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Microinjection of IL-1B into the Trigeminal Transition Zone Produces
Bilateral NMDA Receptor-Dependent Orofacial Hyperalgesia Involving

Descending Circuitry
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Abstract: Our recent studies indicate that the prototypic proinflammatory cytokine IL-1f is upregulated in astroglial cells
in the trigeminal interplolaris/caudalis (Vi/Vc) transition zone, a region of the spinal trigeminal complex involved in
trigeminal pain processing, after masseter muscle inflammation. Here we investigated the effect of microinjection of IL-
1B into the Vi/Vc transition zone on orofacial nociception. The mechanical sensitivity of the orofacial site was assessed
with von Frey microfilaments. The EFs, values, defined as the von Frey filament force (g) that produces a 50% response
frequency, were derived and used as a measure of mechanical sensitivity. A significant reduction in EFs, indicates the
occurrence of mechanical hyperalgesia/allodynia. Unilateral intra-Vi/Vc IL-1f (0.016-160 fmol) produced
hyperalgesia/allodynia dose-dependently, which appeared at bilateral facial sites. The hyperalgesia was detectable as early
as 30 min and lasted for 2-6 h (n=6, p<0.01). Intra-Vi/\Vc pretreatment with an IL-1lreceptor antagonist (1 nmol)
attenuated the IL-1B-induced hyperalgesia (p<0.01). Pre-injection of AP-5 (10 pmol) and MK-801 (20 pmol), two NMDA
receptor antagonists, significantly attenuated IL-1B-induced hyperalgesia (p<0.05). Pretreatment with glial inhibitors
fluorocitrate (120 pmol), minocycline (200 pmol) and propentofylline (10 pmol) did not attenuate IL-1B-induced
hyperalgesia. Excitotoxic lesions of the rostral ventromedial medulla with ibotenic acid (2 ug) abolished IL-1p-induced
contralateral hyperalgesia, suggesting a contribution of descending facilitatory drive. These results suggest that the IL-1(3-
produced effect on nociception was downstream to glial activation and involves interaction with NMDA receptors.
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INTRODUCTION

The inflammatory cytokines are among a group of
chemical mediators that can be released by activated glia and
have been implicated in persistent pain states [1]. Interleukin
(IL)-1b, a prototype proinflammatory cytokine, is involved
in a variety of diseases with pain conditions such as
rheumatoid arthritis, inflammatory bowel disease, osteroart-
hritis, multiple sclerosis and neuropathy [2-4]. We have
recently shown that glia-cytokine-neuronal interactions play
an important role in activity-dependent plasticity and
hyperalgesia [5].

Although peripheral cytokines including IL-13 are
upregulated as a part of the immediate inflammatory
responses to injury e.g. [6], cytokines are also upregulated in
the spinal cord and brain [7]. An elevation of IL-6 level in
the brainstem including the spinal trigeminal nucleus is
found after trigeminal nerve injury in the rat [8]. Interleukin-
1B has been identified as a major inducer of cyclooxygenase-
2 (Cox-2) in the CNS [9]. Interleukin-1B can directly activate
nociceptors to generate action potentials and induce pain
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hypersensitivity [10]. Intrathecally administered [L-15
produces enhanced dorsal horn nociceptive neuronal
responses and behavioral hyperalgesia [11-13]. Intracere-
broventricular injection of IL-1B has been shown to produce
hyperalgesia in animals [14, 15]. Pretreatment with the IL-
lreceptor antagonist (IL-1ra) completely abolished centrally
IL-1B-induced hyperalgesia [14]. Interestingly, hyperalgesia
induced by an inflammatory irritant, lipopolysaccharide
(LPS), is apparently mediated through an endogenous pain
facilitatory pathway involving the rostral ventromedial
medulla (RVM), a pivotal structure in descending pain
modulation [16].

The subnuclei interpolaris/caudalis (Vi/Vc) transition
zone of the spinal trigeminal complex is formed by the
convergence of the rostral V¢ and caudal Vi at the level of
the obex. Studies have shown that the Vi/Vc is a target site
in addition to caudal subnucleus caudalis (\Vc), or medullary
dorsal horn [17], for trigeminal pain processing [18-21].
Vi/Vc neurons access brain regions concerned with
important survival functions such as the response to stress
and autonomic regulation, and pain modulation.

Associated with astroglial activation, IL-1b is
upregulated in the Vi/Vc transition zone after masseter
muscle inflammation [5]. Further, IL-1b affects neuronal
function through signal coupling with N-methyl-D-aspartate
(NMDA) receptors in Vi/Vc. IL-1ra attenuated masseter
hyperalgesia and inflammation-induced NMDA receptor
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phosphorylation [5]. Here we tested whether direct
application of IL-1b into the Vi/Vc transition zone could
produce orofacial hyperalgesia. We focused on the ventral
portion of the transition zone since this region exhibits
unique responsiveness to orofacial injury and distinct
connections with rostral and caudal structures [18-20, 22].
We show that a unilateral injection of IL-1b into the Vi/Vc
induced bilateral orofacial mechanical hyperalgesia that was
mediated by NMDA receptors and that contralateral
hyperalgesia requires a facilitatory drive from RVM.

METHODS

Male Sprague-Dawley rats were used (280-330 g, Harlan,
Indianapolis). The experiments were approved by the
Institutional Animal Care and Use Committee of the
University of Maryland Dental School. For brain stem
microinjection, a guide cannula (C315G, 26 gauge, Plastics
One, Roanake, VA) was implanted under anesthesia with 50
mg/kg pentobarbital sodium (i.p). Animals were securely
placed into a stereotaxic device (Kopf Model 900). A burr
hole was drilled and the guide cannula was lowered into the
ventral Vi/Vc transition zone by referring to the rat brain
atlas [23]. In some experiments, a second guide cannula was
placed in the RVM to inject ibotenic acid (IBO, 10 pg/ul, 0.2
ul, Sigma) to produce excitotoxic lesions [20]. The guide
cannula was then secured with cranioplastic cement. To
prevent clogging of the guide cannula, a dummy cannula
(C315DC, Plastics One) was inserted and secured in place
until the time of injection. The wound was cleaned with an
antiseptic solution and closed with 4-0 silk sutures. Animals
were allowed to recover for 1 week before further
experimentation. A group of rats received injection of an
inflammatory agent, complete Freund's adjuvant (CFA, 0.05
ml, 1:1 oil/saline), into the masseter muscle to produce
inflammation and hyperalgesia as described elsewhere [5].
Drugs were injected into the ventral Vi/Vc transition zone
through a 33-gauge injection cannula (C3151, Plastic One)
inserted through the tip of the guide cannula. The injection
cannula was connected to a 1-pl Hamilton syringe by a
polyethylene-10 tubing. All injections (0.5 ul) were
performed by delivering drug or vehicle solutions slowly
over a 2-min period. MK-801, AP-5, fluorocitrate,
minocycline and propentofylline were purchased from Sigma
(St. Louis, MO). Recombinant rat IL-1f was from
PeproTech, (Rocky Hill, NJ) and IL-lra (kineret) from
Amgen (Thousand Oaks, CA). Animals were perfused with
4% paraformaldehyde at the conclusion of the experiment
and the sections of brain stem tissues were stained with
cresyl violet for histological verification of the sites of
injection in the Vi/Vc (Fig. 1A) and RVM (Fig. 4A).

Behavioral tests were conducted under blind conditions
as described elsewhere [20, 24]. A series of calibrated von
Frey filaments were applied to the facial site above the
masseter muscle. An active withdrawal of the head from the
probing filament was defined as a response. Each von Frey
filament was applied 5 times at intervals of a few sec. The
response frequencies [(number of responses/number of
stimuli) X100%] to a range of von Frey filament forces were
determined and a stimulus-response (S-R) curve plotted.
After a non-linear regression analysis (GraphPad Prism), an
EFs5, value, defined as the von Frey filament force (g) that
produces a 50% response frequency, was derived from the S-
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R curve. We used EFs, values as a measure of mechanical
sensitivity. A leftward shift of the S-R curve, resulting in a
reduction of EFsy, occurred after inflammation [20, 25]. This
shift of the curve suggests the presence of mechanical
hyperalgesia and allodynia since there was an increase in
response to suprathreshold stimuli and a decreased response
threshold for nocifensive behavior. Data are presented as
mean = S.E.M. Statistical comparisons were made by
ANOVA with repeated measures and post hoc comparisons
(Newman-Keuls). P <0.05 is considered significant.

RESULTS

Injection of IL-1B into the Vi/Vc Transition Zone
Produced Orofacial Hyperalgesia

The mechanical responses to von Frey filament probing
were assessed and stimulus-response frequency curves
generated. After injection of IL-1f (1.6-160 fmol, or 27.7
pg-2.8 ng, n=6) into the Vi/Vc transition zone, there was a
leftward shift of the stimulus-response frequency curve (Fig.
1B). Consistently, there were significant decreases in EFs5,
values at the testing site (Fig. 1C,D), indicating the
occurrence of orofacial hyperalgesia. Compared to baseline
responses and saline controls, the hyperalgesia was
detectable as early as 30 min after IL-1p injection and lasted
for 2-6 hours. The effect of IL-1p on EFs, values was dose-
dependent. The lowest dose (0.016 fmol) did not produce an
effect (not shown) and the highest dose (160 fmol) produced
the most intense hyperalgesia (Fig. 1C). Interestingly, the
hyperalgesia developed bilaterally after a unilateral injection
of IL-1P into the Vi/V¢ region (Fig. 1C,D).

IL-1B-Induced Hyperalgesia was Reversed by IL-1
Receptor and NMDA Receptor Antagonists

Intra-Vi/Vc pretreatment with IL-1ra (1 nmol, n=4) at 10
min prior to IL-1P injection completely blocked the IL-1B-
induced hyperalgesia (n=4, p<0.01) (Fig. 2A), confirming
that the effect was mediated through the IL-1 receptor. We
have shown previously that IL-1R signaling was linked to
NMDA receptor activation in the Vi/Vc¢ transition zone [5].
We then tested whether the IL-1B-induced hyperalgesia
involved NMDA receptors. Pre-injection of AP-5 (10 pmol,
n=4) (Fig. 2B), a competitive NMDA receptor antagonist,
and MK-801 (20 pmol, n=4) (Fig. 2C), an NMDA receptor
channel blocker, significantly blocked IL-1B-induced
orofacial hyperalgesia (p<0.01), suggesting the involvement
of NMDA receptors.

Effect of Glial Inhibitors

We then tested whether glial activity is involved in IL-
1B-induced orofacial hyperalgesia. Intra-Vi/Vc pretreatment
with fluorocitrate (120 pmol, n=4), a metabolic gliotoxin,
and minocycline (200 pmol, n=4), an inhibitor of microglia,
did not attenuate IL-1B-induced orofacial hyperalgesia (Fig.
3). Since fluorocitrate is relatively selective against astroglia
[26] and minocycline is selective against microglia [27],
application of either of these two agents alone may be
insufficient to block both microglial and astroglial activity.
Therefore, we tested the effects of a non-selective glial
inhibitor/modulator, propentofylline. Pretreatment with
propentofylline at a dose that was antihyperalgesic [28] (10
pmol, n=6) did not affect IL-1B-induced hyperalgesia (Fig.
3C). These results suggest direct application of IL-1pB
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Fig. (1). Mechanical hyperalgesia/allodynia induced by injection of IL-1f into the Vi/V¢ transition zone of the rat. A. An example of caudal
brain stem section stained with cresyl violet for histological verification of the site of microinjection. Arrow indicates the injection site in
ventral Vi/Vc. Scale bar = 500 um. cc, central canal; Py, pyramidal tract; sp5, spinal trigeminal tract; Vi/Ve, trigeminal subnuclei
interpolaris/caudalis transition zone. B. Stimulus-response function curves illustrating the intensity-dependent head withdrawal responses to
mechanical stimuli. Each curve was established with a series of subthreshold to suprathreshold range of von Frey filament forces and the
response frequency is plotted against the stimulus intensity. IL-1 (160 fmol) was injected into the ventral Vi/Vc. The skin site above the
masseter muscle was probed. Note that there was a leftward shift of the curve at 30 min after IL-1f injection compared to the pre-IL-13
curve (p<0.01), suggesting the development of mechanical hyperalgesia and allodynia. Best-fit curves were generated by nonlinear
regression analysis (GraphPad Prism). C, D. The EFsos were derived from the respective stimulus-response frequency function curves and
are plotted against time. Note significant decreases in EFsos at 30 min-6h after IL-1B injection, indicating IL-1Pinduced bilateral
hyperalgesia/allodynia. +, #: p<0.05; **, ++, ##: p<0.01 (ANOVA with repeated measures and post-hoc test). Dashed lines indicate
interruption of the linearity of the time scale.

produced effects that were downstream of glial cell activity Ibotenic acid (2 ng/0.2 pl) was microinjected into the RVM
to facilitate neuronal activity and produce hyperalgesia. (n=5). Saline (0.2 pul) was injected as a vehicle control (n=6).
The lesions were localized in RVM, mainly in nucleus raphe
magnus (NRM) and the alpha part of the gigantocellular
The Effect of RVM Lesions on IL-1B-Induced reticular nucleus (Gia)) (Fig. 4A). In rats receiving ibotenic
Hyperalgesia acid injections, the IL-1B-induced hyperalgesia was

The results indicate that a unilateral injection of IL-1p abolished on the contralateral site as compared to saline-
into the Vi/Vc transition zone produced bilateral treated rats (p<0.01-0.001, IBO vs. saline) (Fig. 4B).

hyperalgesia at the orofacial site. We have shown previously
that there are reciprocal facilitatory interactions between
Vi/Vc and RVM pain modulatory circuitry [20]. Thus, we
tested the hypothesis that IL-1B-induced behavioral
hyperalgesia was dependent on RVM and Vi/Vc interactions.
To evaluate the role of RVM descending input in orofacial DISCUSSION
hyperalgesia, a soma-selective neurotoxin IBO was
microinjected into the RVM to produce focal neural lesions
and its effect on IL-1B-induced hyperalgesia was assessed.

Interestingly, on the ipsilateral site, there was a trend of
further reduction of EFsos and the decease reached statistical
significance at 4.5-5 h in IBO-treated rats (p<0.01-0.001, vs.
saline) (Fig. 4C), suggesting that the IL-1B-induced
mechanical hyperalgesia was further enhanced.

Our recent studies indicate that the prototypic
proinflammatory cytokine IL-1B is upregulated in glial cells
in the spinal trigeminal complex and that IL-1 receptor
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Fig. (2). The effect of receptor antagonists on 1L-1pinduced hyperalgesia. IL-1B (160 fmol) was injected into the ventral Vi/Vc. IL-1ra (A, 1
nmol), AP-5 (B, 10 pmol) and MK-801 (C, 20 pmol) was injected into the ventral Vi/Vc at 10 min prior to IL-1f injection. Pretreatment with
IL-1ra, AP-5 and MK-801 prevented or attenuated IL-1[3-induced hyperalgesia as compared to saline-pretreated rats. *, +, #: p<0.05; **, ++,

##: p<0.01 (ANOVA with repeated measures and post-hoc test).

signaling interacts with NMDA receptors to facilitate central
sensitization and orofacial hyperalgesia [5]. The present
experiments extend previous results by showing that direct
administration of IL-1B into the ventral trigeminal transition
zone produced orofacial hyperalgesia that lasted for hours.
The IL-1B-induced hyperalgesia appeared to be downstream
to glial activity and involved activation of NMDA receptors.
Further, unilateral injection of IL-1p also led to contralateral
hyperalgesia that was dependent on RVM descending
circuitry. These results support the view that the cytokine
cascade is an important contributor to the development of
persistent pain states [9, 29]. The present results are also
consistent with previous observations that the Vi/Vc region
is involved in trigeminal pain processing and orofacial
hyperalgesia [21].

Proinflammatory cytokines and their receptors exist in
the brain [30, 31]. The IL-1B receptor is expressed in
intrinsic dorsal horn as well as trigeminal neurons [5,9].
Interleukin-13 protein expression is increased in the
superficial layer of the dorsal horn and cell nuclei of the
ventral horn in nerve-injured rats when compared to sham
operated rats [32]. Interleukin-1p has been identified as a
major inducer of cyclooxygenase-2 in the CNS [9]. The

activation of cyclooxygenase-2 leads to central prostanoid
production and may, in part, mediate CNS neuronal
hyperactivity after muscle and joint inflammation.

Central nervous system cytokines can be released from
glia to influence or modulate neuronal function [33]. Our
previous results show that IL-1p is selectively induced in
astroglia in Vi/Vc after inflammation of the masseter muscle
in rats and that IL-1 receptors colocalize with the NR1
subunit of the NMDA receptor in trigeminal neurons [5].
These results suggest that IL-1p may be released from
astroglia and modulate NMDA receptor-induced neuronal
hyperexcitability. In the present study, pretreatment with
glial inhibitors did not block IL-1B-induced hyperalgesia
even with relatively high doses that have been shown to be
effective in attenuating hyperalgesia after injury [5, 28].
Although the glial inhibitor/modulator propentofylline did
not block IL-1B-induced hyperalgesia, propentofylline was
able to attenuate hyperalgesia after masseter inflammation
(unpublished observations). Likewise, fluorocitrate was
unable to block IL-1B-induced NMDA receptor
phosphorylation in the Vi/Vc transition zone in vitro, but
attenuated masseter inflammatory  hyperalgesia  [5].
Collectively, these results suggest that the IL-1B-produced
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Fig. (3). The effect of glial inhibitors on IL-1B-induced orofacial hyperalgesia. IL-13 (160 fmol) was injected into the ventral Vi/Vc.
Fluorocitrate (A) (FC, 120 pmol), minocycline (B) (MC, 200 pmol), and propentofylline (C) (PPF, 10 pmol) was injected into the ventral
Vi/Vc at 10 min prior to IL-1P injection. Pretreatment with fluorocitrate, minocycline and propentofylline did not prevent IL-1B-induced
hyperalgesia. *, +: p<0.05; **, ++: p<0.01 (ANOVA with repeated measures and post-hoc test).

effect on nociception is through a direct action on neurons
and downstream to glial activity. Direct application of IL-13
bypasses glial cells to produce neuronal hyperexcitability
and hyperalgesia.

NMDA receptors play a major role in central
sensitization and pain hypersensitivity [34, 35], including
orofacial hyperalgesia [5, 36-38]. Ma et al. [39] show that
IL-13  exaggerates NMDA and glutamate-evoked
hippocampal neuron death in the rat. Most interestingly, the
IL-1B signaling may facilitate NMDA receptor activation in
neurons [5, 40-42]. The present results provide behavioral
evidence that NMDA receptor activity is necessary for IL-
1B-induced central neuronal hyperexcitability and
hyperalgesia. Consistently, IL-1R colocalized with NMDA
receptor subunits in Vi/Vc neurons and IL-1f induced an
enhanced NMDA receptor phosphorylation via IL-1R
signaling and intracellular biochemical pathways involving

phospholipases, protein kinase C and intracellular calcium
release [5]. Both IL-1B-induced NMDA receptor
phosphorylation and behavioral hyperalgesia occurred
rapidly within 30 min after application [5]. Our behavioral
results support the hypothesis that glial activation,
inflammatory cytokine release and NMDA receptor
activation are sequential events in the nervous system
responses to injury and that IL-1f and its interaction with
NMDA receptors plays a critical role in the central
mechanisms of hyperalgesia.

An interesting finding in the present study is that a
unilateral injection of IL-1f induced hyperalgesia bilaterally.
This result may be explained by the finding that there are
reciprocal connections between the trigeminal transition
zone and RVM, a key midline structure in descending pain
facilitation and inhibition [20]. The descending effects from
RVM occurred at multiple targets (inflamed hind paw, non-
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inflamed hind paw, and tail) [43]. Thus, descending pain
modulation exhibits diffuse effects and weak somatotopy.
Vi/Vc neurons may relay input to RVM, which in turn
produces contralateral net descending facilitation and
behavioral hyperalgesia. Supporting this hypothesis,
excitotoxic lesions of RVM neurons abolished IL-1B-

induced contralateral hyperalgesia. Consistently, lesions of
RVM significantly attenuate contralateral orofacial hypera-
Igesia after masseter inflammation [20].

It is surprising that intra-Vi/Vc IL-1B-induced ipsilateral
orofacial hyperalgesia was not attenuated but rather slightly
enhanced after excitotoxic lesions of RVM, which suggests
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that IL-1B-induced ipsilateral hyperexcitability was not
dependent on a descending facilitatory drive. This result is
apparently different from the model of masseter muscle
inflammation, in which RVM lesions abolished ipsilateral
hyperalgesia at 1-3 d after inflammation [20]. It is noted that
the present model produces relatively short lasting
hyperalgesia when compared to masseter muscle
inflammation and that the effect of RVM lesions was tested
in the persistent phase of hyperalgesia in previous studies
[20]. It is likely that persistent inflammation-induced
hyperalgesia is maintained by descending facilitatory drive.
The lack of an effect of RVM lesions on IL-1B-induced
ipsilateral hyperalgesia may also be explained by a removal
of a descending net inhibitory effect on the ipsilateral side
after IL-1B injection. It has been shown that there are
dynamic changes in descending pain modulation after
inflammation of the rat hind paw, which involves an
ipsilateral enhanced inhibition [44, 45]. These results also
suggest differential descending control of primary and
secondary hyperalgesia. While there is a dynamic balance
between descending inhibition and facilitation on primary
hyperalgesia, the descending modulation of secondary
hyperalgesia may be predominantly facilitatory [46, 47]. We
propose that similar unilateral activation of IL-1p at the level
of the spinal and medullary dorsal horns may contribute to
contralateral descending pain facilitation after injury.
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