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Abstract
While stress and stress-induced glucocorticoids are classically considered immunosuppressive,
they can also enhance proinflammatory responses to subsequent challenges. Corticosterone
(CORT) primes rat immune cells, exacerbating pro-inflammatory responses to subsequent immune
challenges. Stress can also sensitize pain. One possibility is that stress primes spinal immune cells,
predominantly glia, which are key mediators in pain enhancement through their release of
proinflammatory cytokines. Therefore, we aimed to identify whether prior CORT sensitizes spinal
cord glia such that a potentiated pro-inflammatory response occurs to later intrathecal (IT)
lipopolysaccharide (LPS), thereby enhancing pain. Rats received subcutaneous CORT/vehicle 24
h before IT LPS/vehicle. Hind paw pain thresholds were measured before CORT/vehicle, before
and up to 48 h after IT LPS/vehicle. In separate rats treated as above, lumbar spinal cord tissue
was collected and processed for proinflammatory mediators. CORT alone had no effect on pain
responses, nor on any pro-inflammatory cytokines measured. LPS induced allodynia (decreased
pain threshold) lasting <4 h and elevated spinal IL-1β and IL-6 protein. Prior CORT potentiated
allodynia, lasting >24 h following LPS and potentiated spinal IL-1 and IL-6 protein.
Coadministration of IL-1 receptor antagonist with LPS IT completely blocked the allodynia
irrespective of whether the system was primed by CORT or not. At 24 h, TLR2, TLR4, MD2 and
CD14 mRNAs were significantly elevated within the spinal cord in the CORT+LPS group
compared to all other groups. Prior CORT before a direct spinal immune challenge is able to
potentiate pain responses and pro-inflammatory cytokine production.
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1. Introduction
Data from diverse animal models support the idea that pain enhancement involves
neuroinflammation arising from central immune activation, predominantly from spinal cord
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glia (Costigan et al., 2009; De Leo et al., 2006; Watkins et al., 2007; Watkins et al., 2001).
This spinal neuroinflammation importantly contributes to central sensitization (Watkins et
al., 2007). Numerous pain conditions in humans also are associated with spinal
neuroinflammation, including multiple sclerosis, peripheral neuropathies, amyotrophic
lateral sclerosis, and spinal cord injury, with activation of resident microglia and infiltrating
macrophages (Rezai-Zadeh et al., 2009; Watkins and Maier, 2003).

In addition to neuroinflammation, pain patients incur some extent of psychosocial stress as a
consequence of limited mobility, impaired functionality, and a reduced quality of life. This
stress may exacerbate the pain, resulting in a downward spiral of increased pain and further
disability (Elliott et al., 2009; Somers et al., 2009), raising the question of whether stress
may interact with ongoing spinal neuroinflammation so as to enhance pain.

Interestingly, animal studies document that acute and chronic stress can indeed enhance
neuroinflammation in the central nervous system (CNS). Stress modulation of
neuroinflammation has been explored in both the brain and spinal cord. For example, acute
stress “primes” later neuroinflammatory responses, such that subsequent immune challenges
potentiate proinflammatory cytokine induction in hippocampus (Johnson et al., 2002;
Johnson et al., 2003; O’Connor et al., 2004; O’Connor et al., 2003). Stress-induced priming
of subsequent CNS pro-inflammatory cytokine production has been documented to worsen
outcomes (behavior, infarct size) in a rat model of stroke (Caso et al., 2006) and, in the
spinal cord, glial reactivity but not pro-inflammatory cytokine mRNA, is shown to worsen
neuropathic pain behaviors (Alexander et al., 2009; Takasaki et al., 2005). Stress also
increases white and gray matter tissue loss in spinal cord injury models associated with
chronic pain, suggestive of enhanced spinal neuroinflammatory responses leading to cell
death (Grau et al., 2004).

While glucocorticoids have long been used as an anti-inflammatory therapy when
administered after injury, there is increasing evidence that glucocorticoids (in rat,
corticosterone; CORT), a major hormone released during periods of stress, acts as a priming
event resulting in potentiation of both central and peripheral proinflammatory cytokine
production following a subsequent systemic immune challenge (Frank et al., 2010; Sorrells
et al., 2009; Yeager et al., 2009). During periods of stress, glucocorticoids are not the only
hormones released that influence immune function (Sorrells et al., 2009). However, it has
been demonstrated that the administration of a dose of CORT that leads to blood levels
similar to those observed during an acute stressor potentiates the pro-inflammatory cytokine
response to a subsequent systemic inflammatory challenge (Frank et al., 2010; O’Connor et
al., 2003). That is, CORT was inter-changeable for acute stress. To understand these data it
is important to distinguish between the effects of elevated CORT while the elevation is still
present, and delayed effects after levels have returned to normal. It is under the latter
condition that pro-inflammatory potentiation is observed.

Most of the work conducted regarding the impact of stress or elevated glucocorticoids on
subsequent immune challenges has been focused on the brain. However, there have been
some studies that show a comparable effect occurs within the spinal cord. For example, both
glucocorticoids and acute stress have been documented to potentiate neuropathic pain
induced by peripheral nerve injury (Alexander et al., 2009; Takasaki et al., 2005; Wang et
al., 2004). However, in all studies to date that investigate the impact of stress or CORT on
the spinal cord, the secondary immune challenge occurred in the periphery (peripheral nerve
injury or hind paw inflammation). Therefore, the effect of CORT priming in enhancing pain
could have been mediated by immune cells in the periphery or in the brain, parallel to
previously observed priming of peripheral and brain responses (Frank et al., 2010; Johnson
et al., 2004; O’Connor et al., 2004; O’Connor et al., 2003).
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Therefore, the aim of this study was to identify whether exogenous CORT can potentiate
neuroinflammation-induced pain that occurs as a consequence of a subsequent spinal
inflammatory challenge induced by intrathecal (IT) lipopolysaccharide (LPS). It also
explores whether the prior CORT-induced pain effects are associated with amplification of
LPS-induced spinal proinflammatory cytokine induction and whether blocking IL-1β
binding to the receptor within the spinal cord attenuates the allodynia. Lastly, it explores
whether prior CORT up regulates expression of the LPS receptor (toll-like receptor 4;
TLR4), other components of the TLR4 receptor signaling complex (MD2, CD14), which
could potentially account for observed potentiation of LPS-induced proinflammatory
cytokine induction by prior CORT.

2. Material and Methods
2.1 Animals

Pathogen-free male Sprague-Dawley rats (300–325 g, Harlan Inc, Madison, WI, USA) were
used for all experiments. Rats were housed two per cage in a temperature (23 ± 0.3°C) and
light (12:12 light: dark cycle; lights on at 07:00) controlled environment. Rats had free
access to tap water and standard rat chow. All behavioral testing was conducted within the
lights on period. All animals were allowed 1 week of acclimation to the colony rooms before
experimentation. The Institutional Animal Care and Use Committee of the University of
Colorado at Boulder approved all procedures.

2.2 Drug administration
CORT (Sigma, St Louis, MO) was dissolved in 100% propylene glycol (Sigma, St Louis,
USA). Lipopolysaccharide (LPS, Escherichia Coli, serotype 011:B4, Sigma) was dissolved
in sterile 0.9% saline on the day of experiments. IL-1 receptor antagonist (IL-1ra, 100 μg in
1 μl, Kineret, Amgen, Thousand Oaks, CA, USA) was diluted in sterile saline on the day of
experiments and co-administered with the LPS (1 μl) and 7 μl sterile saline flush. CORT
(2.5 mg/kg) or vehicle was administered subcutaneously under very brief isoflurane
anesthesia. 24 h after CORT or vehicle administration, LPS (1 μg in 1 μl followed by 8 μl
saline flush) or equivolume vehicle was administered intrathecally. For the intrathecal drug
administration, the lumbar region was shaved and cleaned. An 18-gauge guide needle, with
the hub removed, was inserted into the L5/6 intervertebral space. A PE-10 catheter was
inserted into the guide needle, pre-marked such that the proximal end of the PE-10 tubing
rested over the L4 –L6 lumbar dorsal spinal cord. Each animal was anesthetized for a
maximum of 5 min, and none incurred observable neurological damage from the procedure.

2.3 von Frey testing for mechanical allodynia
The von Frey test was performed on the plantar surface of each hind paw, as described
previously (Milligan et al., 2000). Before testing, rats are habituated to the testing
environment for 4 days, 40 min per day. Rats are placed on wire racks, under clear
containers large enough to allow turning and a small amount of walking, elevated above the
tester’s eye. The rats were allowed 30 min on the racks before testing began. A logarithmic
series of 10 calibrated Semmes–Weinstein monofilaments (407 mg to 15.136 g, Stoelting,
Wood Dale, IL, USA)was applied randomly to the left and right hind paws, each for 8 sat
constant pressure as described previously (Hains et al., 2010; Loram et al., 2010; Loram et
al., 2009; Milligan et al., 2005; Milligan et al., 2000). Each rat is tested three times with the
middle filament (2 g). If there are two or three responses the tester drops to the lowest hair
(407 mg) and tests incrementally upwards from there until three consecutive positive
responses are obtained. If less than two responses are obtained with the 2 g filament, then
the tester tests incrementally upwards until three consecutive positive responses are
identified. The stimulus intensity threshold is determined by three consecutive responses of
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the same intensity of filament. All behavioral testing was performed blind with respect to the
drug administration. The stimulus intensities eliciting paw withdrawal responses were used
to calculate the 50%paw withdrawal threshold (absolute threshold) using the maximum
likelihood fit method to fit a Gaussian integral psychometric function (Harvey, 1986) and is
described as allodynia or mechanical sensitivity throughout the text. This method normalizes
the withdrawal threshold to parametric conditions (Harvey, 1986; Milligan et al., 2000). For
all groups (n=6 per group), there was no significant difference between the left and the right
hind paw values and thus they were averaged for each rat. Behavioral testing was done
before CORT, immediately before LPS and then 1, 2, 4, 6, 24, and 48 h after LPS
administration. Where IL-1ra was coadministered behavior was measured for the same time
points up to 24 h after IT administration.

2.4 Spinal cord tissue and blood collection
In this study, IT LPS or vehicle was administered 24 h after systemic CORT, as described
above but with no pain testing performed at any time. Rats (n=6 per group) were deeply
anesthetized with sodium pentobarbital 15 min, 1, 4 and 24 h after IT LPS or vehicle.
Following cardiac puncture for blood collection, rats were transcardially perfused with ice-
cold saline for 2 min. The left (for mRNA analyses) and right (for protein and CORT
analyses) L4–L6 dorsal spinalcord were isolated, the meninges removed and separately flash
frozen in liquid nitrogen and stored at − 80°C until further analysis. The blood samples were
allowed to clot, centrifuged at 14,000 rpm for 10 min. The serum collected and stored until
the endotoxin levels were measured.

2.5 Endotoxin measurement
Serum was assayed for gram-negative bacterial endotoxin levels using the limulus
amebocyte lysate (LAL) assay (BioWhittaker QCL-1000). The assay was performed
according to manufacturer’s instructions, methods detailed previously (O’Connor et al.,
2003).

2.6 RNA isolation and cDNA synthesis
RNA from the lumbar spinal cord was extracted using the standard phenol: chloroform
extraction with TRIzol Reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s
guidelines. Samples were treated with DNase to remove any contaminating DNA (Ambion,
Austin, TX). Total RNA was reverse transcribed into cDNA using Superscript II First-
Strand Synthesis System (Invitrogen, Carlsbad, CA). First-strand cDNA was synthesized
using total RNA, random hexamer primer (5 ng/μl), 1 mM dNTP mix, cDNA synthesis
buffer (Invitrogen, Carlsbad, CA) and incubated at 65°Cfor 5 min. Following 2 min
incubation on ice, a cDNA synthesis buffer (5× RT buffer, Invitrogen, Carlsbad, CA) and
dithiothreitol(10 mM) was added and incubated at 25°C for 2 min. Reverse transcriptase
(Superscript II, 200 Units, Invitrogen, Carlsbad, CA)was added to a total volume of 20μl and
incubated for 10 min at 25°C, 50 min at 42°C and deactivating the enzyme at 70°C for 15
min. cDNA was diluted 2-fold in nuclease-free water and stored at − 80°C until PCR was
performed.

2.7 Real-time polymerase chain reaction (PCR)
Primer sequences were obtained from the Genbank at the National Center for Biotechnology
Information (NCBI; http://www.ncbi.nlm.nih.gov) and displayed in Table 1. Amplification
of the cDNA was performed using Quantitect SYBR Green PCR kit (Qiagen, Valenica, CA)
in iCycler iQ 96-well PCR plates (Bio-Rad, Hercules, CA) on a MyiQ single Color Real-
Time PCR Detection System (Bio-Rad). The reaction mixture (26μl) was composed of
QuantiTect SYBR Green (containing fluorescent dye SYBR Green I,2.5 mM MgCl2, dNTP
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mix and Hotstart Taq Polymerase), 10 nMfluorescein, 500 nM of each forward and reverse
primer (Invitrogen, Carslbad, CA), nuclease-free water and 1μl of cDNA from each sample.
Each sample was measured in duplicate. The reactions were initiated with a hot start at 95°C
for 25 min, followed by 40 cycles of 15 s at 94°C (denaturation), 30 s at 55–60°C
(annealing) and 30 s at 72°C (extension). Melt curve analyses were conducted to assess
uniformity of product formation, primer–dimer formation and amplification of non-specific
products. The PCR product was monitored in real-time, using the SYBR Green I
fluorescence, using the MyiQ single Color Real-Time PCR Detection System (Bio-Rad).
Threshold for detection of PCR product was set in the log-linear phase of amplification and
the threshold cycle (CT) was determined for each reaction. The level of the target mRNA
was quantified relative to the housekeeping gene (GAPDH) and presented as percentage of
vehicle control. The expression of GAPDH was not significantly different between
treatments.

2.8 Protein quantification
2.8.1 Total protein concentration—The protein concentration from each sample was
determined using a Bradford protein assay as described previously(Bradford, 1976) and used
to normalize the results from the ELISA and CORT assay described below.

2.8.2 Interleukin (IL) 1β and IL-6 ELISA—IL-1β and IL-6 protein in rat dorsal spinal
cord was analyzed using a commercially available ELISA kit specific for rat IL-1β and IL-6
(R&D Systems, Minneapolis, MN, USA). The left lumbar dorsal spinalcord was sonicated
in 300μl of cold Iscove’s culture medium containing 5% fetal calf serum and a cocktail
enzyme inhibitor(100 mM amino-n-caproic acid, 10 mM EDTA, 5 mM benzamidine–HCl,
and 0.2 mM phenylmethylsulfonyl fluoride). Sonicated samples were centrifuged at 14,000
rpm at 4°C for 10 min. Supernatants were removed and stored at 4°C overnight until an
ELISA was performed the following day. The sensitivity for the rat IL-1β assay is 5 pg/ml
and for the IL-6 assay is 21 pg/ml.

2.9 Corticosterone assay
CORT was measured in the lumbar spinal cord homogenate using a competitive
immunoassay (Assay designs, Ins., Ann Arbor, MI, USA) according to manufacturer’s
guidelines and normalized to total protein content.

2.10 Statistical analysis
Behavioral measures were normalized as described above and analyzed using repeated
measures two-way ANOVA with time and treatment as main effects. CORT was analyzed
as a 2-way ANOVA with CORT and LPS as main effects. RT-PCR was converted to
percent of vehicle control for each time point. Both RT-PCR and ELISA were analyzed as a
2-way ANOVA with CORT and LPS as main effects using Graphpad Prism version 5. Each
time point was analyzed separately. Bonferroni post hoc tests were used where appropriate
and P< 0.05 was considered statistically significant.

3. Results
3.1 IT LPS does not lead to measurable levels of endotoxin in the systemic circulation

To test whether intrathecal LPS injections result in measurable endotoxin elevations in the
systemic circulation, endotoxin was measured by LAL assay in the serum 15 min, 1 h and 4
h after intrathecal LPS (1 μg) or vehicle. There was no significant difference between groups
at any of the time points measured and the endotoxin levels were less than 1 EU/ml.
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Therefore, the effects reported in the studies below cannot be attributable to elevated
systemic endotoxin levels.

3.2 Glucocorticoids potentiate intrathecal LPS-mediated mechanical allodynia
Previous studies have shown that systemic CORT is able to prime hippocampal microglial
proinflammatory cytokine production in response to subsequent systemic LPS (Frank et al.,
2010). A few studies have demonstrated CORT priming to be sufficient to result in
observable behavioral changes, following neuropathic injury, prostaglandin and epinephrine
induced hyperalgesia (Alexander et al., 2009; Takasaki et al., 2005). However none have
identified prior CORT effects to a later challenge by LPS. Therefore, we assessed the effect
of CORT and subsequent IT LPS on pain thresholds assessed on the hind paws, areas
innervated by the spinal region exposed to LPS. Figure 1 shows the behavioral response to
mechanical stimulation applied to the hind paw before systemic CORT or vehicle and before
and after IT LPS or vehicle. 1 μg of LPS administered IT induced mechanical allodynia in
the absence of CORT that persisted at least 3 h, but not 4 h, compared to vehicle controls
(P<0.0001, main effect of drug F3,24=310, P<0.001, main effect time: F8,24=80.92,
P<0.0001, interaction: F24,178=22.03, P<0.0001). Importantly, prior systemic CORT
potentiated the duration of allodynia induced by 1 μg LPS such that allodynia now lasted at
least 24 h, but not 48 h, compared to vehicle control (P<0.0001). CORT alone had no
significant effect on the behavioral response (P>0.05).

3.3 Prior exogenous CORT has no effect on spinal cord CORT levels measured after IT
LPS or vehicle

In the present studies exogenous CORT was administered systemically 24 h before IT LPS.
In order to identify whether the prior exogenous CORT affects the endogenous CORT
produced in response to subsequent IT LPS or vehicle injections, CORT levels were
measured within the spinal cord 1, 4, and 24 h after IT LPS or vehicle (that is, 25, 28, and 48
h after exogenous CORT or vehicle so that the CORT measured here is not the administered
CORT given these protracted time differences). The 1 h time point showed elevated levels
of CORT in all 4 groups, most likely as a result of the anesthesia and intrathecal injection
(data not shown), elevation in CORT only in the two LPS groups at 4 h (main effect of LPS:
F1,19=41.32, P<0.0001, main effect of CORT: F1,19=0.87, P=0.36, interaction: F1,19=0.04,
P=0.84), and return of CORT measured in the LPS groups to basal levels by 24 h (main
effect of CORT: F1,19=1.06, P=0.32); main effect of LPS: F1,19=3.16, P=0.09; Interaction:
F1,19=0.96, P=0.34) resulting in no significant differences between groups. Figure 2 shows
the CORT levels within the spinal cord 4 h (Fig. 2A) and 24 h (Fig. 2B) after LPS or vehicle
IT administration (28 h and 48 h after exogenous CORT administration). Prior CORT did
not affect CORT levels induced by LPS. IT LPS significantly elevated CORT levels within
the spinal cord at 4 h but not 24 h after LPS administration. There was no statistically
significant difference between CORT+LPS and veh+LPS at the 4 h time point (P>0.05).

3.4 Glucocorticoids potentiate pro-inflammatory cytokine IL-1 and IL-6
We have shown previously that systemic CORT is able to sensitize hippocampal microglial
induction of proinflammatory cytokines in response to LPS ex vivo(Frank et al., 2010). The
aim of this study was to determine whether systemic CORT is also able to sensitize
proinflammatory cytokine response within the spinal cord such that a later response to local
administration of LPS is potentiated by prior systemic CORT. Figure 3 demonstrates that
prior systemic CORT significantly potentiates both LPS-induced IL-1β (Fig. 3A) and IL-6
(Fig. 3B) within the lumbar spinal cord, relative to prior systemic vehicle followed by IT
LPS, 4 h after LPS administration (P<0.001) for IL-1β and 4 h (P<0.01) and 24 h (P<0.001)
post LPS for IL-6. There was no significant effect of prior CORT followed later by vehicle
on either IL-1β or IL-6, but prior vehicle followed by later LPS significantly increased IL-1
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β at 1 h, (Interaction: F1,20=4.54, P<0.05) 4 h (Interaction: F1,20=9.68, P<0.0001) and 24 h
(main effect of LPS: F1,20=86.57, P<0.0001) but no effect of CORT (P=0.93) or interaction
(P=0.63) compared to all other groups. For IL-1β, there was no significant effect between
groups at 15 min post LPS. For IL-6 there was a significant effect of LPS at 15 min
(F1,20=152.5, P<0.0001) and 1 h post LPS (F1,20=12.74, P<0.01). There was a significant
interaction at 4 h (F1,20=5.95, P<0.0001)and 24 h post LPS (F1,20=54.39, P<0.0001)with
CORT+LPS being higher than vehicle+LPS (P<0.01).

3.5 Coadministration of IL-1ra with LPS attenuates the allodynia induced by LPS
In order to determine if the elevated IL-1β contributes to the allodynia induced by LPS and
potentiated by CORT, we co-administered 100 μg IL-1ra with LPS IT and measured the
behavioral changes subsequent to drug administration. Figure 4 demonstrates that IL-1ra
completely blocked the allodynia induced by LPS, irrespective of whether prior CORT was
administered or not, from 1 h (P<0.001) until the last time measured at 24 h (P<0.001) post
LPS administration compared to CORT+LPS+vehicle group (Interaction: F12,90=8.83,
P<0.0001). There was no significant difference at any time point measured between CORT
+LPS+IL-1ra and vehicle+LPS+IL-1ra (P>0.05).

3.6 Glucocorticoids potentiate components of toll-like receptor signaling
TLR4 is the receptor activated by LPS (Akira and Takeda, 2004). The literature supports
that activation of TLR4 can up regulate expression of a closely related TLR, namely TLR2
(Fan et al., 2003). These TLRs are related in that both have common functions in responding
to endogenous danger signals (Kawai and Akira, 2010), substances released in response to
tissue stress/injury (Kawai and Akira, 2010). Hence, given their linkages, we explored the
potential for CORT priming of later LPS-induced changes in expression of TLR2 as well as
the endogenous receptor for LPS, TLR4 and its co-signaling molecules (MD2, CD14).
Figure 4 shows the mRNA changes of TLR4 (Fig. 5A), TLR2 (Fig. 5B), MD2 (Fig. 5C) and
CD14 (Fig. 5D) within the spinal cord 1 h, 4 h and 24 h after LPS or vehicle administration.
There was a significant main effect of LPS at 15 min post LPS on TLR4 (F1,20=5.008,
P<0.05) and TLR2 (F1,20=6.158, P<0.05). At 4 h there is a significant interaction on TLR4
(F1,20=7.15, P<0.05) and TLR2 (F1,20=37.66, P<0.0001), and a main effect of CORT
(F1,19=5.95, P<0.05) and LPS (F1,19=11.89, P<0.01) on CD14. At 24 h there was a
significant interaction on TLR4 (F1,19=47.03, P<0.0001), TLR2 (F1,17=10.62, P<0.0001)
and CD14 (F1,18=10.04, P<0.01) with CORT+LPS significantly higher than the other
groups. There was a significant main effect of LPS on MD2 comparisons show that TLR4
(P<0.0001) (F1,20=4.60, P<0.05) at 24 h post LPS. Post hoc and CD14 mRNA (P<0.001) for
CORT+LPS is significantly different to all other groups at 24 h and TLR2 mRNA from the
CORT+LPS group was significantly different to all other groups at 4 h (P<0.0001) and 24 h
(P<0.01).

4. Discussion
The present study documents that systemic CORT administered 24 h before IT LPS
potentiated the duration of mechanical allodynia induced by this later IT LPS. In addition,
spinal cord IL-1β protein was significantly elevated 1, 4, and 24 h following IT LPS
compared to vehicle controls, with CORT potentiating the LPS-induced IL-1β protein
response at 4 h. Blocking IL-1 receptors in the spinal cord with IL-1ra abolished the
allodynia induced by LPS irrespective of whether prior CORT was administered or not.
Spinal IL-6 protein was elevated at 15 min, 1 h and 4 h post IT LPS compared to vehicle
controls. This IL-6 response also was significantly potentiated by prior systemic CORT
administration at 4 h and 24 h. CORT alone had no effect on mechanical allodynia, spinal
IL-1β or spinal IL-6 production at any time point measured. Interestingly TLR4, MD2 and
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CD14 spinal cord mRNAs were increased 24 h after IT LPS when rats had been primed by
CORT 24 h before. TLR2 mRNA was potentiated by prior CORT at both 4 h and 24 h post
IT LPS administration. CORT was elevated within the spinal cord when stimulated by local
LPS, which was independent of prior CORT. Taken together these data support that prior
systemic CORT directly sensitizes the lumbar spinal cord, resulting in elevated cytokine
production and potentiated allodynia following a direct spinal cord immune challenge. It
should be highlighted that the amount of CORT administered mimics stress levels (Fleshner
et al., 1995; Johnson et al., 2002), and so produces physiological rather than
pharmacological stimulation of glucocorticoid receptors. In addition, even though the CORT
levels were not changed by the prior CORT at the time points tested, it remains to be
elucidated whether the glucocorticoid receptor expression or responsivity may have been
altered by the prior exogenous CORT exposure.

Glucocorticoids, while classically thought of as anti-inflammatory, can serve as a priming
event when administered before a systemic inflammatory challenge (Frank et al., 2010;
Sorrells et al., 2009). Previous studies have shown that CORT in vivo sensitized
hippocampal microglia to a subsequent LPS challenge ex vivo(Frank et al., 2010). However,
other central immunocompetent cell types such as endothelial cells, oligodendrocytes and
astrocytes have not been explored and may be involved and contribute to the results
presented in this series of studies. We have shown that prior CORT is able to also sensitize
immunocompetent cells, within the spinal cord, resulting in an exaggerated pro-
inflammatory response to local LPS in vivo. This response was unlikely to arise from
peripheral immune activation, as IT LPS did not appear to escape the intrathecal space. This
conclusion is based on the fact that no endotoxin was detected in peripheral blood at any
time measured after IT LPS.

The priming by prior CORT resulted in not only a potentiated pro-inflammatory response
within the spinal cord, but also an exaggerated mechanical allodynia following IT LPS
administration. While this is the first time CORT has been demonstrated to potentiate LPS-
induced allodynia, a few studies have shown that prior stress or CORT is able to potentiate
neuropathic pain, associated with an upregulation of glial activity, (Alexander et al., 2009;
Takasaki et al., 2005) as well as epinephrine and prostaglandin mediated hind paw
hyperalgesia (Khasar et al., 2008). In addition, intrathecal and systemic glucocorticoid
receptor antagonist administration reversed neuropathic pain (Takasaki et al., 2005) and
epinephrine-induced hyperalgesia (Khasar et al., 2008). While IL-1ra was able to effectively
block the allodynia induced most likely induced by glial cells, whether these phenomena are
explained by alterations in spinal glial function or other immunocompetent cells remains to
be tested.

Pain enhancement in diverse animal models involves production of pro-inflammatory
cytokines produced within the spinal cord, mostly by glial cells (Watkins et al., 2001). This
conclusion is based on the fact that various drug candidates known to inhibit glial cells and
subsequent proinflammatory cytokine production reverse mechanical allodynia and thermal
hyperalgesia (Romero-Sandoval et al., 2008; Watkins et al., 2009; Watkins and Maier,
2003). Both IL-1β and IL-6 have been implicated in such spinally mediated pain
enhancement (Arruda et al., 2000; DeLeo et al., 1996; Milligan et al., 2005). Therefore,
given the known pain-enhancing effects of IL-1β in spinal cord, and the complete
attenuation of allodynia by IL-1ra, identified in our study, the allodynia induced by
intrathecal LPS is produced by IL-1β. Whether blocking IL-6 would produce the same effect
is as yet unknown. However, it is notable that spinal cord tissue IL-1β and IL-6 levels were
elevated in the veh+LPS group at 4 hours after LPS, a timepoint where allodynia had
resolved. While speculative, one potential explanation for the apparent disconnect between
cytokine elevations in spinal tissue and the loss of allodynia at that same timepoint may be
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that IL-1β and IL-6 release in pain-modulatory laminae in dorsal horn has ended by 4 hours
after LPS, but intracellular production and tissue clearance is ongoing. Alternatively, the
apparent disconnect may point to the involvement of other glial products as being
responsible for the pain enhancement. For example, inhibiting TNF release by such
manipulations as a TNF antagonist and various glial activation inhibitors (minocycline and
pentoxifylline) attenuated intrathecal LPS-induced allodynia (Saito et al., 2010).

Numerous studies have demonstrated that exposure to either acute stress or CORT lead,
after a delay, in a potentiated elevation of both peripheral and brain IL-1β and IL-6
production following a subsequent systemic LPS challenge (Frank et al., 2010; Johnson et
al., 2002; O’Connor et al., 2003). In none of these studies was the spinal cord evaluated.
While regional brain differences in effects of CORT have been identified (Munhoz et al.,
2006), it does appear that CORT is able to prime immune cells within the spinal cord
resulting in exaggerated pro-inflammatory cytokine production when stimulated directly
with a subsequent immune challenge. How long the CORT priming effect lasts is not yet
known.

The underlying mechanism for CORT priming the immune system remains to be elucidated.
However, recent studies suggest that TLR signaling may be involved. Prior CORT resulted
in elevated TLR2 and TLR4 mRNA in the hippocampus 4 h after subsequent LPS
administration (Frank et al., 2010). In addition, TLR4 mRNA also was elevated within the
spinal cord of a spared nerve injury model (Alexander et al., 2009), subsequent to CORT
priming. LPS, derived from the cell wall of gram-negative bacteria is recognized by TLR4
(Akira et al., 2006), and leads to activation of the NFκB pathway (Akira and Takeda, 2004).
NFκB activation results in pro-inflammatory cytokine production (Akira and Takeda, 2004).
Endogenous danger signals (substances released from stress/damaged host cells) in spinal
cord have also been recently implicated as important mediators of neuropathic pain through
their activation of TLR4 (Hutchinson et al., 2008) and TLR2 (Kim et al., 2007). Therefore,
should TLR2 and/or TLR4 be upregulated following CORT administration, LPS and
endogenous danger signals would be prime agonists whose effects could be potentiated by
such upregulation. Notably, in our study, the TLR2 and TLR4 receptors were not elevated
by CORT alone but prior CORT exposure led to elevations in IT LPS-induced TLR4 mRNA
at 24 h and TLR2 mRNA at 4 h and 24 h post IT LPS. In addition, the co-receptors required
for optimal activation of TLR2 and/or TLR4, CD14 and MD2 (trending but not significant),
were elevated 24 h after IT LPS administration in rats primed with prior CORT, but not
elevated by CORT alone. Therefore, our proposed hypothesis of prior CORT priming the
immune response via upregulated TLR system proved incorrect. If CORT does prime TLR2
and TLR4 signaling, it is possibly via a sensitization of the pathway downstream of the TLR
receptor, possibly on NFκB. While the TLR complex gene expression is not altered
following CORT, this priming event may result in a rebound upregulation of the TLR
complex. This delayed elevation of TLR mRNA in the CORT+LPS group requires further
investigation to elucidate the possible link to the potentiated duration of allodynia.

Stress has been implicated in numerous psychiatric disorders, and has clinically been
implicated in potentiating pain disorders such as fibromyalgia and rheumatoid arthritis
(Nilsen et al., 2007; Zautra et al., 2007). However, the underlying mechanism for stress
potentiating pain is not known. Most animal studies investigating the role of prior stress on a
subsequent immune challenge have done so focusing on the brain. The present study is
novel in that it explores the effect of prior elevated CORT on spinal inflammation. Our
results suggest that prior elevated glucocorticoids, equivalent to that produced by a stressor,
results in a primed inflammatory response such that subsequent neuroinflammation is
potentiated and the allodynia is prolonged.
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Figure 1.
Intrathecal administration of 1 μg LPS induces allodynia, which is potentiated by prior
administration of subcutaneous CORT (2.5 mg/kg). Mechanical sensitivity was tested using
the von Frey test, before (baseline, BL) CORT or vehicle, before (0) and 1–48 h after
intrathecal administration LPS (1 μl with 8 μl saline flush) or equivolume vehicle. Time is
reflected as post intrathecal administration. Solid circle depicts CORT+LPS(n= 6), black
squares depict vehicle+LPS (n=6), grey circles depict CORT+LPS (n=6) and open circles
depicts vehicle+vehicle (n= 6). Data are presented as average absolute thresholds of left and
right hind paws (mean ± SEM).
***P< 0.001, against other groups at the same time point.
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Figure 2.
CORT levels (pg per 100 μg of total protein) within the lumbar spinal cord 4 h (panel A) and
24 h (panel B) after LPS/vehicle administration (28 h and 48 h after CORT/vehicle
administration, n=6/7 per group). There is a significant LPS effect (P<0.0001) but no CORT
effect at 4 h. There is no difference between the groups at 24 h after LPS/veh administration.
Prior exogenous CORT did not affect lumbar spinal cord CORT levels at either time point.
Solid bars reflect CORT and open bars reflect vehicle injections.
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Figure 3.
The effect of CORT, administered systemically 24 h before intrathecal LPS/vehicle on IL-1β
(A.) and IL-6 (B.) protein within the lumbar dorsal spinal cord, 15 min, 1 h, 4 h and 24 h
after LPS/vehicle administration. Intrathecal LPS significantly increased IL-1β and IL-6
compared to vehicle controls. CORT potentiated the IL-1β and IL-6 production at 4 h after
LPS administration. CORT alone had no effect on IL-1β or IL-6 production. Data are
presented mean ± SEM, n=6 per group. *P<0.001 compared to vehicle+LPS, #P<0.001
compared to vehicle+vehicle at the same time point.
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Figure 4.
Intrathecal administration of 1 μg LPS + prior administration of subcutaneous CORT (2.5
mg/kg) or vehicle. IL-1ra (100 μg in 1 μl) or equivolume vehicle was coadministered
intrathecally with the LPS. Mechanical sensitivity was tested using the von Frey test, before
(baseline, BL) CORT or vehicle, before (0) and 1–24 h after intrathecal administration.
Time is reflected as post intrathecal administration. Solid circle depicts CORT+LPS
+vehicle(n= 6), black squares depict vehicle+LPS+IL-1ra (n=6) and open circles depicts
CORT+LPS+IL-1ra (n= 6). Data are presented as average absolute thresholds of left and
right hind paws (mean ± SEM).
***P< 0.001, against CORT+LPS+vehicle.
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Figure 5.
Gene expression in dorsal spinal cord tissue collected 15 min, 1 h, 4 h and 24 h after IT LPS/
vehicle expressed as percent of vehicle+vehicle control. CORT or vehicle was administered
systemically 24 h before intrathecal LPS or vehicle administration. TLR2, TLR4 and CD14
mRNA were all significantly elevated 24 h after CORT+LPS compared to any of the other
groups with CORT+LPS showing an elevated TLR2 mRNA compared to other groups at 4
h. Data are presented as mean ± SEM, n=6 per group. *** P < 0.01 compared to other
groups at the same time point.

Loram et al. Page 17

Brain Behav Immun. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Loram et al. Page 18

Table 1

Primer sequences

Gene Primer sequence (5′ -3′) GenBank accession No.

GAPDH TCTTCCAGGAGCGAGATCCC (forward)
TTCAGGTGAGCCCCAGCCTT (reverse)

NC_005103.2

TLR4 TCCCTGCATAGAGGTACTTC (forward)
CACACCTGGATAAATCCAGC (reverse)

NM_019178.1

TLR2 TGGAGGTCTCCAGGTCAAATC (forward)
ACAGAGATGCCTGGGCAGAAT (reverse)

NM_198769.2

MD2 ATCTGAGAGGCAACAGTG (forward)
CCTCTTGGAATGAACTCAACA (reverse)

NM_001024279.1

CD14 ACCGACCATGAAGCTTATGC (forward)
CTGAGAAGTTGCAGTAGCAG (reverse)

NM_021744.1
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