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Abstract
Post-traumatic immune suppression renders individuals with spinal cord injury (SCI) susceptible
to infection. Normally, proper immune function is regulated by collaboration between the
sympathetic nervous system (SNS) and hypothalamic-pituitary-adrenal (HPA) axis and involves
the controlled release of glucocorticoids (GCs) and norepinephrine (NE). Recently, we showed
that after high thoracic (T3) SCI, aberrant levels of GCs and NE accumulate in the blood and
spleen, respectively. These changes are associated with splenic atrophy, splenic leucopenia,
increased intrasplenic caspase-3 levels and suppressed B lymphocyte function. Since GCs boost
SNS function, in part by increasing the expression and affinity of beta-2 adrenergic receptors
(β2ARs) while simultaneously preventing β2AR down-regulation, we predicted that surges in
stress hormones (i.e., GCs and NE) in the blood and spleen of mice with high-level SCI would act
concurrently to adversely affect lymphocyte function and survival. Here, we show that post-SCI
concentrations of GCs enhance the sensitivity of lymphocytes to β2AR stimulation causing an
increase in intracellular Bim (Bcl2-Interacting Mediator of Cell Death) and subsequent apoptosis.
In vivo, the combined antagonism of GC receptors and β2ARs significantly diminished
lymphocyte Bim levels and SCI-induced splenic lymphopenia. Together, these data suggest that
pharmacological antagonists of the HPA/SNS axes should be considered as adjunct therapies for
ameliorating post-traumatic immune suppression in quadriplegics and high paraplegics.
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Introduction
Individuals with spinal cord injury (SCI) have deficits in immune function that increase
susceptibility to infections of the lung (e.g., pneumonia) and gastrointestinal or urogenital
tract (Cruse et al. 1993, DeVivo et al. 1989, Nash 2000). Those with SCIs at the high
thoracic and cervical level are most susceptible with infections being the leading cause of
death in these individuals (DeVivo et al. 1989). A similar type of secondary
immunodeficiency – a concept recently designated as CNS injury-induced
immunodepression (CIDS) – also increases morbidity and mortality after traumatic brain
injury and stroke (Meisel et al. 2005, Offner et al. 2006, Prass et al. 2003). In each case,
CIDS can be explained by dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis
and the sympathetic nervous system (SNS).

In response to any stress (physical or psychological), the HPA axis and SNS collaborate to
promote lipid metabolism and gluconeogenesis, i.e., processes that fuel mechanisms of
tissue repair and evasion (“flight” from a threatening stimulus). During these reactions, a
dynamic interaction exists at the molecular level between mediators and signaling
intermediates of the HPA and SNS. Catecholamines (e.g., norepinephrine; NE) enhance
glucocorticoid (GC) receptor (GR) stability (Dong et al. 1989) and binding to DNA
(Rangarajan et al. 1992). Conversely, GCs boost SNS function in part by increasing the
expression and affinity of beta-2 adrenergic receptors (β2ARs) while simultaneously
preventing β2AR down-regulation (Davies & Lefkowitz 1981, Mak et al. 1995a, Mak et al.
1995b). Therefore, during stress (e.g., SCI), cells expressing β2ARs could become hyper-
responsive to catecholamines.

Recently, we showed that in mice with a high thoracic (T3) SCI, in which spinal control
over SNS innervation of peripheral lymphoid tissues is disrupted, there is marked splenic
atrophy and leucopenia; with a concomitant increase in intrasplenic caspase-3 levels that
suggests high-level SCI induces splenocyte apoptosis (Lucin et al. 2007). These changes
were associated with increased levels of circulating GCs (corticosterone or CORT) and
splenic norepinephrine (NE). Since the spleen filters the blood and is also densely
innervated by the SNS, we predicted that surges in stress hormones (i.e., GCs and NE) in the
blood and spleen of mice with high-level SCI would act in tandem to adversely affect
lymphocyte function and survival.

Here, using in vitro models, we show that CORT and NE signaling pathways synergize
within lymphocytes to increase expression of the pro-apoptotic protein Bim (Bcl-2
interacting mediator of cell death) (Willis et al. 2007). Importantly, Bim levels and the
marked loss of lymphocytes after T3 SCI can be blocked in vivo by delivering a combination
of RU486 (a GR antagonist) and butoxamine (a selective β2AR antagonist). Together, these
data suggest that the stress response to high level SCI, mediated in part through enhanced
GR and β2AR signaling in lymphocytes, could cause post-SCI immune suppression thereby
increasing the susceptibility to infection in affected individuals. Consequently, commonly
used drugs (e.g, beta-blockers or Mifepristone) may be useful for improving host defense
and/or bolstering the effects of post-traumatic immunizations in quadriplegic or high
paraplegic individuals. Similar benefits may be attained in immune compromised
individuals suffering from traumatic brain injury or stroke.

Materials and methods
Mice

Adult pathogen-free C57BL/6 female mice (6–8 weeks old; 16–21g, n=87) were purchased
from Taconic Laboratories (Germantown, NY). All experimental procedures were approved
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by the Animal Review Committee at The Ohio State University and are in accord with the
US Department of Health, Education and Welfare.

Spinal cord injury
A total of 29 mice received spinal cord injuries as described previously (Lucin et al. 2007).
Briefly, mice were anesthetized (i.p.) with a cocktail of ketamine (80 mg/kg)/xylazine (40
mg/kg) then were given prophylactic antibiotics (Gentocin; 1 mg/kg; s.q.). Using aseptic
technique, a partial laminectomy was performed at vertebral level T3 to expose the dorsal
spinal cord. Sham injured animals received a laminectomy (LAM) but no SCI. Complete
spinal transection injuries were performed after which the muscles and skin were sutured
separately. All mice receiving surgery received injections of sterile saline (2 mL, s.q.) to
prevent dehydration then were placed individually into warmed HEPA-filtered cages. Post-
operative care included manual bladder expression 2–3x/day and daily antibiotics (Gentocin,
50 mg/kg; s.q.).

Beta-2 adrenergic and CORT receptor antagonists
β2AR antagonists (butoxamine; 30mg/kg in PBS) and/or the GR antagonist Mifepristone
(a.k.a. RU486; 30mg/kg in ethanol/sesame oil (1:10)) were injected (i.p.) immediately
before SCI and at 1 and 2 days post-injury. All drugs were obtained from Sigma. Control
injections consisted of sterile PBS only (i.p.).

Blood cell counts
Mice were anesthetized and blood was collected via retro-orbital puncture. 100µL of blood
was diluted in 5mL of PBS (Ca2+ and Mg2+ free) + EDTA (2.7mM EDTA; pH 7.3) to
prevent clotting. Red blood cells were lysed with 5mL of 0.8% ammonia chloride and
washed with 10mL RPMI + 5% FBS. Red blood cell lysis was performed twice to ensure
complete lysis. Washed cells were resuspended in 1mL of RPMI + 5% FBS then counted
using a hemacytometer.

Splenocyte isolation
We focused our analyses on mixed and purified splenocytes since the ability to mount an
immune response to a pathogen or a vaccine, involves effective interactions between splenic
leukocytes. Moreover, sympathetic nervous system (SNS) innervation of the spleen is
critical for controlling the survival and function of lymphocytes and as we have shown
previously, this “hard-wiring” is adversely affected by a high-level SCI (Lucin et al. 2007).

After blood was collected, a laparatomy was performed under aseptic conditions to expose
then excise the spleen. Single cell suspensions were prepared from individual spleens by
processing spleens through 40μm nylon mesh strainers. Strainers were washed 3x with 5mL
RPMI + 5%FBS. Red blood cells were lysed with 0.8% ammonia chloride. Splenocytes then
were washed with RPMI + 5% FBS, resuspended in complete RPMI (cRPMI; RPMI 1640,
10% FBS (Atlas Biologicals, Ft. Collins, CO), 0.01M HEPES, 0.1nM non-essential amino
acids, 1mM sodium pyruvate, 5×105M β-mercaptoethanol (Sigma), 0.01% penicillin-
streptomycin, and 2nM L-glutamine), then counted on a hemacytometer. Unless specified,
all chemical were obtained from Invitrogen, Inc. (Carlsbad, CA).

B and T cell isolation
Magnetic microbeads (Miltenyi Biotec, Auburn, CA) were used to purify B and T cells from
splenocyte suspensions. Briefly, splenocytes were washed with PBS then were resuspended
in MACS buffer (consisting of PBS, 0.5% BSA and 2 mM EDTA; pH 7.2) with the
appropriate dilution of magnetic beads specific for B cell (CD45R or B220) or T cell

Lucin et al. Page 3

J Neurochem. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



antigens (CD4). Bead-labeled cells were passed though a magnetic column then were
washed 3x with MACS buffer. After removing the magnet, the column containing labeled
cells was flushed with MACS buffer and total numbers of B or T cells were counted on a
hemacytometer. Flow cytometry confirmed that our isolated B and T cell preparations were
~95% pure (see Fig. 3A&B).

Cell culture
To mimic the corticosterone (CORT) and NE surges that occur after a high-level SCI, we
used hydrocortisone and terbutaline, respectively. Hydrocortisone was used in our studies
because it is a water-soluble derivative of CORT making it ideal for in vitro studies.
Terbutaline is a widely used NE analogue and selective β2AR agonist. Order-of-potency
studies, using immune cell function as an endpoint readout, have shown that NE and
terbutaline activate lymphocyte β2ARs with similar potency (Sanders & Munson 1984). All
cells were cultured in cRPMI at 37ºC (5% CO2) and supplemented with 10µg/mL LPS and
4µg/mL concanavalin A. When used in vitro, RU486, CORT (i.e., hydrocortisone), and
Rolipram were first dissolved in ethanol alone and then diluted in PBS. Dibutyryl cAMP and
terbutaline were prepared in PBS only. All drugs were obtained from Sigma.

Cytofluorometric analysis
Flow cytometry (FACScalibur; Becton-Dickinson, San Jose, CA) was used to confirm the
purity of splenocyte preparations and to assess apoptosis. Isolated B or T cell suspensions
(5×105 cells/sample) were analyzed separately. All samples were incubated for 15 minutes
with 0.25 μg Fc-block (anti-mouse CD16/CD32) then labeled for B cells (CD19-PE; 1µg) or
T cells (CD3-APC; 0.25µg). Isotype-matched control antibodies at equal concentrations
were used to delineate non-specific staining. Apoptosis was quantified using Annexin-V-
FITC according to the manufacture’s protocol (BD Pharmingen; Franklin Lakes, NJ). At
least 10,000 events were collected per sample. Fc-block was obtained from BD Pharmingen
while all other antibodies were obtained from eBioscience (San Diego, CA).

Analysis of Apoptosis
Acridine Orange and Ethidium Bromide (AO/EB)—For AO/EB counting of
apoptotic cells, 5×105 cells were plated in cRPMI. Cells were exposed to the appropriate
treatment for 24hrs then were pelleted at 500×g for 5 mins. Supernatants were dumped and
cells were washed with 1mL of cold PBS. Cells were pelleted again, supernatants dumped
and cells were resuspended in 25µL PBS and 1µL AO/EB (100µg/mL each). After
incubating cells in the dark for 10 mins at room temperature, a 10µL aliquot was placed on a
glass slide, coverslipped and analyzed on an Axioplan 2 imaging system equipped with a
UV filter (Carl Zeiss Inc., Thornwood, NY). 100 cells per slide were counted in random
fields using a 40x objective. Apoptotic cells were defined as having a condensed or
fragmented nucleus and/or exhibiting membrane blebbing (see Fig. 2A).

DNA laddering—To confirm our AO/EB data, DNA fragmentation, a hallmark of
apoptosis was analyzed in splenocytes treated with NE, CORT or NE+CORT. 5×105

splenocytes were plated with the appropriate treatment for 24hrs and were then centrifuged
at 200×g at 4ºC for 10 mins. The cell pellets were resuspended and permeabilized with TTE
buffer (10mM Tris, 0.2% Triton X-100, and 1mM EDTA). To separate fragmented DNA
from intact chromatin, cells were centrifuged at 20,000×g for 10 mins at 4ºC. Cell
supernatants containing fragmented DNA were collected and treated with 5M NaCl to
dissociate histones from DNA. DNA was precipitated overnight at −20ºC with isopropanol
and recovered by centrifuging (20,000×g, 10mins @ 4ºC). Supernatants were discarded and
the DNA pellet was washed with 70% ethanol. DNA pellets were air dried for ~4hrs. DNA
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was dissolved in 20µL TE buffer and incubated at 37ºC overnight. DNA was mixed with gel
loading solution (Sigma), heated at 65ºC for 10 mins then was added to a 1% agarose gel
containing 0.5µg/mL ethidium bromide. Samples were run at 70 volts for 60 mins.
Fragmented DNA segments were visualized on a UV trans-illuminator (Fotodyne Inc.,
Hartland, WI).

Quantitative real-time PCR
For mRNA analysis, 3×106 cells were plated with the appropriate drug treatment for ~6hrs.
RNA was then purified from cells using Trizol (Invitrogen) and quantified by
spectrophotometry. Resultant RNA was DNase-treated (Invitrogen) and reverse transcribed
into cDNA using MULV DNA polymerase and DNA nucleotides (Applied Biosystems,
Foster City, CA). Gene-specific primer pairs were used to detect mRNA expression via
quantitative real-time PCR (Q-RT-PCR). Primer sequence specificity was confirmed via
BLAST analysis for highly similar sequences against known sequence databases. Briefly,
20µL PCR reactions were performed using 10ng of cDNA, 500nmol/L of each primer and
SYBR Green master mix (Applied Biosystems). Standard curves were generated for each
gene using a control cDNA dilution series. Melting point analyses for each reaction
confirmed a single amplified product. β-actin served as an internal control to ensure the
efficiency of reverse transcription and to normalize for the concentration of cDNA used in
each real-time PCR reaction. The following primers were used for β-actin: forward primer,
5'-TACAGCTTCACCACCACAGC-3' and reverse primer, 5'-
AAGGAAGGCTGGAAAAGAGC-3'; β2AR: forward primer, 5'-
ACTTCCTTAGGGATGAGGTTGTCC-3' and reverse primer, 5'-
TTGCCTATCCAGATGCACTGGTAC -3' (Sanders et al. 2003); Bim: forward primer, 5'-
CGACAGTCTCAGGAGGAACC -3' and reverse primer, 5'-
CCTTCTCCATACCAGACGGA-3' (Zhang & Insel 2004). All primers were synthesized
and purchased from Integrated DNA Technologies (Coralville, IA).

cAMP assay
cAMP was analyzed using a fluorescence polarization Biotrak Immunoassay system
(Amersham Biosciences, Piscataway, NJ) per the manufacturer’s specifications. Briefly,
5×105 splenocytes were cultured for ~24hrs as described above (±CORT). After 24hrs,
terbutaline was added and splenocytes were incubated for an additional 5hrs. Cells were
washed with PBS, lysed with a proprietary lysis buffer and were incubated overnight in a
humidity chamber (at room temperature protected from light) with rabbit anti-cAMP serum
and a Cy3B cAMP fluorescent conjugate. Fluorescent cAMP conjugates that bound rabbit
antibodies could be displaced by endogenous cAMP in the splenocyte lysates. Thus, the
amount of unbound fluorescent conjugate acted as a surrogate marker for the levels of
endogenous cAMP. Bound vs. unbound fluorescent cAMP conjugates were quantified by
fluorescence polarization (525nm/580nm) using a SpectraMax M5 fluorescence plate reader
(Molecular Devices, Sunnyvale, CA) based on a standard curve of known amounts of
cAMP.

Western blot
3×106 splenocytes were homogenized in 200µL Mammalian cell Protein Extraction Reagent
(M-PER™; Pierce, Rockford, IL) and 5µL Halt™ Protease Inhibitor cocktail (Pierce). The
resulting homogenate was centrifuged for 5 mins at 4500×g and supernatants were
transferred into fresh tubes for protein quantification. Protein concentrations were
determined using Coomassie Plus™ Protein Assay Kit (Pierce). 15µg of protein was added
to 6.25µL NuPAGE™ LDS sample buffer with 5% beta-mercaptoethanol and brought up to
a volume of 25µL with H2O. Samples were heated at 95°C for 5 minutes. Samples were
loaded and run on NuPAGE™ 4–12% Bis-Tris gels. Gels were run at 200V for ~40 min
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after which proteins were transferred to immobilon-P membranes (Millipore, Medford, MA)
at 30V for 90 mins. Membranes were blocked with 5% milk and 0.5% Tween for 1 hr at RT
then hybridized with antibodies against Bim (1:1000 @ 4°C overnight; BD Pharmingen, San
Jose, CA). Antibodies against α-tubulin (1:2000; Sigma) were used to ensure consistent
protein loading. Goat anti-mouse HRP and goat anti-rabbit HRP (Sigma; 1:5000) were used
as secondary antibodies for α-tubulin and Bim, respectively. Blots were developed using
Pierce WestPico chemiluminescent substrate kit and visualized on Kodak Biomax film
(Rochester, NY).

Statistical analyses
All data are expressed as mean ± SEM. Group means were compared using ANOVA with
Tukey’s post-test or, when applicable, an unpaired t-test. Significance for all analyses was
set at p<0.05. All tests were performed using GraphPad Prism version 4.03 (GraphPad
Software, San Diego, CA, USA).

Results
CORT and β2AR stimulation induce lymphocyte apoptosis in vitro

Previously, we showed that T3 SCI causes CORT and NE to increase in the blood and
spleen, respectively, and that these changes in stress hormones are associated with splenic
atrophy and increased levels of intrasplenic caspase-3, an effector of cellular apoptosis
(Lucin et al. 2007). Also, humoral (antibody-mediated) immunity was significantly impaired
in T3 SCI mice but could be restored using butoxamine, a selective β2AR inhibitor.
Collectively, these data implicate stress hormones as a critical regulator of immune cell
function and survival after a high level SCI. Indeed, although physiological levels of CORT
and NE are important for regulating glucose availability and other cellular functions, when
leukocytes are exposed to stress hormones for prolonged periods or at supraphysiological
concentrations, like those found after SCI, cell death may ensue (Del Rey et al. 2003). This
prompted us to ask whether the acute reduction in splenocytes after SCI was a result of NE
and/or CORT initiating cell death cascades.

To test this hypothesis, mixed splenocyte preparations were exposed to hydrocortisone and
terbutaline, i.e., analogues of CORT and NE, respectively (see Methods for rationale).
Importantly, lymphocytes were exposed to 2–6µM of hydrocortisone or 1–10mM of
terbutaline, concentrations that approximate the levels of CORT and NE found in vivo after
T3 SCI. After SCI, circulating CORT levels rise reaching concentrations up to ~ 700ng/mL
(~2µM; see Lucin et al. 2007). To investigate dose-response effects of hydrocortisone,
higher concentrations (6µM) also were used as described in independent reports (Eisen et al.
1973).

To mimic the concentrations of NE that splenic lymphocytes are exposed to in vivo, we used
1–10mM terbutaline. Indeed, changes in circulating NE are likely to be irrelevant since NE
is rapidly degraded in the blood with a half-life of ~1s (Capella et al. 1993). In contrast,
splenic lymphocytes are closely apposed to sympathetic nerve terminals and as NE is
released, it acts locally before it is recycled back into the nerve terminals (Felten et al.
1987). Neurotransmitter concentrations in nerve terminals are predicted to be ~60–210mM
(Riveros et al. 1986, Shupliakov et al. 1992) with synaptic concentrations reaching ~10mM
(Clements et al. 1992, Vizi & Kiss 1998). Therefore, in SCI mice, splenic lymphocytes
could easily be exposed to concentrations of NE reaching or exceeding ~10mM.

We first tested whether terbutaline and/or hydrocortisone were capable of inducing
apoptosis in a mixed splenocyte population. Flow cytometry for Annexin V suggested that
when combined, hydrocortisone and terbutaline synergized to cause lymphocyte apoptosis
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(Fig. 1A). This finding was confirmed with DNA laddering (Fig. 1B). Next, we stained cells
with acridine orange and ethidium bromide (AO/EB) and confirmed the ability of a range of
concentrations of hydrocortisone and terbutaline to induce apoptosis. In contrast to flow
cytometry or DNA laddering analysis, microscopic analysis of AO/EB-stained cells is fast
and inexpensive and can be used to quickly and reliability distinguish between live and
apoptotic cells. Indeed, condensed or fragmented nuclei, membrane blebbing or increased
membrane permeability to EB were clearly visible in apoptotic cells (Fig. 2A). Thus, AO/
EB is an ideal tool for rapidly screening different concentrations of terbutaline and
hydrocortisone (Fig. 2B–E). As seen in Fig. 2, when given alone, neither hydrocortisone nor
terbutaline adversely affected splenocyte survival. However, when combined, they induced
significant apoptosis (Fig. 2D&E; p<0.01). When RU486, a GR antagonist, was combined
with hydrocortisone and terbutaline, their ability to induce apoptosis was abolished (Fig.
2F).

CORT and NE synergize to cause B- and T-cell apoptosis in vitro
Data in Figure 1&Figure 2 reveal the cytotoxic effect of simultaneously stimulating GRs and
β2ARs in mixed splenocyte preparations consisting of T and B cells, dendritic cells and
macrophages. We previously showed that each of these leukocyte subsets is adversely
affected by SCI with B cells being most affected (Lucin et al. 2007). To determine if post-
SCI elevations of CORT and NE could explain the massive loss of B cells and the
corresponding loss of antibody synthesis that we observed previously after T3 SCI, we
repeated the above experiments using purified B and T cells (97% and 93% pure; Fig. 3A,B,
respectively).

Unlike whole splenocytes, apoptosis was induced in purified B and T cells following
exposure to either hydrocortisone or terbutaline (Fig. 3C&D). However, when
hydrocortisone and terbutaline were combined, apoptosis was significantly increased in B
cells (Fig. 3C; p<0.001 vs. CORT or Terb alone). The lack of synergistic apoptotic signaling
in T cells could be explained by the higher level of apoptosis induced in these cells by
hydrocortisone or terbutaline alone (Fig. 3D).

CORT increases β2AR expression and cAMP accumulation in lymphocytes
Clearly, the parallel activation of GRs and β2ARs causes apoptosis in mature lymphocytes.
A number of possible mechanisms could explain this synergy. For example, the β2AR gene
has several GC response elements (Nakada et al. 1989) at which CORT could act to enhance
β2AR expression and affinity while simultaneously preventing downregulation (Davies &
Lefkowitz 1981, Hadcock & Malbon 1988, Mak et al. 1995a, Mak et al. 1995b).
Glucocorticoids also enhance β2AR-mediated induction of cAMP signaling (Abraham et al.
2003, Parker et al. 1973). These interactions have been primarily described in neutrophils
and lung parenchymal cells but not in lymphocytes. To determine if similar interactions
exist in B cells, we exposed purified naïve B220+ B cells to increasing concentrations of
hydrocortisone. In the presence of hydrocortisone, β2AR mRNA expression was increased
~20-fold (Fig. 4A). In contrast, the non-B cell fraction of purified cells (~82% CD3+ T cells)
were less responsive to hydrocortisone with β2AR mRNA expression increasing ~5-fold but
only at low hydrocortisone concentrations (Fig. 4B). In both cell populations, changes in
β2AR mRNA expression were dependent on GC signaling since co-administering RU486
blocked the effect (Fig. 4A&B).

To verify the functional significance of these mRNA changes, we measured intracellular
cAMP in splenocytes that were first cultured with/without hydrocortisone then were
subsequently stimulated via β2ARs. In cells pre-treated with hydrocortisone, β2AR
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signaling was markedly enhanced as indicated by elevated intracellular cAMP (Fig. 4C;
p<0.05 vs. CORT only).

Based on the above data and our past data showing that circulating CORT and splenic NE
are increased only after a T3 SCI (but not mid-thoracic SCI; Lucin et al. 2007), we predicted
that only T3 SCI would induce β2AR expression in lymphocytes. Real-time PCR analysis of
purified B cell RNA confirmed this hypothesis and showed that β2AR mRNA expression
was only increased in cells isolated from T3 SCI mice (Fig. 4D; p<0.05 vs. T3 and T9 lam).

Elevated levels of cAMP do not induce lymphocyte apoptosis
After a T3 SCI, increased expression of β2ARs on B cells could render them
“hypersensitive” to stimulation by the supraphysiological levels of NE that exist in the
lymphoid tissue (del Rey et al. 2006, Marra & Hoffman-Goetz 2004). Subsequent increases
in intracellular cAMP signaling could then trigger growth arrest and/or apoptosis (Zhang &
Insel 2004). To determine if high levels of intracellular cAMP were responsible for
apoptosis of lymphocytes by hydrocortisone and terbutaline synergy (see Fig. 2&Fig. 3), we
cultured naïve splenocytes in the presence of different concentrations of Rolipram, an
inhibitor of the cAMP-degrading enzyme, phosphodiesterase-4. Rolipram markedly elevates
intracellular cAMP to levels similar to those found in cells stimulated with hydrocortisone
+terbutaline (Fig. 5A) but did not cause apoptosis (Fig. 5B). In separate cultures, addition of
dibutyryl cAMP (dBcAMP), a soluble membrane permeable cAMP analogue, also failed to
cause splenocyte apoptosis (Fig. 5B).

When we repeated these studies using purified B and T cells, neither Rolipram nor dBcAMP
induced apoptosis (Fig. 5C&D). In contrast, stimulation of GRs in the presence of Rolipram
caused apoptosis in ~80–90% of lymphocytes (Fig. 5C,D). Collectively, these data suggest
that potent activation of β2ARs is not sufficient to induce apoptosis of lymphocytes. Instead,
the simultaneous activation of β2ARs and GRs causes lymphocyte apoptosis.

CORT and NE synergize to induce the apoptotic protein Bim
Bcl-2 interacting mediator of cell death (Bim) is a recently described mediator of apoptosis
that can be activated by GC and β2AR signaling (Wang et al. 2003, Zhang & Insel 2004).
We tested whether induction of Bim in lymphocytes was dependent on synergistic signaling
via β2ARs and GRs. Using naïve splenocytes, we found that when used alone,
hydrocortisone or terbutaline had little effect on Bim mRNA expression. However,
expression of Bim mRNA was significantly increased in lymphocytes exposed to both
hydrocortisone and terbutaline (Fig. 6A; p<0.05 vs. media-stimulated cells). Co-incubating
cells with the GR antagonist RU486 reduced this synergistic effect (Fig. 6A). Each of these
effects was confirmed at the protein level using Western blot (Fig. 6B&C; p<0.01).

GR and β2AR antagonists block Bim induction and lymphocyte apoptosis after T3 SCI
We next tested whether lymphocyte apoptosis that occurs after T3 SCI was associated with
an increase in Bim mRNA. Real-time PCR analysis of splenocyte mRNA isolated from T3
SCI mice revealed marked induction of Bim (Fig. 6D; p<0.05 vs. T3 laminectomy control).
This could be inhibited by pre-treating mice with RU486 and butoxamine prior to SCI
suggesting that apoptotic signaling in lymphocytes is mediated via GR and β2AR signaling
(Fig. 6D).

Since these drugs limit signaling via GRs and β2ARs with a concomitant reduction in Bim
(see Fig. 4A&Fig. 6), we predicted they would reverse the splenic atrophy and splenic
leucopenia caused by T3 SCI. Confirming our hypothesis we found that pre-injury injections
of RU486 and butoxamine significantly attenuated splenic atrophy and partially blocked the
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loss of leukocytes in spleen (Fig. 7A–B). However, when used alone, β2AR or GR
antagonists failed to significantly restore splenocyte numbers. Importantly, splenic
lymphopenia after T3 SCI is not associated with enhanced lymphocyte migration from
spleen into the blood (as determined by circulating leukocyte numbers), suggesting the loss
of splenic leukocytes after T3 SCI cannot be explained by cellular efflux (Fig. 7C). In
parallel with the spleen, pre-injury injections of RU486 and butoxamine partially block the
loss of circulating leukocytes after T3 SCI (Fig. 7C).

Discussion
Previously, we showed that high thoracic (T3) SCI causes marked splenic atrophy with a
parallel increase in intrasplenic caspase-3. These changes were accompanied by an increase
in circulating corticosterone (CORT) and splenic norepinephrine (NE) and suppressed
immune function (Lucin et al. 2007). In the present study we provide an explanation for
these changes. Namely, post-SCI elevations of CORT and NE synergize to increase
apoptosis of leukocytes in general and B cells in particular. Enhanced apoptosis is associated
with the induction of Bim, a BH-3-only protein that is important for inducing apoptosis.
These effects can be inhibited using antagonists of GRs and β2ARs, a strategy that we
previously showed was effective in restoring humoral immune function after T3 SCI (Lucin
et al. 2007).

These data provide a unique perspective on how to reverse immune deficits caused by
severe CNS injury. Indeed, the HPA axis and SNS become over-activated or are
inappropriately regulated after traumatic brain injury and stroke (Offner et al. 2006, Prass et
al. 2003), mimicking the consequences of major systemic stress. For example, burn injury
(Fukuzuka et al. 2000, Maekawa et al. 2002), hemorrhagic shock (Oberbeck et al. 2002) and
intense endurance training (Mars et al. 1998, Mooren et al. 2002) trigger aberrant activation
of the HPA/SNS causing severe immune suppression and lymphocyte apoptosis. Based on
our present data, we predict that in each case, immune suppression is caused by the
convergence of GC and catecholamine signaling in leukocytes with subsequent induction of
Bim and apoptosis.

Increased expression of Bim mRNA has been described in several models of GC-induced
apoptosis (Wang et al. 2003). More recently, Bim was found to be elevated in a synergistic
manner by GCs and NE in T-lymphoma cells (Zhang & Insel 2004). Here we extend those
observations and show that synergistic signaling via GRs and β2ARs elevates Bim and
promotes apoptosis in mature primary lymphocytes. Since all immune cells express GRs and
nearly all express β2ARs, the convergence of these signaling pathways may also explain
why innate immune function is impaired in people with high-level SCI (Campagnolo et al.
2000).

While our data provide a mechanism to explain how/why lymphocytes undergo apoptosis
after severe CNS injury, the advantage of this apparently conserved physiological response
is not immediately apparent. In fact, intuitively one would predict that suppression of
immune function after any injury would be an unfavorable response for the host. It is
possible that this has evolved as a mechanism to prevent hyperactivation of the immune
system. In response to trauma or infection, the HPA axis and SNS are activated in parallel
with the release of pro-inflammatory cytokines and acute phase proteins (Maier et al. 1998).
This systemic inflammatory response syndrome (SIRS), if left unchecked, can exacerbate
pathology or cause death. The role of stress hormones in limiting immune hyperactivation is
evident in adrenalectomized animals where sub-lethal doses of endotoxin become lethal
(Kapcala et al. 1995). Similarly, adrenalectomized mice remain efficient at clearing virus but
experience exaggerated TNF levels and increased lethality without endogenous
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glucocorticoids (Ruzek et al. 1999). This is why diseases associated with GC deficiency
(e.g., Addison’s disease or pituitary ACTH deficiency) require GC replacement therapy
during episodes of fever, infection or inflammatory stress (Kapcala et al. 1995).

It is also possible that trauma-induced activation of the HPA/SNS axis helps prevent
pathological autoimmune reactions. In humans and rodents, spinal trauma, TBI and stroke
can activate autoreactive T and B cells (Ankeny et al. 2006, Becker et al. 2005, Jones et al.
2002, Kil et al. 1999). However, in most cases, these responses fail to cause clinically
evident autoimmune pathology. Signaling via GRs and β2ARs may limit lymphocyte
proliferation and expansion. Indeed, GCs cause apoptosis of myelin-reactive T cells and
limit neuropathology in experimental autoimmune encephalomyelitis (EAE), a model of
multiple sclerosis (McCombe et al. 1996, Nguyen et al. 1997). Moreover, minimal T cell
apoptosis occurs in adrenalectomized rats with EAE. These rats experience a more rapid
disease onset with increased mortality when compared with animals with an intact HPA axis
(Smith et al. 1996). GR/β2AR signaling may also be important for regulating lymphocyte
apoptosis in the context of other autoimmune diseases (Del Rey et al. 2003). Individuals
with rheumatoid arthritis express fewer β2ARs on their B cells and exhibit corresponding
impairments in β2AR signaling (Wahle et al. 2001). As a result, their B cells are less
responsive to catecholamine-induced apoptosis (Wahle et al. 2002). Also, β2AR
polymorphisms are associated with an increased incidence of rheumatoid arthritis, a cell-
mediated autoimmune disease (Xu et al. 2005). Interestingly, in individuals with systemic
lupus erythematosus (SLE) and systemic sclerosis, β2AR expression and signaling are
impaired in B cells (Wahle et al. 2001). Independent studies suggest that this may be a result
of decreased function in the HPA axis of individuals with SLE (Harle et al. 2006). Indeed,
despite evidence of enhanced sympathetic outflow in SLE patients (as measured by
neuropeptide Y), the same individuals had low levels of circulating ACTH and cortisol
(Harle et al. 2006).

Whether GC/β2AR signaling induces apoptosis in lymphocytes may depend on the
maturation state or the prior state of activation of a given cell. Indeed, sustained elevations
of CORT can deplete developing cells of the B lymphocyte lineage in secondary lymphoid
tissues (Garvy et al. 1993). However, once these cells mature and become activated, pro-
survival proteins, including Bcl-xL, are increased and limit the effects of apoptotic stimuli
(Fang et al. 1997). This suggests that newly formed or naive lymphocytes may be more
sensitive to the stress response elicited by SCI than activated or memory lymphocytes. Still,
in all of our in vitro studies, lymphocytes were activated with LPS or conA, potent B- or T-
cell mitogens, respectively; yet, GCs and terbutaline still caused apoptosis. Thus, combined
signaling through GC and β2ARs can apparently overcome pro-survival signaling in mature
activated lymphocytes.

Our current data provide a mechanism to explain why immune suppression occurs after a
high level SCI. Specifically, post-traumatic SCI increases circulating GCs and
catecholamine (e.g., NE) concentrations in spleen (and presumably other lymphoid tissues)
(Lucin et al. 2007). As lymphocytes are exposed to these stress hormones, β2AR expression
is increased. This effectively reduces their threshold for activation via NE and provokes
massive increases in intracellular cAMP with subsequent induction of Bim. Bim was
previously found to be a convergence point for inducing apoptosis of cells by GCs and
agents that elevate cAMP (Zhang & Insel 2004). Although our present data confirm this
observation, we find that unlike transformed cell lines (e.g., S49 lymphoma cells) in which
Bim expression and subsequent apoptosis can be induced by cAMP analogues or β-
adrendergic agonists, simply elevating intracellular cAMP levels does not induce apoptosis
in primary mouse lymphocytes. Instead, GRs and β2ARs must be activated in parallel to
induce apoptosis. Also, our studies highlight the difference in apoptotic sensitivity between
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cells cultured in isolation or as a heterogeneous population directly isolated from lymphoid
organs (compare Fig. 2 & Fig. 3). This disparity is likely due to the complex network of
intercellular communication that exists in vivo, which acts to provide pro-survival signals to
complementary cells (e.g., via CD40L or CD80/86).

Presently, we do not know how long the effects of lymphocyte apoptosis linger after high-
level SCI. Based on rat and human SCI data, a similar decline in lymphocyte numbers is
observed within 24 hrs and persists up to one week post-injury (Riegger et al. 2007, Riegger
et al. 2008, Furlan et al. 2006). Even if immune function is restored as the lymphoid organs
spontaneously repopulate, it is likely that functionally significant levels of lymphocyte
apoptosis will be continuously induced throughout the lifetime of a quadriplegic or high-
level paraplegic. Indeed, episodic catecholamine “storms” and spikes in circulating GCs will
be triggered repeatedly as a consequence of recurrent bouts of autonomic dysreflexia (AD).
AD is a life-long problem for most people with a SCI above the T5–6 spinal level. We
predict that the episodic and recurrent onset of AD with subsequent suppression of immune
function (due to lymphocyte apoptosis) may explain why these individuals are at high risk
for recurrent infections throughout their lifetime.

Annual flu vaccines are recommended by the US Centers for Disease Control and
Prevention for SCI individuals (Goldstein et al. 2005). Also, therapeutic myelin vaccines
have been shown to promote axon regeneration in rodents with mid-thoracic SCI (Huang et
al. 1999). Since the efficacy of any vaccine is dependent on an intact and functional immune
system, it is unlikely that these vaccines will consistently elicit the intended therapeutic
benefits in individuals with high-level SCI, stroke or traumatic brain injury (TBI) where
immune function is suppressed. Based on our present data, it is practical to consider using
β2AR or GR antagonists (e.g., beta-blockers and Mifepristone) as adjunct therapies for
enhancing immune function in a subpopulation of SCI, stroke or TBI patients.

Abbreviations Used

ACTH adrenocorticotropic hormone

AD autonomic dysreflexia

AO/EB acridine orange/ethidium bromide

β2AR β2-adrenergic receptors

Bim Bcl-2 interacting mediator of cell death

CIDS CNS injury-induced immunodepression

CORT corticosterone/hydrocortisone

cRPMI complete RPMI media

GC glucocorticoid

GR glucocorticoid receptor

HPA hypothalamic-pituitary-adrenal

LAM laminectomy

MAG myelin-associated glycoprotein

NE norepinephrine

SCI spinal cord injury

SIRS systemic inflammatory response syndrome
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SNS sympathetic nervous system

T3 spinal cord injury at thoracic level 3

TNF tumor necrosis factor
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Figure 1. Stimulation via glucocorticoid and β2AR receptors synergizes to induce splenocyte
apoptosis in vitro
Naive splenocytes were exposed to increasing concentrations of terbutaline (β2AR agonist)
for 24hrs in the presence (open circles; 2µM) or absence (closed circles; 0µM)
hydrocortisone (referred to throughout this and subsequent figures as CORT. (A) Apoptosis
was analyzed using flow cytometry (Annexin V staining) or (B) DNA laddering. Numbers
displayed on the DNA laddering image correspond with the following stimulation
conditions: 1:Media; 2:2µM CORT; 3:1mM Terb; 4:10mM Terb; 5:2µM CORT+1mM
Terb; 6:2µM CORT+10mM Terb; 7:Staurosporine.
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Figure 2. Acridine orange and ethidium bromide (AO/EB) staining reveal enhanced splenocyte
apoptosis following activation of glucocorticoid and β2AR receptors
(A) A representative image of AO/EB-stained lymphocytes. Apoptotic cells are easily
distinguished from live cells based on the appearance of condensed and/or fragmented
nuclei. (B–E) Apoptosis was quantified in naive splenocytes cultured in vitro for 24hrs with
the varying combinations and concentrations of CORT and terbutaline (Terb); **p<0.01 vs.
media control or CORT or Terb alone; n=4/group. (F) Induction of apoptosis by CORT+NE
synergy was reversed by co-incubating with the glucocorticoid receptor antagonist, RU486
(**p<0.01 vs. CORT+Terb). Staurosporine (1µM) was used as a positive apoptotic control
stimulus (B–F). All were analyzed using one-way ANOVA with Tukey’s Post-test.
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Figure 3. Stimulation of glucocorticoid and β2AR receptors causes apoptosis in purified T and B
lymphocytes
Naive B- and T-cells were isolated from whole splenocytes then were cultured in vitro for
24 hrs with the appropriate drugs. Percent apoptosis was determined using AO/EB staining.
Suspensions of B- and T-cells were confirmed to be ~95% pure via flow cytometry (A and
B, respectively). Isotype-matched control antibodies were used to delineate non-specific
staining (white peaks, A&B). Unlike mixed splenocyte cultures (see Fig. 2), CORT or
terbutaline (Terb) were able to induce apoptosis in purified B and T cells. However, the
synergistic induction of apoptosis by CORT+Terb was prominent in B cells (C)
(***p<0.001,**p<0.01, *p<0.05 vs. media control and vs. CORT or Terb alone; n=4/
group). This can be explained by a higher baseline of apoptosis in T cells with CORT or
Terb alone (D) (***p<0.001 vs. media control). All data analyzed via ANOVA with
Tukey’s Post-test.

Lucin et al. Page 18

J Neurochem. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. CORT increases β2AR expression in lymphocytes after T3 SCI
(A) Naïve B220+ B cells or (B) B220− cells were incubated in vitro with varying
concentrations of CORT for 6hrs. CORT increased β2AR mRNA expression ~20-fold and
~5-fold, respectively. This could be reversed by antagonizing GRs (representative of n=2
independent experiments; RNA pooled from triplicate wells). (C) Using naive splenocytes
treated with or without CORT (24 hr pre-treatment) and subsequently stimulated with
terbutaline (5hrs before cell harvest), it was confirmed that CORT increases functional
β2ARs on lymphocytes. Note the increased intracellular concentrations of cAMP in Terb-
stimulated cells that were pre-treated with 2µM CORT; *p<0.05 vs. CORT alone, n=4/
group. (D) β2AR mRNA expression is increased in vivo on B cells after T3 but not a T9 SCI
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(3 days post injury); *p<0.05 vs. laminectomy (Lam) control and T9 SCI. Data were
analyzed using a one-way ANOVA with Tukey’s Post-test.
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Figure 5. Elevation of intracellular cAMP is not sufficient to induce lymphocyte apoptosis
(A) Rolipram elevates intracellular cAMP to the same extent as CORT+terbutaline but does
not trigger lymphocyte apoptosis (see B–D). (B) Mixed splenocytes stimulated in vitro with
increasing concentrations of Rolipram or dibutyryl cAMP (dBcAMP) for 24hrs fail to
induce apoptosis. (C&D) Similarly, neither Rolipram nor dBcAMP was able to trigger
apoptosis in purified B or T lymphocytes. Apoptosis was induced only when lymphocytes
were simultaneously stimulated with 2µM CORT and Rolipram. Apoptosis was quantified
in AO/EB-stained cells (see Fig. 2). 1µM staurosporine (S) acted as a positive control. For
each graph, n=4/group from replicate experiments. All data were analyzed using one-way
ANOVA with Tukey’s Post-test; *p<0.05 or ***p<0.001 vs. control stimulus; mean±SEM
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of apoptosis caused by media alone is represented by shaded box behind individual column
data in B–D.
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Figure 6. CORT and NE synergize to induce Bim expression in lymphocytes in vitro and in vivo
after T3 SCI
(A–C) The combination of CORT and terbutaline signaling induces mRNA (A) and protein
(B) expression of the pro-apoptotic molecule, Bim in splenocytes. This effect was blocked
by co-treatment with the glucocorticoid receptor antagonist, RU486 (A&C). (D) In vivo
following a T3 SCI (3 days post injury), Bim was induced in splenocytes. This induction
was inhibited by the combined administration of β2AR and glucocorticoid receptor
antagonists (i.e., butoxamine and RU486, respectively). Western blots in B&C show Bim
EL isoform and are representative of two independent experiments. n=4/group; *p<0.05 or
**p<0.01 vs. media-stimulated (A–C) or sham-injured control (D); One-way ANOVA with
Tukey’s Post-test.
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Figure 7. The induction of splenic leukocyte apoptosis after T3 SCI is attenuated using
antagonists of GRs and β2ARs
(A–C) Spleen weight (A), total numbers of splenocytes and circulating white blood cell
counts (B&C, respectively) are reduced after T3 SCI (3 days post injury). These SCI-
specific effects were partially reversed by co-administration of butoxamine (Butox; a
selective β2AR antagonist) and RU486 (a GR antagonist). n=5/group; ***p<0.001,
**p<0.01, *p<0.05 as indicated in A&B or vs. laminectomy control in C; One-way ANOVA
with Tukey’s Post-test.
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