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Shi, Riyi and Richard B. Borgens. Acute repair of crushed guineadomains immediately occurs. This is due to a compromised
pig spinal cord by polyethylene glycold. Neurophysiol. 81: electrical and ionic barrier. These changes also can block the
2406-2414, 1999. We have studied the responses of adult guineatpighsmission of action potentials. For example, conduction
spinal cord white matter to a standardized compression within ck can occur due to a local collapse of the membrane
sucrose gap recording chamber. This injury eliminated compouETéptemial in concert with a higher permeability to" Kons.

action potential (CAP) conduction through the lesion, followed b tural i fth ised b tuall
little or no recovery of conductionybl h postinjury. We tested the "atural resealiing of the compromised membrane eventually

ability of polyethylene glycol (PEG) to repair the injured axons anf}ay lead to a restoration of ionic equilibrium and conduction

restore physiological function. Local application of PEG (1,800 MW(BIlight 1993; Shi and Blight 1996). However, if the membrane
50% by weight in water) for~2 min restored CAP conduction lesion is severe, the outcome will be a progressive localized

through the injury as early as 1 min post PEG application. Trdissolution of the membrane and myelin, resulting in perma-
recovery of the CAP<1 h was significantly greater in treated comnent conduction block to action potential propagation (Shi and
pared with control spinal cords (controis 3.6% of the preinjury Blight 1996). In the most severe injuries, this process of
amplitude; PEG treated= 19%; P < 0.0001, unpaired Student's «secondary injury” will lead to continued permeabilization of
t-test). Stimulus-response analysis indicated that the susceptibility {3 5xolemma and its complete collapse, sometimes causing
recovery was similar for all calibers of axons after PEG appllcatloi’}.Ie death of the neuron. This is particularl),/ true if the insult to

The enhanced recovery of conduction after PEG treatment was aﬁo | to th ) L i
ciated with an early alteration in conduction properties relative ¢ NETVe Process occurs close to the neuron’s soma (Lucas e

control spinal cords. This included increased refractoriness and séh-1985; Shi et al. 1989). In surviving neurons, such progres-
sitivity to potassium channel blockade using 4-aminopyridine (4-AP§IVE degeneration eventually will lead to the separation of the
Normally 4-AP enhanced the amplitude of the recovering CAPs t&xon and Wallerian degeneration of the distal segment (Fawc-
~40% in control spinal cords; however this effect was nearly doublett and Keynes 1990; Ochs 1980). An artificial means to
to ~72% in PEG treated spinal cords. Because severe clinical injurigssmediately seal and repair nerve membrane lesions might
to the spinal cord (and some peripheral nerves) are both resistaniriirvene in these processes, rescuing the distal segment of the
medical treatment and usually produced by compression, we discys®n from eventual dissolution, restoring variable levels of
the possible clinical benefits of PEG application. conduction, and to some unknown extent, producing a recovery
of lost behaviors.

Here we evaluate the ability of PEG to repair crushed nerve
fibers of the CNS. We test the capability for immediate repair

The water-soluble polymer polyethylene glycol (PEG) hasf nerve membranes after a standardized and severe compres-
the unique ability to fuse cell membranes. This class of coraion injury to isolated adult guinea pig white matter.
pounds first was evaluated as a means to couple several indi-
vidual cells into one as a means to study various aspects of (K?E THODS
biology and to introduce genetic material from one cell into
another (Ahkong et al. 1987; Davidson et al. 1976; Nakajim@nimal use and care
and lkada 1994; O’Lague and Huttner 1980). Single giant
axons of crayfish and earthworm also have been fused usingdult female guinea pigs of 350-500 g body wt were used for these
PEG (Bittner et al. 1986; Krause and Bittner 1990; Krause %tydles. The spinal corq was |solated_from deeply anesthetized ani-
al. 1991). The ability of these types of polymers to join Cemals (60 mg/kg ketamine hydrochloride, 0.6 mg/kg acepromazine

. . maleate, and 10 mg/kg xylazine, im). After anesthesia, the animal was
membranes also has been exploited to instantanesealyell erfused transcardially with cold (15°C) Krebs solution [which con-

membranes, reversing the _permeabiliz_ation of th_e membr t3fRed (in mM) 124 NaCl, 2 KCI, 1.2 K¥PO,, 1.3 MgSQ, 1.2 CaCl,

produced by damage or disease. This has obvious medig@lextrose, 26 NaHCOand 10 sodium ascorbate, equilibrated with

application where such permeabilization leads to cellular deagps 0,-5% CO,]. The vertebral column was removed rapidly using

or tissue atrophy (Lee et al. 1992, 1993). bone forceps and scissors by previously described techniques (Shi and
When the membranes of axons are crushed or compres$&ight 1996, 1997). The spinal cord was divided into four longitudinal

various alterations in their intracellular and extracellular ionigrips, first by midline sagittal division, then by separating the dorsal

and ventral halves with a scalpel blade against a plastic block. Only

The costs of publication of this article were defrayed in part by the paymeiite ventral white matter was used for this study. These 35- to 38-mm-

of page charges. The article must therefore be hereby mawkewettisemerit  long strips of spinal cord white matter usually will be referred to

in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. ~ below as “cords” or “spinal cords” for ease of description. Spinal

INTRODUCTION
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Fic. 1. Double sucrose gap chamber and the experimental idjudrawing of the double sucrose gap recording chamibet.
toright: 1st large compartment contains 120 mM KCI, the central large compartment contains the physiological test solutions, and
the 3rd compartment also contains 120 mM KCI. The small chambers on either side of the central compartment contain 230 mM
sucrose. Sucrose and the physiological test media are exchanged continuously by capillary pumping into the chambers and by
aspiration of the media from the chambers at the same rate through the small tubes as shown. Seals fashioned from coverslips are
secured in place with high vacuum silicone grease at the locations shown to inhibit the exchange of the various media from one
compartment to the next. AgAgCI electrodes for recording and stimulation are in series with socket connectors at the locations
shown. Note that the central chamber is at ground potential for recording. Spinal cord stBfsnm long) were placed in the
chamber along its long axis and immersed in the various media in all compartments before the placement of the coverslips seals.
Action potentials were stimulated at the left side of the spinal cord strip as shown, conducted through the spinal cord in the central
compartment (also including the injury site), and recorded at the right side of the spinal cord strip as shown. Additional diagrams
and fabrication detail can be found in Shi and Blight (1996, 19B7apparatus used to produce a standardized crush to the isolated
spinal cord at its midpoint within the central compartment is shown. Contact with the spinal cord used a Plexiglas rod with a
flattened tip advanced downward to contact the tissue at a standardized ratemf<2T his end of the rod provided a compression
surface of 2.5 mm along the length of the tissue, and a transverse width of 7 mm, such that it was always wider than the spinal
cord strip, even under full compression. Compression of the spinal cord involved crushing it between the tip of the compression
rod and a raised Plexiglas stage supporting the cord at this site. Positioning of the compression rod was accomplished with a
micromanipulator. Standardized injury was controlled with a stepper motor to produce a finely graded crush just sufficient to
eliminate all compound action potential (CAP) propagation (which was monitored continuously during the procedure). State of
complete CAP failure was maintained for an additional 15 s before the abrupt upward withdrawal of the compression rod by the
stepper motor. Position of the spinal cord injury within the central chamber is shobattam.

cords were maintained in continuously oxygenated Krebs solution fleation time while immersed in oxygenated Krebs to stabilize. In initial

1 h before mounting them within the recording chamber. This was éxperiments, once the CAP propagation had stabilized, the Krebs

ensure their recovery from dissection before experiments were begsiution was replaced with €& free Krebs (C&" replaced with
equimolar Mg™).

Double sucrose gap recording technique Second, the spinal cord strip then was crushed by the techniques

. . ... . described in the preceding section, while simultaneous stimulation
The double sucrose gap recording chamber and in vitro injugy 4 recording continued

model already have been described in previous publications, and W%hird, a solution of PEG in distilled water (50% by weight) was

refer the interested reader to these reports (Shi and Blight 1996, 19%@0“% by a pressure injection through a micropipette. A vital dye was

The construction of the recording chamber and the placement of ; o . S
spinal cord within it is illustrated in Fig. 1A andB. added to the PEG solution to monitor its continuous application to the

A standardized compression injury was produced with a stepp&Sion Sité in a stream-0.5 mm wide for~1-2 min. The PEG was
motor-controlled rod, which compressed the spinal cord while su@PPlied to one side of the lesion, washed over it, and immediately
pended inside the recording chamber (Shi and Blight 1996) (Eip. 1r§moved by constant aspiration on the other side using a second
The basic recovery profile after such standardized compressionPIREte. _ o _ o
normal Krebs solution has been characterized previously and pubFourth, immediately after the PEG application, the bathing media in
lished (Shi and Blight 1996). the central chamber was replaced with a continuous stream of oxy-

Every electrophysiological test was digitized in real time and cagenated normal Krebs solution. The physiological properties of the
tured to the computer for subsequent quantitative evaluation. REG treated spinal cord were monitored continuously for 1 h. Usually,
records also were recorded on VHS magnetic tape as a means of agkeak recovering CAP was evident within 615 min of the PEG
up documentation. All solutions used in the PEG repair process weigplication.

made on the day of their use. The preceding technique should be considered as a basic one, from
which testing of several variations described in the following text
PEG repair procedure were performed.

For example, we tested the response of “recovering” axons to the
First, typical physiological functioning of the isolated white matteadditional application of the fast potassium channel blocker, 4-ami-
strip removed to the recording chamber required.5—1 h of incu- nopyridine (4-AP). In this trial, five separate cords were treated with
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before crush 10 sec. after crush 5 min. after crush save the experimental application of PEG to the lesion site.
PEG treatment always provided a striking increase in the
amplitude of recorded CAPs, averaging 19% of the original
05mv|_ pretransection amplitude, and always facilitated the CAP re-
' covery in 100% of the cases tested. At every time point
tested—including the 10-min postinjury period—recovered
CAP amplitudes were statistically significantly greater than
~sA control preparations (Fig. 3). Figure 3 also shows that the
injury need not be carried out in €afree media to produce
o5 mvl_ functional repair as claimed by Bittner for invertebrate axons
(Krause and Bittner 1990) (refer tascussion.

Control
3
w
3

1 msec

PEG-treated

— Electrophysiological properties of the repaired spinal cords

“sA

Fic. 2. Acute response of the crushed spinal cord to polyethylene glycol 1N€ PEG repaired spinal cords showed typical conduction
(PEG) treatmenfTop electrical records show the CAP before the standardizgaroperties (as observed in recovering untreated cords); how-
experimental crush (1st record) and the immediate loss of conduction after thger, some differences in their electrophysiological properties
experimental injuryBottom electrical records show a typical response to acut\gvere revealed by further evaluation.

standardized injury of the isolated spinal cord strip after PEG treatment. Note _. h he eff fini h |
that at the earliest time point-6 min postinjury), recovery of a CAP is never _F1gure 4A shows the effect of injury on the normal recovery

observed in the absence of PEG treatment and rarely occurs by 10 @inCAP amplitudes. Typically, the recovered CAP was damp-
postinjury (data not shown). SA, stimulus artifact. ened in amplitude across all threshold intensities of excitation.
o ) . ~ We also evaluated if this reduced magnitude of the CAP
an application of PEG as described earlier and compared with fiygcyrred across all caliber spectra of injured axons within the
control cords. One hour after compression, 100 4-AP (in Krebs ¢nina) cord strip or was manifest in only large or small diam-
solution) was applied for 15 min and then washed free with norm er axons. FigureBtshows the actual amplitudes of control

Krebs solution as described earlier. d ialstal h e I d . h
Fifth, in a final series of experiments, the requirement for the inju mpound potentialst postinjury, plotted against the

to be carried out in Gd -free media was tested. In these experiment reinjury amplitude at the same stimulus intensity. A least-

the cord was compressed while it was immersed in normal Kreiggjuares linear regression was not significantly different from
solution. 1:1 linearity, suggesting that there was no difference between

the susceptibility to damage of axons of different stimulus
thresholds.
In Fig. 4C, we plotted two hypothetical lines representing
Before and after the application of 4-AP, we used Studdrtests outcomes after PEG treatment. Note that if larger axons of a
to compare recovering action potential amplitude between the contiglvered stimulus threshold were more susceptible to PEG, the
and PEG treated group. Comparisons of action potential amplituggta would be shifted as in the gray line (a). In the opposite

Statistical treatment

also were made between the two PEG-treated groups. situation, the hatched line (c) shows a shift in the opposite
RESULTS 125
PEG-mediated repair of crushed spinal cord strips <y 100 {F———0 —o—— Control
. . . . Py —0O— PEG; injured in Ca** free Krebs'
Approximately 0.5 h after the equilibration of the spinal cor(ﬁ 75 o PEG: inured in normal Krebs
strip in the recording chamber, the Krebs solution in the centrgl

compartment was replaced with a ‘Cdree Krebs and the § 501

spinal cord was crushed by previously described techniques.3n 25

every spinal cord tested in this group of 20 (10 control and 19 W—_—’%
experimental), this procedure resulted in the immediate and 44 = —

total loss of CAP propagation from the point of stimulation to -10 0 10 20 30 40 50 60

the point of recording. Figure 2 shows an individual record of Time post crush (min.)

one typical cor_ltrol experim_ent an(-j a PEG-treated EXperimentalle 3. Recovery of PEG-treated and control spinal corgslbh after
splna_l cord strip. NOte. the ImmedlaFe. "?‘”d complete loss of tEvﬁry Abscissa displays the recovery of the CAP as a percentage of the precut
CAP in both preparations, and the initial recovery of the CAjmpiitude. Ordinate is time. Average CAPs and their SE are displayed for 10
in the PEG treated spinal cord by 5 min posttreatment (Figpinal cord strips for each group. Note that the control group shows a barely
2B). The earliest recorded recoveries of a CAP occurred withiatectable CAP (3.6%) everyd h postinjury, whereas average recovered

. ; ; Ps in PEG-treated cords increas20%, ranging to as much as 69% of the
1-2 min after PEG treatment. In control preparations, thr‘;g);écrush amplitude. PEG facilitated increase in CAP amplitude was signifi-

cords ne_Ver regalned conduction durlng thh ofco_ntlnuous cantly higher at every time point studie® & 0.05, Student's-test, two-
observation. In contrast, not one PEG-treated spinal cord ptflled). CAP recovery was facilitated when the injury was not carried out in
viding the data summarized in Fig. 3 failed to recover CAR&*-free Krebs solution. Amplitude of the recovered CAP in normal Krebs at

conduction after PEG treatment. In four more control spindje first g"éeA EOiE‘ (10 g“”hposﬂ”ilf'}’) was e'evaf“ed Séatﬁilfg:;"y over the
; recovere observed when the injury was performe e media
cords, the recovery of the CAP was not observed-@0 min. ls%< 0.05; unpaired Studenttstest). Every subsequent time point was still

Figure 3 provides a summary graph of the 10 control and thgher in this data set with no reverse trends, but without statistical signifi-
10 experimental spinal cords treated and monitored identicaltgnce.
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A B Control
1mVv 1001
s
1 mse o FIG. 4. Evaluation of the CAP amplitude with in-
'g 751 creasing strength of stimulus: PEG-treated vs. controls
= before and after injuryA: series of 10 superimposed
Q CAPs are shown in response to 10 separate increasing
L. g 50 - stimulus intensities (0.015-2.0 mA, 1Q@& duration
Pre injury > squarewave stimuli) before the experimental crush and
5 1 h after it in a control preparation. Note the dampened
= 254 amplitude of the recovered CAP at all stimulus intensities
ot after injury. B: this graph shows the preinjury amplitude
8 vs. postinjury amplitudes for 4 spinal cord strips in a
L oo

modestly injured control group. Less severe injury was

T T T

0 25 50 75 160 required in these spinal cords to allow an adequate range
0 min. post-injur . ) of recovered CAP amplitudes for this graded evaluation.
6 P jury Pre-injury amplitude (%) In the severely injured cords, the maximal recovered

CAPs were insufficient to adequately make these com-

parisons. These data points are shown relative to the
C PEG-treated D PEG-treated maximum amplitude achieved before and after injury.
(Hypothetical) Note that the slope of the least squares regression line is

close to unity C: hypothetical skewing of data are shown
where (a) more large caliber fibers (with a lower stimulus
threshold) are responsible for the CAP or (c) more small

—~ 1007 —~ 1007 = caliber fibers are recruited to produce the recovered CAP
é X o after injury relative to unity (b)D: actual distribution of
© :; o these data points are shown in the PEG-treated group.
T 754 T 757 u) Note that the least-square linear regression line is not
LE' .3 significantly different from 1:1 linearity, which is again
[<% a not different from that shown iB. In this test, the typical
% 504 £ 504 and severe standardized injury was used because PEG-
: repaired cords showed substantial CAPs sufficient for a

g‘ 5 graded plot of their amplitudes.
£ 25- £ 254
o~ Ly
17}
S 3

0- o 0 T T 1

0 0 25 50 75 100
Pre-injury amplitude (%) Pre-injury amplitude (%)

direction should small caliber axons with a higher stimulusxperiments. The abscissa shows the magnitude of the second
threshold be repaired. In FigD4the actual data taken from theCAP of the pair as a percent of the magnitude of the first
PEG-treated population is plotted in the same manner as in Fafjcited CAP. The ordinate shows the log of the interstimulus
4B. The near unity slope of the relation of amplitude responsaterval ranging from 0.6 to 15 ms. This sigmoidal plot is
before and after injury indicated no consistent selectivity @ypical, beginning with stimuli that do not elicit a second AP
PEG-mediated improvement of conduction in fibers of lower aluring the absolute refractory period and ending at the termi-
higher threshold. nation of the relative refractory period.

Although PEG appeared to be able to repair axons of a wideFurthermore Fig. B shows that this relationship was not
range of calibers similar to the natural recovery process otisturbed by the injury, as pre- and postinjury data points
served in control cords, the electrophysiological properties wiere not significantly different along this sigmoidal curve.
PEG-mediated recoveries was not the same as controls. Figlies did not hold true, however, for PEG-treated spinal
5A shows the classical relationship between the timing ebrds. The early and robust recovery of CAPs produced by
paired stimuli and the amplitude of the two elicited CAPRPEG demonstrated a typical period of absolute refractory as
Paired stimuli in which the interstimulus interval was betwedpefore the injury and experimental treatment. Moreover the
0.6 to 15.0 ms demonstrated typical dampening of the CABlative refractory period also appeared to terminate when a
amplitude soon after the absolute refractory period. When thinilar stimulus interval to control preparations was
interval between the paired stimuli was longer than this, achieved. During the refractory period of PEG-treated
plateau was reached where the first and second CAPs wereafds, the amplitude of the second CAP was slightly re-
an identical magnitude-marking the extent of the relative rduced when compared with that before the crush and PEG

fractory period. treatment (Fig. €). However, this latter relationship was
Figure B shows control data derived from four separateot statistically significant.
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Fic. 5. Refractory period changes after double
pulse stimuli.A: 20 individual records of CAP re-
sponses to twin pulse stimuli are superimposed. First
of these 20 stimuli produced the single large CAP
(<). Because this 1st CAP always is produced by a
stimulus of the same intensity, each of these superim-
posed individual electrical records was identidagft
toright: CAP produced by the 2nd stimulus is shown.
Note the typical dampened amplitude of the 2nd CAP
C when triggered during the relative refractory period

PEG-treated followed by the typical plateau in amplitude produced
when the second stimulus is applied subsequent to the
relative refractory periodB: here, the response to the

B Control

secondary stimulus (as a percentage of the 1st CAP
100 ﬂ# 100 amplitude) vs. the interstimulus interval is plotted for
99 %g - 4 untreated spinal cord strips, data points before the
8 % standardized crush injury;, data points obtained 1 h
[0 g ) after the injury. Note that in both cases, a typical
8 g sigmoidal period of relative refractory is apparent, and
%_ .*_é._ i there is no significant difference in the average re-
£ é 3 sponse to the 2nd stimulus before and after the injury.
< 50 1 ® before <€ 50 1 <} ® before C: same type of data are displayed for the PEG-treated
o O after o o after group of 4 spinal cords. Note that the amplitude of the
6 % 6 response to the 2nd stimuli of the pair is reduced.
< I ;
0 Leese— . 0 - ==i é . T
1 10 1 10
Log Interstimulus interval (msec) Log Interstimulus interval (msec)

Potassium channel blockade as an adjunct to PEG-mediated pretreatment levels as in controls (Fig)6Figure & shows
recovery of conduction the group data, five spinal cords in each group. The percent
. - . enhancement of the PEG-mediated recovery for the group data
Itis a common feature of injured cells to loose intracellular;, s that discussed above for the individual experiments
potassium to the extracellular milieu through compromis 47006 enhancement in the experimental grou#0% in the

membrane. In axons, this may be sufficient to suppress act - - h .
; ) L . w. isti-
potential conduction. Thus we attempted to determine if bloc gfhtrol group). This experimental enhancement was statist

age of fast potassium channels with 4-AP would affect th(g”z g'%gflﬁingrgdregﬁéetr]?gtetggt observed in the controls.
properties of conduction immediately after PEG repair. 9, Unp

Figure €A shows the enhancement of the CAP in crushed
(but untreated with PEG) spinal cord by 4-AP. In this individ® ' S€YSS1ON
ual record, the initial recovered CAR B postinjury is shown,  After severe compression/contusion of the guinea pig spinal
and the enhanced CAP after 1M 4-AP treatment is super- cord, a complete conduction block occurs in response. For
imposed on it. After documentation of the 4-AP enhance@asons that are understood, such as the initiation of endoge-
CAP, the blocker was washed out, and the media in the centnabus repair mechanisms (Shi and Blight 1996; Xia and Barrett
compartment was replaced with normal Krebs solution. TH®91; Yawo and Kuno 1985), and for reasons that are not, a
CAP fell to pretreatment levels by 15 min and was indistiremall population of axons seal their cellular lesions and are
guishable from the original record. This final waveform igapable of propagating action potentials through the damaged
superimposed on the other two CAPs in Fid. lfut cannot be area once again. In our standardized injury model, compound
discriminated from the pretreatment electrical record. In thégtion potential propagation through the damaged area never
single test, 4-AP reversibly enhanced the recovered CAP i®covered before 10 min postinjury, whereas some cords never
~40%. recovered at all during the hour of measurement and evalua-

Figure 8 shows an identical test performed on a PEGion. Furthermore, this natural recovery process never resulted
treated spinal cord, in which 4-AP was administered at 1ih CAPs greater than-7% of the pretransection amplitude.
post-PEG application. In this individual test, the second CAP Within a few minutes after the application of the water-
was enhanced reversibly by70%. After the near doubling of soluble polymer PEG, an immediate recovery of CAP propa-
the CAP, 4-AP was washed out as described, and the CAP fgdition through the lesion occurred. The recovered CAP ampli-
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tude slowly increased with time to a peak 620% of the facilitating electrophysiological study or manipulation of
initial CAP amplitude. Moreover, this level of recovery wasnembranes. The fusion of cells also facilitated the exchange of
always statistically significantly higher than control ampligenetic material between cells and the formation of hybrid-
tudes, observed at every time point tested, and occurredoimas during the production of monoclonal antibodies, as well
100% of the experimentally treated spinal cords. It is clear thas serving as a model for the vesicular fusions that normally
a topical application of PEG can immediately repair sevepecur during the biology of cells (Lee and Lentz 1997; Lentz
compression injury to the mammalian spinal cord leading @94). Even so, the actual molecular mechanisms of action
significant increases in functional recovery as defined by tpermitting membrane fusion by PEG is still under investigation
enhanced capacity to propagate nerve impulses through thee and Lentz 1997). It is clear that cellular fusion occurs in
lesion. This report is the first to demonstrate PEG-mediatadstepwise manner when adjacent membranes touch in the
repair of crushed mammalian nervous tissue. presence of PEG, membrane fusion occurring before the fusion
We have employed a concentration of PEG (50% by weigbt the cells and the mixing of cytoplasms (Ahkong et al. 1987).
in water) and MW (1,800 Da) that commonly has been used By the level of the membrane, acute dehydration of the fusing
many to fuse both nonneuronal cells and neuron-like cells (Rasmalemmas permits the intermingling of glyco/protein/lip-
12) in vitro (Davidson et al. 1976; O’Lague and Huttner 1980)dic structures, which resolve into each other first at the outer
Bittner has used similar PEG MWs and concentrations to fuseembrane leaflet and, subsequently, the inner membrane leaf-
or repair single axons in crayfish and earthworms, while sulgt (Lee and Lentz 1997). Rehydration apparently leads to a
gesting that additional use of a Tafree hypotonic bathing spontaneous form of structural self-assembly within the aque-
medium was required for successful treatment (Bittner et alus plane of the membrane.
1986; Krause and Bittner 1990; Krause et al. 1991). We have
s_hown that a phy_S|ong|caI, ba!anced_medla and the aforem@EG-mediated axonal recovery
tioned PEG solution is all that is required to produce function-
ally significant repair in mammalian spinal cords (see follow- Severe and local compression to spinal cord white matter
ing text). Moreover, in other experiments where completelyroduces a “lesion” in axons that in the least may be charac-
transected guinea pig spinal cords were fused with PEG, vegized by a compromised electrical seal and a collapse in the
have learned there was no specific PEG MW critical to tHecal resting potential of the axon at this site. This usually leads
process—having tested PEG solutions using 400, 1,400, 1,8@0three possible outcomes) the breach in the membrane at

2,000, and 3,700 Da (unpublished observations). the site of damage seals itself, which may preserve the axon’s
anatomic integrity and capacity to propagate ABsln some
Mammalian spinal cord in isolation cases, this natural recovery process may preserve the anatomic

integrity of the axon— but may not restore its ability to conduct

C ;gewzl?sllltyeﬁomir;esgl\ge et\rl](zn ussmeagflqﬁ;e%sc)eusb;g 2J§rcoos\;e” tion potentials in some types of axons. This is especially true
P y 98 xons within the local area of injury becomes denuded of

(E;;Tiambfg;g tq%g%&%r;igf?scg]beei:desreo?rt]ﬁeeilggg?eeéesﬁhIo [Yelin. And 3) failure in the natural process of axonal sealing
spigr]1al cord ,white rﬁatter z):ll}e bathed in isotonic KCL ano? alpay lead to physical separation of the axon and the death of the
X . . : . distal segment in mammals—or of the neuron itself if the
approximately at intracellular potential during the recording: ry to ?he nerve process is close to the soma (Blight 1993;
ses§.|on, while th?l clentral cor_n;l)a_rIErrPent contains physiologi E}ht and Decrescito 1986; Lucas et al. 1985; Shi et al 1989)’
media at extracellular potential. The compartments are sepag . C ; ’ ' ' '
: . We believe the chemical properties of PEG that allow mem-
rated by a viscous sucrose gap, which can be thought of as . -
N X : nes to resolve into each other permitting the complete
analogous to a limiting membrane. Although this electrical se&l . .
: . ; sion of two or more closely opposed cells provides a ver
is not perfect, this recording arrangement can produce eIeCra{'pid mechanism of repair ofythepgcute memer)ane breach. Vze
cal records of superior resolution—approaching the signal-t fe using a horseradish peroxidase (HRP) dye exclusion test

noise ratio of intracellular recordings. In our other studies, .- "5 -, 1995), together with a new method of computer-

\(/)vfhse rien ali)llzc(grgz\i/\?hﬁger: autf:rdirfci’sfglz(tai ocr? %ﬂ%:lgftgﬂsiitggz Shaged morphometry (Moriarty et al. 1998) to anatomically
P ' y ° Yvaluate the difference in axonal membrane repair by PEG

e v e S o P Halve 1o control Spinalcords. T test was ased on
- NN P othesis that a -induced “seal” or membrane “repair”

resolution discrimination between preinjury and recoverg il?exclude the intracellular uptake of HRP by damagedpcells

CAP propagation was less a factor given the immediate req ter injury. Our preliminary evidence is that PEG-treated

currence of PEG-mediated C.APS atatime when control spi inal cord strips are indeed better sealed than control cords.

cords could not conduct action potentials at all, and the s hese studies will be reported elsewhere

stantial amplitudes of the recovered CAPs at timek) min In this physiological study, we have determined similarities

postinjury relative to their preinjury Ievels._ We have o_utllne Hd differences between the natural mechanisms of axonal
other advantages when studying the physiology of spinal co . . : :
o . - . . : air and those mediated by PEG. First, a least-squares linear
injury using this technique and direct the interested reader [N ) vsis of d g CAP litud
these discussions (Shi and Blight 1996, 1997). régression analysis of pre- and postinjury amplitudes
' suggests that PEG-mediated repair can occur across all levels
of stimulus thresholds, reflecting axon diameters, as does the
natural recovery process in untreated spinal cord strips. In
PEG has been used for30 yr as a means to fuse cells. Thiother words, all spinal axons regardless of their caliber are
allows the production of giant cells from many small onesqually susceptible to PEG-mediated repair (see Shi and Blight

Fusigens and membrane repair
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A axons, recruiting them into the CAP and perhaps accounting
Control for its slightly different conduction properties.
100 uM 4-AP lonic controls of axonal injury and membrane repair
pre-drug 0.1mv In other work, we have evaluated the way that ionic changes
produced by injury impact the response of axons to insult

wash 15 min. Tms (Borgens 1988; Borgens et al. 1980; Shi and Blight 1997). It is

known that injury to cell membranes leads to an increase’in K

permeability that contributes to AP conduction block (Blight

1989; Shi and Blight 1996, 1997). In myelinated axons, even

acute damage to the myelin sheath leads todgrrent shunt-

B PEG ing and depressed or inhibited conduction—both events can be
reversed variably by K channel blockade using 4-AP (Blight
1989; Pratt et al. 1995; Shi et al. 1997). This fast potassium

+~—

100 uM 4-AP channel blocker both enhances the safety factor for conduction
as well as extending the length constant for AP propagation

pre-drug across regions of demyelination (Blight 1989; Shi and Blight

wash 15 min. 0 1mVL_ 1996, 1997). In the studies reported here, we expected an

1Tms enhanced amplitude of the CAP in even control cords based on

compression

-

potassium < : myelein
C 100 4 channels «_ .
= —N 1 axon
£ 80 _c
PO T N
[
g L
o 60
o .
< proximal distal
€ 407 N=5 segment segment
2 membrane lesion
o 20
E control PEG
0

PEG Control
FIG. 6. Response of recovered CAPs to the application of 4-aminopyridine D —
(4-AP). A: expected increase in recovered CAP amplitutld & postinjury
produced by application of 100M 4-AP to an untreated spinal cord strip. This
was expected because fast potassium channel blockade by 4-AP is an effective 4- A P
means to reduce partial to complete conduction blBckimilar experiment on
an individual spinal cord strip is shawl h after PEG treatment. Note the more o
robust increase in the recovered CAP produced by 4-AP in the PEG-treated e
cord compared with the control shown & C. group data are shown for 5
control and 5 PEG-treated spinal cords. Increased effect of 4-AP on CAP
recovery is statistically significanP(< 0.05, unpaired Studenttstest). FIG. 7. Proposed mechanism of the synergistic effect of PEG and potas-
o . sium channel blockade by 4-ARop severe mechanical compression of a
1996 for a similar analysis of axonal recovery from compregwelinated axon. Note that the myelin sheath envelops high densities of fast
sion injury)_ The differences between natural repair and th_}g_t ch_annels clustered at the pa_ranodal region. Severe crush Ieac_is to an
produced by PEG application are more striking. First, th@medlate exposure of the potassium channels of the paranodal region by a

H - . 0 . ithdrawal or collapse of the myelin lamella at this site (Shi et al. 1997).
Injury Is very se\_/ere, 30% of control st‘_”" cords never r_eco xposure of the voltage-gated potassium channels after injury would elevate
ered any capacity to conduct CAPs during the 1-h period RF conductance, further impeding conduction across this damaged portion of

evaluation after injury. On the other hand, there was no ime membrane (gray region showing “holes” in the compromised membrane).
stance where PEG did not initiate a measurable phySiOlOgi@aFO”tr‘)' preparations, partial to complete conduction block results from this
recovery. On a more subtle level, there appears to be a S"grﬁghzed disturbance of the axolemma, which may progress to complete

. . - . aration of the axon and loss of the distal axonal segment by Wallerian
reduced CAP amplitude during the period of relative refractofégenerationi¢ft). in PEG-treated axonsight), the membrane repair leads to

in only PEG-mediated CAPs relative to control cords. Ongeservation of injured axons as well as improvements in their conduction
explanation for this observation may be that in control cordscapabilities (gray regions; membrane holes now sealed). However, elevated
severely compromised and dysfunctional population of axohg conductance through Kchannels that still are exposed at the site of repair

. . In PEG-treated nerve fibers still might suppress conduction to some extent.
may be‘?ome Complete,ly nonfuncuonal, revea“ng, more r,lo,m‘%l)ckade of these channels with 4-AP (small arrow hebd&pm righ) would
conduction properties in that population that survive the injurje expected to reduce any outward Konductance and thus enhance con-

PEG may rescue a portion of such severely compromisegttion.
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our prior studies and these mechanisms of action. We weyno, T., SHi, R, AND BLicHT, A. R. Horseradish peroxidase used to examine
surprised, however, by the nearly doubling of CAP amplitudesthe distribution of axonal damage in spinal cord compression injury in vitro
in PEG-treated cords, suggesting that PEG repaired membrgr@Pstract-J. Neurotraumal2: 993, 1995. .

itself is particularly leaky to K. We propose a mechanism o ITTNER, G. D., BALLINGER,'M. L., AND RAYMOND, M A. Reconnection of

! ,p. . y y o prop = ; severed nerve axons with polyethylene glyddtain Res.367: 351-355,
synergistic action of 4-AP with PEG repair in Fig. 7. In any 19gs.

event, 4-AP that has been used to restore conduction @@, A. R. Effect of 4-aminopyridine on axonal conduction-block in
behavioral recovery in clinical spinal cord injury should be chronic spinal cord injuryBrain Res. Bull22: 47-52, 1989.

viewed as a possible adjunct to the development of any clinidaleHT, A. R. Remyelination, revascularization, and recovery of function in

use of PEG in nerve repair (see next section). experimental spinal _cord _injury. InAdvar_lces in Neurobiology: Neural
P ( ) Injury and Regeneratioredited by F. J. Seil. New York: Raven, 1993, vol.

59, p. 91-103.
Clinical implications BLIGHT, A. R. AND DECRESCITQ V. Morphometric analysis of experimental
spinal cord injury in the cat: the relation of injury intensity to survival of
It is likely that this procedure can provide a novel means ofmyelinated axonsNeuroscience9: 321-341, 1986.

treating severe, acute neurotrauma. In addition to immedi&ercens R. B. Voltage gradients and ionic currents in injured and regener-

; ; ; ; ; ting axons. InAdvances in Neurology: Functional Recovery in Neurolog-
improvements in conduction, repair of crushed axons in pe!dé . ;
ripheral nerves leading to a rescue of their distal segmentgflgéseasesed'ted by S. G. Waxman. New York: Raven, 1988, vol. 47, p.

WOU_ld provide the added benefit of reducing atrophy or degeglszcens R. B., 3rre, L. F., anp Coren, M. J. Large and persistent electrical
eration of target cells or so called “end organs.” Many target currents enter the transected spinal cord of the lampreyReet. Natl.
tissues require innervation for sustenance and/or survival. CurAcad. Sci. USA'7: 1209-1213, 1980.

rently trauma to peripheral nerves close to the trunk of the boBsvioson, R. L., O'MaLLEY, K. A., AND WHEELER, T. B. Induction of
are still problematic in that SIOle regenerating axonsl( mamma.llan somatic cell hybridization by polyethylene gly&bmat. Cell
mm/d) may not reach downstream targets before their irrevegsoenet2: 271-280, 1976.

. . .. = . E%\;VCETT, J. W.anD KEYNES, R. J. Peripheral nerve regeneratiémnu. Rev.
ible atrophy or degeneration. This is in spite of the fact thatyerosci13: 43-60 1990. P g

fasicular alignment and grafting can provide the enhanc@grcrum, L. D. Peripheral nerve repair. Iffundamentals of Wound Man-
possibility for functional reconnection (Fawcett and Keynes agementedited by T. K. Hunt. Springfield, IL: C. C. Thomas, 1982, p.
1990; Ketchum 1982; Thomas 1988). It is also possible tha#59-475.

PEG-mediated fusion of even transected axons could becont&#pse T. L. axo Biriner, G. D. Rapid morphological fusion of severed

component of microsurgical grafting techniques because th@*}fl“”ffg‘é e by polyethylene glycélroc. Natl. Acad. Sci. USAT:
conventi_onal resection of peripheral_nerve trunk_s before fasiqu-AUSE T. L. MARQ.UIS, R. M., LYCKMAN, A. W., BALLINGER, M. L., AND
lar grafting exposes the severed tips of proximal and distalrrner, G. D. Rapid artificial restoration of electrical continuity across a
axonal segments—making them available for fusion. crush lesion of a giant axofrain Res.561: 350-353, 1991.

In the spinal cord, transection of white matter is rarely ke J.anp LenTz, B. R. Evolution of lipidic structures during model mem-
clinical occurrence—clinical Spina| cord injury usua”y in- br_ane fU_SiOﬂ and the relation of this process to cell membrane fusion.

; ; ; Biochemistry36: 6251-6259, 1997.

volves severe compression/contusion of the spinal cord f?I

. . . E, R. C., &NADAY, D. J.,AND HAMMER, S. M. Transient and stable ionic
lowed by centrally occurring hemorrhagic necrosis of gray an5permeabilization of isolated skeletal muscle cells after electrical shock.

white matter. As discussed earlier, “secondary injury” leads to j gym care Rehahi4: 528540, 1993.

progressive loss of white matter due to a local deterioration ofe, R. C., Rver, L. P., B, F.s, J, L., AND WoLLman, R. L. Surfactant-

cell membranes at the site of the lesion. In such a clinicalinduced sealing of electropermeabilized skeletal muscle membranes in vitro.
scenario, PEG-mediated repair of crushed white matter—a&roc. Natl. Acad. Sci. USR9: 4524-4528, 1992.

shown to be possible in this report—could take on real clinicf' B: R. Polymer-induced membrane fusion: potential mechanism and
ianifican F\)Nith ntinued dpv lobment of th techni relation to cell fusion event€Chem. Phys. Lipid33: 91-106, 1994.

signimca Ce CO_ ue evelopment o ese . ec qul_%ctAs, J. H., QRoss G. W., Buery, D. G., AND GRADNER, C. R. Neuronal

for the clinic, one mlght reason_ably expect more immediatesyrvival or death after dendrite transection close to the perikaryon: correla-

recovery of conduction (and variable function) as well as thetion with electrophysiological, morphological, and ultrastructural changes.

rescue of variable amounts of injured white matter. To thesgNS Trauma: 231-255, 1985.

. RIARTY, L. J., DUERSTOCK B. S., Basag, C. L., LiN, K., AND BORGENS R. B.
ends, we already have moved this treatment approach to wo- and three-dimensional computer graphic evaluation of the subacute

perimental tests in vivo using both spinal cord and peripherakpinal cord injury.J. Neurolog. Scil55: 121-137, 1998
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