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Abstract
Aging results in a general decline in the response to external insults, including acute inflammatory
challenges. In young animals, the inflammatory response requires activation of the sympathetic
system, including neurotransmitters such as ATP, and catecholamines (epinephrine and
norepinephrine). To test whether aging affects activation of this axis, and whether this in turn might
affect cytokine release, we administered lipopolysaccharide (LPS) i.p. to adult, middle-aged and aged
Fisher 344 rats (6, 15 and 23-month old, respectively) and evaluated the early (0–12 hours) serum
levels of Neuropeptide-Y (NP-Y), ATP and vanillyl mandelic acid (VMA, as an indirect
measurement of catecholamine levels). In addition, we evaluated the association between these
factors and serum levels of the cytokines tumor necrosis factor-alpha (TNFα)3 and interleukin-10
(IL-10). Induction of both ATP and NP-Y was markedly reduced in the serum of aged animals, when
compared to their younger counterparts, while induction of VMA was not affected by age. In spite
of these changes, serum levels of TNFα and IL-10 were strongly hyper induced and delayed in aged
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rats. The results suggest that during aging there is a dysregulation in sympathetic neurotransmitter
regulatory mechanisms, and this might play a role in the impairment of the inflammatory response.

1. Introduction
Aging is associated with a general decline in the ability of the organism to respond to external
insults, including acute inflammatory challenges (Yoshikawa, 2000). It has been suggested
that changes in sympathoadrenal function might provide a possible explanation (Seals and
Esler, 2000). The sympathetic nervous system, whose major neurotransmitters are
catecholamines [epinephrine (E) and norepinephrine (NE)], adenosine triphosphate (ATP), and
neuropeptide Y (NPY) (Burnstock and Knight, 2004), is a key modulator of cardiovascular,
metabolic and other physiological functions in humans, and it plays a critical role in the
maintenance of vascular tone both under basal conditions and in response to acute stress
(Burnstock and Knight, 2004; Seals and Esler, 2000). Thus, it has been suggested that the
sympathoadrenal system may be involved in the increase in cardiovascular disease observed
in elderly populations (Marin and Rodriguez-Martinez, 1999; Seals and Esler, 2000).

The sympathoadrenal system also plays an important role as an integrative interface between
the nervous and immune systems (Black, 1994; Elenkov et al., 2000). Sympathetic nerves
innervate secondary lymphoid organs, and are able to deliver sympathetic neurotransmitters
(s-NT) in the close vicinity of immune cells where they are recognized by specific s-NT
receptors present in those cells (Elenkov et al., 2000; Sanders and Straub, 2002; Webster et al.,
2002). These s-NT regulate the immune response, acting both as inhibitors or activators,
depending on cell type and available receptors (Bergmann and Sautner, 2002; Burnstock,
2006b; Burnstock, 2007; Prod’homme et al., 2006; Straub et al., 2001)

The interplay between aging and the sympathetic system has been understudied. In humans,
healthy aged individuals show elevated basal levels of epinephrine under resting conditions.
It has been shown that this effect is mediated by changes in clearance and spillover, rather than
changes at the level of synthesis or secretion (Madden et al., 1998; Marin and Rodriguez-
Martinez, 1999; Seals and Esler, 2000). In contrast, both increased and decreased serum levels
of NE have been described in response to several stressors in the aged compared to younger
counterparts (Seals and Esler, 2000). On the other hand, both NPY and adenosine levels have
barely been studied in aging. A decrease in the number of NPY positive nerves has been
described in several tissues from aging mice (Marin and Rodriguez-Martinez, 1999). A
diminished functional response to adenosine nucleotides has also been reported. However,
nucleotide levels have not been studied (Burnstock, 2007; Marin and Rodriguez-Martinez,
1999).

Changes in sympathetic activity and disruption of neuroimmune communication during aging
could lead to functional alterations in the inflammatory response in the elderly, such as
deregulation of cytokine production (Bruunsgaard et al., 2001; Effros et al., 1991; Gomez et
al., 2005; Grimble, 2003; Krabbe et al., 2004). Supporting a potential role of neurotransmitters
on the deregulated inflammatory response, immune cells from aged individuals show a
differential response to exogenous administration of s-NTs. In adult mice, for example, NPY
and NE separately exhibit an inhibitory effect on the Con A-induced proliferative response,
either alone or jointly with LPS (Medina et al., 2000). Similarly, Puerto et al. (2005) described
an intricate regulatory effect of neurotransmitters on TNFα production by macrophages in
vitro: while in adults NPY has an inhibitory effect on TNFα production, this effect was not
observed in macrophages derived from old mice. In contrast, NE decreased TNFα levels only
in old animals (Puerto et al., 2005). Similar studies in vivo have not been reported.
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Our aim was to analyze whether there is a relationship between s-NTs and cytokines in a model
of systemic inflammation in vivo. Therefore we examined serum levels of several s-NTs [NPY,
catecholamines {detected as vanillyl mandelic acid (VMA), ATP and its metabolites
adenosine, ADP and AMP}] as well as cytokines (TNFα and IL-10), in rats of three different
ages, given either phosphate buffer saline (PBS) or LPS. The results indicate that aged rats
show a significantly impaired release of ATP and NPY, with no change in VMA or ATP
metabolites relative to younger counterparts. In spite of this decrease in activating NTs, the
response at the level of both cytokines, TNFα and IL-10 was found to be exacerbated in aged
rats in response to LPS. Our work revealed an age-related loss in the complex relationship
between neurotransmitters and cytokines, a dysfunction that should be a contributing factor to
the altered inflammatory response during aging.

2. Materials and Methods
Animals and treatment

Male Fisher 344 rats of different ages were obtained from the National Institute of Aging colony
at Harlan Laboratories (Indianapolis, IN). The animals were housed individually in a specific-
pathogen free facility at the Lankenau Institute for Medical Research, and they were fed
adlibitum with laboratory chow. Rats were sacrificed either at the age of 6 months (adult), 15
months (middle-aged) or 22–23 months (aged). All animal protocols were approved by the
ethical committee of the Lankenau Institute for Medical Research. Five rats of each age were
intraperitoneally (i.p.) injected with 2 mg/kg LPS from Pseudomonas aeruginosa serotype 10
(Sigma Chemical Co., St. Louis, MO, lot number 99H4059), dissolved in sterile PBS at 5 mg/
mL as described previously (Acuna-Castillo et al., 2006). The LPS dose used in these
experiments did not produced mortality in any of the age groups, at least within the 12 h of the
experiments. Control rats received a similar volume of sterile PBS and were sacrificed
immediately. LPS-injected animals were sacrificed 0.5, 1, 2, 4, 6, and 12 h after endotoxin
administration, blood was collected and allowed to clot during 10 min. Serum was obtained
after standard centrifugation, and serum aliquots of 105 μL were stored at −80 °C.

Determination of serum cytokines and neurotransmitters
TNFα and IL-10 were detected using enzyme-linked immunosorbent assay (ELISA) OptEIA
kits (Cat. Nos.: 2697KI; 2611KI; respectively, BD Pharmingen, San Diego, CA, USA),
according to the manufacturer’s instructions. The detection limits were 31.3 pg/mL for
TNFα, and 15.6 pg/mL for IL-10. Microplates were read at 450 nm and 570 nm, the latter for
optical imperfection correction.

Determination of serum sympathetic neurotransmitters
Thirty μL of serum were used to measure catecholamines, NPY, ATP, and their respective
metabolites. Twenty pmol of 3,4-dihydroxybenzylamine (DHBA) as internal standard were
added to 30 μl of serum, then the samples were concentrated by Sep-Pak cartridge (Waters);
elution separated nucleotides, NE and its metabolites, and NPY. The samples were dried by
speedvac, and stored at −20 °C.

Catecholamines detection—Samples were reconstituted in 200 μl of HPLC-grade water,
and catecholamines were quantified by HPLC coupled to an electrochemical detector (Donoso
et al., 1997). Calibration yielded linearity from 1 to 300 pmol/mL.

Detection of Purines—Total purines eluted from Sep-Pak and dried were reconstituted in
220 μL of HPLC water, and detected by fluorescence emission after chemical reaction with
chloroacetaldehyde to form a fluorescent adduct. This was a modification of a method by Levitt
et al., 1984, who originally described a procedure for the detection of 1,N6-etheno-derivatives
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of purines (Levitt et al., 1984). In brief, 100 μL of citrate phosphate buffer (pH 4) was added
to 200 μL of reconstituted sample. In a fume hood 10 μL of 2-chloroacetaldehyde were added
to the samples; and the samples were heated in a dry-bath for 40 min at 80 °C. The purines
were separated by using an intelligent model L-6210 inert pump gradient system (Merck-
Hitachi) using a LiChrospher 100 RP-18 (Merck) HPLC column in phosphate buffer (pH 3),
and detected using a fluorescence spectrophotometer detector (260 nm excitation, and 410 nm
emission).

NPY detection—The samples containing NPY were reconstituted in 370 μL of buffer RIA
and quantified by RIA as described (Donoso et al., 1997). The linearity of the RIA ranged from
1 to 100 fmol/assay tube. The inflammatory status of the animals was determined by measuring
serum levels of acute phase proteins (alpha-2 macroglobulin, alpha-1 acid glycoprotein, and
haptoglobin), which were barely detectable. Overall, the absence of these mediators discarded
an ongoing inflammatory process in the animals.

Data acquisition and Analysis
Point-to-point analysis was carried out by means of the Mann Whitney test. Curve analysis
was made using the Friedman and Quad test, with Dunn’s post test. Correlation analysis was
performed with a contingency table, through Fisher’s exact test. In order to confirm the
existence of statistical analysis association, contingency tables were made only for factors that
were induced in at least two age groups, and a Fisher exact test was then applied. Curve
normalization was analyzed only where kinetic inductions were observed. Statistical analysis
and correlation analysis were carried out considering the average value obtained for the
maximal TNFα induction in young rats serum (<3000 ng/mL), lower IL-10 induced levels
(<500 pg/mL), basal levels of VMA in all age groups (<12 pmol/mL), and ATP age average
induced levels (<3 pmol/mL) in aged rats, ADO basal levels, ADP basal levels and NPY
average basal levels in all age groups. All the data were analyzed using the GraphPad Prism
Version 2.0 statistical package (San Diego, CA, USA). Data were expressed as mean ± SEM,
obtained form at least 3–5 different animals. Statistical differences were considered with p <
0.05.

3. Results
Age-related changes in neurotransmitter induction in response to LPS

Our first aim was to find out whether aging affects the release of NTs in response to an i.p.
challenge with LPS. Regardless of age, an increase in ATP levels was observed at 2 h after
treatment (Figure 1A). This increase was more pronounced in adult rats than in either of the
other age groups examined (p < 0.05). In all 3 groups, serum ATP levels returned to basal
within 12 h post LPS. Regardless of age or treatment, serum levels of ADP and adenosine did
not show significant changes (Figure 1B and 1C, respectively).

Catecholamines were detected by HPLC coupled to an electrochemical detector. The
experimental retention time observed did not correspond to NE or E, and it was determined to
correspond to VMA, a major metabolite of catecholamines (Eisenhofer et al., 1996). Basal
levels of VMA were detectable in all age-groups and no age-related differences were found (p
= 0.15). Following LPS administration, serum VMA levels were induced in adult and aged
rats, and decreased after 6 h post LPS (Figure 2A). Interestingly, VMA was maximally induced
at 2 h in adult rats, however, an earlier induction was observed in aged rats, with a peak at 1 h
after LPS. Relative to the other age groups receiving LPS, middle-aged rats did not show
changes in serum VMA when compared to their controls given PBS, and indeed a 60 % decrease
was observed at 2 h after LPS. As shown in Figure 2B, adult animals had an increase in serum
levels of NPY with a maximum at 2 h post LPS treatment. However, neither middle-aged nor
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aged animals showed significant changes in NPY levels. These results suggest that following
LPS administration, advanced age inhibits the production of NPY, but has no effect on
catecholamine production.

In summary, our results show an impairment of s-NT induction associated with advanced age.
Figure 3 shows the same data, but graphed by age and normalized against the value observed
in adult animals 2 h after LPS, which is the time of maximum induction of all neurotransmitters
in this age group (Figure 3A). In middle-aged animals (Figure 3B), neither VMA nor NPY
were induced in response to LPS, and ATP induction was less pronounced but faster (maximum
at 1 h post LPS) than in younger rats. Finally, in (Figure 3C), NPY was also not induced, while
catecholamine levels were transiently induced 1 h post-stimulus, and the maximum induction
of ATP was found 2 h after LPS administration.

Expression of TNFα and IL-10 in response to LPS is deregulated during aging
TNFα is a pro-inflammatory cytokine whose overproduction after inflammatory challenges
has been described in advanced age in aged humans (Bruunsgaard et al., 2001) and mice
(Tateda et al., 1996). However, the mechanism that explains this increase has not been clarified.
LPS treatment led to an increase in serum levels of TNFα in rats of all ages (Figure 4A), and
maximal induction was significantly higher in rats of advanced age (4-fold in middle-aged and
10-fold in aged rats), when compared to adult animals (p < 0.05). In addition, there were
significant differences in the time course of induction. In adult rats, TNFα levels reached a
maximum 1 h after LPS administration, while in middle-aged and aged rats the increase in
TNFα was delayed, reaching its maximum 2 h after LPS treatment. In all cases, serum levels
of TNFα returned to basal 4 h after endotoxin administration. These results show that,
associated with aging, there is an elevation of maximum expression of TNFα, and a time delay
in the induction of this cytokine in response to LPS administration.

IL-10, a potent negative regulator of TNFα induction, has also been shown to be deregulated
during aging in response to an inflammatory stimulus (Rajasingh et al., 2006; Tateda et al.,
1996). To confirm this, we evaluated serum levels of IL-10 after LPS administration. Adult
rats (Figure 4B) showed a transient induction of IL-10 at 1 h after LPS, returning to basal
already by 2 h. In contrast, middle-aged and aged rats showed a delayed induction (by 2 h),
but these levels remained high for longer, especially in the aged group. In summary, the
induction of TNFα and IL-10 show similar kinetics, with maximum expression at either 1 h
post LPS treatment (in young) or 2 h post LPS (in aged animals). Non-coordinated expression
of the cytokines was observed in middle-aged rats. This is relevant since it has been proposed
that IL-10 can lead to a lower production of TNFα (Rajasingh et al., 2006), and this regulatory
circuit might be intact (though delayed) in aged animals (see Figure 5 compare A and C), as it
has been proposed elsewhere (Tateda et al., 1996).

Catecholamines have been described as having a negative effect on the production of pro-
inflammatory cytokines during inflammatory response, however the effects of aging on this
association still are not evaluated. We first evaluated a possible correlation between TNFα and
VMA. As shown in figures 3 and 5, a similar kinetics of induction was observed for VMA with
TNFα. However, in both middle-aged and aged rats VMA was early induced, when compared
to TNFα. In order to evaluate an association between the age-related defects in the serum levels
of TNFa and VMA, their curves were superposed point-by-point, and a correlation was
observed (R2= 0.425, p < 0.05). In order to analyze a possible relationship between the different
effectors, we conducted Fisher exact tests on the various possible combinations. Analysis was
developed using the maximum induction of TNFα and the lowest VMA levels as cut-off points,
and the data was arranged in a contingence table, thereby the analysis includes animals showing
serum levels of VMA y TNFα defined by the cut-off point described in Table 1. The data show
a strong negative relationship between these two molecules (P<0.05). In contrast, no effect
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was observed between VMA and IL-10, or between any of the other NTs and either of the
cytokines (data not shown). Finally, we examined the relationship between IL-10 and TNFα
after LPS induction, and again, we found no correlation (Table 2). The complexity of the
present results makes difficult to conclude age-related effects in the regulatory mechanisms of
cytokine production. These changes could be related either with the levels of pro-inflammatory
cytokines or with neurohumoral mechanisms.

4. Discussion
In this work we have established that the release of sympathetic NT induced by an acute
inflammatory stress is deregulated in aged rats. The induction of ATP and NPY was hampered
in old animals, while age had no effect on the kinetics of induction of serum catecholamines.
In spite of this imbalance, we confirmed previous observations that indicate that aged rodents
have a significantly exacerbated production of TNFα in response to LPS (Tateda et al.,
1996). Furthermore, serum levels of TNFα did not appear to be negatively regulated by IL-10,
since induction of IL-10 was sustained in time in old animals, compared to young ones, and
yet TNFα levels were higher in aged rats. We conclude that the fine-tuning of cytokine
production by the sympathetic nervous system is lost in advanced age. This is the first
demonstration of an age-related impairment in the induction of catecholamines, ATP and its
derivatives, and NPY, following an inflammatory challenge.

The neuroendocrine system plays a regulatory role in many physiological functions, and loss
of this control could lead to imbalances in immune responses, vascular tone and in other
systems and responses, which are negatively affected by advancing age. Indeed, several of the
changes in immune response observed in the elderly resemble those seen following either
chronic stress or glucocorticoid treatment, and the effect of both stress and aging upon the
innate immune system shows a direct correlation with the functional integrity of the
hypothalamus–pituitary–adrenal (HPA) axis [reviewed by (Bauer, 2005) (Elenkov et al.,
2000)].

Dehydroepiandrosterone (DHEA) and catecholamines (Webster et al., 2002) have been
described as candidates with a possible role during inflammation, however, the effect of aging
on these inter relations is not an area of active research. It has been speculated that
hypersecretion of glucocorticoids can impact the immune response by suppressing the release
of pro-inflammatory cytokines such as IL-1β and TNF-α (Yeager et al., 2004). However, we
and others have not observed changes in corticosterone levels in response to LPS as a function
of age, thus hampering the possibility of its active role on the are-related defects of the
inflammatory response (Tateda et al., 1996), (Gomez, C.R., Kovacs E.J., and Sierra, F.,
unpublished observations), however our results support the idea that catecholamines may be
involved in the inflammatory dysregulation associated with aging. In contrast with other anti-
inflammatory mediators associated with the HPA axis, we observed a negative correlation
between TNFα and catecholamine levels, an observation that is in agreement with previous
reports in which similar effects were described in the absence of the age variable (Bergmann
and Sautner, 2002; Elenkov et al., 2000). Connor et al. have reported the existence of a
regulatory mechanism by which catecholamines can negatively regulate TNFα production in
an IL-10-independent pattern (Connor et al., 2005). Both NPY and adenosine nucleotide
derivatives have also been shown to modulate the inflammatory response. For example,
macrophages from NPY Y1 receptor deficient mice produce lowers levels of TNFα in response
to LPS challenge relative to wild type mice given LPS (Wheway et al., 2007). In contrast, there
does not appear to be a regulatory role of NPY over IL-10 production. In the case of adenosine
nucleotide derivatives, it has been shown that ATP stimulates TNFα induction in macrophages
throughout P2X7 receptors, while adenosine derivates induce more complex interactions with
P2X receptors depending of the cell type and P2 receptor involved [Reviewed by (Burnstock,
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2006a; Burnstock, 2006b; Di Virgilio et al., 2001)]. Finally, ATP and/or a metabolite released
from LPS-activated microglia may induce IL-10 expression through P2Y purinergic receptors
(Seo et al., 2008).

Catecholamines are known to exert inhibitory effects on the immune response and specifically
on TNFα production (Beck et al., 2004). The fact that we measured a catecholamine metabolite
(VMA) rather than intact catecholamines is a limitation of our studies. It is likely that our
extraction method was responsible for our inability to observe intact catecholamines, because
both adrenaline and noradrenalin levels are notoriously influenced by the sampling method
(Grouzmann et al., 2003). Independent of the molecular source of VMA in our study (EPI, NE,
or even dopamine), the fact that in adult animals we detected induction of VMA at the same
time as NPY and ATP suggests a sympathetic origin, even though other sources (non- nervous)
cannot be ruled out at the present time (Vizi and Elenkov, 2002).

In addition to the role of the sympathetic system described here, it has recently been established
that the parasympathetic nervous system can also exert an anti-inflammatory effect. The
discovery that cholinergic neurons can inhibit acute inflammation has qualitatively expanded
our understanding of how the nervous system modulates immune responses. Stimulation of
the vagus nerve significantly inhibits TNFα release in animals receiving lethal doses of
endotoxin, and the authors established that the effect is attributable to acetylcholine (ACh), the
main neurotransmitter of the vagus nerve [review by (Tracey, 2007)]. In addition,
parasympathetic system has been described to be affected during aging (De Meersman and
Stein, 2007), however possible changes on modulation of the immune response has not been
studied. Our study supports previous findings showing age-related alterations in cytokine
induction after an inflammatory challenge (Bruunsgaard et al., 2001; Tateda et al., 1996). This
behavior is not exclusive for TNFα, and similar over-expression has been reported by us and
others for other proinflammatory cytokines such as IL-6 (Gomez et al., 2006b; Tateda et al.,
1996), and IL-1β (Tateda et al., 1996). While monocytes/macrophages are the main source of
TNFα, many other cell types including adipocytes, microglia, Kupffer cells, keratinocytes,
natural killer, and both B and T lymphocytes are able to produce this cytokine in response to
several stimuli (Tracey and Cerami, 1993). Consequently, it is not clear which cells are
responsible for the over-production of this cytokine in old animals.

The overexpression of these proinflammatory cytokines suggests a loss in upstream regulatory
mechanisms during aging. While the major anti-inflammatory mechanism used to control the
inflammatory status is IL-10 (Donnelly et al., 1999; Marchant et al., 1994; Rajasingh et al.,
2006), the deregulation of TNFα seen in the elderly does not appear to be related to changes
in the induction of IL-10 (Figure 4). Indeed, our data further suggests that aging is associated
with a loosening of the ability of IL-10 to efficiently control TNFα induction. It has been
proposed that the inhibitory effect of IL-10 over TNF-α occurs via inhibition of MAPK
pathways, mainly p38 (Rajasingh et al., 2006). We find a correlation between p38 activity in
whole spleen homogenates and splenic TNFα mRNA, but this correlation is lost as the animals
get older (Acuña-Castillo C., Gomez CR., and Sierra F., unpublished observations). In
summary, our results indicate that while adult animals appear to maintain IL-10-dependent
anti-inflammatory control, the process of aging gradually leads to a loss of IL-10-mediated
control of the expression of TNFα. A similar conclusion was reached by Tateda et al, though
in their case no middle-aged animals were present (Tateda et al., 1996).

In a previous report we have shown that humoral factors that differ in the serum from young
or old rats can modulate the ability of macrophages to produce TNFα in response to an LPS
stimulus in vitro (Gomez et al., 2006a). Our current results are in agreement, and bring into
possible play an additional set of humoral factors, namely, NTs released by the sympathetic
nervous system. Our findings are only correlative and descriptive in nature, so no mechanistic
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conclusions can be drawn. However, these observations should pave the way for further
experimentation, using pharmacological approaches and genetically modified rodents into the
possible roles of NTs in the modulation of the immune response in the elderly. Considering
the aging of current societies and the considerable loss in immune responsiveness observed in
the elderly, this is a venue that will require further exploration in the near future.
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Figure 1.
Time-course of LPS-induced ATP (A), ADP (B) and ADO (C) levels in rats of different age
groups. ADO, ADP and ATP were determined in serum of adult (black circles), 1middle-aged
(grey circles) and 23 mo (open circles) old rats at various times after LPS challenge as shown,
LPS was administered at 0 h time point. †,*, # indicate significant differences (p < 0.05)
between adults (6 mo) and middle aged (15 mo), adults and aged (23 mo), or middle aged and
aged, respectively. Each point was studied in 3–5 animals from the different age groups. Values,
Means ± SEM.
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Figure 2.
Time-course of LPS-induced VMA (A) and NPY (B) levels in rats of different age groups.
Rats aged 6 mo (black circles), 15 mo (grey circles) and 23 mo (open circles) were i.p. injected
with LPS 2 m/kg and sacrificed after various times post challenge, LPS challenge was given
at 0 h time point. Blood was collected and serum was obtained as described under methods.
†,*, # indicate significant differences (p < 0.05) between adults (6 mo), middle-aged (15 mo)
and aged (23 mo), or middle-aged and aged, respectively. Each point was studied in 3–5 animals
from the different age groups. Values, Mean ± SEM.
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Figure 3.
Serum levels VMA, ATP and NPY. Data obtained from NPY (white circles), ATP (gray circles)
and VMA (black circles) were normalized with respect to maximum values obtained among
all age groups studied. Those correspond to values obtained from adult animals at 2h after LPS
administration for NPY and ATP, and at 1h following LPS for aged rats for VMA. The
normalized results were plotted in a time course according to age for adults (panel A), middle-
aged (panel B) and aged (panel C) individuals. Values, Mean ± SEM.
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Figure 4.
Time-course of LPS-induced TNFα (A) and IL-10 (B) levels in rats of different age groups.
TNFα and IL-10 were determined in serum of 6 mo (black circles), 15 mo (grey circles) and
23 mo (open circles) old rats at various times after LPS challenge as shown, LPS challenge
was given at 0 h in x axis. †,*, # indicate significant differences (p < 0.05) between adults (6
mo) and middle aged (15 mo), adults and aged (23 mo), or middle aged and aged, respectively.
Each point was studied in 3–5 animals from the different age groups. Values, Means ± SEM.
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Figure 5.
Age related time-course of TNFα and IL-10. Data obtained from TNFα (black circles) and
IL-10 (open circles) were normalized relative to maximum values obtained among all age
groups studied (corresponding to old rats 2 hours in both cases). These results were plotted in
a time course according to age. Panels show the summary of cytokines obtained for adults
(panel A), middle-aged (panel B) and aged (panel C) individuals. Values, Mean ± SEM.
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Table 1
Correlation between TNFα levels and VMA acid levels in serum. The thresholds were defined considering higher
TNFα concentration from adult animals and VMA basal levels in adult animals

VMA pmol/mL

<12 ≥ 12

TNFα ng/mL < 3000 8 8

> 3000 9 0

p< 0.05
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Table 2
Correlation between TNFα and IL-10 levels in serum. The thresholds were defined considering the highest TNFα
concentrations and the half value of maximum IL-10 induction in adult animals

IL-10 pg/mL

< 500 ≥ 500

TNFα ng/mL < 3000 8 4

> 3000 12 8

p > 0.05
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