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Abstract
Previous research in our laboratory has demonstrated robust circadian variations of cytokines and
cytolytic factors in enriched NK cells from rat spleen, strongly suggesting these functions may be
subject to circadian regulation. The SCN mediates timing information to peripheral tissues by both
humoral and neural inputs. In particular, noradrenergic (NE) sympathetic nervous system (SNS)
terminals innervate the spleen tissue communicating information between central and peripheral
systems. However, whether these immune factors are subject to timing information conveyed
through neural NE innervation to the spleen remained unknown. Indeed, we were able to
characterize a circadian rhythm of NE content in the spleen, supporting the role of the SNS as a
conveyor of timing information to splenocytes. By chemically producing a local splenic
sympathectomy through guanethidine treatment, the splenic NE rhythm was abolished or shifted
as indicated by a blunting of the expected peak at ZT7. Consequently, the daily variations of
cytokine, TNF-α, and cytolytic factors, granzyme-B and perforin, in NK cells and splenocytes
were altered. Only time-dependent mRNA expression of IFN-γ was altered in splenocytes, but not
protein levels in NK cells, suggesting non-neural entrainment cues may be necessary to regulate
specific immune factors. In addition, the rhythms of clock genes and proteins, Bmal1 and Per2, in
these tissues also displayed significantly altered daily variations. Collectively, these results
demonstrate rhythmic NE input to the spleen acts as an entrainment cue to modulate the molecular
clock in NK cells and other spleen cells possibly playing a role in regulating the cytokine and
cytolytic function of these cells.
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INTRODUCTION
There is accumulating evidence linking the immune system with circadian regulation. For
instance, several light input pathways, including the suprachiasmatic nucleus (SCN), may
modulate the immune system (Chacon et al., 2002; Roberts, 2000). Further, several studies
have described circadian variations of different immune parameters such as lymphocyte
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proliferation, antigen presentation, and cytokine gene expression (Demas et al., 2003; Levi
et al., 1991; Maestroni and Conti, 1996). Importantly, the activity of natural-killer (NK)
cells also varies depending on time of day (Arjona et al., 2004; Esquifino et al., 1996;
Fernandes et al., 1979), and is associated with the circadian variation of tumor clearance
(Shakhar et al., 2001). Previously, we have characterized the rhythmic expression of
putative clock genes and proteins in splenocytes (Arjona et al., 2004), and NK cells (Arjona
and Sarkar, 2005), isolated from the rat spleen. Cytolytic factors granzyme-B and perforin,
in addition to cytokines TNF-α and IFN-γ, are expressed rhythmically in these cells (Arjona
et al., 2004; Arjona and Sarkar, 2005). Importantly, the clock gene Per2 may drive the
rhythm of IFN-γ in the spleen (Arjona and Sarkar, 2006). However, the influence of the
SCN in the control of canonical clock gene expression and cellular function of the spleen,
particularly in NK cells, is not known.

Circadian rhythms generated by the central biological clock of the SCN govern many
aspects of physiology and behavior, including locomotor activity, sleep-wake cycles,
autonomic and endocrine function. The SCN is entrained by an array of internal and external
cues, including light input through the retinohypothalamic tract (RHT), interacting across
several feedback pathways that allows for coordination and synchronization among many
physiological systems. At the cellular level, individual SCN neurons generate spontaneous
firing patterns oscillating near 24-hr rhythms (Herzog et al., 1998; Honma et al., 1998;
Welsh et al., 1995), which may become synchronized by synaptic and/or non-synaptic
mechanisms (e.g., Drouyer et al., 2010; Dudek et al., 1993; Kent and Meredith, 2008;
Prosser et al., 1994; Welsh et al., 1995). This coordinated potentially rhythmic SCN output
is transmitted to peripheral tissues by direct and indirect neural and endocrine pathways
(Albrecht and Oster, 2001; Silver et al., 1996) to regulate physiological responses of
peripheral systems, including metabolic and immune systems. Furthermore, the canonical
clock genes, including Per1, Per2, Per3, Cry1, Cry2, Clock, and Bmal1, acting in series of
positive and negative interlocking transcriptional-translational feedback loops in SCN cells,
are also rhythmically expressed in cells from peripheral tissues, including the spleen (Arjona
et al., 2004; Arjona and Sarkar, 2005). Thus, the SCN may synchronize and coordinate
appropriate tissue-specific physiological and metabolic responses (Hastings et al., 2003;
Yoo et al., 2004) by humoral and neural inputs.

The primary neural pathways carrying timing information from the SCN to the periphery are
the sympathetic (SNS) and parasympathetic nervous systems. From both neuroanatomical
and neurochemical studies, the sole neural input to the spleen is of sympathetic origin
(Bellinger et al., 1993; Cano et al., 2001; Nance and Burns, 1989), originating from
preautonomic neurons in the hypothalamus (Katafuchi et al., 1993), and upon stimulation of
noradrenergic fibers, releases norepinephrine (NE) that targets immune cells, including NK
cells, lymphocytes, and macrophages (Dokur et al., 2004; Elenkov et al., 2000). In general,
NE release from sympathetic nerve terminals acts on β-adrenergic receptors increasing
cAMP accumulation, in turn activating PKA I pathway (Peng et al., 2004; Torgersen et al.,
1997), and ultimately suppressing NK cell cytolytic activity and mRNA expression of
several cytolytic factors, such as granzyme-B, perforin, and interferon-gamma (IFN-γ)
(Dokur et al., 2004). Together, this evidence points toward an integrative axis from the SCN
through the SNS to the spleen that is regulated by the catecholamine NE.

The role of NE in regulating clock genes and coordinating daily rhythm has been
demonstrated in pineal gland and in liver. In mouse liver, acute administration of adrenaline
or NE increased mPer1 but not mPer2 expression in vivo and in hepatic slices in vitro
(Terazono et al., 2003). Furthermore, under a light-dark cycle, destruction of the SCN
flattened the daily rhythms of not only mPer1, mPer2, and mBmal1 genes but also NE
content in the liver, whereas, daily injection of catecholamine for 6 days, recovered
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oscillations of mPer2 and mBmal1 gene expression in the liver of mice with SCN lesion
(Terazono et al., 2003). In rat pineal, the expression of Per1 and Cry2 was regulated by the
clock-driven changes in NE, in a similar manner to the melatonin rhythm-generating enzyme
arylalkylamine N-acetyltransferase. However, the expression of Per3 and Cry1, other clock
regulating genes, displayed a daily rhythm not regulated by NE (Simonneaux et al., 2004).
These results suggest the possibility that the sympathetic nerves through NE release might
be involved in controlling specific clock regulating genes and thereby governing circadian
rhythms at the cellular and tissue levels.

In the present study, our focus was to determine if rhythmic expression of molecular clock
and immune factors in the spleen were regulated by noradrenergic SNS innervation. We
measured gene and protein expression of cytolytics, granzyme-B and perforin, and
cytokines, TNF-α, IFN-γ, in intact and chemically sympathectomized by guanethidine rat
spleens. These cytolytic factors and cytokines control NK cell functions including the
cytolytic activity (Trinchieri, 1989). Also, a circadian rhythm of NE splenic content was
characterized. We hypothesized sympathetic denervation would disrupt the time-dependent
expression of clock genes as well as cytolytics and cytokines in the rat spleen.

MATERIALS AND METHODS
Animals and Procedures

Male Sprague-Dawley rats (6–8 weeks) were maintained under a 12:12 light-dark (LD)
cycle with lights on at 7:00 hr and lights off at 19:00 hr and housed under standard animal
facility conditions for the duration of the experiment. All animals were given free access to
food and water. Control and experimental rats (total n=46; n=5 per time point for splenic NE
characterization (n=30); n=4 per time point per group (n=16) for chemical sympathectomy),
were subjected to similar surgical procedures. The experimental rats underwent local
sympathectomy by intra-splenic injection of guanethidine, while plain 0.9% saline was
injected into the spleen of control rats. Following surgery, animals were returned to
respective cages and monitored for several days. At 10 days after surgery, rats were
euthanized by decapitation at six successive time points throughout the day corresponding to
Zeitgeber times (ZT) 3, 7, 11, 15, 19, and 23. Immediately upon sacrifice, spleens were
removed for enrichment of NK cells and whole-tissue assays. Briefly, approximately one-
third of the spleen was separated and placed in RPMI (Invitrogen, Carlsbad, CA) for
splenocyte and subsequent NK cell separation. The remaining spleen tissue was immediately
frozen for additional assays. Animal treatment and surgical procedures were approved by
Rutgers Animal Care and Facilities Committee and complied with NIH policy.

Sympathetic denervation of the spleen with guanethidine
Rats were anesthetized with sodium pentobarbital (50–70 mg/kg, i.p.; Henry Schein,
Indianapolis, IN). A relatively small (~2 cm) incision was made on the left lateral side of the
mid-abdomen caudal to the last rib. Muscular layers were blunt dissected exposing the
parietal section of the spleen. Following the longitudinal axis of the spleen, a series of 10
injections were performed. Each injection was approximately 20 μl of guanethidine (1 μg/μl;
w/v) or 0.9% saline. The chemical splenic denervation procedure in adult rodents is
relatively permanent (Evans et al., 1979), and avoids non-specific effects that may
accompany a systemic sympathectomy (Demas and Bartness, 2001).

Determination of NE levels in the spleen
Small spleen tissue aliquouts (~100 mg) were homogenized in 800 μl of 0.1 M perchloric
acid. Each homogenate (200 μl) was subjected to alumina extraction of catecholamines. 3,4-
Dihydroxybenzlamine (DHBA) was utilized as an internal control during the extraction
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procedure. Each spleen extract were assayed for NE and DHBA content by high-pressure
liquid chromatography/electrochemical (HPLC-EC) detection.

NK cell enrichment
To obtain homogenous splenocyte suspensions in RPMI (Invitrogen), spleens were
individually processed as described previously (Boyadjieva et al., 2001). RBCs and
granulocytes were separated by centrifugation (30 min. at 400 g) with Histopaque-1083
(Sigma, St. Louis, MO). After washing RPMI, splenocytes (~10 × 107, each spleen) were
resuspended in running buffer (PBS, 0.5% BSA). NK cells were then enriched by magnetic
separation (negative selection) with an AutoMACS Magnetic Separator (Miltenyi Biotec,
Auburn, CA) after incubating the splenocytes with anti-pan T-cell (OX52), anti-CD45RA
(mature B-cells), anti-MHC II (OX6; dendritic cells and macrophages) microbeads
following manufacturer’s indications (Miltenyi Biotec). The yield in the negative (enriched)
fraction was consistently ~5 × 106 cells per spleen. The purity of the enriched fraction was
assessed by flow-cytometry using the FITC-conjugated anti-rat CD161a (NKR-P1A) mAb
(BD Biosciences, San Jan, CA) together with appropriate isotypic IgG controls. This
enrichment method, which is completed within 60–80 min., consistently yields purity of
~70% of untouched NKRP1A positive cells. The percentage of CD3 and CD8 positive cells
in the NK-enriched fraction was also assessed by flow-cytometry with PE-conjugated anti-
rat CD3 and anti-rat CD8 mAbs (BD Biosciences, San Jose, CA), and it was consistently
below 3%. Because Histopaque-1083 (Sigma-Aldrich, USA) separates out all
polymorphonuclear leukocytes and magnetic separation removes a majority of macrophages,
T cells, and dendritic cells, it is believed that the remaining cells may be a mixture of
premature hematopoietic cells and endothelial cells. Immediately after the separation
procedure, enriched NK cells were lysed in appropriate buffers for later protein analysis.

RNA extraction, RT-PCR, and real-time
Total RNA was isolated from approximately 30 mg of spleen tissue using Trizol reagent
(Invitrogen, USA) according to manufacturer’s protocol. RNA was treated with DNase I
(QIAGEN, Valencia, CA) following provided protocol guidelines to remove DNA
contamination. RNA was quantified spectrophotometrically by absorbance measurements at
260 and 280 nm using the NanoDrop system (NanoDrop Technologies). A total of 2 μg
RNA per sample was reverse transcribed following the manufacturer’s protocol (Applied
Biosystems, Foster City, CA). Relative quantification of mRNA levels was performed by
real-time PCR (SYBR Green and TaqMan Gene Expression Assays; Applied Biosystems)
using an ABI prism 7700 Sequence Detector. The following primer sequences were used:
Per2 forward 5′-GCAGCCTTTCGATTATTCTTC-3′, reverse 5′-
GCTCCACGGGTTGATGAAG-3′, Bmal1 forward 5′-
TCCGATGACGAACTGAAACAC-3′, reverse 5′-CTCGGTCACATCCTACGACAA-3′;
perforin 5′-GCATCGGTGCCCAAGCCAGTG-3′, reverse 5′-
GCCAGCGAGCCCCTGCTCATCA-3′ (Arjona and Sarkar, 2005), and predesigned probes
for granzyme-B and IFN-γ (Applied Biosystems), and TNF-α. For each sample, the mRNA
level was normalized with respective GAPDH (primers; Applied Biosystems) mRNA levels
to determine ratios for treatment group and time points.

Western Blot
For protein analysis, 2 × 106 enriched NK cells (each spleen) were subjected to standard
SDS-PAGE electrophoresis. Proteins were transferred to PVDF membranes following
standard procedures. Protein blots were probed with Granzyme-B mAb (Becton Dickinson,
Franklin Lakes, NJ), Perforin polyclonal Ab (Torrey Pines Biolabs, San Marcos, CA), IFN-γ
polyclonal antibody (Chemicon, Temecula, CA), TNF-α polyclonal Ab (Chemicon) and
actin mAb (Oncogene, San Diego, CA) to normalize values. After chemiluminiscence
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detection (ECL plus, Amersham, Arlington Heights, IL), densitometric analyses were
performed using Scion Image software.

Statistical analyses
A one-way ANOVA with Dunnett’s post-hoc tests for multiple comparisons was used to
compare splenic NE content across time points. All time points were compared to the lowest
value. A two-way ANOVA was used to determine the daily variations of mRNA and protein
expression levels between groups and across time points followed by Bonferroni post-hoc
tests. Statistical significance was set at α = 0.05.

RESULTS
Daily rhythm of NE content in the spleen

Neural signals originating from the SCN and communicated through the SNS may maintain
rhythmic gene and protein patterns in peripheral tissues (Buijs et al., 2003; Guo et al., 2005).
If NE secreted from SNS terminals coordinates clock, cytokine and cytolytic factors
rhythmic gene expression in the spleen, it would be expected splenic NE content follows a
circadian pattern. Therefore, splenic content of NE was determined at 4-hr intervals through
the day and pictured in Fig. 1. Indeed, we demonstrate a significant peak in NE content
during the light period (ZT3) and trough during the dark period (ZT19) (p < 0.05), similar to
NE daily variations in the rat SCN (Cagampang et al., 1994). These results provide a
correlative evidence to support an inhibitory role of NE in controlling NK cell cytolytic
activity (Dokur et al., 2004) and suggest the possibility that NE input might govern circadian
rhythm of NK cell cytolytic function.

Guanethidine does not induce non-specific effects on general spleen physiology
In order to determine general physiological influence of local guanethidine injections to the
spleen, spleens were weighed prior to gene and protein assays. Macroscopic appearance,
size, spleen weight, and lymphocyte numbers did not differ between treated groups or
between time points (Fig. 2A, 2B, 2C, respectively), suggesting local guanethidine
injections did not have any toxicity on spleen cells. The total number of enriched NK cells
obtained from saline and guanethidine-treated spleens were nearly identical (data not
shown), confirming a previous study using a similar sympathectomy procedure (Reder et al.,
1989).

Guanethidine induced local sympathectomy disrupts NE content in the spleen at ZT7 and
ZT19

Guanethidine effects are specific for sympathetic neurons and include blockade of NE
release, depletion of neuronal NE stores, and blockade of NE reuptake into the neurons,
which collectively creates a functional sympathectomy (Robertson and Smith, 1981). We
hypothesized if guanethidine is effective in blocking SCN neural input to the spleen, the
circadian peak of NE would be significantly altered. NE content was determined at two
representative time points, ZT7 and ZT19. These two time points correspond with the peak
and nadir (or vice versa) of most the rhythms described in this study (i.e., splenic NE
content, granzyme-B, perforin,, IFN-γ, TNF-α, Per2, and Bmal1; Arjona et al., 2004; Arjona
and Sarkar., 2005). Thus, the variations observed between these two time points should be
representative of the daily changes in the mentioned variables. As expected, saline-treated
spleens exhibited reduced NE content at ZT19 relative to ZT7 (p < 0.05), indicating that the
surgical procedure per se does not hinder the physiological splenic NE rhythm. However,
guanethidine-treated spleens exhibited no differences between ZT19 and ZT7 (Fig. 2D).
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Thus, guanethidine treatment significantly affects the splenic NE rhythm by blunting or
shifting the peak during the light period.

The daily rhythms of canonical clock proteins in enriched NK cells and clock genes in
whole-spleen tissue are altered following splenic sympathectomy

It is known that adrenergic agents can modulate clock gene expression in a variety of cell
types (Simonneaux et al., 2004; Takekida et al., 2000; Terazono et al., 2003). For example, a
blunted NE rhythm in the liver was associated with abnormal rhythms of Per1, Per2, and
Bmal1 (Terazono et al., 2003). Hence, we determined guanethidine treatment effects on
these clock-regulating genes. As expected from our previous study in NK cells (Arjona et
al., 2005), in control saline-treated spleens, BMAL1 and PER2 proteins levels in NK cells
exhibited higher levels at ZT7 and ZT19, respectively (p < 0.05; Fig. 3A, 3B). In NK cells
enriched from guanethidine-treated, PER2 protein levels were increased at ZT7 (P<0.001)
and resulted in abolishment of rhythms as indicated by no difference between ZT7 and ZT19
time points (Fig. 3A). In addition, BMAL1 protein in NK cells from guanethidine-treated
spleens displayed an inverse of rhythm compared to control spleens (time × treatment, p <
0.0001), indicated by an increase of BMAL1 protein expression at ZT19 in guanethidine-
treated (p < 0.001), but at ZT7 in saline-treated spleens (p < 0.05; Fig. 3B). In saline-treated
control spleens, mRNA levels of Per2 but not Bmal1 displayed increased levels at ZT19 (p
< 0.001; Fig. 3C, 3D). Following guanethidine treatment, levels of Bmal1 and Per2 were
increased at ZT19 (Fig. 3C, 3D). Thus, these results indicate NE neural input to spleen
appears important for maintaining the functional rhythms of the molecular clock in NK cells
and splenocytes.

The daily rhythms of cytokines and cytolytic factors in NK cells are selectively disrupted
following splenic sympathectomy

NK cells obtained from control (saline-treated) spleens presented the normal daily changes
in the levels of granzyme-B, perforin, IFN-γ, and TNF-α, since the protein abundance of the
mentioned cytolytic factors and cytokines was higher at ZT19 (Arjona and Sarkar, 2005).
We show here NK cells obtained from saline-treated spleens exhibits higher protein
expression at ZT19 than ZT7 (Fig. 4A–D). Strikingly, NK cells obtained from guanethidine-
treated spleens failed to show significant daily changes in granzyme-B and TNF-α protein
expression, which demonstrates the role of the SNS in the entrainment of granzyme-B and
TNF-α rhythms in NK cells. Additionally, the protein levels of these two factors were
significantly reduced at ZT19 (p < 0.05; Fig. 4A and 4D). In contrast, sympathectomy did
not hamper perforin daily changes, albeit perforin levels were significantly higher at ZT19
in NK cells obtained from guanethidine-treated spleens (p < 0.05, Fig. 4B). Guanethidine
treatment was not able to suppress the nocturnal increase in IFN-γ protein levels in NK cells
(Fig. 4C). Therefore, rhythmic NE input to the spleen may not be necessary for circadian
expression of perforin and IFN-γ, but critical to maintaining the rhythms of TNF-α and
granzyme-B, in splenic NK cells.

The daily rhythms of cytokines and cytolytic factors mRNA in whole-spleen tissue are
selectively disrupted following splenic sympathectomy

Overall, mRNA expression of cytokines and cytolytic factors in control spleen tissue were
similar across time points as previously shown (Arjona et al., 2004). As expected,
granzyme-B mRNA displayed an increase during the dark period in saline-treated spleens (p
< 0.05) that was abolished by guanethidine treatment (Fig. 5A). In contrast, no differences in
rhythm were found for perforin mRNA in saline or guanethidine-treated spleens (Fig. 5B).
Further, the increases during the dark period of both cytokines IFN-γ and TNF-α mRNA
levels in the spleen were reversed by guanethidine treatment. For IFN-γ, the mRNA rhythm
was inversed in guanethidine treated spleens (time × treatment, p = 0.002), indicated by a
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decrease in levels at ZT19 (p < 0.05), and an observable rhythm in saline-treated spleens (p
< 0.001; Fig. 5C). A similar inverse expression pattern was found for TNF-α mRNA in
guanethidine-treated spleens (time × treatment, p = 0.005), indicated by a decrease in levels
at ZT19 (p < 0.05), and an observable rhythm in saline-treated spleens (p < 0.05; Fig. 5D).
Therefore, rhythmic NE input to the spleen is necessary for maintaining the daily rhythms of
mRNA expression of cytokines and cytolytic factors in heterogeneous cell populations in the
whole-spleen.

DISCUSSION
The present study demonstrates rhythmic noradrenergic sympathetic input to the spleen with
highest level during the day. It also provides evidence for a role of the noradrenergic input in
governing the rhythms of canonical clock genes, cytolytic factors, and cytokines in enriched
NK cells and splenocytes. In line with our previous results, granzyme-B, perforin, IFN-γ,
and TNF-α proteins in enriched NK cells, were expressed in a rhythmic manner with highest
levels during the dark period (Arjona and Sarkar, 2005), while mRNA of granzyme-B, IFN-
γ, and TNF-α in the whole-spleen tissue displayed similar expression patterns (Arjona et al.,
2004). In general, chemically induced local splenic sympathectomy altered the nocturnal
increase in cytokines and cytolytic factors levels in NK cells and splenocytes. Interestingly,
the daily variation of clock genes Bmal1 and Per2 were disrupted following splenic
sympathectomy. Taken together, these data suggest that the rhythmic sympathetic
noradrenergic neural input to the spleen entrains the molecular clock in NK cells and other
lymphocytes potentially regulating the daily rhythms of specific cytokines and cytolytic
factors in the spleen.

If the sympathetic nervous system plays a role in coordinating the daily changes in the levels
of cytolytic factors and cytokines in splenic NK cells, it would be expected to find daily
variations in NE content in the spleen. The data presented in this manuscript demonstrate the
existence of a daily rhythm of splenic NE content, and supports the role of the sympathetic
nervous system as a circadian messenger between the SCN and the spleen (Guo et al., 2005).
A similar daily variation of NE content has been found in the rat SCN (Cagampang et al.,
1994) and in the mouse liver (Terazono et al., 2003), but not in the mouse spleen (Kelley et
al, 1996). Although the circadian changes in NE expression in the spleen we observed in rats
is not consistent with previous reports in various strains of mice (Kelley, 1996), these data
are consistent with the circadian changes in the expression of NE in the SCN (Cagampang et
al., 1994) and liver (Terazono et al., 2003). The reason for the species difference in the daily
expression pattern of splenic NE content is not apparent.

To determine the role of daily sympathetic input in circadian variations of immune factors in
the spleen and specifically in NK cells, we characterized the rhythm of splenic NE content
and produced a functional sympathectomy by local injection of guanethidine. The effects of
guanethidine are specific for sympathetic neurons, and selectively block NE release and
reuptake, and induce the depletion of NE stores (Burnstock et al., 1971; Heath et al., 1972),
while avoiding non-specific extraneous effects on other tissues or behavior (Demas and
Bartness, 2001). The local sympathectomy method that we employed in this study
(originally validated for the rat spleen by Demas and Bartness, 2001) has the enormous
advantage of avoiding the non-specific effects that accompany a systemic sympathectomy.
NE content at ZT7 was reduced by ~45% in guanethidine-treated spleens. There was,
however, no such difference in NE content between saline and guanethidine-treated spleens
at ZT19, the nadir time of splenic NE rhythm. Since guanethidine acts specifically on
neuronal terminals and the treatment was localized to the spleen, similar baseline NE
content at ZT19 in both saline and guanethidine-treated spleens may be due to the detection
of residual NE present in the blood perfusing the tissue at the time of collection. Although
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most of the splenic NE is considered to be from neural origin (Felten and Olschowka, 1987),
perhaps the contribution of blood NE (that would not be affected by guanethidine) to the
overall splenic NE content is augmented at ZT19 since plasma NE levels in the rat are
known to increase during the dark period (De Boer and Van der Gugten, 1987).
Alternatively, a longer period between treatment and sampling would have likely yielded a
larger depletion of splenic NE (Demas and Bartness, 2001). Nevertheless, guanethidine
treatment significantly reduced splenic NE content during peak time.

As expected, NE splenic content at ZT7 was higher than the one determined at ZT19 in
saline-treated spleens, indicating that the surgical procedure per se does not hinder the
physiological splenic NE rhythm. Although, as judged by NE content, we achieved a partial
sympathectomy, it is important to note that it was sufficient to blunt the daily variation in
NE content in guanethidine-treated spleens. However, only peak and trough time points
were measured for NE content in guanethidine-treated spleens and expression of cytolytic
factors and cytokines. It is difficult to discuss changes in expression of cytolytic factors and
cytokines from a rhythmic perspective, rather than a binary view of NE-mediated increases/
decreases of expression. Therefore, it remains a possibility, peak and trough levels of NE
content in the spleen and subsequent expression of the immune factors examined may be
modified across 24 hrs in guanethidine-treated spleens resembling a “shift” instead of
blunting of circadian rhythmicity. Further studies sampling more time points along the
circadian time scale would prove useful in addressing these issues.

In previous reports, we have shown granzyme-B, perforin, IFN-γ, and TNF-α oscillate in a
circadian manner in NK cells and whole-spleens. Here, each immune factor examined in NK
cells displayed the expected peak levels at ZT19. Also, the mRNA expression of these
factors was consistent with previous data (Arjona et al., 2004). As we hypothesized, local
splenic sympathectomy disrupted the typical daily rhythm of cytokine and cytolytic proteins
in NK cells. The lack of NE input to the spleen altered rhythms of granzyme-B, perforin,
and TNF-α proteins in NK cells. However, IFN-γ protein rhythms from enriched NK cells
were not altered by splenic sympathectomy. Similarly, in splenocytes, mRNA expression
rhythms of TNF-α and granzyme-B were significantly altered. Also, alterations in the
rhythm were observed for IFN-γ in whole-spleen. Thus, NE input to the spleen regulates the
circadian nature of these immune factors in NK cells specifically, and other cell types in the
spleen.

In vitro studies suggests NE and other beta-adrenergic agonists suppresses the mRNA
expression of granzyme-B, perforin and IFN-y. While the general effects for protein were
similar, these changes were not always the same as gene expression levels (Dokur et al.,
2004). As alluded to previously (Dokur et al., 2004), NE may be acting quite differently on
the transcription and/or stability of the mRNA, or on processes regulating protein
expression, especially since here, mRNA and protein levels suggest these processes may
also depend on time of day. For example, with the exception of gene expression of perforin,
at ZT7, granzyme-B, IFN-y, and TNF-a increased, which is exactly the time when NE levels
were most affected by guanethidine treatment. Thus, the effect we may predict would be an
increase in mRNA at ZT7 due to reduced levels of NE. Again, the inconsistencies between
the protein levels at ZT7 may be due to differences in the process by which the protein is
translated at a specific time of day.

Other studies have shown noradrenergic input regulates NK cell and immune function in the
spleen. For example, splenic denervation increases TNF-α expression (Kees et al., 2003;
Meltzer et al., 2004; Molina et al., 2001; Straub et al., 2000), under different methodological
conditions, including responses to activated sympathetic nervous system states (e.g., acute
stress, LPS challenge). Since our aim was to analyze the role of daily rhythm of NE to the
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spleen as an entrainment cue, our experiments were conducted under baseline challenge-free
conditions. In line with our findings, reduction in TNF-α protein in NK cells of guanethidine
treated animals at ZT19 suggests in specific cell types, like macrophages (Johnson et al.,
1995; Spengler et al., 1990; Zhou et al., 2001), NE may induce TNF-α protein expression.
According to our mRNA TNF-α results from the spleen, NE may differentially affect
regulation of this particular cytokine depending on time of day, strongly suggesting NE acts
as an entrainment mechanism on TNF-α functionality. While our results show no significant
alterations in IFN-γ protein rhythms in NK cells, mRNA rhythms from the spleen were
significantly altered, suggesting NE is not necessary for regulating IFN-γ protein in NK
cells, but may be important in regulating the transcription in other cells in the spleen.
Possibly, non-neural, such as humoral, or other entrainment or circadian cues modulate
expression of IFN-γ in NK cells from the spleen. In fact, glucocorticoids influence cytokine
release from peripheral blood lymphocytes (Dimitrov et al., 2004; Hermann et al., 2006;
Hohagen et al., 1993; Petrovsky et al., 1998).

Transgenic experiments demonstrated that granzyme-B and perforin are critical for NK cell-
mediated apoptosis and lysis of target cells (Barry and Bleackley, 2002; Heusel et al., 1994;
Shresta et al., 1995), and TNF-α acting in an autocrine manner, promotes NK cell killing
activity (Baxevanis et al., 2000; Jewett et al., 1996). IFN-γ acts as a self-activating molecule
that stimulates NK cell cytolytic activity (Cifone et al., 1999). Disruptions in normal daily
rhythms of cytolytics and cytokines in NK cells and splenocytes due to desynchronization
between central and peripheral systems through lack of sympathetic input to the spleen may
compromise NK cell function and immune response, subsequently promoting disease. For
example, abrupt shifts in the LD cycle modeling chronic jet-lag conditions, increases tumor
progression in mice (Filipski et al., 2004). Circadian disruption or desynchronization
between central and peripheral systems could cause altered rhythms in sympathetic NE input
to the spleen compromising the innate ability of NK cells. Possibly, reduced NK cell
function due to altered rhythms in immune effectors, such as granzyme-B, perforin, TNF-α,
and IFN-γ, could play a role metastatic tumor growth, or other diseases.

It is known adrenergic agents can modulate clock gene expression in a variety of cell types
(Simonneaux et al., 2004; Takekida et al., 2000; Terazono et al., 2003). Our present results
indicate NE input to the spleen is necessary for the daily rhythmic expression of clock genes
in NK cells and splenocytes. As seen in other cell types (Jilg et al., 2005), BMAL1 and
PER2 protein expression in NK cells peaked at ZT7 and ZT19, respectively, and the lack of
NE input disrupted the daily variation of clock genes in not only NK cells, but also a
heterogeneous population of splenocytes. Thus, splenic NE originating from the SNS may
regulate the molecular clock in cells of the spleen possibly governing the daily rhythms of
cytokines and cytolytic immune factors. Supporting this notion, in other tissues, such as the
liver, it has been shown rhythmic clock gene expression depends upon neural input rather
than humoral signals (Guo et al., 2003; Terazono et al., 2003).

The possible involvement of the NK cell molecular clock itself in the expression of cytolytic
factors and cytokines have been previously determined in a limited fashion (Arjona and
Sarkar, 2006). Successful Per2 knockdown by Per2-siRNA has been shown to decrease
both PER2 proteins levels as well as granzyme-B and perforin levels in NK cells (Arjona
and Sarkar, 2006). Considering that reduced levels of granzyme-B and perforin would
certainly compromise NK cell cytolytic activity, PER2 appears as a positive modulator for
NK cell function. Supporting this concept, there is the observation that Per2 mutant (Brdm1)
mice lacked the physiological daily rhythm of IFN-γ mRNA and protein expression in the
spleen (Arjona and Sarkar 2006b). These observations were associated with a significant
alteration in the expression of canonical clock genes. In line with this observation Per2
mutant (Brdm1) mice show a higher incidence of neoplastic growth (Fu et al., 2002),
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possibly due to an impaired NK cell function. Similarly, abnormal Per2 rhythms were
associated with faster tumor growth in mice subjected to chronic jet lag (Filipski et al.,
2004). However, the mechanism by which PER2 regulates cytotoxic factors and cytokines
expression in immune cells remains unknown. It is possible that other clock regulating
proteins separately or in co-ordinance with PER2 may modulate the expression of cytokines
and cytolytic factors. Additional studies are needed to address these issues.

In summary, these results indicate the SNS input to the spleen is necessary for entraining
and synchronizing the expression of cytokines and cytolytic factors in immune spleen cells.
Additionally, the functionality of the immune cells in the spleen may be under regulation, in
part, by the SCN via NE neural input. In other peripheral tissues, SCN lesions cause a loss
of tissue NE rhythms and functionality (Cailotto et al., 2005; Terazono et al., 2003). It is
likely the circadian regulation by rhythmic NE input from the SNS to the spleen acts in an
integrative manner with other signals oscillating in a circadian rhythm, including
glucocorticoids, prolactin, melatonin, and pro-opiomelanocortin-derived peptides
(Boyadjieva et al., 2001;Currier et al., 2000; Gan et al., 2002; Sun et al., 2003; Zhou et al.,
1997), to regulate the circadian expression and function of cytokines and cytolytic factors.
Further studies would be necessary to determine how humoral signaling factors and neural
inputs to the spleen and other peripheral tissues integrate timing information originating
from the SCN.

Research Highlight

Both animal and human research indicates circadian disruption or desynchrony promotes
the progression and severity of certain types of cancers. The immune response by
lymphoid tissues, particularly natural killer (NK) cells, is important for the destruction of
malignant cells. Previous research in our laboratory has demonstrated robust circadian
variations of cytokines and cytolytic factors in enriched NK cells from rat spleen,
strongly suggesting these functions may be subject to circadian regulation. We have
shown in this manuscript for the first time the evidence for the existence of rhythmic
noradrenergic sympathetic input to the spleen. Furthermore, we have shown here that
chemically induced local splenic sympathectomy altered the circadian rhythms of
cytokines and cytolytic factors in NK cells and splenocytes. These data strongly suggest
that rhythmic sympathetic noradrenergic neural input to the spleen entrains the molecular
clock in NK cells and other lymphocytes, in turn regulating the daily rhythms of specific
cytokines and cytolytic factors in the spleen. The present data provide novel information
on the central control of circadian immune function.
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Fig. 1.
The daily rhythm of NE content in the rat spleen. Male rats were sacrificed at 4-hr intervals
across a full day and spleens were collected for determination of NE content by HPLC-EC.
Data are mean ± SEM, n=5 per time-point. *, p < 0.05, significantly different from the
lowest value (ZT19) per one-way ANOVA with Dunnett’s post-hoc test.
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Fig. 2.
Effect of local splenic sympathectomy on spleen size and macroscropic appearance (A),
spleen weight (B), and total number of lymphocytes (C) in NK cells, and splenic NE content
(D) enriched at ZT7 and ZT19. Data are mean ± SEM, n=4. *, significantly different (p <
0.05) from the other timepoint of the same group. #, significant difference (p < 0.01)
between saline and guanethidine.

Logan et al. Page 16

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

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Effect of local splenic sympathectomy in daily clock gene expression. Protein levels of
PER2 (A), and BMAL1 (B) in NK cells enriched at ZT7 and ZT19 from saline and
guanethidine-treated spleens. Representative immunoblots, including actin (control), are
shown. Levels of mRNA Per2 (C) and Bmal1 (D) in whole-spleen at ZT7 and ZT19. Data
are mean ± SEM, n=4. * (p < 0.05), ** (p < 0.001), significant differences between time
points within groups. #, significant difference (p < 0.01) between saline and guanethidine.
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Fig. 4.
Effect of local splenic sympathectomy on cytokines and cytolytic factors in NK cells.
Protein levels of granzyme-B (A), perforin (B), IFN-γ (C), and TNF-α (D), in NK cells
enriched at ZT7 and ZT19 from saline and guanethidine-treated spleens. Representative
immunoblots, including actin (control), are shown. Data are mean ± SEM, n=4. * (p < 0.05),
** (p < 0.001), significant differences between time points within groups. #, significant
difference (p < 0.01) between saline and guanethidine.
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Fig. 5.
Effect of local splenic sympathectomy on cytokines and cytolytic factors in whole-spleen
tissue. Levels of mRNA of granzyme-B (A), perforin (B), IFN-γ (C), and TNF-α (D), in
splenocytes at ZT7 and ZT19 from saline and guanethidine-treated spleens. Data are mean ±
SEM, n=4. * (p < 0.05), ** (p < 0.001), significant differences between time points within
groups. #, significant difference (p < 0.01) between saline and guanethidine.
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