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Summary

We are developing a novel means of restoring function
after severe acute spinal cord injury. This involves a brief
application of polyethylene glycol (PEG) to the site of
injury. In the companion paper, we have shown that
a delayed application of PEG can produce strikingly
significant physiological and behavioral recovery in
90-100% of spinal-cord-injured guinea pigs. In the
present paper, we used three-dimensional computer
reconstructions of PEG-treated and sham-treated spinal

spinal parenchyma and reduced the amount of cystic
cavitation. Furthermore, in PEG-treated animals, the
lesion was more focal and less diffuse throughout the
damaged segment of the spinal cord, so that control cords
showed a significantly extended lesion surface area. This
three-dimensional computer evaluation showed that the
functional recovery produced by topical application of a
hydrophilic polymer is accompanied by a reduction in
spinal cord damage.

cords to determine whether the pathological character of a
1-month-old injury is ameliorated by application of PEG.

Using a novel isocontouring algorithm, we show that Key words: three-dimensional reconstruction,  computer
immediate PEG treatment and treatment delayed by up to visualization, morphometry, spinal cord injury, neurotrauma,
7 h post-injury statistically increased the volume of intact cavitation.

Introduction

Polyethylene glycol (PEG) is a hydrophilic polymer that hasoccurs with time after the initial trauma by a progressive
been used for many years to fuse the membranes of varioasd delayed ‘secondary injury’ process (Blight, 1992, 1993;
types of cell to produce hybridomas, as a model for vesiculdionmou and Young, 1995). Since the application of PEG
fusion (Davidson et al., 1976; Nakajima and Ikada, 1994; Legescues significant behavioral and physiological function in
and Lentz, 1997), and to achieve fusion of neurons and singévery animal treated, we believed this would be associated
giant axons in invertebrates (O’Lague and Huttner, 1980with a considerable rescue of spinal cord parenchyma through
Krause and Bittner, 1990). Our laboratory has shown that PEthe sealing of damaged cell membranes. This idea was tested
can be used to effect an anatomical and functional reconnectionthe present study using histological data sets obtained from
of transected axons of guinea pig spinal cord white matteanimals that were part of the study of the delayed application
maintained in isolation (Shi et al., 1999). We have als@f PEG (Borgens et al., 2002) as well as an equivalent number
reported the ‘rescue’ of nerve impulse conduction in severelgf animals obtained from studies of the immediate application
crushed guinea pig spinal cord maintained in a novel isolatioof PEG following injury (Borgens and Shi, 2000).
and recording chamber (Shi and Borgens, 1999). More The injury site of the chronically traumatized mammalian
recently, this same topical PEG application has been used spinal cord is located predominantly in the central regions
produce rapid behavioral and physiological recovery from af the spinal cord, making three-dimensional anatomical
standardized spinal cord injury in adult guinea pigs. Behavioralescription of the lesion difficult. Previous histological
function was determined using a spinal-cord-dependent longechniques have required the investigator to infer three-
tract reflex, the cutaneous trunci muscle (CTM) reflex, as adimensional morphology from a series of two-dimensional
index of white matter integrity (Borgens and Shi, 2000). In ousections. In addition, measuring these three-dimensional
companion paper (Borgens et al., 2002), we have focused atructures from serial sections has required the use of two-
a 7 h delayed application, showing that application of PEG stilllimensional morphometry or other approximation methods
leads to the recovery of behavioral function in over 90 % of théBlight, 1985; Noble and Wrathall, 1985; Harris and Stevens,
treated population. 1988; Hashimoto and Kimura, 1988; Bresnahan et al., 1991;

It is believed that more extensive damage to the spinal coidalliday et al., 1993; Arndt et al., 1994; Navarro et al., 1994;
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Salisbury, 1994). Here, we applied novel three-dimensionalpinal cord was exposed by a partial laminectomy (between the
algorithms to generate computer models of the injured spingénth and twelfth thoracic vertebrae), the dura was removed
cord developed from complete sets of the serial histologicalith sharpened watchmakers’ forceps and the dorsal
sections comprising a spinal cord segment containing thieemisphere was compressed for 15s using blunted
lesion. This software allowed the visualization of the threewatchmakers’ forceps possessing a détente to standardize the
dimensional shape and pathological structures of injured cordisplacement of the spinal cord (Blight, 1991; Moriarty et al.,
and, to our knowledge, is the only means of measuring thE998). For five spinal cords in one experimental group, PEG
surface area and volume of pathological features of intere@lr 1800, 50% w/v in water) was applied to the injury site
from the reconstruction itself (Duerstock et al., 2000). Theswith a pipette immediately after the crush. The injury site was
new computer reconstruction techniques have already provethsed after 2 min with Krebs’ solution to remove the PEG. In
to be ideal for morphometrical evaluation of complexa second experimental group consisting of seven spinal cords,
histological material (Moriarty et al., 1998). PEG was applied approximately 7 h post-injury before being
Since 100% of the control (untreated) population failed tainsed off. In sham-treated control animals, water (‘vehicle’)
recover conduction through the compression lesion, while 100 %as immediately applied to the lesion for 2 min and aspirated.
of the PEG-treated animals recovered conduction swiftly, an@ihe injury site was then lavaged with Krebs’ solution. Surgical
since 93% of PEG-treated animals recovered behavioraicisions were closed in layers with 3-0 proline suture, and the
function compared with infrequent spontaneous recovery iskin was closed with wound clips. Immediately post-surgery,
controls, it was likely that every PEG-treated spinal cord woul@éach animal was injected subcutaneously with 3 ml of lactated
be markedly different from sham-treated spinal cords in otheRinger’s solution to prevent dehydration, and the animal was
aspects of evaluation. Thus, data sets from four animals from @taced under a heat lamp for approximately 24 h to reduce post-
‘immediate’ PEG-treated group and six animals from a ‘delayedsurgical mortality due to shock.
PEG-treated group were reconstructed and compared with a
set of four control animals. We found that PEG application Histological preparation
statistically significantly increased the amount of spared The excised segments of spinal cord (approximately one
parenchyma in injured spinal cords while also significantlyvertebral segment; approximately 1cm in length) including
reducing the degree of cavitation and cyst formation. the experimental injury were dehydrated in ascending
concentrations of alcohol followed by xylene to allow
infiltration and embedding in Paraplast (paraffin) by
Materials and methods conventional methods. This piece of cord was reduced in length
The sets of serial histological sections were chosen froy removing undamaged tissue at the rostral and caudal ends,
studies in which guinea pigs had received the samgielding a segment length of approximately 4.2 mm containing
standardized spinal cord injury and (i) an immediate¢he lesion in its center. This shorter segment facilitated
application of PEG (Borgens and Shi, 2000), (ii) or thehistological sectioning and the retrieval of these serial sections.
associated control applications where water (‘vehicle’) wagven minor imperfections in the retrieved sections (that would
applied immediately after injury (Borgens and Shi, 2000) obe of little consequence to two-dimensional evaluation and
(iii) a delayed application of PEG (Borgens et al., 2002). Wenorphometry) can spoil the precision of the three-dimensional
briefly review the procedures applied to all animals below. registration and reconstruction process.
_ This entire cord segment was then sectioned on a rotary
Animals microtome at approximately 16n per section, and horizontal
Adult (3009) laboratory guinea pigs were used in theséongitudinal sections were affixed to microscope slides. Prior
experiments. Following surgery (see below), they were housdd use, the slides were dipped in a 0.5 % (w/v) gelatine solution
two animals per cage and fedl libituny their health was that aids the adhesion of the sections to the slides during
monitored daily. Seventeen animals in this study were killed $ubsequent treatment. Paraffin was partially removed with a
month post-treatment by anesthetizing them with 0.2ml ol h treatment in an oven at 60 °C and completely removed after
ketamine HCI and 0.2 ml of xylazine, then by an overdose ad 1 h immersion in 100 % xylene. Sections were rehydrated by
sodium pentobarbital (0.8 ml of 1 gmhlstandard injectable) immersions in descending concentrations of alcohol in distilled
immediately followed by perfusion/fixation with 6% water using conventional methods. All sections were stained
paraformaldehyde, 0.5% glutaraldehyde in phosphate buffewith Holme’s silver stain, counterstained with Neutral Red and
Segments of spinal cord containing the injury sites wereoverslipped in Permount. The silver stain clearly revealed
dissected free and immersion-fixed in the above fixative fointact white and gray matter, while the counterstain delineated
approximately 18 h. the region of central hemmorhagic necrosis. Cysts were
revealed by the absence of stain.
Surgical procedures
Anesthesia was performed using an intramuscular injection ~ Video capturing and registration of serial sections
of 0.1ml100glbodymass of a standardized solution of An Optronics DEI-750 color video camera mounted on an
100 mg kg? of ketamine HCI and 20 mg k§of xylazine. The  Olympus Van Ox Universal microscope displayed histological
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Fig. 1. Three-dimensional reconstruction of a normal
spinal cord segment. An uninjured spinal cord segmen
was reconstructed using the isocontouring method to
demonstrate that a familiar, normal morphology is

reproduced. This serves as an image ‘control’ or
reference for the reader since spinal cord injury produces

an unfamiliar, unusually stenotic, and misshapen '
structure. The white matter was made transparent whi
the central gray matter was rendered in green in thi
visualization. The dorsal and ventral surfaces are flat
because these very small sections (cutting into and out of
the tissue block) were usually lost or damaged. In this
and subsequent figures, the cylindrical icon indicates the
relative orientation of the three-dimensional segment.
The blue color indicates the caudal end of the cylinder.
Unless noted otherwise, the dorsal surface of all

reconstructed spinal cords faces towards the top of the

page.

1 mm

sections on a computer monitor. Histological images were then The isocontouring method

acquired to a dual Pentium Pro computer using Adobe The isocontouring method employs a spectral interface to
Photoshop software and managed on a Silicon Graphics Indigelect the voxel value or ‘isovalue’ of the regions of the spinal
for three-dimensional surface reconstruction. Registration wasord tissue to be displayed as a three-dimensional image.
performed by superimposing each successive histologic@hoosing which isovalue to use for three-dimensional
section by optimally positioning and rotating the microscopgeconstruction can be biased if the user looks only at the
stage onto a tracing of the previously captured image made @Ral three-dimensional image to determine conformation.
the computer monitor. The boundaries of the spinal cord, CyStﬁjerefore’ we used a visual Spectrum ana|y5is of the three-

and lesion site served as effective fiducial markers. dimensional data sets to select distinct structures of the spinal
. . _ cord injury and to maintain uniformity during isovalue
Three-dimensional reconstruction selection for all spinal cord reconstructions (Bajaj et al., 1997).

As mentioned above, all retrieved histological sectiongsovalues were chosen at distinct features on the visual
obtained from these spinal segments were used during threspectrum that indicated the presence of prominent surfaces in
dimensional reconstruction. Only a few of the most dorsal anthe data set.
ventral sections were lost as the microtome advanced into andAll computer capture of data sets was performed on sections
out of the tissue. This minor loss of sections made thgiven an identification code by a technician. The identity of all
reconstructed images appear flattened on their most dorsal espinal cord data sets (control, immediate PEG application or
ventral surfaces (see below). Serial histological sections mudelayed PEG application) was unknown to the investigators.
be in excellent condition to permit effective registration and/oOne investigator (BD) was also blind to the identity of
reconstruction. For this reason, one spinal cord data set wagperimental and control spinal cord injuries during isovalue
chosen, and deleted, from each of the three groups (contrgklection, as mentioned above, and subsequent production and
immediate PEG application and delayed PEG application) thauantitative interrogation of the three-dimensional image. The
was not of the quality of the remaining sets. This gave a finaflentity of none of the images was revealed until all three-
set of four control, four immediate PEG application and sipdimensional visual images had been finalized, quantitatively

delayed PEG application spinal cord. queried and the numerical data organized in spreadsheets.
The isocontouring algorithm proposed by Bajaj et al. (1997) . . _ _
was used for all three-dimensional reconstruction. We chose this Three-dimensional morphometric analysis

novel three-dimensional reconstruction algorithm rather than We measured regions of intact spinal cord parenchyma,
commercially available software to image the spinal cord injuriekesion formation and cavitation on the basis of differences in
three-dimensionally because of its ease of use and ability their pixel density in both PEG-treated and sham-treated spinal
interrogate reconstructed samples and objects embedded witlsiords. Intact white matter appeared dark red to reddish/black
the samples quantitatively (Duerstock et al., 2000). Forat low magnification because of the black staining of axons set
reference, Fig. 1 demonstrates the ability of the isocontouringgainst a Neutral Red counterstain. The lesion could be
method to produce an effective three-dimensional image of ddentified by its pale staining since it was devoid of Holme’s-

undamaged spinal cord segment from serial histological sectiorslver-impregnated neurons and axons (Fig. 2).
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Fig. 2. Histological sections of the lesion in PEG-treated and untreated spinal cords. Typical horizontal/longitudinakcalisselctgons
acquired to computer for three-dimensional reconstruction. All views shown were obtained from histological sections ahtbe @picost
extensively damaged region of the lesion. A and C are typical of untreated (control) spinal cord lesions, while B andd3eartatigp of
those treated with PEG. Note the extensive cystic cavitation in control cords and the relative absence of cavitation itreéat®E@nal
cords. In A and C, the rostral/caudal extents of the cysts are beyond the boundaries of the image. N, intact spinal lcpmhpardasion;
Cy, cysts. The rostral end is to the left in all images. Scale bar (for A-D), 1 mm.

We calculated the size (area or volume) of cysts bywnatomical feature of interest relative to the spinal cord
subtracting the size of healthy and necrotic tissue (Figs 2, 3Begment containing it.
from the size of the complete spinal cord segment (Figs 2, 3A).
The size of the lesion was calculated by taking the total Statistical evaluation
quantity of nervous tissue without cysts (Figs 2, 3B) and The acceptable use of a small sample size from each
subtracting the measurements of undamaged spinal cogdmparator (treatment) group was described above. We further
parenchyma (Figs 2, 3C). Some of the numerical dataubstantiated this number of subjects by using a one-tailed,
particularly the lesion surface area in the PEG-treated groupstudent'st-distribution equation:
resulted in a negative value if the surface area of the
undamaged parenchyma was greater than the surface area OS(toq + tog) [P
the total spinal cord tissue. N=20—7(a—0,

; . . O O

To account for the varying size of spinal cord segments, w
normalized the measurements of volume or surface area lwhere S is standard deviatiorg=p=0.1 and@ (the success
dividing each feature of interest by the volume or surface areaiterion) is 30% or greater. Fewer than four subjects are
of that spinal cord segment and multiplying by 100. This givesequired in each comparator group, which is below the sample
a percentage of the total volume or surface area of asize we used, to reach statistical significance.
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Fig. 3. Quantitative querying of three-
dimensional reconstructions. By selecting
different isovalues, specific structures
of interest can be imaged three-
dimensionally (refer to Materials and
methods). In A, the 4.2mm length of
reconstructed control spinal cord is
shown containing the entire region of
damaged spinal cord, including cysts|
and lesioned parenchyma. The three
dimensional visualization algorithm also
allowed the surface area and volume o
this structure to be determined. The shap
of the segment is compacted because d
compression injury, although the flattened
dorsal and ventral surfaces are artifacts
arising from the loss of a few histological
sections during sectioning as explained i
Fig. 1 and in Materials and methods. In
B, the intact and damaged parenchymj
of the spinal cord segment are show
without the cystic cavitations, which
could be imaged separately (by isovalug
selection) and deleted from the overall
reconstruction. Note the presence of 3
large cyst extending from the center of
the rostral end of the segment (facing the
viewer) as a pocket within the spinal
cord. The surface area and volume o
the cysts were easily calculated by
subtracting numerical values obtained
from this reconstruction (B) from those
obtained from the section shown in A.
(C) The intact spinal cord parenchyma,
which was also evaluated quantitatively.
Note that most of the spared parenchym;
is found at the periphery of the spinal
segment. Numerical values derived from
this reconstruction (C) were subtracted
from those for B to give the surface ares
and volume of the lesion. The cylindrical
icon gives the relative orientation of the
three-dimensional segment; gray is thg
rostral end and black is the caudal end c
Scale bar (for A-C), 1 mm.

The normalized measurements of the three-dimensiondilateral indentation of the spinal cord segment sometimes
reconstructions between control and experimental groups wegiving it an hourglass appearance (Fig. 2B-D). Curiously,
compared using an unpaired, two-tailed, Studemtsst. spinal cord segments containing many cysts maintained their
Pearson correlation tests were used to test linear relationshipylindrical shape best, perhaps because of the swelling of
Computations were performed using Instat software. internal cysts (Figs 3, 4). Although each data set encompassed

almost all of the spinal cord segment (see Materials and
methods), the mean numbers of sections in the spinal cord data
Results sets were different in the three experimental groups. An average
Three-dimensional imaging of the reconstructed spinal cordsf 73.5 histological sections per spinal cord data set in the

The compression injury was extremely severe and resulted @ontrol group was used for three-dimensional reconstruction.
spinal cord segments with a rough and clearly compresséithe mean numbers of sections were 63.3 in the immediate
external appearance. The site of compression was evident aBBG-treated and 54.3 in the delayed PEG-treated spinal cord
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Fig. 4. Three-dimensional reconstruction of a control spinal cord segment. (Ai) A three-dimensional reconstruction ofa@ rantiieng
spinal cord segment fenestrated by cysts. This image displays both normal and damaged spinal cord tissue with the cysdseccaoveee
through this image because cystic cavitations transverse the width of the cord. Cysts can also be seen at the rosteabegeharitths
pockets or invaginations at the end of the reconstructed spinal segment where these spaces (filledinviiujlindve extended beyond the
boundary of the segment sectioned (refer to Fig. 2A). In Bi and Ci, only the undamaged parenchyma has been reconstrumted. Aii sh
cavitated and hemorrhagic gray matter inundated with macrophages (large circular cells in the center of the image). How{uwsera
photomicrograph of a region of partial sparing at the boundary of gray and white matter. Note the three well-stained utzpiedrspaBing
of white matter axons is shown in Cii. Note the orientation in Bi. In Ci, the spinal segment was rotated by approximatelth2dtizontal
plane. These reconstructions emphasize that intact parenchyma was mostly restricted to the periphery of the injured espiirzaddssgow
the absence of contiguous gray and white matter through the lesion. The cylindrical icon gives the relative orientatimeeihensional
segment; gray is the rostral end and black is the caudal end. Scale bars, 1 mm.
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Fig. 5. Three-dimensional reconstructions of immediate (A) and delayed (B) PEG-treated spinal cord segments. In A, tlvalhistiz ot

was obtained from an animal to which PEG had been applied within 30 min of injury. (B) Three-dimensional reconstructianal afoadsp
segment for which application of PEG to the injury site was delayed for approximately 7 h. As in Fig. 4, the top images shewntial

and damaged parenchyma with the cysts removed from the image. Both spinal cord segments were markedly compressedext ¢fi¢hepicent
compression injury. In the middle and bottom images, the intact parenchyma of the spinal segments is imaged. Bottoms#usnspitsal

have been rotated by approximately 180° in the horizontal plane from the middle image. These views emphasize the greafter extent
contiguous gray and white matter through the lesions of PEG-treated cords compared with controls (see also Fig. 4). Takioytirgivies

the relative orientation of the three-dimensional segment; gray is the rostral end and black is the caudal end. Scale bar, 1 mm

data set. This difference related to the relative stenosis of these apparently normal parenchyma in untreated and PEG-
cords, as discussed above, since the absolute volumes of theated spinal cords. This intact parenchyma in control
reconstructed spinal cord segments in each of the experimensgigments was located mainly in the subpial region (surviving
groups were not statistically differef®X0.05). white matter) and was virtually non-existent at the lesion
The constant-displacement injury (Blight, 1991) (see alsepicenter where these photomicrographs were obtained. This
Borgens et al.,, 2002) produces a typical hemorrhagic lesiocemphasizes the usefulness of the final reconstructed three-
that destroys most of the central region of the spinal cordlimensional image, in which such sparing was easily observed
usually sparing only a subpial rind of white matter. This wagFigs 3, 4).
clearly evident since the thin bands of spared silver- The three-dimensional reconstruction in Fig. 4 shows
impregnated axons were unmistakable, while more centréloth the three-dimensional image and two-dimensional
columns and most gray matter were destroyed (see below). Fighotomicrographs typical of regions of (i) destroyed central
2 shows typical histological sections at the lesion epicenter fagray matter, (ii) marginal areas of spared gray and white matter
untreated and PEG-treated spinal cord segments. The lesiand (iii) the subpial region of spared white matter. An
area was centrally located at the region where the spinal coedaluation of these images relative to the three-dimensional
was most compressed. In the untreated spinal cords, the lesi@tonstructions provides the basis for the comparisons noted
appeared less localized than in PEG-treated cords anmblow. Surviving subpial regions were almost exclusively
surrounded the central cysts (Fig. 2). Fig. 2 also shows regionghite matter; however, a thorough search revealed rare
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A

Fig. 6. Three-dimensional reconstruction of cavitation in control (A) and PEG-treated (B) spinal cord segments. In A, thafdoesaf the
spinal cord segment is facing the viewer; the ventral surface is towards the page. The surrounding tissues were madedrehmaranst
dorsal surface of this spinal cord segment was also removed to provide an unobstructed view of the cysts (shown inAjarkpedjagde, a
large cystic cavity occupies the rostral (left) half of this segment. In the middle image, the spinal segment has beeertiotditedy
approximately 90 ° so that the dorsal aspect is towards the top of the page, showing a side view of this extensive catitationage, a
second sham-treated spinal cord segment shown for comparison. Note the similar, and very large, cyst in the center oft ffvelsegtne
brown). The ventral surface is facing the top of the page. (B) Top image, cysts were dispersed throughout the PEG-tredtiedt segimiy
localized on either side of the site of injury. Middle image, this spinal segment has been rotated vertically so that dspefirsatowards
the top of the page, showing a side view of cavitation. Bottom image, an oblique side view of a second PEG-treated spigalecrdhe
dorsal surface is towards the top of the page. The embedded cysts are imaged in a darker color than the parenchymatisemodineise
spinal cord reconstructions emphasize the markedly decreased amount of cavitation in PEG-treated cords compared with tentrols.
orientation icon, red is the rostral end and blue is the caudal end. Scale bar, 1 mm.
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examples of spared neurons (Fig. 4B) in regions of adjace 707 A
white matter and gray matter.

In PEG-treated spinal segments, normal-looking parenchyr 60+
(both gray and white) was more abundant than in untreate g *
spinal cords (Figs 4, 5). The mean volume of normal-lookin¢ 2 501
parenchyma after trauma in untreated spinal segments w 32 ;|
24.4%, while 35.8% of the nervous tissue survived afte = T
treatment in the immediate spinal cords and 49.7 % in delaye § 30+
PEG-treated spinal cords (see Fig. 7A). g

The amount of cavitation in these cords was the simple: ‘g 20
pathological feature to discriminate between the group 101
(Figs 2, 6). In the PEG-treated spinal cord segments, the cys
were smaller and located on all sides of the central lesio 0 , ,
(Figs 2B,D, 6B). In the sham-treated spinal cords, cysts wel Intact parenchyma  Lesion Cavitation
more prevalent throughout the entire length of the spinal cor B
segment (Figs 2A,C, 6A). Often cavitation was not containe: 1401
within the field of view, extending beyond that segment of _ 120- @ Control
spinal cord (Figs 2—-4). On average, 46.9 % of the total volum & 00 ; '";Imedéjatepge
of the control spinal cord segment consisted of cysts compar: % 100 Delayed PE
with 32.4% and 21.7 % for the immediate and delayed PEC & 80+
treated spinal cords, respectively (Fig. 7A). % 604 .

Quantification of PEG-treatedersussham-treated spinal B 404

cord injuries "tg 20

When the volume of cavitation was compared betweel &
groups, the control group was significant different from the < 09
immediate P=0.002) and delayedP£0.0001) PEG-treated -20 . , .
groups. This was also true when the volume of intac Intact parenchyma  Lesion Cavitation

: . : |
parenchyma (mostly spared subpial white matter) in the Contr(I‘:ig. 7. Comparisons of volume and surface area measurements

group was compared with the |mmed|af§(Q.04) and delayed between untreated and PEG-treated spinal cords. (A) The normalized
(P=0.02) PEGtreated groups. In addition, the volume ofojyme measurements for intact parenchyma, lesion and cystic
cavitation was greater in the immediate PEG-treated grolcavities. The volume measurements for intact parenchyma and
than in the delayed PEG-treated groBp@.0002) (Fig. 7A). cavitation were statistically significantly different (asterisks) between
The surface area of the lesion in both the immediate arthe control group and both PEG-treated groups. (B) The normalized
delayed PEGreated groups was also reduced compared witsurface area measurements for the same groups. The surface area
that of the control group (immediate PEG treatmBr().04;  measurements for lesions were statistically significantly different
delayed PEG treatmer=0.009) (Fig. 7B). The remainder of between the control group and both PEG-treated groups. There was a

the comparisons were not statistically significaRtQ,05) statistically significant difference in the amount of cavitation
(Fig. 7) ’ between the immediate and delayed PEG-treated groups. Values are

Using the normalized volume measurements derived from trmeans +s.D. *Indicates a significant difference between control
9 and experimental spinal cord®<0.05; unpaired Studentstest).

control an‘_j PEG-treated groups, we pen‘or.med porrelatlon test ndicates a significant difference between immediate and delayed
to determine whether there was a relationship between tlpeg_treated spinal cordg<0.05: unpaired Studenttstest).

sparing of parenchyma, the occurrence of cysts and tf

formation of the lesion. These tests resulted in high correlatio

coefficients between the amount of intact tissue and the size Discussion

of the lesion in untreated£-0.81), immediate PEG-treated We have used three-dimensional surface reconstruction
(r=—0.94) and delayed PEG-treatet-«1.00) spinal cord techniques to compare the three-dimensional shape, volume
segments (Fig. 8A). However, there did not appear to be a lineand pathological character of lesions produced by compression
correlation between the volume of intact parenchyma and totaljury to the spinal cord between PEG-treated and untreated
cyst volume for untreated<-0.19), and immediate PEG-treated guinea pigs. The spinal cords treated with PEG were separated
(r=0.57) groups (Fig. 8B). Correlation tests were also performeithto two groups, one in which the polymer was applied
between cavitation and lesion size for controt—0.42), immediately after injury and a second in which the application
immediate PEG-treatedr4-0.81) and delayed PEG-treated was delayed for approximately 7h. Both treated groups
(r=—0.86) groups (Fig. 8C). Only the correlation coefficient forshowed a marked increase in the volume of intact parenchyma
the delayed PEG-treated group was statistically significarand a reduction in the amount of cystic cavitation compared
(P=0.05). with untreated animals. Moreover, the lesion in PEG-treated
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557 5573 B
3 E [ ]
‘512 - ° -0.19
3 E r=-0.
407 3 o o
& 353 RE
8 304 3 354 o5 12057
R 257 S 303 5 ©
Fig. 8. Correlation tests between the volume of 203 3
intact spinal cord tissue, cavitation and the 157 1
lesion. Pearson correlation tests were performed 103
to determine whether there were linear 3 I N N 15: : : : : :
relationships between the volume percentages 19 20 30 40 50 60 70 10 20 30 40 50 60 70
of intact parenchyma, lesion and cavitation. % Intact parenchyma % Intact parerchyma
(A) There appears to be a strong inverse
relationship between the volume of intact 557
nervous tissue and the volume of lesion in the 503 ® Untreated
untreated control group and in the immediate O Immediate PEG
and delayed PEG-treated groups. Thus, an
increase in the volume of spinal cord sparing. 403 m Delayed PEG

translates into a decrease in lesion formatior 357
(B) A correlation between the volumes ofa 304
undamaged tissue and the volume of cysts was 25_§
observed only in the delayed PEG-treated
group. (C) The amount of cavitation appears to 3
be related to the amount of lesion being formed 15'5
in the experimental spinal cords. Note that the 107
correlation test for only the delayed PEG- 53 rerreperereerereeeepeers e
treated group was statistically significant 15 20 5 30 35 40 45 50 55
(P=<0.05). % Cysts

animals was more focal and less diffuse within the injuredracing of regions of interest for each section and the
segment of spinal cord, as emphasized by the statisticallporphing of regions of spinal tissue between the relatively
significant increase in the surface area of control lesions. Thugw histological sections used to produce the three-
a brief application of PEG can strikingly affect both the sizedimensional model. In many such studies, only one
and shape of the injury and the character of pathologicdlistological section in ten is registered and imaged, producing

cavitation. a visualization that is questionably 90% computer-
. . extrapolated (Halliday et al.,, 1993; Martone et al., 1993;
Three-dimensional methodology Navarro et al., 1994; Liss, 1995; Beattie et al., 1997). We

We believe that the use of every histological sectiorhave reviewed and compared several three-dimensional
comprising the data set for each spinal cord during thregeconstruction methods, including the algorithm used here,
dimensional reconstruction, the absence of human interactianith others in the literature (Moriarty et al., 1998; Duerstock
in the gathering of data and the precise quantitative queryingt al., 2000).
of the three-dimensional model produced reliable
visualizations and numerical data for comparison. The The three-dimensionally reconstructed injury
anatomical structures of the injured spinal cord segments thatBecause of the severity of the compression injury, the
we imaged and quantified were delineated on pixel valueverall damage to the spinal cords was very pronounced.
differences in the histological image. This eliminated theCavitation in most animals was especially prevalent. We found
subjective method of identification of anatomy as well as théhat cavitation in the untreated spinal cords was significantly
widespread manual tracing of structures of interest by agreater than in the PEG-treated groups. In the control spinal
investigator prior to three-dimensional reconstruction andords, cysts usually extended throughout most of the cross-
quantification. These differences in pixel values were baseskctional area of the spinal cord segment and beyond.
on the very different staining characteristics of intact andrhus, the quantification of cysts was very conservative,
destroyed gray and white matter and the absence of stainingderestimating their size, which subsequent to correction
that revealed cysts in relief. This approach is less biased amebuld have increased the statistical difference between
more precise than other three-dimensional reconstructiotontrols and experimentals.
methods applied to spinal cord injury that require manual The total number of histological sections per data set varied
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among the spinal cord segments that we reconstructed threea of the lesion in PEG-treated spinal segments compared
dimensionally. The difference in the number of sectionsvith untreated spinal segments, as discussed above. The
between control and delayed PEG-treated spinal cords resultedlume of intact spinal cord parenchyma was found to be
from their different pathologies rather than from differencessignificantly greater in PEG-treated animals than in untreated
in histological preparation. In all three-dimensionalanimals, while the volume of cavitation was significantly
reconstructions, the entirety of the injury site was containedmaller. The application of PEG to compressed spinal cords
within the data set of histological sections. The control cordmay have resulted in the rescue of compromised cells, leading
were more cavitated than the experimental cords and, in sort®a reduction in the spread of cavitation.
cases, cysts extended out of the section in the rostral/caudaWe investigated whether the lesion and cysts in PEG-treated
direction. Curiously, it appears that cysts generally helpednd untreated spinal cords were related to the amount of spared
maintain the roughly cylindrical shape of the spinal cord betteparenchyma. It appeared that an increased amount of intact
than in less cavitated PEG-treated cords. This may have begpinal cord tended to be correlated to a decrease in the size of
because cysts increased the turgidity of the spinal segment the lesion in experimental and control groups, as one might
a ‘ballooning’ effect, producing a larger-diameter segment texpect. This was definitely true for delayed PEG-treated
be histologically sectioned (Figs 2—4). In contrast, the PEGanimals, for which regression analysis resulted in markedly
treated spinal cord segments tended to form a compastatistically significant correlation coefficient840.0001; see
hourglass shape requiring less sectioning to produce a complétg. 8A). However, no direct relationship was evident between
data set (see Figs 2-5). Indeed, although the PEG-treated spitie volume of intact parenchyma and the volume of cysts that
segments were smaller in diameter, they contained a greafermed within injured spinal cords, except in the delayed PEG-
absolute volume of both intact and damaged nerve tissue thaeated group (Fig. 8B).
the control spinal cord segments. We have not shown conclusively that, with increasing
Intact regions of both white and gray matter were also moreavitation, lesion formation decreased, although a trend in this
prevalent in PEG-treated cords. We emphasize that, whildirection occurred in the PEG-treated groups (Fig. 8C). For the
spared parenchyma was not exclusively white matter (seselayed PEG-treated animals, the correlation test proved
Fig. 4B), examples of surviving neurons in gray matter wastatistically significant F=0.03). In control spinal cords, the
rare. This is due to the centrifugal spread of tissue loss durimocess of cavitation did not appear to be directly related to the
‘central hemorrhagic necrosis’, since gray matter is richlywolume of the lesion. Although cell death and the resultant
vascularized (Allen, 1911), and the centralized focus of forcenflammatory reaction may initiate cavitation, there are certainly
when a cylinder of a sol/gel (i.e. spinal cord) is impacted fronother factors that control its extent (see Perry et al., 1987, 1993;
the outside. Nonetheless, the overall lesion was smaller in PEGeskovar et al., 2000).
treated cords than in controls. This suggests that PEG may alsd~inally, these data provide insight into the gross anatomical
seal damaged neuronal (and other cell body) membranes effects of a brief PEG treatment to the compression-injured
addition to their processes. This has been directly téstétto ~ spinal cord. In addition to (i) a very rapid and measurable
using a related polymer, Poloxamer 188. Application of thigecovery of physiological and behavioral function (Borgens
triblock (polyethylene—polypropylene—polyethylene) polymerand Shi, 2000; Borgens et al., 2002), (ii) a rapid sealing of
provided potent neuroprotection to hippocampal and cerebellanembrane breaches to individual axons within white matter
neurons in culture exposed to oxidative and excitoxic injuryevealed by a dye-exclusion test (Shi and Borgens, 2001), we
(Marks et al., 2001). PEG-mediated sparing in dorsal regionsan add (iii) that the total amount of intact parenchyma is
of white matter probably contributed to the striking recovery ofiugmented and (iv) that the extent of cystic cavitation is
somatosensory evoked potential conduction following tibiakignificantly reduced by PEG treatment.
nerve stimulation relative to a complete lack of such conduction
in control animals (Borgens et al., 2002; Borgens and Shi, We gratefully acknowledge the technical assistance of
2000). Debra Bohnert, Loren Moriarty, Carie Brackenbury, Erin
The lesion itself was another structure of interest. Damage@ase and Charlyce Patterson. We also acknowledge the
or destroyed spinal cord parenchyma was largely devoid @fssistance of Dan Schikore, Kwun-Nan Lin and Valerio
silver-stained neurons or their processes, appearing pale redRascucci during three-dimensional reconstruction. We thank
comparison. In PEG-treated spinal cords, the lesion waBeishan Liu for assistance with statistical evaluation. We
localized in the center of the site of injury. In untreated spinahank the Center for Computational Visualization and
cords, the lesion was less localized and was spread diffusdbirector Chandrajit Bajaj (University of Texas, Austin) for
throughout the entire spinal segment surrounding the mortbe development and generous support of our use of the
numerous cysts. This observation was supported bigocontouring algorithm. Financial assistance was provided by
measurements of the extended surface area of the lesionD®D ASSERT DAAHO4-93-G-101, NSF CCR 92-22467

control cords relative to treated cords. and NIH Ro1NS39288-01 to R.B.B. and by funding from the
_ _ o Center for Paralysis Research by the State of Indiana. We also
Three-dimensional quantification appreciate the generosity of Intel Corporation for their gift of

There was a statistically significant decrease in the surfa@@vanced computer hardware.



24 B. S. Duerstock and R. B. Borgens

References Honmou, O. and Young, W.(1995). Traumatic injury to the spinal axons. In
Allen, A. R. (1911). Surgery of experimental lesions of spinal cord equivalent The Axon(ed. S. G. Waxman, J. D. Kocsis and P. K. Stys), pp. 480-503.
to crush injury of fracture disk locatiod. Am. Med. As&7, 878-888. New York: Oxford University Press.

Arndt, S., Swayze, V., Cizadlo, T., O'Leary, D., Cohen, G., Yuh, W. T. C., Krause, T. L. and Bittner, G. D. (1990). Rapid morphological fusion of
Ehrhardt, J. C. and Andreasen, N. C.(1994). Evaluating and validating ~ Severed myelinated axons by polyethlene glymbc. Natl. Acad. Sci. USA
two methods for estimating brain structure volumes: Tessellation and simple 87, 1471-1475.

pixel counting.Neuroimagel, 191-198. Lee, J. and Lentz, B. R(1997). Evolution of lipidic structures during model
Bajaj, C. L., Pascucci, V. and Schikore, D. R1997). The contour spectrum. membrane fusion and the relation of this process to cell membrane fusion.

In Proceedings of the IEEE Visualization 1997 Confergfece R. Yagel Biochemistry36, 6251-6259.

and H. Hagen), pp. 167-175. ACM Press. Leskovar, A., Moriarty, L., Turek, J. J., Schoenlein, I. A. and Borgens, R.
Beattie, M. S., Bresnahan, J. C., Komon, J., Tovar, C. A., Van Meter, M., B. (2000). The macrophage in acute neural injury: changes in cell numbers

Anderson, D. K., Faden, A. I., Hsu, C. Y., Noble, L. J., Salzman, S. and over time and levels of cytokine production in mammalian central and
Young, W. (1997). Endogenous repair after spinal cord contusion injuries Peripheral nervous syster. Exp. Biol.203, 1783-1795.

in the rat.Exp. Neurol 148 453-463. Liss, A. G. (1995). Computer-assisted method for simultaneous three-
Blight, A. R. (1985). Delayed demyelination and macrophage invasion: A dimensional reconstruction of highly magnified nerve endings and low-

candidate for secondary cell damage in spinal cord inflientr. Nervous magnification contours of the spinal codd Microsc 178 160-164.

Syst. Trauma, 299-315. Marks, J. D., Pan, C.-Y., Bushell, T., Cromie, W. and Lee, R. G2001).

Blight, A. R. (1991). Morphometric analysis of a model of spinal cord injury ~Amphiphilic, triblock polymers provide potent, membrane-targeted
in guinea pigs, with behavioral evidence of delayed secondary pathology. neuroprotectionFASEB J(in press).

J. Neurol. Sci103 156-171. Martone, M. E., Zhang, Y., Simpliciano, V. M., Carragher, B. O. and
Blight, A. R. (1992). Macrophages and inflammatory damage in spinal cord Ellisman, M. H. (1993). Three-dimensional visualization of the smooth
injury. J. Neurotrauméd, s83—-s91. endoplasmic reticulum in Purkinje cell dendrite. Neurosci. 13,

Blight, A. R. (1993). Remyelination, revascularization and recovery of 4636-4646.
function in experimental spinal cord injury. Advances in Neurobiology: ~Moriarty, L. J., Duerstock, B. S., Bajaj, C. L., Lin, K. and Borgens, R. B.
Neural Injury and Regeneratiprol. 59 (ed. F. J. Seil), pp. 91-103. (1998). Two- and three-dimensional computer graphic evaluation of the
Borgens, R. B. and Shi, R(2000). Immediate recovery from spinal cord  subacute spinal cord injury. Neuroscil55 121-137.
injury through molecular repair of nerve membranes with polyethylenéNakajima, N. and lkada, Y. (1994). Fusogenic activity of various water-

glycol. FASEB J14, 27-35. soluble polymersJ. Biomater. Sci. Polym. E6, 751-759.

Borgens, R. B., Shi, R. and Bohnert, D(2002). Behavioral recovery from Navarro, A., Tolivia, J. and Alvarez-Uria, M. (1994). Hamster supraoptic
spinal cord injury following delayed application of polyethylene glydol. nucleus:  cytoarchitectural morphometric and three-dimensional
Exp. Biol.205 1-12. reconstructionAnat. Rec240, 572-578.

Bresnahan, J. C., Beattie, M. S., Stokes, B. T. and Conway, K. §1991). Noble, L. and Wrathall, J. (1985). Spinal cord contusion in the rat:
Three-dimensional computer-assisted analysis of graded contusion lesionsmorphometric analyses of alterations in the spinal dérp. Neurol 88,
in the spinal cord of the ral. NeurotraumaB, 91-97. 135-149.

Davison, R. I., O’'Malley, K. A. and Wheeler, T. B.(1976). Polyethylene- O’Lague, P. H. and Huttner, S. L.(1980). Physiological and morphological
glycol-induced mammalian cell hybridization: effect of polyethylene glycol studies of rat pheochromocytoma cells (PC12) chemically fused and grown
molecular weight and concentratiddomat. Cell Mol. Gene®, 271-280. in culture.Proc. Natl. Acad. Sci. USA7, 1701-1705.

Duerstock, B. S., Bajaj, C. L., Pascucci, V., Schikore, D., Lin, K.-N. and Perry, V. H., Andersson, P. B. and Gordon, S(1993). Macrophages and
Borgens, R. B.(2000). Advances in three-dimensional reconstructions of inflammation in the central nervous systdirends Neuroscil6, 268—273.
the experimental spinal cord injur@omput. Med. Im. Graj24, 389—406. Perry, V. H., Brown, M. C. and Gordon, S.(1987). The macrophage

Halliday, G. M., Cullen, K. and Cairns, M. J.(1993). Quantitation and three- response to central and peripheral nerve injury: a possible role for
dimensional reconstruction of Ch4 nucleus in the human basal forebrain. macrophages in regeneratidn.Exp. Med165, 1218-1223.
Synapsel5, 1-16. Salisbury, J. R.(1994). Three-dimensional reconstruction in microscopical

Harris, K. and Stevens, J. K.(1988). Dendritic spines of rat cerebellar ~ morphology (Invited ReviewMHistol. Histopathal 9, 773-780.
Purkinje cells: Serial electron microscopy with reference to their biophysicaBhi, R. and Borgens, R. B(1999). Acute repair of crushed guinea pig spinal
characteristicsNeuroscience, 4455-4469. cord with polyethylene glycoll. Neurophysiol81, 2406-2414.

Hashimoto, S. and Kimura, R. S(1988). Computer-aided three-dimensional Shi, R., Borgens, R. B. and Blight, A. R(1999). Functional reconnection of
reconstruction and morphometry of the outer hair cells of the Guinea Pig severed mammalian spinal cord axons with polyethylene glygol.
cochleaActa Otolaryngol.105 64—74. Neurotraumal6, 727—-738.



