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Traumatic  Brain  Injury  (TBI)  is  a major  cause  of  morbidity  and  mortality  in  civilian  and  military  pop-
ulations.  Interleukin-1beta  (IL-1!)  is  a  pro-inflammatory  cytokine  with  a key  role  in  the  inflammatory
response  following  TBI  and  studies  indicate  that attenuation  of this  cytokine  improves  behavioral  out-
comes.  Pulsed  electromagnetic  fields  (PEMF)  can  reduce  inflammation  after  soft  tissue  injuries  in animals
and humans.  Therefore,  we  explored  whether  PEMF  signals  could  alter  the  course  of  IL-1!  production
in  rats  subjected  to  closed-head  contusive  weight-drop  injuries  (Marmarou  method)  and  penetrating
needle-stick  brain  injuries.  Protein  levels,  measured  by the  Biorad  assay,  were  not  altered  by  injuries  or
PEMF  treatment.  In addition,  we  verified  that  IL-1! levels  in  cerebrospinal  fluid  (CSF)  were  proportional
to  injury  severity  in the  contusion  model.  Results  demonstrate  that  PEMF  treatment  attenuated  IL-1!
levels  up to  10-fold  in  CSF  within  6 h after  contusive  injury  and  also significantly  suppressed  IL-1! within
17–24 h after  penetrating  injury.  In contrast,  no differences  in  IL-1!  were  seen  between  PEMF-treated
and  control  groups  in  brain  homogenates.  To  the  authors’  knowledge,  this  is  the  first  report  of  the  use
of PEMF  to  modulate  an  inflammatory  cytokine  after  TBI.  These  results  warrant  further  studies  to  assess
the effects  of PEMF  on  other  inflammatory  markers  and  functional  outcomes.

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Approximately 1.7 million people are treated annually in the U.S.
for the neurological and physiological deficits resulting from TBI, a
leading cause of death under the age of 45 [7,28].  Head injuries
induce a cascade of molecular, cellular, and vascular responses to
produce brain inflammation and swelling. If allowed to continue
unchecked, these processes can lead to neuronal death and cogni-
tive impairment [4,8,35]. Despite promising pre-clinical data and
early phase trials, no intervention has convincingly demonstrated
clear benefits in terms of improving long-term outcome after TBI
in humans [17].

Although the CNS was once considered an “immune privileged”
site [20], it is now clear that the brain will mount a robust and
long-lasting inflammatory response to injury [4,35].  IL-1! is a
pro-inflammatory cytokine and major upstream mediator of the
post-traumatic inflammatory response. In humans, IL-1! levels
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in CSF have been correlated with high intracranial pressure and
unfavorable outcomes [27]. IL-1! is not thought to cause neuronal
injury directly, but rather, this cytokine may  act through astrocytes
[24] responding to noxious stimuli [34]. For example, injections
of IL-1! exacerbated the breakdown of the blood–brain barrier
after middle cerebral artery occlusion [19]. Intracerebroventricular
injections of IL-1! resulted in necrosis, edema and inflammation
following TBI in the rat [12]. Conversely, neutralization of IL-1!
resulted in significant reductions of TBI-induced brain necrosis,
suggesting that IL-1! contributes to neuronal death [5,26].  There-
fore, it is possible that suppressing IL-1! induction after TBI will
increase neuronal survival.

PEMF signals have demonstrated clinical success for the treat-
ment of recalcitrant bone fractures [9],  soft-tissue injuries [14],
post-surgical pain [25], and inflammation-induced edema [22].
Importantly, PEMF signals can also modulate cytokine produc-
tion. In a recent clinical study, PEMF therapy produced 3-fold
reductions in IL-1! concentrations in surgical wound exudates
post-operatively [25]. Because of the key role of IL-1! as an early
responder to injury, an inducer of the pro-inflammatory response,
and a predictor of clinical outcome after TBI, we examined and
characterized the effects of PEMF signals on IL-1! in rats after
closed-head or penetrating injuries.
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2. Materials and methods

2.1. Animals

Adult male Sprague Dawley rats (350–400 g) were housed in
a climate-controlled animal facility with two rats per cage. Food
and water were provided ad libitum in a 12-h light/dark cycle.
Animals were maintained, operated on, treated, and euthanized in
accordance with federal, state, and IACUC guidelines at the Monte-
fiore Medical Center. Rats were randomly assigned into treatment
groups as follows: intact (no procedure), sham (surgery without
head injury), null (surgery, head injury, no PEMF treatment), and
PEMF (surgery, head injury, PEMF treatment).

2.2. Closed-head contusion injury

Rats were subjected to a moderate closed-head injury
under anesthesia using the Marmarou impact-acceleration model
[18]. Rats were anesthetized with ketamine/medetomidine
(75 mg/0.5 mg/kg, i.p.). After depilation and disinfection, the calvar-
ium was exposed by creating a 1 cm vertical, midline scalp incision
and displacing the periosteum. To diffuse the impact force and
reduce the incidence of skull fracture, a metal washer (10 mm diam-
eter, 2 mm thickness) was affixed to the skull with epoxy midway
between lambda and bregma. Rats were secured directly under-
neath the weight-drop device on foam bedding (Foam to Size;
Ashland, VA; spring constant = 4.0). A diffuse closed-head injury
was produced by dropping a 237-g weight in a plastic cylinder
from specified heights up to 2 m,  creating impact energy from 1
to 4 J. After impact, the washer was removed from the skull and the
periosteum and scalp were approximated with interrupted nylon
sutures. Anesthesia was reversed with 1 mg/kg atipamezole and
animals in the PEMF group were exposed to PEMF signals. Animals
in the null group (no signal) were handled similarly. CSF was  col-
lected under anesthesia at 6 h after injury, when IL-1! induction
was predicted to increase for this type of injury [15]. After euthana-
sia, cerebral hemispheres were collected in plastic wrap and frozen
immediately in a "80 #C freezer for subsequent processing.

2.3. Penetrating brain injury

Rats were anesthetized (see above) and secured on a stereo-
taxic frame (David Kopf) with the tooth bar at 3.3 mm below the
interaural line. After depilation and disinfection, the calvarium was
exposed and the separated tissue was secured with hemostats.
Two 1-mm burr holes were created by a trephine drill above each
striatum at stereotactic coordinates 0.5 mm  anterior to and 2.5 mm
lateral to bregma. A 23S gauge blunt-end needle from a Hamilton
syringe was inserted 5.2 mm below the dura and then removed.
Burr holes were sealed with bone wax and the incision site was
closed. Rats were reversed from anesthesia, randomized to PEMF
and null treatment groups, and treated for specified times. Prior to
euthanasia, CSF was collected and after euthanasia, 5-mm cylin-
ders of tissue around the left-side lesion were collected in plastic
wrap, frozen immediately in a "80 #C freezer, and subsequently
processed for quantification of IL-1! by ELISA.

2.4. PEMF treatment

Animals assigned to the PEMF group were exposed to a
27.12 MHz  radio frequency carrier pulse-modulated signal with a
3 ms  burst repeating at 2 Hz (Ivivi Health Sciences, San Francisco,
CA). A single-turn coil positioned mid  height around a rectangular
plastic container (4$$W % 8$$L % 4$$H) with a ventilated lid permitted
a single rat to be uniformly (±20%) exposed such that the mean
induced electric field within the brain was 40 ± 6 V/m. PEMF was

applied in a continuous regimen of 5 min  in every 20 min  for 6 h. For
treatments longer than 6 h, rats were placed in their original cage
with plastic ventilated covers and metal inserts removed. Food and
hydrogel packs were provided. Cages were placed within a larger
plastic container wrapped with a 14$$ % 28$$ single-turn coil 6$$ above
the bottom on a plastic cart in the animal facility to avoid signal dis-
tortion from surrounding metal. The PEMF treatment regimen was
set at 5 min  in every 20 min  for up to 9 days starting immediately
following injury. Identical procedures were followed for the null
group.

2.5. CSF collection

CSF was  obtained utilizing a modification of the Nirogi tech-
nique [21]. A 23G Vacutainer® push-button blood collection needle
with 12-in. tubing (BD) was connected to a 1 cc insulin syringe.
Anesthetized rats were positioned on a stereotaxic frame with the
tooth bar angling the head 45# in a downward direction. The nee-
dle was  inserted vertically into the medial portion of the cisterna
magna until CSF was released into the tubing. Fluid was collected
until blood was  visible and tubing was  clamped to separate clear
and blood-tainted CSF. Clear CSF was  released into microfuge tubes
and cellular material was  pelleted by centrifugation at 4000 % g for
4 min  at 4 #C. Cleared samples were immediately frozen at "80 #C.

2.6. Tissue processing

For weight-drop and penetrating injuries, whole brain hemi-
spheres minus cerebella or 5-mm cylinders of brain tissue
surrounding the stab injury, respectively, were used. Frozen spec-
imens were homogenized using a polytron (VirSonic 300, Virtis)
in lysis buffer containing tris-buffered saline (TBS; 10 mM trizma
base, 140 mM sodium chloride, pH 7.4) with 2 mM EGTA, 1 mM
sodium orthovanadate, 10 mM sodium fluoride, and complete mini
protease-inhibitor tablets (Roche) and centrifuged at 16,000 % g
for 10 min  at 4 #C to pellet particulate matter. Supernatants were
frozen at "80 #C and Triton X-100 was added to a final concentra-
tion of 0.1% before assays.

2.7. IL-1  ̌ analysis

IL-1! levels were quantified on duplicate samples using a rat
IL-1! enzyme-linked immunosorbant assay (ELISA) (R&D Systems
duo set; capture antibody 1:100). Mean data for brain homogenates
were normalized for protein content determined with the Biorad
protein assay.

2.8. Statistical analysis

Data were analyzed by ANOVA followed by the Fisher PLSD test.
Statistical significance was accepted for p-values & 0.05. Data are
expressed as mean values ± standard errors of the mean (SEM).

3. Results

3.1. Levels of IL-1  ̌ in CSF are proportional to impact force

Experiments were conducted to examine the relationship
between injury severity and IL-1! induction after closed-head
injury (Fig. 1a). Animals were divided into three groups (intact
(n = 5), sham (n = 5), and injured (n = 40)). Injured rats were sub-
jected to contusive injuries ranging from 1 to 4 J (n = 10/group).
Six hours after injury, CSF was  collected and IL-1! levels were
quantified by ELISA. IL-1! concentrations in CSF ranged from 19
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Fig. 1. Initial parameters of injury, PEMF signal configuration, and treatment regimen. (a) [IL-1!] in CSF is proportional to the energy of impact after contusive injuries. Rats
were  subjected to a contusive weight-drop injury and sacrificed at 6 h. CSF was collected from animals in intact (n = 5, green), sham (n = 5, light blue), and injured (n = 10,
dark  blue) groups and processed for quantification of IL-1! by ELISA. IL-1! concentrations correlated closely with the energy of impact (R2 = 0.8985). Bars represent mean
[IL-1!]  ± SEM. (b) PEMF signal: 27.12 MHz  sinusoidal carrier, pulse modulated with a 5 ms burst (T1), repeating at 2 bursts/s (T2), inducing a peak magnetic field (B = 0.05 G)
inducing a mean of 40 V/m peak electric field in situ. This PEMF signal is non-thermal and does not produce excitable membrane activity. (c) PEMF treatment regimen. Rats
in  standard cages were placed within a plastic box fitted with a coil around its perimeter. Signals were applied using a Sofpulse generator programmed to deliver PEMF for
5  min  every 20 min. Animals in the null group were treated in an identical manner in the absence of PEMF signals.

to 115 pg/mL, which correlated closely with the energy of impact
(R2 = 0.8985).

3.2. PEMF treatment reduced levels of IL-1  ̌ in CSF after
contusive TBI

Rats were subjected to contusive injuries and randomly assigned
to PEMF and null treatment groups (Fig. 1b and c). Results demon-
strate that IL-1! concentrations in CSF increased significantly in
response to injury (Fig. 2a). Mean IL-1! concentrations in CSF
were 19 ± 7 pg/mL for intact animals and 25 ± 21 pg/mL for the
sham group. IL-1! concentrations in CSF for the null group rose to
262 ± 91 pg/mL, a 10-fold increase over the sham and intact groups
(p & 0.05). In contrast, animals treated with PEMF signals had 5-fold
lower IL-1! concentrations (44 ± 25 pg/mL) than those of the null
group (p & 0.02), and were not significantly different from the sham
and intact groups.

Brain homogenates of intact animals had the lowest levels
of IL-1! (29 ± 4 pg/mg protein), followed by the sham group
(39 ± 7 pg/mg protein) (Fig. 2b). The mean IL-1! concentration in
the null group was 55 ± 3 pg/mg protein, a significant increase over
intact (89%; p & 0.0002) and sham (41%; p & 0.03) groups, albeit to
a lesser extent than in CSF. IL-1! increased in homogenates in the
PEMF group to 50 ± 4 pg/mg protein, a 72% increase over the intact
group (p & 0.002), but there was no significant difference between
null and PEMF groups.

3.3. PEMF reduced levels of IL-1  ̌ after penetrating brain injury

To investigate the effects of PEMF treatment on IL-1! induc-
tion in more invasive injuries, rats were randomized into null and
PEMF groups and subjected to a penetrating needle injury that pro-
duced a focal inflammatory response. CSF (n = 4–6) and brain tissue
surrounding the injury (n = 5–16) were collected at specified times
up to 9 days. In CSF (Fig. 2c), basal levels of IL-1! in intact animals
were 32 ± 32 pg/mL (green dot). Levels in the null group stayed low
at 6 h after injury, but rose to reach a maximum of 224 ± 23 pg/mL
at 17 h, a 7-fold increase over basal levels (p & 0.001). In contrast,

PEMF-treated animals maintained basal levels of IL-1! through-
out the experiment. Importantly, levels of IL-1! in the PEMF
group were approximately 10-fold lower than the null group
at 17 h after injury (23 ± 18 pg/mL vs. 224 ± 23 pg/mL, p & 0.001).
Concentrations of IL-1! remained high in the null group at
24 h (122 ± 56 pg/mL), continued to be lower in the PEMF group
(31 ± 16; p & 0.015), and decreased to baseline levels at 5–9 days
after injury (31–45 pg/mL). IL-1! concentrations were lowest in
both treatment groups at 9 days (0–3 pg/mL). Together, results
demonstrate that PEMF treatment suppressed the increase in IL-1!
levels in CSF at 17–24 h after penetrating injury.

In brain homogenates, basal IL-1! concentrations for intact
animals were 24 ± 5 pg/mg protein (Fig. 2d; green dot). Maximal
levels of IL-1! were attained at 6 h after injury for both PEMF
(99 ± 11 pg/mg protein) and null (93 ± 15 pg/mg protein) groups.
Although at 17 h after injury IL-1! levels appeared lower in the
PEMF group (42 ± 6 pg/mg protein) compared to the null group
(61 ± 5 pg/mg protein), these values were not significantly differ-
ent.

4. Discussion

Due to the growing number of soldiers, athletes, and civilians
who are victims of TBI and the lack of an effective treatment to
prevent the consequences of secondary injuries, new strategies to
minimize neuronal loss are urgently needed. Despite the impor-
tant role of the inflammatory response in healing damaged tissue,
prolonged inflammation can establish feed-forward loops that may
overwhelm normal resolution mechanisms and ultimately lead to
poor outcomes. Corticosteroids, which reduce edema and inflam-
mation, were shown to increase morbidity and mortality in humans
after TBI [6],  possibly due to systemic stress and neurotoxicity.
Therefore, novel therapies designed to selectively and specifically
reduce inflammation are attractive.

Our results indicate that expression of IL-1! in brain
homogenates and CSF are consistent with those of other groups
[15,27]. Interestingly, IL-1! was also detectible in intact and sham-
operated animals, albeit at lower levels. This may  be due to
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Fig. 2. PEMF signals reduced IL-1! in CSF after TBI. IL-1! induction in rats subjected to closed-head or penetrating needle injury was quantified by ELISA in CSF (a, c) and
brain  homogenates (b, d). Bars represent mean [IL-1!] ± SEM, with asterisks indicating significant differences between groups (p & 0.05). (a) Closed-head injury, 6 h, CSF:
*p  & 0.05, null vs. intact or sham; **p & 0.02, PEMF vs. null and not significantly different than intact or sham (p = 0.472). (b) Closed-head injury, 6 h, homogenates: *p & 0.0002
null  vs. intact and &0.03 null vs. sham. **p & 0.002 PEMF vs. intact. (c) Penetrating injury, CSF, time course: IL-1! in CSF for the null group was significantly higher than
the  PEMF group at 17 (*p & 0.001) and 24 (**p & 0.015) h after injury. (d) Penetrating injury, brain homogenates, time course: no significant differences in IL-1! were found
between treatment groups at any time point.

infiltration of systemic inflammation produced by sham surgery
or non-mechanical stress due to transport, injection of anesthe-
sia, or new surroundings, as psychological stress has been shown
to elevate IL-1! [2]. Importantly, increases in IL-1! levels after
injury were more pronounced in CSF than in homogenates. It should
be noted that IL-1! is synthesized as a precursor protein that is
cleaved by caspase-1 to produce its active extracellular form [1,30].
While the ELISA recognizes both forms in brain tissue, increases
due to injury represent only a fraction of the total IL-1!. How-
ever, the active form is released into the extracellular space, which
communicates freely with CSF, even though CSF levels can differ
from extracellular concentrations, as demonstrated in microdialy-
sis studies [11]. Nevertheless, the majority of IL-1! in CSF should
at least reflect relative amounts of the active form released after
injury, which may  also explain why peak IL-1! levels in brain
homogenate precede those in CSF. Thus, CSF appears to be supe-
rior to brain homogenates for monitoring and quantifying IL-1! in
animal models.

In humans, higher levels of IL-1! after TBI correlate with unfa-
vorable outcomes [27], suggesting that PEMF treatment may  be
beneficial by suppressing its expression and/or activation. This
hypothesis is consistent with other studies in a variety of brain

injury models [5,10,13,29,31]. In these studies, the degree of IL-1!
suppression ranged from 30% to 65%. In contrast, our study demon-
strated up to 90% reductions in IL-1!, which could increase the
magnitude of positive outcomes.

Recent work provides clues to understanding the mechanism
of action of the PEMF signal used in this study and proposes that
it can increase calmodulin-dependent nitric oxide (NO) synthesis
[23], leading to the possibility that some of the effects of PEMF
observed in this study were mediated by NO. Because NO can inhibit
caspase-1 activity [16], PEMF may  prevent caspase-1 from releas-
ing active IL-1!, which is consistent with our data indicating that
the magnitude of IL-1! induction and PEMF effects were higher for
CSF than for brain homogenates. It should also be noted that NO is
a vasodilator, which could be beneficial after TBI, however, it can
also form peroxynitrite which can adduct to proteins, compromis-
ing their activity [3].  Studies of other PEMF signal configurations
suggest that neuronal and immune effects may  be mediated by
altering adenosine receptor levels [32,33], but the mechanism that
accounts for these changes is unknown.

In summary, we  demonstrate that PEMF therapy successfully
suppressed the induction of IL-1! in two models of TBI in rats.
Therefore, it is possible that this type of therapy will improve
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outcomes after brain injury in humans. Additional studies examin-
ing the effect of PEMF signals on neuronal survival and neurological
outcomes after TBI are warranted.

Disclosure statement

A.A.P. receives compensation as a scientific consultant to Ivivi
Health Sciences. A.A.P., D.C. and B.S. may  receive a small royalty
from Ivivi Health Sciences if a recent TBI patent disclosure issues
and Ivivi is able to commercialize a TBI product.

Acknowledgements

The authors would like to thank Don Pang, Valerie Lartchenko,
Shahla Powell, and Lily Rasouli for excellent technical assistance
and Parviz Lalezari for valuable discussions about this work. This
study was funded in part by Ivivi Health Sciences, LLB, San Fran-
cisco.

References

[1] R.A. Black, S.R. Kronheim, M.  Cantrell, M.C. Deeley, C.J. March, K.S. Prickett,
J.  Wignall, P.J. Conlon, D. Cosman, T.P. Hopp, D.Y. Mochizuki, Generation of
biologically active interleukin-1 beta by proteolytic cleavage of the inactive
precursor, Journal of Biological Chemistry 263 (1988) 9437–9442.

[2] L. Brydon, S. Edwards, H. Jia, V. Mohamed-Ali, I. Zachary, J.F. Martin, A.
Steptoe, Psychological stress activates interleukin-1beta gene expression
in  human mononuclear cells, Brain, Behavior, and Immunity 19 (2005)
540–546.

[3] V. Calabrese, C. Mancuso, M.  Calvani, E. Rizzarelli, D.A. Butterfield, A.M. Stella,
Nitric oxide in the central nervous system: neuroprotection versus neurotoxi-
city, Nature Reviews Neuroscience 8 (2007) 766–775.

[4] D. Cederberg, P. Siesjo, What has inflammation to do with traumatic brain
injury? Childs Nervous System 26 (2010) 221–226.

[5] F. Clausen, A. Hanell, M.  Bjork, L. Hillered, A.K. Mir, H. Gram, N. Marklund,
Neutralization of interleukin-1beta modifies the inflammatory response and
improves histological and cognitive outcome following traumatic brain injury
in  mice, European Journal of Neuroscience 30 (2009) 385–396.

[6] P. Edwards, M.  Arango, L. Balica, R. Cottingham, H. El-Sayed, B. Farrell,
J.  Fernandes, T. Gogichaisvili, N. Golden, B. Hartzenberg, M. Husain, M.I.
Ulloa, Z. Jerbi, H. Khamis, E. Komolafe, V. Laloe, G. Lomas, S. Ludwig, G.
Mazairac, L. Munoz Sanchez Mde, L. Nasi, F. Olldashi, P. Plunkett, I. Roberts,
P.  Sandercock, H. Shakur, C. Soler, R. Stocker, P. Svoboda, S. Trenkler, N.K.
Venkataramana, J. Wasserberg, D. Yates, S. Yutthakasemsunt, Final results of
MRC  CRASH, a randomised placebo-controlled trial of intravenous cortico-
steroid in adults with head injury-outcomes at 6 months, Lancet 365 (2005)
1957–1959.

[7] M.  Faul, L. Xu, M.  Wald, V. Coronado, Traumatic Brain Injury in the United States:
Emergency Department Visits, Hospitalizations and Deaths 2002–2006, Cen-
ters for Disease Control and Prevention, National Center for Injury Prevention
and Control, Atlanta, GA, 2010.

[8] B.E. Gavett, R.A. Stern, A.C. McKee, Chronic traumatic encephalopathy: a poten-
tial late effect of sport-related concussive and subconcussive head trauma,
Clinics in Sports Medicine 30 (2011) 179–188, xi.

[9] H.R. Gossling, R.A. Bernstein, J. Abbott, Treatment of ununited tibial fractures: a
comparison of surgery and pulsed electromagnetic fields (PEMF), Orthopedics
15 (1992) 711–719.

[10] H. Hara, R.M. Friedlander, V. Gagliardini, C. Ayata, K. Fink, Z. Huang, M. Shimizu-
Sasamata, J. Yuan, M.A. Moskowitz, Inhibition of interleukin 1beta converting
enzyme family proteases reduces ischemic and excitotoxic neuronal damage,
Proceedings of the National Academy of Sciences of the United States of America
94  (1997) 2007–2012.

[11] A. Helmy, M.G. De Simoni, M.R. Guilfoyle, K.L. Carpenter, P.J. Hutchinson,
Cytokines and innate inflammation in the pathogenesis of human traumatic
brain injury, Progress in Neurobiology 95 (2011) 352–372.

[12] S. Holmin, T. Mathiesen, Intracerebral administration of interleukin-1beta and
induction of inflammation, apoptosis, and vasogenic edema, Journal of Neuro-
surgery 92 (2000) 108–120.

[13] S. Homsi, F. Federico, N. Croci, B. Palmier, M.  Plotkine, C. Marchand-Leroux, M.
Jafarian-Tehrani, Minocycline effects on cerebral edema: relations with inflam-
matory and oxidative stress markers following traumatic brain injury in mice,
Brain Research 1291 (2009) 122–132.

[14] M.  Itoh, J.S. Montemayor Jr., E. Matsumoto, A. Eason, M.H.  Lee, F.S. Folk,
Accelerated wound healing of pressure ulcers by pulsed high peak power elec-
tromagnetic energy (Diapulse), Decubitus 4 (1991) 24–25, 29–34.

[15] K. Kamm,  W.  Vanderkolk, C. Lawrence, M.  Jonker, A.T. Davis, The effect of trau-
matic brain injury upon the concentration and expression of interleukin-1beta
and interleukin-10 in the rat, Journal of Trauma 60 (2006) 152–157.

[16] Y.M. Kim, R.V. Talanian, J. Li, T.R. Billiar, Nitric oxide prevents IL-1beta and
IFN-gamma-inducing factor (IL-18) release from macrophages by inhibiting
caspase-1 (IL-1beta-converting enzyme), Journal of Immunology 161 (1998)
4122–4128.

[17] A.I. Maas, A. Marmarou, G.D. Murray, S.G. Teasdale, E.W. Steyerberg, Prognosis
and clinical trial design in traumatic brain injury: the IMPACT study, Journal of
Neurotrauma 24 (2007) 232–238.

[18] A. Marmarou, M.A. Foda, W.  van den Brink, J. Campbell, H. Kita, K. Demetri-
adou, A new model of diffuse brain injury in rats. Part I. Pathophysiology and
biomechanics, Journal of Neurosurgery 80 (1994) 291–300.

[19] B.W. McColl, N.J. Rothwell, S.M. Allan, Systemic inflammation alters the kinetics
of cerebrovascular tight junction disruption after experimental stroke in mice,
Journal of Neuroscience 28 (2008) 9451–9462.

[20] P.B. Medawar, Immunity to homologous grafted skin; the fate of skin homo-
grafts transplanted to the brain, to subcutaneous tissue, and to the anterior
chamber of the eye, British Journal of Experimental Pathology 29 (1948) 58–69.

[21]  R. Nirogi, V. Kandikere, K. Mudigonda, G. Bhyrapuneni, N. Muddana, R. Sar-
alaya, V. Benade, A simple and rapid method to collect the cerebrospinal fluid
of rats and its application for the assessment of drug penetration into the central
nervous system, Journal of Neuroscience Methods 178 (2009) 116–119.

[22] G.M. Pennington, D.L. Danley, M.H. Sumko, A. Bucknell, J.H. Nelson, Pulsed, non-
thermal, high-frequency electromagnetic energy (DIAPULSE) in the treatment
of  grade I and grade II ankle sprains, Military Medicine 158 (1993) 101–104.

[23] A.A. Pilla, R.J. Fitzsimmons, D.J. Muehsam, C. Rohde, J.K. Wu,  D. Casper, Elec-
tromagnetic fields as first messenger in biological signaling: application to
calmodulin-dependent signaling in tissue repair, Biochimica et Biophysica Acta
1810 (2011) 1236–1245.

[24] E. Pinteaux, P. Trotter, A. Simi, Cell-specific and concentration-dependent
actions of interleukin-1 in acute brain inflammation, Cytokine 45 (2009) 1–7.

[25] C. Rohde, A. Chiang, O. Adipoju, D. Casper, A.A. Pilla, Effects of pulsed electro-
magnetic fields on interleukin-1 beta and postoperative pain: a double-blind,
placebo-controlled, pilot study in breast reduction patients, Plastic and Recon-
structive Surgery 125 (2010) 1620–1629.

[26] K.L. Sanderson, R. Raghupathi, K.E. Saatman, D. Martin, G. Miller, T.K. McIntosh,
Interleukin-1 receptor antagonist attenuates regional neuronal cell death and
cognitive dysfunction after experimental brain injury, Journal of Cerebral Blood
Flow and Metabolism 19 (1999) 1118–1125.

[27] T. Shiozaki, T. Hayakata, O. Tasaki, H. Hosotubo, K. Fuijita, T. Mouri, G. Tajima, K.
Kajino, H. Nakae, H. Tanaka, T. Shimazu, H. Sugimoto, Cerebrospinal fluid con-
centrations of anti-inflammatory mediators in early-phase severe traumatic
brain injury, Shock 23 (2005) 406–410.

[28] D.M. Sosin, J.J. Sacks, S.M. Smith, Head injury-associated deaths in the United
States from 1979 to 1986, Journal of the American Medical Association 262
(1989) 2251–2255.

[29] R. Tehranian, S. Andell-Jonsson, S.M. Beni, I. Yatsiv, E. Shohami, T. Bartfai, J.
Lundkvist, K. Iverfeldt, Improved recovery and delayed cytokine induction after
closed head injury in mice with central overexpression of the secreted isoform
of  the interleukin-1 receptor antagonist, Journal of Neurotrauma 19 (2002)
939–951.

[30] N.A. Thornberry, H.G. Bull, J.R. Calaycay, K.T. Chapman, A.D. Howard, M.J. Kos-
tura, D.K. Miller, S.M. Molineaux, J.R. Weidner, J. Aunins, K.O. Elliston, J.M. Ayala,
F.J.  Casano, J. Chin, G.J.-F. Ding, L.A. Egger, E.P. Gaffney, G. Glimjuco, O.C. Palyha,
S.M.  Raju, A.M. Rolando, J.P. Salley, T.-T. Yamin, T.D. Lee, J.E. Shively, M. Mac-
Cross, R.A. Mumford, J.A. Schmidt, M.J. Tocci, A novel heterodimeric cysteine
protease is required for interleukin-1 beta processing in monocytes, Nature
356 (1992) 768–774.

[31] S. Toulmond, N.J. Rothwell, Interleukin-1 receptor antagonist inhibits neuronal
damage caused by fluid percussion injury in the rat, Brain Research 671 (1995)
261–266.

[32] K. Varani, S. Gessi, S. Merighi, V. Iannotta, E. Cattabriga, S. Spisani, R. Cadossi,
P.A.  Borea, Effect of low frequency electromagnetic fields on A2A adenosine
receptors in human neutrophils, British Journal of Pharmacology 136 (2002)
57–66.

[33] K. Varani, F. Vincenzi, M. Targa, C. Corciulo, M. Fini, S. Setti, R. Cadossi, P.A.
Borea, Effect of pulsed electromagnetic field exposure on adenosine receptors
in  rat brain, Bioelectromagnetics 33 (2012) 279–287.

[34] Y. Yamasaki, N. Matsuura, H. Shozuhara, H. Onodera, Y. Itoyama, K. Kogure,
Interleukin-1 as a pathogenetic mediator of ischemic brain damage in rats,
Stroke 26 (1995) 676–680, discussion 681.

[35] J.M. Ziebell, M.C. Morganti-Kossmann, Involvement of pro- and anti-
inflammatory cytokines and chemokines in the pathophysiology of traumatic
brain injury, Neurotherapeutics 7 (2010) 22–30.

dx.doi.org/10.1016/j.neulet.2012.03.089

	Attenuation of interleukin-1beta by pulsed electromagnetic fields after traumatic brain injury
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Closed-head contusion injury
	2.3 Penetrating brain injury
	2.4 PEMF treatment
	2.5 CSF collection
	2.6 Tissue processing
	2.7 IL-1β analysis
	2.8 Statistical analysis

	3 Results
	3.1 Levels of IL-1β in CSF are proportional to impact force
	3.2 PEMF treatment reduced levels of IL-1β in CSF after contusive TBI
	3.3 PEMF reduced levels of IL-1β after penetrating brain injury

	4 Discussion
	Disclosure statement
	Acknowledgements

	References

