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Recombinant Human TNFa Induces Concentration-Dependent
and Reversible Alterations in the Electrophysiological
Properties of Axons in Mammalian Spinal Cord

ANDREW L. DAVIES,!> KEITH C. HAYES,"? and RIYI SHI?

ABSTRACT

Increased expression of the proinflammatory cytokine tumor necrosis factor-alpha (TNFa) and its
soluble receptors is evident within the central nervous system (CNS) following traumatic brain in-
jury and spinal cord injury. TNFe« is integral to the acute inflammatory cascade that follows neu-
rotrauma and has been shown to have both beneficial and detrimental properties. We examined the
effects of varying concentrations (1-5000 ng/mL) of recombinant human TNFa (rhTNFea) on select
electrophysiological properties of excised guinea pig spinal cord tissue. Pulsed electrical stimuli (0.33
Hz) were delivered to strips of isolated ventral white matter in a double sucrose gap chamber.
Recordings were made of the compound action potential (CAP) and membrane potential before,
during, and after bathing the tissue with rh'TNFa for 30 min. Increasing concentrations of rh'TNFa
yielded progressively greater reductions in amplitude of the CAP that were temporally associated
with depolarization of the resting compound membrane potential. These effects were largely re-
versed on washout of rhTNFa and were not present when heat-denatured rhTNFa was introduced.
The results provide evidence that elevated concentrations of TNFa induce reversible depolarization
of the compound membrane potential and reduction in CAP amplitude, sometimes to the point of
extinction of the CAP, suggestive of impaired axonal conduction. These observations point to a new
mechanism of immune-mediated central conduction deficit. Cytokine-induced alterations in mem-
brane properties and axonal conduction may contribute to neurological deficits following CNS in-
jury by compounding trauma-induced myelinopathy and axonopathy.
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INTRODUCTION spinal cord and brain (Benveniste, 1998, 1992; Sredni-

Kenigsbuch, 2002; Woodroofe, 1995). TNFa secreted

THE PROINFLAMMATORY cytokine tumor necrosis fac- by circulating immune cells also passes through the
tor—alpha (TNFa) and its two principal receptors blood-brain barrier (BBB) via active transport mecha-
(TNF-R1 and TNF-R2) are constitutively expressed by nisms (Pan and Kastin, 2002) to influence central ner-
neurons, astrocytes, and oligodendrocytes within the vous system (CNS) function (Banks et al., 1995). Indeed,
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one of the properties of proinflammatory cytokines that
pass through the BBB is to upregulate their own expres-
sion within the CNS (Hopkins and Rothwell, 1995).
TNFa is clearly involved in immune-CNS signaling and
is known to contribute to normal physiological functions
such as sleep (Krueger et al., 1998) and appetite regula-
tion (Dantzer, 2001; Vitkovic et al., 2000).

Increased neuronal expression of TNFa and its recep-
tors has been reported following traumatic brain injury
(TBI) (Ahn et al., 2004; Fan et al., 1996; Goodman et al.,
1990; Knoblach et al., 1999; Vitarbo et al., 2004) and
spinal cord injury (SCI) (Reece et al., 2004; Yune et al.,
2003). Although most evident in the acute stage follow-
ing vascular accidents (Gruber et al., 2000; Zaremba et
al., 2001) or trauma (Knoblach et al., 1999), persistently
elevated levels of TNFa in CNS tissue have also been
reported (Holmin et al., 1997; Holmin and Mathiesen,
1999). Increased neuronal expression of TNFa has been
definitively established in animal models (Knoblach et
al., 1999; Vitarbo et al., 2004; Wang et al., 2002; Yin et
al., 2003), and comparable observations have been made
from studies of human CNS tissue following TBI
(Holmin and Hojeberg, 2004) and SCI (Yang et al.,
2004).

The functional consequences of increased neuronal ex-
pression of TNFa following trauma are multifaceted.
TNFa is instrumental in the acute inflammatory cascade
that follows neurotrauma (Feuerstein et al., 1994) and has
been shown to have both proinflammatory and anti-in-
flammatory properties (Schmidt et al., 2004). TNFa also
has neuroprotective (Liu et al., 1998, 1999; Shinpo et al.,
1999), neurotoxic (MacEwan, 2002; Viviani et al., 2004),
and neuroplastic properties (Beattie et al., 2002; Covey
et al., 2000). Enduring expression of neuronal TNFa has
been thought to reflect a chronic neuroinflammatory
process (Holtmann and Neurath, 2004; Kollias et al.,
1999; Kollias, 2005).

At physiological levels, TNFa has well-documented
neuromodulatory properties that include modifying ion
channel kinetics (Hribar et al., 1999; Kagan et al., 1992;
Koller et al., 1998; van der Goot et al., 1999) and en-
hancing synaptic transmission (Beattie et al., 2002; Pick-
ering et al., 2005; Tancredi et al., 1992). At high con-
centrations, and with prolonged exposure, TNFa can be
cytotoxic, for example by inducing axonopathy (Sipe et
al., 1996; Talley et al., 1995) or oligodendrogliopathy
(Hisahara et al., 1997; Selmaj and Raine, 1988a,b)
through apoptotic pathways (Lee et al., 2000; Talley et
al., 1995; Yune et al., 2003). TNFa-induced cytotoxicity
is considered to contribute to the pathogenesis of certain
autoimmune neuroinflammatory diseases in which de-
myelination is a prominent feature (Glabinski et al., 1995;
Matusevicius et al., 1996; Sun et al., 2004; Taupin et al.,

1997). High cerebrospinal fluid (CSF) TNFa concentra-
tions also correlate with magnetic resonance imaging-de-
fined human white matter injury (Ellison et al., 2005).

While appreciable evidence exists as to the physio-
logical effects of low or very high extracellular concen-
trations of TNFa (Blatteis, 1990; Hermann et al., 2005;
Leem and Bove, 2002; Pickering et al., 2005; Rothwell
and Hopkins, 1995; Soliven and Albert, 1992; Sorkin et
al., 1997; Vitkovic et al., 2000), less is known about the
effects of intermediate concentrations ie. elevated but not
cytotoxic. We have previously introduced the possibility
that elevated concentrations of TNFa in serum or CSF
following CNS trauma may be surrogate markers of an
immune-mediated “channelopathy” (ie altered axonal ion
channel conductance) leading to conduction failure that
compounds the neurologic deficits associated with ax-
onopathy and myelinopathy (Hayes et al., 2002). This
proposition of cytokine-mediated conduction deficits
within the CNS following SCI or TBI has not previously
been tested.

The present study thus examined the effects of a range
(1-5000 ng/mL) of concentrations of recombinant human
TNFa (thTNFa) on membrane and action potential prop-
erties in isolated strips of ventral spinal cord tissue from
adult guinea pigs. In this initial, proof of principle study,
uninjured spinal cord tissue was used to avoid the added
complication of trauma-induced disruption of axonal
membrane (Borgens, 2001) or myelin sheath. In particu-
lar we tested the hypothesis that elevated extracellular
concentrations of thTNFa would modify axonal mem-
brane and conduction properties during short-term expo-
sure as would be predicted by observations that TNFa
increases membrane permeability to Na*t in a pH- and
voltage-dependent fashion independent of receptor bind-
ing (Hribar et al., 1999; Kagan et al., 1992; van der Goot
et al., 1999).

METHODS

Isolation of Spinal Cord Tissue

The surgical procedure for isolating the spinal cord tis-
sue has been described previously (Shi et al., 2002; Shi
and Blight, 1996, 1997; Shi and Borgens, 1999). Adult
female guinea pigs of 350-500 g in body weight (n =
17, Harlan, USA) were anesthetized prior to surgery (80
mg/kg ketamine hydrochloride, 0.8 mg/kg acepromazine
maleate, and 12 mg/kg xylazine, i.m.). Following anes-
thesia, animals were perfused transcardially with 500 mL
of cold (15°C), oxygenated Krebs’ solution (NaCl 124
mM, KCI 2 mM, KH,PO, 1.2 mM, MgSO,4 1.3 mM,
CaCl, 1.2 mM, dextrose 10 mM, NaHCO; 26 mM,
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sodium ascorbate 10 mM, equilibrated with 95% O, 5%
CO; to a pH of 7.2-7.4), and the vertebral column was
excised rapidly. The spinal cord was carefully removed
from the vertebrae and placed in cold Krebs’ solution.
The cord was initially separated into two halves by mid-
line sagittal division, and the ventral white matter was
then isolated (Fig. 1A). White matter strips were main-
tained in continuously oxygenated Krebs’ solution for at
least 1 h prior to mounting in the recording chamber to
ensure recovery from dissection before experimentation.
The experimental protocols were reviewed and approved
by the Purdue University Animal Care and Use Com-
mittee (PACUC). All efforts were made to minimize the
number of animals used and their distress.

Electrophysiological Recording and Analysis

The design and construction of the double sucrose gap
chamber used for the electrophysiological recordings has
been described previously (Shi et al., 2002; Shi and
Blight, 1996, 1997; Shi and Borgens, 1999) and is illus-
trated in Figure 1B. The central compartment, 20 mm in
diameter, was continuously superfused with oxygenated
Krebs’ solution at 2 mL/min into which the thTNFa was
introduced. The temperature of the central compartment
was maintained at 36.0-37.0°C with an in-line solution
warmer (Warner Instruments, Hamden, CT), and moni-
tored using a thermocouple probe. The two end com-
partments contained isotonic potassium chloride (120

A

guinea pig spinal cord

ventral white matter strip

FIG. 1.

B

mM) and were electrically isolated from the central com-
partment by narrow channels through which sucrose so-
lution (320 mM) continuously flowed.

The strip of tissue was stimulated through silver-silver
chloride pin electrodes positioned within a side com-
partment and the central bath (Fig. 1B). Constant current
supramaximal stimuli were generated by a digital stimu-
lator (Cygnus Technology, PA) and delivered via a stim-
ulus isolation unit (WP Instruments, Sarasota, FL) in the
form of 0.1-msec constant current rectangular pulses at
arate of 0.33 Hz. Compound action potentials (CAP) and
the compound membrane potential were recorded. The
electrophysiological data were digitized and stored with
a Neurodata Instruments Neurocorder for subsequent
analysis. All the on-line recording and subsequent analy-
sis was performed using LabView software (National In-
struments, Austin, TX).

rhTNFa Treatments

rhTNFa (eBioscience, San Diego, CA) derived from
Escherichia coli, with >98% purity by SDS-PAGE and
maintained in a phosphate buffer with pH 7.2 (150 mM
NaCl, 1% BSA), was added to oxygenated Krebs’ solu-
tion in concentrations of 1, 10, 100, 1000, and 5000
ng/mL. The duration of tissue perfusion with rhTNFa
was 30 min. After 30 min, the rhTNFa was washed out
by perfusion with Krebs solution alone and the electro-
physiological properties were monitored for an additional

=Z recording
gtimulus g@;\

electrodes

coverslip seal

sucrose
sucrose

spinal cord physiological

media

Isolation of ventral white matter and double sucrose gap chamber for ex vivo recording of axonal conduction proper-

ties of excised guinea pig ventral white matter. (A) Separation of ventral white matter strips for mounting in the double sucrose
gap recording chamber. (B) Double sucrose gap recording chamber viewed from above showing the two outside compartments
filled with isotonic KCl, a central compartment filled with oxygenated Krebs’ solution, and two sucrose gap compartments main-
taining electrical isolation between the KCI and Krebs. thTNF« is added to the Krebs’ solution to bathe the cord in the central
compartment. The guinea pig cord is positioned in the trough that traverses the various compartments and is covered by the flu-
ids. Stimulation electrodes (silver-silver chloride) with anode and cathode positioned in the KCL and Krebs’ compartments, and
bipolar recording (pin) electrodes in the opposite KCI compartment and the common (central) Krebs’ compartment are also shown.

The central recording electrode is referenced to ground.
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60 min. Fresh strips of tissue were used for each prepa-
ration and each condition was replicated 5 times (n = 5)
to establish reproducibility of the observations.

Control Condition

In order to dissociate the effects of thTNFa from the
effects of high concentrations of protein in solution, heat-
denatured 5000 ng/mL rhTNFa in Krebs’ solution was
perfused through the central compartment for 30 min.
The cytokine was denatured by immersion in a >95°C
water bath for 10 min. A second control condition tested
whether changing the perfusion solution altered the con-
duction properties of the spinal cord preparation. To
achieve this, the Krebs’ solution used prior to rhTNFa
treatment was replaced with a new Krebs’ solution while
all other aspects of the protocol remained identical.

Statistical Analysis

Linear regression analysis was used to characterize the
association between thTNFa concentration (natural log-
In transformation) and CAP amplitude. The CAP ampli-
tude was expressed as a percentage of the baseline mean
CAP amplitude for each preparation.

RESULTS

The compound membrane potential stabilized over a
mean 53.0 = 11.1 (SD) min in the 30 preparations stud-
ied. Once stabilized, the membrane potential varied min-
imally (0.003-0.062 mV; SEM) prior to introduction of
TNFa. Monophasic CAPs were recorded from each
preparation. Stable recordings of the peak amplitude of
the CAP were obtained prior to the introduction of rhT-
NFa treatment (SEM = 0.004-0.012 mV, or 0.17-1.32%
of the mean).

1 ng/mL rhTNFa

Application of thTNFa at a concentration of 1 ng/mL
(n = 5) had no detectable effect on the CAP or mem-
brane potential throughout the duration of the exposure
phase (30 min) and the subsequent washout period (60
min).

10 ng/mL rhTNFa

rhTNFa at a concentration of 10 ng/mL (n =5) re-
sulted in a slow and persistent partial depolarization
of the membrane potential in all preparations. After 20
min of exposure to thTNFa, the mean CAP amplitude
was reduced to 88.96 = 10.26% of pre-treatment CAP
amplitude and remained slightly depressed (92.62 =

10.31%) at 30 min of thTNF« exposure. Following 30
min of washout with oxygenated Krebs’ solution, mean
CAP amplitude returned to 96.16 = 17.81% of pre-treat-
ment levels and the membrane potential returned to base-
line level.

100 ng/mL rhTNF«a

Application of rhTNFa at a concentration of 100
ng/mL (n = 5) again resulted in a small and prolonged
depolarization of the membrane potential in the majority
of preparations. After 20 min of exposure to thTNFe, the
mean CAP amplitude was reduced to 87.64 = 31.68% of
pre-treatment CAP amplitude and continued to decrease
(79.07 = 42.04%) at 30 min of rhTNFa exposure. Fol-
lowing 30 minutes of washout with oxygenated Krebs’
solution, mean CAP amplitude had recovered to 89.70 =
28.86% of pre-treatment levels. The membrane potential
returned to its baseline level. In Figure 2A, the upper
panel illustrates CAPs recorded prior to, during, and fol-
lowing bathing of the tissue in 100 ng/mL rhTNFe« in a
representative preparation. The inverse relationship be-
tween CAP peak amplitude and the membrane potential
is shown in the lower panel.

1000 ng/mL rhTNF«

rhTNFe at a concentration of 1000 ng/mL (n = 5) also
resulted in a gradual and prolonged partial depolarization
of the membrane potential, again persisting throughout
the entire duration of the exposure phase. After 20 min
of thTNFa exposure, mean CAP amplitude was reduced
to 72.71 % 23.08% of pre-treatment amplitude. This de-
crease was maintained throughout rhTNFa application,
and after an additional 10 min of exposure, CAP ampli-
tude remained (73.81 = 17.70%) below the pre-treatment
baseline. Thirty minutes of washout with oxygenated
Krebs’ solution partially reversed the decrease, but the
CAP amplitude remained depressed at 81.55 = 16.42%
of pre-treatment. The membrane potential also remained
partially depolarized at this time. Figure 2B illustrates
data for the CAP and membrane potential obtained from
a preparation treated with 1000 ng/mL rhTNFa.

5000 ng/mL rhTNFa

Application of thTNFa at a concentration of 5000
ng/mL (n = 5) resulted in an immediate partial depolar-
ization of the membrane potential in all five preparations
that persisted throughout the duration of the exposure
phase. On washout the change in membrane potential was
partially reversed in three preparations; the membrane re-
mained in its depolarized state in the other two prepara-
tions. Almost immediately following introduction of
5000 ng/mL rhTNFa the mean CAP amplitude was re-
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FIG. 2. Compound action potential (CAP) waveforms, mean CAP amplitude, and mean change in membrane potential before
(30 min), during (30 min), and after (30 min) treatment with 100, 1000, and 5000 ng/mL rhTNFea. (A) CAP waveforms recorded
before, during, and after treatment with 100 ng/mL rthTNFa. The cytokine had little effect on CAP waveform or amplitude. The
duration of each trace is 20 msec. (B) CAP waveforms recorded before, during, and after treatment with 1000 ng/mL rhTNFa.
The cytokine reversibly blocked conduction and this effect was partially reversed on washout. (C) CAP waveforms recorded be-
fore, during, and after treatment with 5000 ng/mL rthTNFa. (D) Mean CAP amplitude and change in membrane potential before,
during, and after treatment with 100 ng/mL rhTNFa. (E) Mean CAP amplitude and change in membrane potential before, dur-
ing, and after treatment with 1000 ng/mL rhTNFa. (F) Mean CAP amplitude and change in membrane potential before, during,

and after treatment with 5000 ng/mL rhTNFea.

duced to 43.98 *= 40.34% of the pre-treatment value.
Mean CAP amplitude was depressed throughout rh'TNF«
application and remained at 59.82 % 53.77% of the pre-
treatment baseline after 30 min of exposure. Two of the
preparations exhibited complete extinction of the CAP
indicative of conduction failure and the CAP was not re-
stored during washout. Thirty minutes of washout with
oxygenated Krebs’ solution partially reversed the de-
crease in those preparations where reduction in CAP am-
plitude was incomplete, and the overall mean CAP am-
plitude remained depressed at 63.19 * 57.44% of the
pre-treatment value. Figure 2C shows CAP and mem-
brane potential data obtained from a preparation treated
with 5000 ng/mL rhTNFa and showing attenuation of the
amplitude but not complete loss of CAP.

Concentration-Dependent Conduction Failure

The concentration-dependent nature of the rhTNFa-
induced conduction deficits across all preparations is
illustrated in Figure 3. The normalized peak CAP am-
plitude (y) was found to reduce linearly with the In-trans-
formed rhTNFa treatment concentration (y = 1.06 —

0.06 - In[rhTNFa], R? = 0.95, p < 0.05). As treatment
concentration increased, reductions in CAP amplitude
and depolarization of the membrane potential occurred at
a faster rate.

Control Conditions

Replication of the treatment protocol using heat-dena-
tured thTNFa at the highest concentration tested (5000
ng/mL) yielded no reduction in peak CAP amplitude or
change in membrane potential. Illustrative data are shown
in Figure 4. Similar observations were made when a re-
placement Krebs solution containing no cytokine alone
was used instead of the rhTNFa.

DISCUSSION

Neuronal and glial expression of TNFa and its solu-
ble receptors is increased following trauma to the brain
(Holmin and Mathiesen, 1999; Knoblach et al., 1999; Vi-
tarbo et al., 2004) or spinal cord (Lee et al., 2000; Wang
et al., 2002; Yune et al., 2003), and a variety of poten-
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FIG. 3. Concentration-dependency of thTNFa-induced con-
duction block. A linear relationship existed between normal-
ized mean CAP amplitude and the In-transformed rhTNFa con-
centration (mean [normalized] CAP amplitude = 1.06 —
0.06 - In[rhTNFa], R? = 0.95, p < 0.05).

tially beneficial and detrimental consequences have been
identified (Barnhart and Peter, 2003; Blatteis, 1990; Len-
zlinger et al., 2001; Pan et al., 1997b). TNF« is also syn-
thesized by circulating immune cells and is selectively
transported across the blood-brain barrier and blood—
spinal cord barrier (Banks et al., 2001; Gutierrez et al.,
1993). This selective permeability is increased following
brain injury (Ott et al., 1994) and SCI (Pan et al., 1997a,
1999, 2003; Pan and Kastin, 2001a, b), and varies with
time since injury, as well as the location and type of le-
sion (Pan et al., 1996, 2002; Pan and Kastin, 2001a). El-
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100%

CAP Amplitude
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evated concentrations of TNFa and its receptors are ev-
ident in the CSF of patients with TBI shortly after trauma
(Goodman et al., 1990; Ross et al., 1994). The physio-
logical consequences of increased neuronal expression
and concentrations of TNFa within the extracellular fluid
and CSF compartments of the CNS are gradually being
elucidated (Campbell et al., 1997; Shohami et al., 1999;
Tonelli and Postolache, 2005; Wang and Shuaib, 2002).

In the present study, we examined the effects of ele-
vated extracellular concentrations of thTNFa on axonal
membrane and action potential properties in the CNS uti-
lizing an electrophysiological recording protocol that has
been previously shown to yield sensitive yet stable in-
dices of axonal conduction in excised guinea pig spinal
cord tissue (Shi et al., 2002; Shi and Blight, 1996, 1997,
Shi and Borgens, 1999). In this initial set of studies, we
examined the immediate effects of relatively brief (30
min) exposure of the tissue to rhTNFa and employed a
wide range of concentrations that were considered to be
relevant to the levels present in pathologic states. Our in-
tent was to further explore the possibility that an immune-
mediated “channelopathy” contributes to the neurologic
deficits seen following CNS trauma (Hayes et al., 2002).

The main result of this study was that 30 min of ex-
posure to ThTNFa induced a dose-dependent reduction
in CAP amplitude and depolarization of the compound
membrane potential in axons of guinea pig spinal cord.
These electrophysiological changes occurred faster at
higher concentrations; the reduction in CAP amplitude
was linearly proportional to the natural log of the rhT-

B

(30 min)

rhTNFa
(30 min)

100%

CAP Amplitude

30 min

0%

FIG. 4. Heat-denatured control condition. Effects of denatured (control) 5000 ng/mL thTNFa on CAP amplitudes. (A) Effects
of 5000 ng/mL rhTNFa on CAP amplitudes recorded during baseline, treatment, and washout periods. Upper trace shows aver-
age CAPs. Lower trace shows peak amplitudes recorded throughout each period. (B) Effects of denatured (5000 ng/mL) rhTNF«
on CAP amplitudes. Upper trace shows average CAPs. Lower trace shows peak amplitudes recorded throughout each period.
Note the preservation of large amplitude CAPs (>80% of pretreatment condition) throughout the application and washout of de-

natured (control) rh'TNF« solution.
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NFa concentration and was largely reversed during 60
min of washout with Krebs’ solution. The reduction in
amplitude of the CAP was, in the vast majority of cases,
temporally associated with depolarization of the resting
compound membrane potential. Heat-denatured rh'TNF«
(5000 ng/mL) did not lead to changes in CAP amplitude
or membrane potential, thereby implying that it was the
molecular structure of the thTNFa per se rather than the
presence of constitutive proteins that caused the altered
electrophysiological properties. Collectively, these ob-
servations provide support for the notion that immune-
mediated conduction deficits may contribute to neuro-
logic dysfunction following trauma.

The mechanisms underlying this form of cytokine-me-
diated alteration of membrane and CAP properties remain
to be determined. At the concentrations employed in the
present study, and with the limited duration of exposure,
the reduction in CAP amplitude and depolarization of the
membrane potential were largely reversible. This implies
that cytotoxicity was not a factor (i.e., there was unlikely
any appreciable TNFa-induced axonopathy or oligoden-
drogliopathy) leading to demyelination-based conduction
failure. Moreover, the rapid onset of membrane and CAP
changes would likely be more consistent with changes in
ion channel kinetics rather than in slower acting recep-
tor-mediated second messenger signaling.

TNFa has been shown previously to increase mem-
brane permeability to Na™ through direct interaction with
endogenous ion channels or membrane proteins coupled
with ion channels (van der Goot et al., 1999). Altered
channel conductance resulting from exposure to extra-
cellular TNFe« is pH- and voltage-dependent, and recep-
tor-independent (Hribar et al., 1999). Accumulation of
axoplasmic Na* per se can induce membrane depolar-
ization sufficient to cause conduction failure. Moreover,
Na™ accumulation is functionally coupled to extra-axonal
Ca?™ import. Increases in intracellular [Na™] cause re-
verse operation of the Na*-Ca?>* exchanger, which ad-
mits potentially disruptive quantities of Ca>™ into the cell
(Li et al., 2000; Stys et al., 1992). Calcium accumulation,
in turn, results in increased phospholipase and protease
activity, production of reactive oxygen species such as
nitric oxide (Kristian and Siesjo, 1998; Paschen, 1999,
2000, 2003), which can also block conduction (Kapoor
et al., 1999; Redford et al., 1997; Shrager et al., 1998).

TNFa also enhances (Houzen et al., 1997; Ilschner et
al., 1995; Koller et al., 1998; McLarnon et al., 1993,
2001; Nietsch et al., 2000) or impairs (Diem et al., 2001;
Sawada et al., 1990, 1991a,b; Soliven et al., 1991) K*
currents in excitable membranes. In rat cortical neuron
cultures, prolonged (12-48 h) application of 10-100
ng/mL TNFa enhanced outward K* currents (Houzen et
al., 1997). TNFa also modulates Ca?* and K™ channel

activity in human microglia (McLarnon et al., 1993,
2001). Changes in either Na™, Ca?>*, or K™ conductances
in axons or glia might therefore underlie the membrane
and CAP changes observed in the present study.

Another candidate mechanism stems from the obser-
vation that elevated concentrations of TNFa directly in-
crease expression of inducible nitric oxide synthase
(iNOS) in macrophages and astrocytes within the CNS
with release of greater amounts of nitric oxide (NO)
(Yune et al., 2003). NO causes a dose-dependent and re-
versible axonal conduction failure that is activity-depen-
dent; demyelinated axons are especially susceptible
(Kapoor et al., 1999). Disruption of mitochondrial respi-
ration and insufficient production of adenosine triphos-
phate (ATP) to support the membrane potential is thought
to underlie this form of conduction deficit.

Central to the plausibility of immune-mediated con-
duction deficits in vivo is the question of how closely the
concentrations of TNFa used in the present study ap-
proximate those found in the clinical state. Where there
exists local neuronal expression of TNFa in the CNS, as
in the case of a localized inflammatory response, the ex-
tracellular concentration (gradient) falls off rapidly as a
function of both time and space; drainage into the larger
volume CSF fluid compartment then results in a dilution
effect, and CSF concentrations underestimate local ex-
tracellular concentrations (de Lange and Danhof, 2002;
Shen et al., 2004). The problem of CSF as a surrogate
marker of extracellular concentration is further compli-
cated by the fact that circulating (serum) TNFa-secret-
ing cells and the cytokine itself can pass through both the
blood-brain barrier and the blood—CSF barrier and into
the extracellular space at rates that depend on disease
state; thus neuronal and glial expression, serum and CSF
sources all influence extracellular TNFa concentrations.
Acknowledging these caveats, it follows that experimen-
tal (extracellular) concentrations needed to induce elec-
trophysiological changes of the type reported here would
need to be many times higher than the concentrations de-
tectable in CSF. Abnormally elevated TNFa CSF con-
centrations of ~20 pg/mL have been reported following
human TBI (Hayakata et al., 2004), and we have detected
levels up to 37 pg/mL following human SCI (unpublished
studies).

Also relevant to the concentration question is the cross-
species protocol employed herein. Cross-reactivity be-
tween thTNFa and rodent tissue, at various concentra-
tions, has been demonstrated previously (Catanzaro et al.,
1991; Fischer et al., 1999; Hocking et al., 1990; Mallick
et al., 1989; Pennings et al., 1998; Shibata and Blatteis,
1991a,b; Stephens et al., 1988) and the amino acid align-
ment of TNFa is remarkably similar for human and
guinea pig, particularly at signature sequences (Goetz et
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al., 2004). Nevertheless, it has been shown previously
that higher (X 1000) concentrations of human TNF« than
rodent TNFa are required to induce equivalent changes
in firing rates of rat neurons. This suggests that the in
vivo extracellular concentrations of TNFa that will in-
duce electrophysiological changes may be appreciably
less than the concentrations employed in our cross-
species ex vivo model.

The extracellular concentration of TNFa necessary to
induce conduction deficits in vivo may well be dependent
on the physiological status of the axons, glia, and sur-
rounding milieu. For reasons noted previously we used
uninjured tissue in the present study. Trauma to cord
parenchyma introduces additional considerations most
notably with respect to the astroglial scar. Astrocytes are
a major immunoresponsive source of TNFa within the
brain and spinal cord (Aschner, 1998; DeLeo et al., 2000),
and a pathological increase in their density at a lesion site
(astrocytosis or astrogliosis) may render injured tissue ex-
quisitely sensitive to immune-mediated alterations in
neurological function. The astrocyte marker glial fibril-
lary acidic protein (GFAP) (Du et al., 1999; Eng et al.,
2000; Menet et al., 2003) which is upregulated follow-
ing neurotrauma (Haghighi et al., 2004), and is elevated
in the CSF of patients with TBI (Regner et al., 2001) and
SCI (Guez et al., 2003), has been associated with acidi-
fication (Oh et al., 1995). TNFa-induced modulation of
Na* channel activity occurs in a pH-dependent manner
(Kagan et al., 1992; van der Goot et al., 1999), with in-
creased activity at lower pH. A focal, astrocyte-induced,
acidification of the axonal environment at a lesion site
may therefore result in altered axonal conduction at rel-
atively lower concentrations of TNFa following CNS
trauma. The implication here is that injured CNS tissue,
where reactive gliosis is present, may be even more sen-
sitive to cytokine-mediated conduction deficits than the
uninjured tissue used in the present study.

The potential clinical implications of the present find-
ings are numerous. In the acute stage of CNS trauma
when neuronal expression of TNF« is increased (Vitarbo
et al., 2004) and CSF levels of TNFa are high (Schmidt
et al., 2004), there exists the possibility that TNFa-me-
diated impairment of axonal conduction contributes to the
observed neurologic deficits. Immune-mediated deficits
in conduction, of the type described here, would be dis-
tinguishable from those attributable to axonopathy or
myelinopathy by virtue of their reversibility and their res-
olution may contribute to spontaneous neurologic recov-
ery. Since elevated CNS levels of TNFa may endure dur-
ing chronic neuroinflammatory processes (Holtmann and
Neurath, 2004; Kollias et al., 1999; Kollias, 2005), be-
cause of infection, autoimmune disease, or elevated lev-
els of TNFa passing through the blood-spinal cord bar-

rier, there also exists the potential for a sustained im-
pairment of axonal conduction that would only reverse
on resolution of the infection or autoimmune response.
Reversal of neurologic deficit of this type might con-
tribute to elements of late-onset recovery. If this is the
case, anti-inflammatory, anti-cytokine or anti-TNFa ther-
apy may be expected to foster accelerated recovery or
resolution of longstanding deficits. This recovery of func-
tion would occur earlier than could be reasonably attrib-
uted to remyelination.

Reversible, cytokine-mediated impairment of axonal
conduction is thus a potentially new mechanism of cen-
tral neurological deficit following CNS trauma. If attrib-
utable to altered membrane permeability to various ions,
this form of neuroimmunomodulation would fit into the
recently identified category of deficits termed “acquired
channelopathy” (Waxman, 2001).

In summary, the results of the present study demon-
strated concentration-dependent effects of thTNFa on
membrane and CAP properties in guinea pig spinal cord
tissue. Increasing concentrations of thTNFa yielded pro-
gressively greater reductions in amplitude of the CAP ac-
companied by depolarization of the membrane potential.
These effects were reversed on washout of rhTNFa and
were not present when denatured thTNFa was intro-
duced. TNFa-mediated changes in the compound mem-
brane potential and axonal conduction may underlie some
of the neurologic deficits observed following various
forms of neurotrauma and provide a target for future
neuro-restorative therapies.
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