.4:.2.7 12.8, +:0.9
Ca. 52425 234 L0 2/640.7 2.3+ 0.3
Fe 17.7+79 84+25 5.1+20 64+ 1.7
Cont. 16 + 2 26 + 2 34 + 6 75 &1

found in muscle (Wheeler-Clark and Tormey, 1985) and
photoreceptors (Baumann et al., 1991) and is important
for normal protein packaging and axonal transport
(Lasek and Hoffman, 1976).

Myelin was the most dense structure analyzed, as
indicated by the high continuum values. The concentra-
tions of Na, Mg, P and Ca are all only slightly lower in
myelin than those of the axoplasm and axonal mitochon-
dria. However, myelin Cl is only one-seventh and mye-
lin K is only one-tenth the concentration measured in
axoplasm. This difference is not due to K and Cl deple-
tion from the cytoplasm within the myelin. Instead, it
reflects the fact that the majority of the Na, Mg, P, and
Ca within any cell is bound to dry mass, i.e., proteins,
carbohydrates and lipids (Rick et al., 1982). The
amount of this binding is similar in most compartments
and consequently, so are the concentrations of these ele-
ments as measured by EPMA. In contrast, only about
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Figure 5. Typical
cryo-jetted rat spinal
cord. Sham, longitu-
dinal section. Freeze
dried, fresh frozen,
not freeze substituted.
Polaroid photograph
taken directly from
the cathode ray tube.

one-third of the K and Cl is bound; the rest being ionic.
Structures that are more dense, such as myelin, have a
smaller aqueous fraction and the elements most associ-
ated with the aqueous fraction, i.e., K and Cl, make up
a smaller proportion of the total content.

Heterogeneous axons

This study is the first to directly measure the sub-
cellular electrolyte shifts in CNS trauma. Previous
EPMA studies of axotomy and ischemia reported a uni-
form axonal response (LoPachin et al., 1989). However
the morphology of trauma and previous EPMA studies
of cardiac reperfusion injury (Walsh and Tormey,
1988a,b) indicated that pathological damage in excitable
tissues is often very heterogeneous. The present study
was designed to characterize the cellular responses of the
spinal cord white matter, specifically looking for a heter-
ogeneous response to trauma. EPMA of low levels of
Ca requires long analyses of each single organelle which
limits the number of axons that can be analyzed. There-
fore, no effort was made to randomly sample axons. In-
stead, equal numbers of nearly normal axons were com-
pared with axons exhibiting deranged morphology or al-
tered chemical composition.

The axonal changes from impact trauma were mark-
edly heterogeneous at both the morphological and chemi-
cal compositional level. Adjacent axons can have very
different composition. Fortunately, while there is a
continuum of morphological damage, the elemental shifts
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are stereotypic. After the analyses were completed,
axons were grouped according to their K and Na con-
tent. The first has low Na and high K; the second has
low Na and low K; the third group has high Na and low
K. All subsequent analyses were made on each popula-
tion of axons according to these 3 groupings.

Swollen axons

Since the trauma force was mild to moderate, it is
not surprising that most axons had only minor elemental
shifts 6 hours after trauma. Based on axoplasm with
high K and low Na, the swollen axon group was the
same for 6 and for 20 gm/cm trauma (Tables 2 and 3).
The axoplasm has natural variability, consequently, the
K content relative to dry mass is variable. The variabili-
ty of K in swollen axons was larger but not significantly
different than in shams.

Axonal swelling resulted in decreased density and
increased K. The Na/K pumps maintained the ionic
equilibrium and K accompanied the flow of water into
the axoplasm. As with myelin, the axoplasmic CI con-
tent rose in parallel with K while the concentrations of
the predominantly bound elements, i.e., Na, Mg, P and
Ca had a slight change. The mitochondria in this group
showed some signs of swelling. Myelin was significant-
ly swollen with increased K and Cl and decreased den-
sity.

The other significant compositional shift found in
swollen axons was decreased Ca in the ER, indicating a
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Table 4. Elemental composition of condensed axoplasm
6 hours after 6 and 20 gm/cm trauma. Values are
means + sem, units are mmoles/kg dry weight.

20 gm/cm 6 gm/cm
Na 61 + 15 109 + 13
P 289 + 33 262 + 29
Cl 109 + 10 136 + 15
K 403 + 34 289 + 31
Mg 13.4 + 2.1 1784 2.7
Ca 10 85-ER0LT 4.7 + 0.9
Fe 6.0 + 6.0 4.1 + 4.1
Continuum 23 + 1 34 + 13

sustained impairment in ER function while other homeo-
static mechanisms remained nearly normal. However,
the volume of axoplasmic ER is so low that even if all
of the sequestered Ca were released at once, it would
have only a transitory impact on total axoplasmic Ca.

Condensed axons

The second population of axons in both 6 and 20
gm/cm trauma were condensed (Table 4) with an in-
creased axoplasmic continuum count rate. The axoplas-
mic concentrations of the predominantly bound elements,
Na, Mg, P, and Ca, were slightly different from shams
or swollen axons. However, both K and CI were signif-
icantly lower than in shams or swollen axons.

The mitochondria and ER of condensed axons were
no different than in swollen axons and their values are
reported together. Similarly, the myelin of both swollen
and condensed axons was swollen and the data were
grouped together (Table 2).

Non-functional

The third population, chemically non-functional
axons, was only found in spinal cords subjected to 20
gm/cm trauma and had lost homeostasis (Table 5). All
compartments of the non-functional axons and their asso-
ciated myelin lost most of their K and accumulated large
amounts of Na, Cl and Ca. The 10 fold increase in axo-
plasmic Na and Ca matches interstitial values found in
peripheral nerve (LoPachin et al., 1989) indicating that
these axons are at equilibrium with the interstitium.
However, in contrast to peripheral nerve the interstitial
volume of the dorsal tracts, even after moderate trauma,
was too small and indistinct to be readily analyzed. All
non-functional axons had myelin with low K, and high
Na and Ca. Myelin with these electrolyte shifts was
never found around swollen or condensed axons. The
myelin, however, never accumulated as much Ca as the
axonal compartments.
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Table 5. Elemental composition of non-functional axons
6 hours after 20 gm/cm trauma. Values are means +
sem; units are mmoles/kg dry weight. Cont. = Contin-
uum.

Axoplasm ER Mitochondria Myelin
Na 1694 4+ 588 1278 + 418 1752 + 492 265 + 29
P 500 + 176 260 + 51 386 + 112 418 + 17
Cl 916 + 429 611 + 221 868 +397 91 + 28
K 102 +28 220+90 117 + 24 36 + 6
Mg 263 +3.0 17.7 £ 7.6 245 + 18.2 4.7 + 2.1
Ca 665 + 12 51.7+19.5 749 + 17.1 15.8 + 1.7
Fe 224+ 6.0 23.1 +3.8 243 +73 108 + 1.3
Cont. 10 £+ 2 16 + 3 254 14, 74 + 11

In spite of the well known ability of mitochondria to
take up Ca, there is no evidence for greater Ca accumu-
lation within mitochondria or ER in the axoplasm of
chemically non-functional axons.

Morphology

In order to perform EPMA analyses, the beam cur-
rent and configuration of the electron microscope are not
optimized for viewing. Our samples are unstained, con-
sequently, small structures such as individual neuro-
filaments or myelin lamellae were not resolved during
analyses.

A surprising finding of this study was the inability
to predict by inspection which axons were only swollen
and which were chemically non-functional. Many
axons, that looked nearly normal, exhibited the elemen-
tal shifts indicative of swelling. All axons that were
dense, exhibited condensation and many of the axons
with morphological damage were chemically non-func-
tional. However, about half of the swollen axons had
intact electrolyte gradients. Conversely, many of the
chemically non-functional axons showed few signs of
morphological damage.  Therefore, 6 hours after
trauma, axonal morphology cannot be used to predict
axonal vitality or electrolyte composition.

All values expressed in tables are the mean + the
standard error of the mean. Tests for significant dif-
ference at P < 0.05 are students t-tests using modified
values of t for multiple comparisons based on Sidak’s
multiplicative inequality (Sokal and Rohlf, 1981).

Discussion

Calcium toxicity has been the major interest in our
laboratory because of the occurrence of selective axonal
calcification and nerve fiber changes (granular axoplasm,
vesicular myelin) attributable to calcium activated neutral
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proteases. We have also noted a progressive increase in
total tissue calcium in our experimental model of rat spi-
nal cord trauma. Calcium induced myelopathy, when
viewed as the primary injury, is morphologically compa-
rable to the primary injury of trauma. The primary in-
juries initiated by trauma cause a wide range of electro-
lyte shifts among the subcellular organelles of axons.
These shifts are different and more variable than second-
ary shifts and they directly induce predictable secondary
injuries. Secondary injuries cause a progression of
intra- and intercellular electrolyte shifts that determine
the recovery or death of individual axons after trauma.

Electrolyte shifts indicative of secondary injuries can
be ameliorated with specific treatments. For example:
antioxidants, such as methylprednisolone and amino ster-
oids, prevent general dissipation of ionic gradients and
high doses of Ca channel blockers, e.g., Flunarazine, in-
hibit the release of ER Ca during trauma and help main-
tain ER Ca sequestration after trauma (Black ez al.,
1991; Bracken et al., 1990).

An unexpected finding, that major morphological
changes, such as adaxonal swelling and vesicular de-
myelination, which are the hallmarks of spinal cord
trauma, were not indicative of electrolyte imbalance.
Conversely, large shifts in diffusible ion concentrations
was not always accompanied by extensive morphological
damage. Several papers have discussed calcium toxicity
as a secondary injury in human cases and animal models
and have described the typical altered morphology that
occurs during the first several hours post trauma
(Balentine, 1985; Balentine and Greene, 1984). Based
on these previous morphological findings and a compari-
son to the shifts in diffusible ions reported here, we feel
that clinical trials using calcium antagonists will have
increased success (Balentine, 1985; Black et al., 1991;
Bracken et al., 1990; Young and Flamm, 1982). While
the chemical and morphological composition is likely to
change with time after trauma, the 6 hour post trauma
studies are encouraging because changes that were previ-
ously considered to be irreversible (Balentine, 1985)
may prove to be repairable.

In conclusion, we have found three types of axons
after trauma: 1) swollen, with increased axoplasmic K
and decreased density, 2) condensed, with the exclusion
of K rich cytosol by condensed axoplasm and 3) chemi-
cally non-functional, with loss of all electrolyte gradi-
ents. Ca was only accumulated by the non-functional
axons. Unlike shams, the ER of swollen or condensed
axons had no sequestered Ca. The response of axons
and the associated myelin was paired, i.e., loss of
homeostasis within the axon was always accompanied by
loss of homeostasis in the myelin and vice versa. Mor-
phology did not predict chemical derangement. Axons
with morphology ranging from nearly normal to badly
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damaged could be found with loss of homeostasis.

The similarity between 6 and 20 gm/cm trauma
lends hope to further studies and treatments. Swelling
and condensation have been found to be common re-
sponses to both. Consequently, studies of recovery from
mild injury have meaning for more severe trauma.
Since the spinal cord recovers spontaneously from mild
trauma, and since the functional axons after 6 hours
have a similar composition in both levels of injury, then
there is every reason to believe that the recovery of the
remaining functional axons can be as complete in severe
as in mild trauma.
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Discussion with Reviewers

K.P. Ryan: How was it known when the sections were
freeze-dried? What time period elapsed?

Authors: The frozen grid/section is placed into the
Gatan transfer device at -170°C and placed into the elec-
tron microscope and warmed to -120°C for 10 minutes.
The specimen is warmed in 10°C increments every 10
minutes to -90°C. From -90°C, the specimen is
warmed at 2°C each for 5 minutes until all regions of
the grid are electron lucent to 40 uA, 125 keV beam at
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30X magnification. The specimen is warmed to -80°C
for 10 minutes and then cooled to -100°C for all analy-
ses. After freeze drying, the grid is surveyed at low
magnification, to locate a region for analysis, and the
entire grid square is stabilized by irradiation with the
electron beam for 10 minutes in the TEM mode. Stabi-
lization is done with the X-ray detector retracted and the
specimen flat to minimize the scattering of high energy
electrons into the detector crystal. The area to be ana-
lyzed is then irradiated for 5 minutes in the STEM mode
with slow scans at probing beam current. This stabiliza-
tion procedure minimizes sample charging and move-
ment and ensures that all mass loss is complete before
analyses, and ensures that subsequent analyses of other
experimental sections will have a predictable degree of
reproducibility. After this stabilization process, areas
can be repeatedly analyzed with no noticeable degrada-
tion or changes in the continuum count rate.

K.P. Ryan: The 400 second analysis times are not un-
usual for this type of work, I have used 300 seconds on
frozen bulk material. Did you notice any change in the
analysed areas of the sections, particularly thinning or,
in other words, mass loss? Was the beam current re-
duced compared to normal imaging of resin sections?
Were there any charge effects?

Authors: The question of "mass loss" is always troubl-
ing when one is attempting microanalytical analysis of
diffusible ions in cryo-sections. The extent of hydration
in the "dried" samples is unknown. The drying proce-
dure was empirically derived to yield consistent samples.
The specimen analysis temperature was also empirically
derived. The added stability of low specimen tempera-
ture was balanced against the propensity of cold speci-
mens to cryo-pump the microscope vacuum. Although
a cold trap extends to within 5 mm of the sample, its
temperature near the specimen is unknown. When ana-
lyzing the specimen at -120°C, we have observed sam-
ple etching when the level of liquid nitrogen in the cold
trap was permitted to drop to 1 inch before refilling.
While this is not standard practice, the effects of this
error were ot observed when analyzing at -100°C. The
beam current was not reduced from the usual operating
conditions for epoxy sections. Charging was not a prob-
lem when the carbon films were intact and the sample
was well dried. Spectra that had degraded count rates
in the continuum were discarded.

K.P. Ryan: What is the effect of the trauma in the
animals that are not subsequently sacrificed?

Authors: Twenty gm/cm was the trauma that caused
variable but permanent functional impairment (Tarlov
score 3 or below) yet did not cause axotomy. Six
gm/cm was a mild trauma and voluntary hind limb




movement was usually observed by 6 hour post trauma.
In spite of these different physiological outcomes, the
axons were remarkably similar. In both cases, the ma-
jority of axons were swollen while a number had con-
densed axoplasm. The electrolyte shifts that accompa-
nied swelling and condensation were the same in both
trauma doses. Chemically deranged axons could only be
found after the more severe injury.

K. Zierold: Tables 1 and 2 show an increase in calci-
um in all measured compartments of the axons. Where
does the calcium come from?

Authors: Our first assumption was that calcium seques-
terization was a result of ischemia. In an effort to sup-
port or deny this hypothesis, we learned to grow organo-
typic spinal cords in culture (no blood supply), and sub-
jected these cultures to various experimental conditions
of trauma. Comparable changes in Ca were noticed in
these cultures, putting the effects of ischemia into ques-
tion. The nature of the anastomosing blood supply to
the spinal cord also belies this notion. In short, we have
not investigated the source of calcium further than our
tissue culture model.

K. Zierold: How do you explain the increase of Fe in
the traumatized axons?

Authors: We can only guess that the Fe increase is the
result of ruptured blood vessels in the trauma animals.
A variable number of trauma animals had surface as
well as deep hemorrhages. No hemorrhages were noted
in the sham operated animals.

K. Zierold: Are there differences in the elemental dis-
tribution after trauma in swollen and unswollen parts of
the spinal cord?

Authors: We were surprised to find that major morpho-
logical changes, such as swelling, were not predictors of
compositional changes, nor were these changes an indi-
cation of axon viability. That is, some of the non-func-
tional axons, as judged by elemental analysis, appeared
to be morphologically normal and some morphologically
damaged axons (i.e., swollen) were compositionally
within normal ranges.

K. Zierold: Have you measured the elemental distribu-
tion in the spinal cord cryofixed immediately after
trauma?

Authors: One of the members in our group made atom-
ic absorption (AA) measurements, early on, at different
time periods following trauma (Banik ez al., 1980, text
reference). It was these measurements and morphologi-
cal comparisons that alerted us to the marked increase in
Ca by 6 hours post trauma. The AA measurements
found no appreciable differences in the shams and 10
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minutes post trauma. As a matter of fact, there was a
decrease in Ca and an increase K immediately post trau-
ma. This Ca drop was found to be in the extracellular
compartment by Young [Young W. (1986) Ca paradox
in neural injury: a hypothesis. Cent Nerv Syst Trauma
3: 235-251]. The blood flow remained unimpaired for
the first few hours post trauma. We assume that the
trauma causes the axons to be Ca and K permeable
allowing free movement Other time points indicated that
the calcium increase became the most noticeable 1 hour
after trauma and peaked at 12 hours. We determined
that the time period of 6 hours post trauma was
important in terms of effecting a treatment.

K. Zierold: Do you have indications that anesthesia
may have an effect on the elemental distribution?
Authors: The effect of Ketamine anesthesia on the ele-
mental distribution in the spinal cord was not investi-
gated in this laboratory. Meetings and eventual agree-
ments on certain uniformities by investigators in spinal
cord trauma research (animal models and anesthesia) has
led to the present protocols. We have not deviated from
these standards. A protocol to investigate the many
facets of anesthesia might be very interesting but would
probably not be fundable.
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