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Abstract 
 

Aging is accompanied by impairment in the nervous, immune, and endocrine systems as well as in 

neuroimmunoendocrine communication. In this context, there is an age-related alteration of the physiological 

response to acute stress, which is modulated by catecholamine (CA), final products of the sympathetic-adreno-

medullary axis. The involvement of CA in essential functions of the nervous system is consistent with the 

neuropsychological deficits found in mice with haploinsufficiency (hemizygous; HZ) of tyrosine hydroxylase (TH) 

enzyme (TH-HZ). However, other possible alterations in regulatory systems have not been studied in these animals. 

The aim of the present work was to analyze whether adult TH-HZ female mice presented the impairment of 

behavioral traits and immunological responses that occurs with aging and whether they had affected their mean 

lifespan. ICR-CD1 female TH-HZ and wild type (WT) mice were used in a longitudinal study. Behavioral tests were 

performed on adult and old mice in order to evaluate their sensorimotor abilities and exploratory capacity, as well as 

anxiety-like behaviors. At the ages of 21, 41, 91, 131 and 201 months, peritoneal leukocytes were extracted 

and several immune functions were assessed (phagocytic capacity, Natural Killer (NK) cytotoxicity, and 

lymphoproliferative response to lipopolysaccharide (LPS) and concanavalin A (ConA)). In addition, several 

oxidative stress parameters (catalase, glutathione reductase and glutathione peroxidase activities, and reduced 

glutathione (GSH) concentrations as antioxidant compounds as well as xanthine oxidase activity, oxidized 

glutathione (GSSG) concentrations, and GSSG/GSH ratio as oxidants) were analyzed.  As inflammatory stress 

parameters TNF-alpha and IL-10 concentrations, and TNF-alpha/IL-10 ratios as inflammatory/anti-inflammatory 

markers, were measured. Animals were maintained in standard conditions until their natural death. The results 

indicate that adult TH-HZ mice presented worse sensorimotor abilities and exploratory capacity than their WT 

littermates as well as greater anxiety-like behaviors. With regards to the immune system, adult TH-HZ animals 

exhibited lower values of phagocytic capacity, NK cytotoxicity, and lymphoproliferative response to LPS and ConA 

than WT mice. Moreover, immune cells of TH-HZ mice showed higher oxidative and inflammatory stress than 

those of WT animals. Although these differences between TH-HZ and WT, in general, decreased with aging, this 

premature immunosenescence and impairment of behavior of TH-HZ mice was accompanied by a shorter mean 

lifespan in comparison to WT counterparts. In conclusion, haploinsufficiency of th gene in female mice appears to 

provoke premature aging of the regulatory systems affecting mean lifespan. 

 
 



  

 3 

 
 
Highlights  
 
 

- TH-HZ adult female mice exhibit behavioral impairment. 

- TH-HZ adult female mice show premature immunosenescence. 

- TH-HZ female mice present oxidative and inflammatory stress of the immune cells. 

- TH-HZ female mice exhibit a significantly shorter mean lifespan. 

- Tyrosine hydroxylase haploinsufficiency provokes premature aging. 
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1. Introduction 
 

Aging is characterized by deterioration of the regulatory systems (nervous, endocrine, and immune) and of 

the communication between them, with this age-related loss of homeostatic response being related to increasing 

morbidity and mortality (De la Fuente and Miquel, 2009). In the context of neuroendocrine aging, as a consequence 

of the accumulation of alterations in the nervous cells and progressive modifications in the release of several 

hormones and neurotransmitters, a decrease of many capacities appears. This is the case with sensorimotor abilities, 

cognition, memory and attention (Brenes et al., 2008; Greenwood & Parasuraman, 2003; Krampe, 2002; Li and 

Lindenberger, 2002; Mittenberg et al., 1989; Smith et al., 1999). The age-related changes in the immune system, 

known as immunosenescence, affect innate and acquired immune responses, producing an increased susceptibility 

to infectious diseases, autoimmune processes, and cancer (De la Fuente and Bauer, 2016; Gruver et al., 2007). In 

fact, several immune system parameters have been related to health and the risk of mortality (Dewan et al., 2012; 

Fulop et al., 2011, Wayne et al., 1990). Moreover, several functional capacities of immune cells have been proposed 

as markers of the rate of aging of each subject, showing his/her biological age, and as predictors of life expectancy 

(Martinez de Toda et al., 2016). The age-related physiological impairment seems to be due to the establishment of 

chronic oxidative and inflammatory stress, provoked by the accumulation of oxidants and inflammatory 

compounds together with a decrease in the anti-oxidant and anti-inflammatory defenses (De la Fuente and Miquel, 

2009).  

 

One inadequate response to stress situations has been considered an example of the loss of cross-talk 

between regulatory systems (Pedersen et al., 2001) and related to chronological, premature and accelerated aging 

(Bauer, 2008; Cruces et al., 2014; Gouin et al., 2008; Viveros et al., 2007). In these stress responses two main 

neuroendocrine pathways are involved: the hypothalamic-hypophysis-adrenal (HPA) axis that releases 

glucocorticoids (GC) and the sympathetic-adreno-medullary (SAM) axis, characterized by the release of 

catecholamine (CA). These neurotransmitters and hormones play an important role in organizing the stress 

response by binding to their receptors in brain and peripheral tissues. In this context, CA are a fundamental part of 

the maintenance of correct neuroimmunoendocrine communication (Bellinger et al., 2008; Elenkov, 2007; Elenkov 

et al., 2000). In the nervous system, CA, mainly noradrenaline (NA) and dopamine (DA), are fundamental in a wide 
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variety of neurological functions, such as cognition, attention, anxiety response, emotion, and memory formation, 

as well as locomotor control (Borodovitsyna et al., 2017; Foote et al., 1983; Robbins and Everitt, 1995; Sara, 2009). 

Regarding the immune system, although the effects of CA on immunity are controversial, they are considered key 

modulators of both innate and acquired immune response (Weinstein et al., 2015).  Thus, CA, mainly NA, by 2-

adrenergic receptor (2-AR) activation, seem to modify the phagocytosis process (Borda et al., 1998; Garcia et al., 

2003), and to inhibit lymphocyte response, e.g. proliferation of T lymphocytes (Elliott et al., 1992) and production 

of IL-2 (Bartik et al., 1993). They also decrease oxygen radical production (Guirao et al., 1997; Schopf and Lemmel, 

1983) and limit the magnitude of both acute and chronic inflammatory responses by shifting the cytokine balance 

from a pro-inflammatory towards an anti-inflammatory cytokine profile (Vizi and Elenkov, 2002), exerting, in 

general terms, anti-inflammatory functions (Marino and Cosentino, 2013; Scanzano and Cosentino, 2015). 

Nevertheless, CA concentrations show an age-related decline in brain as well as in most of the primary and 

secondary lymphoid organs, changes that may account for the impairment of nervous functions and for the 

immunosenescence associated with aging (Madden et al., 1997; ThyagaRajan and Priyanka, 2012). In fact, 

inadequate CA concentrations have been related to neuroinflammation, a typical process of aging (Feinstein et al., 

2016). Studies with old rodents have reported decreased Natural Killer (NK) activity as well as a suppression of 

lymphoproliferation in response to mitogens, changes also related to the decreased CA concentrations that occur 

with advancing age (Simioni et al., 2007; ThyagaRajan et al., 2011).   

 Tyrosine hydroxylase (TH) catalyzes the conversion of L-tyrosine to L-3,4-dihydroxyphenylalanine, being 

the first and rate-limiting step of the biosynthesis of CA (Nagatsu et al., 1964). The activity of this enzyme in some 

cerebral areas and the -AR responses, decrease with aging (Cotter and O´Malley, 1983; Ponzio et al., 1982; 

Reymond et al., 1984). In this context, a null mutation in the mouse th gene causes profound depletion of CA and 

lethality of the homozygous mutants from mid-gestation because of cardiovascular failure (Kobayashi et al., 1995; 

Rios et al., 1999; Vazquez et al., 2014; Zhou et al., 1995). However, hemizygous (HZ) TH mice (TH-HZ) are 

apparently normal in their development, while displaying a decline in TH activity in their tissues (Kobayashi et al., 

1995). Although in these animals several neuropsychological deficits, like alterations in long-term memory and 

conditioned learning have been observed (Kobayashi et al., 2000), the state of their homeostatic systems has been 

scarcely studied. The aim of the present work was to determine, in a longitudinal study, whether adult TH-HZ mice 
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showed an impairment of the regulatory systems similar to those that occur with aging, and if this affects their 

mean lifespan. 

2. Methods 

2.1. Animals 

 We used ICR-CD1 TH-HZ (n=31) and wild type (WT; n=31) virgin female littermate mice. The TH-HZ 

mice with ICR-CD1 background were from a colony derived in the laboratory of Dr. Flora de Pablo of the Centro 

de Investigaciones Biológicas as previously described (Vázquez et al., 2014). TH-HZ mice were healthy and with no 

signs of any associated lesions. The growth rates of these animals were indistinguishable from those of their WT 

littermates. 5-6 mice were housed per cage, kept separate by genotype after 21 days of birth and maintained under 

standard animal laboratory conditions of temperature (222ºC) and humidity (50-60%), and in a 12/12h reversed 

light/dark cycle (lights on at 20:00h) to avoid circadian interferences. Mice had access to tap water and standard 

pellets ad libitum. Diet was in accordance with the recommendations of the American Institute of Nutrition for 

laboratory animals (A04 diet from Panlab S.L., Barcelona, Spain). The protocol was approved by the Experimental 

Animal Committee of Complutense University of Madrid (Spain). Animals were treated according to the guidelines 

of the European Community Council Directives 2010/63/EU.   

2.1.1. Experimental design 

 TH-HZ (n=10) and WT (n=10) female mice were used for behavioral tests and the collection of peritoneal 

leukocytes throughout their lives (longitudinal study). We used female mice due to males showing aggressive and 

dominant behavior, making it impossible to house them in groups. Moreover, the housing of one male individual 

per cage causes alterations in the immune system due to isolation stress (Cruces et al., 2014). Peritoneal leukocytes 

were collected at 21 (early young age), 41 (late young age), 91 (late adult age), 131 (mature age), and 201 

months (old age). The ages of study were selected as key ages of mouse life. Behavioral tests were performed at 61 

months (early adult age) and 181 months (early old age). This design allowed a period of 2-3 months between the 

last peritoneal leukocyte collection and behavioral tests at adult and old ages. The period of 12 months between 

both series of behavioral tests, prevented mice from remembering them. Furthermore, CA peritoneal leukocyte 

contents were determined at 91 months, due to this age being considered the adult reference age. In addition, CA 

plasma concentrations were measured in a separate group of TH-HZ (n=8) and WT (n=8) littermate mice at 91 
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months of age, with the objective of determining if differences exist in CA contents depending on the type of 

sample. Finally, a third group of animals (n=13 for each genotype) were used to analyze the mean lifespan.  

2.2. Behavioral tests 

 The experiments were performed from 09:00 to 12:00h in accordance with the Spanish legislation on 

“Protection of Animals Used for Experimental and Other Scientific Purposes” and the European Communities 

Directives (2010/63/EU) on this subject. 

 Behavioral testing, performed at the ages of 61 (adult) and 181 (old) months, took place during three 

consecutive days. On the first day, animals were subjected to the whole battery of sensorimotor and T-maze tests. 

On the second day, the holeboard test was performed, and, finally, the elevated plus maze was carried out on the 

third day. This sequence of testing was based on previous reports by different authors (Giménez-Llort et al., 2002; 

Johansson et al., 2001). The tests were performed under red light with a white light lamp (20 W), and they were 

started by placing the animals in the area of the apparatus considered most behaviorally neutral so that the mouse 

was not artificially induced to perform a significant pattern (De Cabo de la Vega et al., 1995). In order to consider 

possible interferences in equilibrium, motor coordination and traction capacities due to high weights, as well as 

ensure that all animals had a similar state of activity previous to carrying out the behavioral tests, all mice were 

weighed before the first day of these tests. Olfactory trails were removed by cleaning the surface of the apparatus 

after each mouse.  

2.2.1. Sensorimotor abilities 

2.2.1.1. Visual placing reflex 

 The visual placing reflex was performed in order to evaluate the function of the visual system. For this test, 

the mouse was suspended by the tail and lowered toward a solid black surface. Complete extension of the forelimbs 

was considered a positive response. The mean response was rated in three trials. 

2.2.1.2. Hindlimb extensor reflex 

Hindlimb extensor reflex was analyzed during the visual placing reflex test as the ability to perform 

complete extension of the hindlimbs when the animal was suspended by the tail. Such response was considered 

positive. The mean response was rated in three trials.  

2.2.1.3. Wood rod test 
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 In order to assess motor coordination, the mouse was submitted to the wood rod test, which consists of an 

elevated (22 cm high) wooden rod (80 cm in length) divided in segments of 10 cm, with a width of 2.9 cm. Mice 

were placed in the center of the rod for one trial of 60 seconds. Motor coordination was measured by the latency 

(in seconds) to leave the starting segment and by the total number of segments crossed.  

2.2.1.4. Tightrope test 

 The tightrope test was used to evaluate motor coordination, muscular vigor, and traction in two consecutive 

trials: one training trial of 5 seconds and a test trial of 60 seconds (Baeza et al., 2010; Guayerbas et al., 2002a; 

Miquel and Blasco, 1978). The apparatus consists of an elevated (40 cm high) horizontal tightrope (60 cm length 

divided into 6 segments of 10 cm), which is held by two metallic rods. Mice were hung by their forelimbs in the 

middle of this tightrope. Motor coordination was evaluated by the latency to leave the starting segment, in seconds, 

and by the total number of segments crossed. Muscular vigor was evaluated by the number of mice that fell off 

during the trial as well as by the latency (seconds) to fall. Finally, traction was assessed analyzing the different parts 

of the body that mice used to remain hanging (forelimbs, hindlimbs and tail). The percentage of mice displaying the 

maximum traction capacity (using forelimbs, hindlimbs, and tail) was also analyzed. 

2.2.2. Exploratory and anxiety-like behavioral tests 

2.2.2.1. Holeboard test 

 In order to analyze the “non-goal directed behavior” (evaluated by horizontal and vertical activity) as well as 

“goal-directed behavior” (analyzed by number and time of head-dipping) of mice, a holeboard test was used. The 

apparatus consists of a box (60 x 60 x 45 cm) with matte-painted metallic walls. The base was divided into 36 

squares (10 x 10 cm), bearing four equally spaced holes (3.8 cm diameter) in the inner zone. We considered the 

inner zone as the four central squares and the external zone as the 12 squares nearest the walls. Plastic objects were 

placed in each hole to attract the animal´s attention and drive their “goal-directed behavior”. The test was 

performed for 5 min and the parameters recorded for “non-goal directed behavior” were total locomotion (total 

number of squares that the animal crosses), percentage of inner locomotion (total number of inner squares that the 

animal crosses divided by total locomotion) and external locomotion (total number of external squares that the 

animal crosses divided by total locomotion). All these measurements indicate the horizontal activity of the animal.  

As vertical activity parameters, the total number of rearing and the time (in seconds) of each rearing were analyzed. 

Furthermore, the total number of head-dipping and the time (in seconds) of each head-dipping were evaluated as 
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“goal-directed behavior”. Finally, self-grooming and freezing behaviors (number and duration, in seconds, of 

grooming and freezing) were also recorded. 

2.2.2.2. T-maze test 

 The spontaneous horizontal exploratory behavior of the mice was also tested in a T-shaped maze (short 

arms: 25 x 10 cm; long arm: 65 x 10 cm; walls: 20 cm high) (Baeza et al., 2010). The mouse was placed inside the 

“short” arm of the maze with its head facing the wall. The performance was evaluated by recording the time (in 

seconds) elapsed until the animal crossed (four paws criteria) the intersection of the three arms of the maze, as well 

as the time spent (in seconds) exploring the entire maze.  

2.2.2.3. Elevated plus maze 

 The apparatus consists of two opposing open arms (45 x 10 cm) and two enclosed arms (5 x 10 x 50 cm) 

that extend from a central platform (10 x 10 cm), elevated 65 cm above the floor. The mice were individually placed 

on the central platform facing an enclosed arm and were allowed to freely explore the maze for 5 min. Total 

number of entries (four paws criteria) in open arms and in closed arms were recorded. The total number of 

grooming was also recorded. Finally, the percentage of time spent in open and closed arms, and platform was 

calculated.  

2.3. Collection of peritoneal leukocytes 

 Peritoneal cellular suspensions were collected between 08:00 and 12:00 h, with the objective of avoiding the 

possible interference with circadian variations. The use of peritoneal cell samples has the advantage of not having to 

sacrifice the animals and of being minimally invasive. Non-anesthetized mice were held by cervical skin, the 

abdomen was cleansed with 70% ethanol, and 3 ml of sterile Hank’s solution, previously tempered at 37ºC, was 

injected intraperitoneally. After abdominal massage, approximately 80% of the injected volume was recovered from 

the hole previously made by the needle employed for the injection of Hank’s solution. Then, the macrophages and 

lymphocytes from the peritoneal suspensions identified by their morphology were quantified in Neubauer 

chambers using an optical microscopy (40x). Cellular viability was routinely measured before and after each 

experiment with the Trypan-blue (Sigma-Aldrich, St. Louis, MO, USA) exclusion test and it was higher than 98% in 

all cases. The following studies were performed using unfractionated peritoneal leukocytes to better reproduce in 

vivo immune response and redox state. The peritoneal suspensions were adjusted to a specific number of 
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macrophages, lymphocytes, or total leukocytes, depending on the analyzed parameter, as described in the 

corresponding section. 

2.4. Immune function parameters 

2.4.1. Phagocytosis of macrophages 

The study of the phagocytic capacity of peritoneal macrophages, adjusted to 5 x 105 macrophages/ml 

Hank’s solution, was carried out as previously described (De la Fuente, 1985). Aliquots of 200 l of peritoneal 

suspensions were incubated in migration inhibitory factor (MIF) culture plates (Sterilin, Teddington, England) for 

30 min. Then, 20 l of latex beads (1.09 mm diluted to 1% in phosphate-buffered saline solution (PBS), Sigma, St. 

Louis, MO), pre-washed with PBS, were added to the adherent monolayer of cells. After 30 min of incubation, the 

plates were washed, fixed, and stained with Giemsa stain (Sigma-Aldrich), and the phagocytic efficiency was 

determined using optical microscopy (100x) and expressed as the number of macrophages with at least one bead 

ingested per 100 macrophages. 

2.4.2. Natural killer cytotoxicity 

 Natural killer cytotoxicity was measured following an enzymatic colorimetric assay (cytotox 96, Promega, 

Madison, WI, USA) based on the determination of the lactate dehydrogenase (LDH) activity released by the 

cytolysis of tumor cells, as previously described (Ferrández et al., 1999). Briefly, target cells (YAC-1 cells from a 

murine lymphoma) were seeded in 96-well U-bottom culture plates (Nunc) at a concentration of 104 cells/well in 

1640 RPMI without phenol red (PAA). Effector cells (peritoneal leukocytes) were added at a concentration of 105 

lymphocytes/well, obtaining an effector/target cell rate of 10 to 1. The plates were centrifuged at 250 g for 5 min to 

facilitate cell-to-cell contacts and incubated afterwards for 4 h at 37ºC in a humidified atmosphere of 5% CO2. 

Then, they were centrifuged again, and LDH enzymatic activity was measured in 50 l/well supernatant by adding 

enzyme substrate and recording absorbance at 490 nm. Three kinds of control measurements were performed: 

target spontaneous release, target maximum release, and effector spontaneous release. To determine the percentage 

of lysis of target cells, the following equation was used: % lysis=[(E-ES-TS)/(M-TS)] x 100, where E is the mean of 

absorbance values in the presence of effector and target cells, ES the mean of absorbance values of effector cells 

incubated alone, TS the mean of absorbance values of target cells incubated alone, and M the mean of maximum 

absorbance values after incubation of target cells with lysis solution. 

2.4.3. Lymphoproliferation assay 
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 The lymphoproliferation assay was carried out following a method previously described (Guayerbas et al, 

2002c). Resting lymphoproliferation as well as that in response to concanavalin A (ConA; Sigma-Aldrich) and 

lipopolysaccharide (LPS, Escherichia coli, 055: B5; Sigma-Aldrich) was evaluated. Aliquots of 200 l of peritoneal 

leukocyte suspensions adjusted to 106 lymphocytes/ml in complete medium containing 1640 RPMI (PAA, 

Piscataway, NJ, USA) supplemented with gentamicin (10 mg/ml, PAA) and 10% heat-inactivated fetal calf serum 

(PAA) were dispensed into 96-well plates (Nunc, Roskilde, Denmark). 20 l/well of complete medium alone or 

supplemented with ConA (1g/ml, Sigma-Aldrich) or LPS (1 g/ml, Sigma-Aldrich) were added. After 48 h of 

incubation at 37ºC in a sterile and humidified atmosphere of 5% CO2, 100 l of culture supernatants were collected 

for cytokine measurements. Then, 0.5 Ci [3H] thymidine (MP Biomedicals, Santa Ana, CA, USA) was added to 

each well and the medium was renewed. The plates were incubated for additional 24 h. Finally, the cells were 

harvested in a semi-automatic harvester (Skatron Instruments, Norway), and thymidine uptake was measured in a 

beta counter (LKB, Uppsala, Sweden) for 1 min. In the case or resting lymphoproliferation, the results were 

expressed as counts per minute (c.p.m.). Nevertheless, the lymphoproliferative response was calculated as the 

number of incorporated counts per minute relativized to those of the resting lymphoproliferation (wells without 

mitogens) and expressed as percentage of stimulation.  

2.4.4. Cytokine measurements 

 Cytokine concentrations, including the pro-inflammatory cytokine TNF-alpha and the anti-inflammatory 

cytokine IL-10, in supernatant of peritoneal leukocytes cultivated in resting conditions, were measured 

simultaneously with luminometry using a mouse cytokine/chemokine panel (Milliplex MAP kit, Millipore). Briefly, 

the filter plate was pre-wet with assay buffer and vacuum filtered before adding 25 l of standard, control, or 

experimental samples to the appropriate wells. 25 l of premixed beads were then added to each well and incubated 

overnight at 4ºC with shaking. After two washes, 25 l of detection antibody was added to each well and incubated 

for 1 h at room temperature and then treated with streptavidin-phycoerythrin (25 l) for 30 min at room 

temperature. The plate was then washed twice with wash buffer and vacuum filtered, and, finally, the beads were re-

suspended in 150 l of sheath fluid and the plate was read using a luminometer. The results were expressed as 

pg/ml of TNF-alpha and IL-10. Also, we calculated TNF-alpha/IL-10 ratio as inflammatory stress marker. 

Concentrations as low as 2.3 pg/ml for TNF-alfa and 2.0 pg/ml for IL-10 can be detected. 
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3.5. Oxidative stress parameters 

3.5.1. Catalase activity 

 Catalase activity was determined following a method previously described (Beers & Sizer, 1952), with slight 

modifications introduced by our research group (Alvarado et al., 2006a). The enzymatic assay was followed 

spectrophotometrically for 80 seconds at 240 nm by the decomposition of hydrogen peroxide (H2O2) (14 mM in 

phosphate buffer) into H2O + O2. The results were expressed as International Units (IU) of enzymatic activity per 

106 peritoneal leukocytes. 

3.5.2. Glutathione reductase activity 

 The activity of enzyme glutathione reductase was assessed following a method previously described (Massey 

and Williams, 1965) with some modifications (Alvarado et al., 2006a). This method is based on the oxidation of 

beta-nicotinamide adenine dinucleotide phosphate (-NADPH) (6 mM, Sigma-Aldrich) by this enzyme. The 

reaction was followed by spectrophotometry at 340 nm for 240 seconds. The results were expressed as milliunits 

(mU) of enzymatic activity per 106 peritoneal leukocytes. 

3.5.3. Glutathione peroxidase activity 

 Glutathione peroxidase activity was measured using the technique originally described by Lawrence and 

Burk (1976) and modified by Alvarado et al. (2006a). The reaction was followed spectrophotometrically by the 

decrease of the absorbance at 340 nm for 300 seconds. The results were expressed as mU of enzymatic activity per 

106 peritoneal leukocytes. 

3.5.4. Glutathione concentrations 

Both oxidized (GSSG) and reduced (GSH) forms of glutathione were determined using a fluorimeter, as 

previously described (Hissin and Hilf, 1976), adapted to 96-well plates, with slight modifications introduced by our 

research group (Garrido et al., 2017). This procedure is based on the capacity of reaction that GSSG to react with 

o-phthalaldehyde (OPT; Sigma-Aldrich), a fluorescent reagent, at pH 12, and GSH at pH 8, resulting in the 

formation of a fluorescent compound. Aliquots of 1 ml of the peritoneal suspension (106 cells/ml Hank’s solution) 

were centrifuged at 1200 g for 10 min at 4ºC. Pelleted cells were re-suspended in phosphate buffer containing 

ethylenediaminetetraacetic acid (EDTA) (0.1 M, pH 8; Sigma-Aldrich). Then, samples were sonicated, and after the 

addition of 5 l of perchloric acid (HClO4) (60%; Sigma-Aldrich), they were centrifuged at 9500 g for 10 min at 

4ºC. Aliquots of 10 l of supernatants of immune cells were dispensed into two 96-well black plates (Nunc), one 
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for each glutathione form. For GSSG measurement, 8 l of N-ethylmaleimide (NEM, 0.04 M; Sigma-Aldrich) was 

added to each well to prevent interference of GSH with measurement of GSSG, and then incubated at room 

temperature for 30 min in the dark. Then, 182 l of sodium hydroxide (NaOH) (0.1 N; Panreac) and 20 l of OPT 

(1mg/ml in methanol) were incorporated and the plate was incubated for 15 min under the same conditions. The 

fluorescence emitted by each well was measured at 350 nm excitation and 420 emission and the results were 

expressed as nmol/106 peritoneal leukocytes. For measurement of GSH content, 190 l of phosphate buffer with 

EDTA and 20 l of OPT was added to the 10 l of cell supernatants dispensed in the wells. The plate was 

incubated for 15 min under the same conditions, and fluorescence emitted by each well was measured at the same 

wave-length. The results were expressed as nmol GSH/106 peritoneal leukocytes. 

3.5.5. Xanthine oxidase activity 

 Xanthine oxidase (XO) activity was assayed using a commercial kit (A-22182 Amplex Red 

Xanthine/Xanthine Oxidase Assay Kit, Molecular Probes, Paisley, UK). In the assay, XO catalyzes the oxidation of 

purine bases (xanthine/hypoxanthine) to uric acid and superoxide anion. The superoxide spontaneously degrades in 

the reaction mixture to H2O2, which in the presence of horseradish peroxidase (HRP) reacts stoichiometrically with 

the Amplex Red reagent to generate the red-fluorescent oxidation product resorufin. Aliquots of total leukocytes 

adjusted to 106/ml Hank’s solution were lysed in potassium phosphate buffer (0.05M, pH 7.4) containing EDTA 

(0.1M, pH 7.4; Sigma-Aldrich) and dithiothreitol (DTT, 0.5 mM, pH 7.4; Sigma-Aldrich) to prevent reversible 

xanthine dehydrogenase (XDH) to XO conversion. In the assay, 50 l of the lysed solution was incubated with 50 

l working solution of the Amplex Red reagent (100 M) containing HRP (0.4 U/ml) and xanthine (200 M). After 

30 min of incubation at 37ºC, measurement of fluorescence was performed in a microplate reader (Fluostar 

Optima, BMG Labtech, Biomedal, Spain) using excitation and emission detection at 530 and 595 nm, respectively. 

The XO (10 mU/ml) supplied in the kit was used as the standard, and XO activity was measured by comparing the 

fluorescence of samples with that of standards. The results were expressed as units (U) of enzymatic activity per 106 

peritoneal leukocytes. 

3.6. Catecholamine concentrations 

3.6.1. Plasma catecholamine concentrations 

 Mice were sacrificed and blood was collected immediately in heparinized tubes, and plasma was obtained by 

centrifugation (1000 g; 20 min). Plasma CA concentrations were analyzed with a commercially ELISA kit (3-CAT 
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Plasma ELISAhigh Sensitive, LDN Labor Diagnostika Nord, Nordhorn). Results were expressed in g/ml and each 

sample was assayed in duplicate. 

3.6.2. Endogenous leukocyte catecholamine content 

 Aliquots of 106 peritoneal leukocytes/ml Hank’s solution, obtained from mice of the longitudinal study at 

adult age (91 months of age), were centrifuged at 1200 g for 10 min at 4ºC. Pelleted cells were re-suspended in 150 

l of HCl buffer (0.01 N, Panreac) in presence of EDTA (1 mM; Sigma-Aldrich) and sodium metabisulfite (4 mM; 

Sigma-Aldrich). Later, samples were sonicated and centrifuged at 3200g for 20 min at 4ºC. CA concentrations were 

analyzed in the leukocyte supernatant with a commercially ELISA kit (3-CAT Research ELISATM, LDN Labor 

Diagnostika Nord, Nordhorn). Results were expressed as g/106 peritoneal leukocytes, and each sample was 

assayed in duplicate. 

3.7. Mean lifespan  

 In order to evaluate the possible effects of th haploinsufficiency on mean lifespan, a group of TH-HZ and 

WT littermates (n=13) were housed in standard conditions until their natural death. 

3.8. Statistical analysis 

 The data were expressed as the mean  standard deviation (S.D.) of the values. Statistics were performed 

using SPSS version 21.0 (Chicago, IL, USA). The normality of the samples was tested with the Kolmogorov-

Smirnov test. For qualitative data, the Chi-square test was used. In the case of mean lifespan, the Kaplan-Maier test 

was used. The data were statistically evaluated with Student’s t tests, p<0.05 being taken as the minimum 

significance level. For the immune function parameters and oxidative/inflammatory stress markers, differences 

over time were assessed by comparing each age to the adult age (91 months) of the same genotype. 

4. Results 

4.1. Plasma catecholamine concentrations 

 In order to determine the possible effects of th haploinsufficiency on circulating CA concentrations, we 

assessed the CA concentrations in plasma of TH-HZ and WT mice at adult age (91 months). Results 

corresponding to plasma adrenaline (A), NA and DA expressed as g/ml plasma, are shown in Figure 1 (A, B and 

C, respectively). TH-HZ mice had significantly lower plasma concentrations of A, NA, and DA than their WT 

littermates (p<0.05, 0.001, 0.05, respectively). 
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Figure 1. Concentrations of catecholamine in plasma. Adrenaline (A), noradrenaline (B) and dopamine (C) 

concentrations (g/ml) in plasma of adult TH-HZ and WT mice. Each column represents the mean ± standard 

deviation of values corresponding to 8 animals. * p<0.05, *** p<0.001 with respect to WT group. 

 

4.2. Behavioral tests 

 Tables 1 and 2 summarize the results obtained in the behavior parameters analyzed in TH-HZ and WT 

mice at adult and old ages. 

4.2.1. Sensorimotor abilities 

 The results corresponding to sensorimotor abilities are summarized in Table 1. With respect to motor 

coordination evaluated in the wood rod test, adult TH-HZ mice showed a higher latency to leave the starting 

segment than WT at the same age (p<0.001), maintaining these differences in old age. Similarly, in the tightrope 

test, adult TH-HZ mice also presented greater latency to leave the starting segment than the adult WT mice 

(p<0.01). However, while the WT mice increased the value of this parameter with age (p<0.01), the TH-HZ mice 

did not do so, reaching similar values at old age. In relation to muscular vigor, adult TH-HZ mice exhibited lower 
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latency to fall in the tightrope test than their WT littermates (p<0.01). With age, WT and TH-HZ mice decreased 

their latency to fall (p<0.05 and p<0.001, respectively) maintaining the difference observed at the adult age 

(p<0.001). The results described up to here suggest that the adult TH-HZ mice present premature impairment of 

motor coordination and muscular vigor compared to their WT littermates.  

4.2.2. Exploratory and anxiety-like behavior tests 

 Table 2 summarizes the results corresponding to anxiety-like behaviors and exploratory capacity. Regarding 

anxiety-like behaviors evaluated using the elevated plus maze, adult TH-HZ mice presented a lower total number of 

entries (Table 2) as well as the percentage of time in open arms (Fig. 2A) than their WT counterparts (p<0.05 and 

p<0.001 respectively). These results could show increased anxiety-like behavior in adult TH-HZ mice. Also, with 

age, WT mice decreased the total number of entries in the open arms (p<0.05), reaching values similar to those of 

the TH-HZ mice, which did not change with aging. With respect to self-grooming behavior in the elevated plus 

maze, adult TH-HZ animals presented a higher total number of events than their WT littermates (p<0.001) and this 

difference was maintained in old age (p<0.001). Similarly, self-grooming behavior in the holeboard test showed that 

the adult TH-HZ mice presented a higher total number and extension of grooming events than their WT 

littermates (p<0.001) (Table 2 and Fig. 2B). In addition, the total number and extension of the freezing events in 

adult TH-HZ mice were higher than that of their WT littermates (p<0.001). With age, the WT mice increased the 

total number of freezing events (p<0.001) as well as grooming and freezing times (p<0.001 and p<0.05, 

respectively), reaching values similar to those of the TH-HZ mice, which did not change with age (Table 2). 
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Figure 2. Exploratory and anxiety-like behaviors. Percentage (%) of time in open arms in elevated plus maze (A), 

total number of grooming events in holeboard test (B), total locomotion in holeboard test (C), total time (s) of 

exploration of the T maze (D), total number of rearing events in holeboard test (E), and total number of head-

dipping events in holeboard test (F) evaluated in TH-HZ and WT mice - at 61 months (adult) as well as at 181 

months (old). Each point represents the mean ± standard deviation of values corresponding to 10 animals.  ** 
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p<0.01, *** p<0.001 with respect to WT of same age group; b p<0.05, bb p<0.01, bbb p<0.001 with respect to 

value obtained in adult age of the same genotype. 

 

 In relation to exploratory behavior assessed in the holeboard test, adult TH-HZ mice showed lower total 

locomotion (p<0.01) (Fig. 2C) than the adult WT animals, which is indicative of lessened horizontal exploration. 

Moreover, the percentage of inner locomotion, indicative of exploratory capacity, decreased in the old WT mice 

(Table 2) (p<0.001). On the contrary, the percentage of external locomotion was higher in the adult TH-HZ mice 

than in their WT littermates (p<0.001), which represents a greater anxiety-like behavior. This parameter increased 

with age in WT mice (p<0.001) and remained similarly elevated in the aged TH-HZ mice. In addition, the crossing 

time of the intersection of the T-maze was higher for the adult TH-HZ mice than for their WT counterparts 

(p<0.001), increasing in both genotypes with age (p<0.001) and therefore maintaining the difference between TH-

HZ and WT mice in old age (p<0.001). The total explore time for the entire T-maze was greater for the adult TH-

HZ mice than for the WT group (p<0.001) and increased significantly with age in both genotypes (p<0.05 and 

p<0.001 for WT and TH-HZ, respectively) (Fig. 2D). The differences between both genotypes were maintained in 

old age (p<0.001). Regarding vertical activity, adult TH-HZ mice showed a lower total number and duration of 

rearing events in the holeboard test (Fig. 2E) than the WT mice (p<0.001). Further, with age, WT mice exhibited a 

decrease in both parameters (p<0.001). Finally, with respect to goal-directed behavior evaluated in the holeboard 

test, adult TH-HZ mice exhibited a lower total number of head-dipping events (Fig. 2F) than their WT littermates 

(p<0.001), this parameter decreasing in older WT mice (p<0.001) whereas the values in TH-HZ group were 

maintained. Similarly, with respect to the total time of head-dipping, adult TH-HZ mice showed lower values than 

the WT group at the same age (p<0.001) and a decrease with age in the latter (p<0.001) was also observed. Old 

TH-HZ mice also showed a lower time of head-dipping with respect to old WT mice (p<0.001). Although, this 

parameter did not change in the TH-HZ with age, it remained lower in the old TH-HZ than in the old WT 

(p<0.001). 

 

4.3. Immune function parameters 

The longitudinal study of several immune function parameters in peritoneal leukocytes was carried out at 

21, 41, 91, 131, and 201 months, and the results are shown in Figure 3. 
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Figure 3. Immune functions. (A) Phagocytic efficiency (%), (B) Natural Killer cytotoxicity (% lysis of tumor cells), 

(C) lymphoproliferative response to LPS (%), (D) lymphoproliferative response to ConA, evaluated in peritoneal 

leukocytes from TH-HZ and WT mice at 21, 41, 91, 131, and 201 months of age. Each point represents the 

mean ± standard deviation of values corresponding to 10 animals, with each value being the mean of triplicate or 

duplicate assays. * p<0.05, ** p<0.01, *** p<0.001 with respect to WT group at same age; b p<0.05, bb p<0.01, 

bbb p<0.001 with respect to adult age (91 months) of the same genotype. 

 

4.3.1. Phagocytic efficiency 

 TH-HZ mice had a lower phagocytic efficiency at 9 months of age than their WT counterparts (p<0.001) 

(Fig. 3A). WT mice presented a decreased phagocytic efficiency at old age with respect to the adult age (p<0.001), 
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however the phagocytic efficiency of the TH-HZ group only was higher at 2 months of age with respect to the 

adult age (p<0.05). 

4.3.2. Natural killer cytotoxicity 

 TH-HZ mice showed lower values for this parameter from early young to adult age [21 (p<0.05), 41 

(p<0.05), and 91 (p<0.01) months], being similar at mature and old ages (131 and 201 months) to that of their 

WT littermates (Fig. 3B). The longitudinal study of the WT group showed elevated levels of NK cytotoxicity at 21 

months respect to 91 months (p<0.001) and diminished values at 131 and 201 months respect to 91 months 

(p<0.001). Only in the TH-HZ mice, we observe an increase in NK cytotoxicity at 21 months (p<0.05) with 

respect to values obtained at adult age. 

4.3.3. Lymphoproliferative response 

 In general, TH-HZ mice exhibited a trend to lower lymphoproliferative response to LPS than WT animals 

at all ages, with statistically significant differences at 41 months (p<0.05) and 91 months (p<0.001) (Fig. 3C). 

Similarly, TH-HZ mice showed a trend to lower values of proliferative response to ConA than WT animals at all 

ages, with statistical differences at 41 months (p<0.05) and 91 months (p<0.01) of age (Fig. 4D). At 21 months 

as well as 201 months, the WT group presented a decreased lymphoproliferative response to ConA in comparison 

to adult age (91 months; p<0.01). These differences were not observed in TH-HZ mice. 

 

4.4. Parameters of oxidative and inflammatory stress and resting lymphoproliferation  

4.4.1. Parameters of oxidative stress 

4.4.1.1. Antioxidants 

 The antioxidants evaluated in peritoneal leukocytes were the activities of catalase, glutathione reductase, and 

glutathione peroxidase as well as concentrations of reduced glutathione. The results for these parameters are shown 

in Table 3 and Figure 4. 

4.4.1.1.1. Catalase activity 

 Although TH-HZ mice showed a trend to lower catalase activity than their WT littermates at all ages, these 

differences were statistically significant only at 21 months (p<0.001) (Table 3). In relation to differences due to 

age, the WT group presented an increased catalase activity at 21 months with respect to values obtained at adult 
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age (91 months). No differences were observed in the TH-HZ group along the studied period respect to their 

adult age. 

4.4.1.1.2. Glutathione reductase activity 

 The TH-HZ mice exhibited a lower glutathione reductase activity than WT animals at all ages in the study, 

showing statistically significant differences at 41 months (p<0.001), 91 months (p<0.001), 131 months 

(p<0.001) and 201 months (p<0.001). No differences were found due to age in either genotypes (Fig. 4A). 

4.4.1.1.3. Glutathione peroxidase activity 

 Although at 21 months TH-HZ mice exhibited a higher antioxidant activity of this enzyme than their WT 

littermates (p<0.001), at 41 months TH-HZ mice presented lower activity than the WT group (p<0.001), keeping 

this tendency at older ages (Table 3). Furthermore, WT as well as TH-HZ mice presented diminished glutathione 

peroxidase activity at 21 months (p<0.01, p<0.001, respectively) and 41 months (p<0.001) than at adult age (91 

months).  

4.4.1.1.4. Reduced glutathione concentration 

 GSH concentration showed a trend to lower in TH-HZ than in WT mice, being statistically significant at 

41 months (p<0.001) and 91 months (p<0.001) (Fig. 4B). With respect to differences due to age, the WT group 

presented a decreased GSH concentration at 21 months (p<0.05), 131 months (p<0. 01), and 201 months 

(p<0.001) than at the adult age. No differences due to age were found in the TH-HZ group.   
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Figure 4. Parameters of oxidative and inflammatory stress. (A) Glutathione reductase activity (mU/106 peritoneal 

leukocytes), (B), Reduced glutathione concentration (nmol/106 peritoneal leukocytes), (C) Xanthine oxidase activity 

(U/106 peritoneal leukocytes), (D) GSSG/GSH ratio, (E) TNF-alpha concentration (pg/mL) in resting 

lymphoproliferation, and (F) TNF-alpha/IL-10 ratio, evaluated in peritoneal leukocytes from TH-HZ and WT mice 

at 21, 41, 91, 131, and 201 months of age. Each point represents the mean ± standard deviation of  values 
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corresponding to 10 animals, with each value being the mean of triplicate or duplicate assays. * p<0.05, ** p<0.01, 

*** p<0.001 with respect to WT group at same age; b p<0.05, bb p<0.01, bbb p<0.001 with respect to adult age 

(91 months) of the same genotype. 

 

4.4.2.2. Oxidants 

 As oxidant compounds, xanthine oxidase activity as well as oxidized glutathione (GSSG) concentrations 

were analyzed in peritoneal leukocytes. Also, the GSSG/GSH ratio was calculated as oxidative stress index. These 

results are presented in Table 3 and Figure 4.  

4.4.2.2.1. Xanthine oxidase activity 

 TH-HZ animals presented a trend to higher XO activity than WT mice, showing statistically significant 

differences at 91 months (p<0.001) (Fig. 4C). Longitudinal analysis in the WT mice showed an increase in XO 

activity at 21 (p<0.001), 41 (p<0.001), 131 (p<0.001), and 201 (p<0.001) months. Nevertheless, age 

differences were not found in TH-HZ group. 

4.4.2.2.2. Oxidized glutathione concentrations 

 TH-HZ group presented a trend to higher value for this parameter at all ages of study in comparison to the 

WT group, with statistically significant differences at 201 months of age (p<0.05) (Table 3). The WT mice showed 

an increase in the GSSG concentration at 21 months (p<0.01), 131 months (p<0.01), and 201 months 

(p<0.001) respect to the adult age. Similarly, TH-HZ animals had increased GSSG concentration at 21 (p<0.05), 

131 (p<0.001), and 201 months (p<0.001) respect to adult age.  

4.4.2.2.3. GSSG/GSH ratio 

 TH-HZ mice showed a higher GSSG/GSH ratio than WT animals at 41 (p<0.05), 91 (p<0.001), and 

131 months (p<0.05) (Fig 4D). Furthermore, with respect to the values obtained at adult age (91 months), the 

WT group exhibited an increased ratio at 21 (p<0.05), 41 (p<0.05), 131 (p<0.01) and 201 months (p<0.001). 

In the case of the TH-HZ group, the increase in GSSG/GSH ratio was observed at 131 (p<0.01) and 201 

months (p<0.01).   

 

4.4.2.3. Parameters of inflammatory stress 
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 The inflammatory stress parameters evaluated in the longitudinal study (at 21, 41, 91, 131, and 201 

months) were the levels of TNF-alfa and IL-10 cytokine released in resting cultures of peritoneal leukocytes. TNF-

alfa/IL-10 ratios were also calculated. The results are presented in Table 3 and Figure 4. 

4.4.2.3.1. Cytokine concentrations and TNF-alpha/IL-10 ratios 

 TH-HZ mice exhibited higher TNF-alpha concentration than WT at 91 (p<0.001) and 131 months 

(p<0.01) (Fig. 4E). In the case of IL-10, TH-HZ mice showed higher concentration than WT at 91 months 

(p<0.01) (Table 3). With respect to age, WT showed decreased IL-10 concentration at 201 months (p<0.01) in 

relation to values obtained at adult age. Regarding TFN-alpha/IL-10 ratio (Fig. 4F), TH-HZ animals showed higher 

ratio than their WT littermates at 91 months of age (p<0.001), and the longitudinal analysis showed increased 

TNF-alpha/IL-10 ratio at 21 (p<0.01) and 201 months (p<0.01) respect to 91 months in the WT mice, 

whereas no age-related differences were found in the TH-HZ group. 

4.4.3. Resting lymphoproliferation 

 With the objective of evaluating the possible early establishment of low-grade inflammation, characteristic 

of advanced ages, we assessed the proliferative rate of resting (without stimuli) peritoneal lymphocytes. TH-HZ 

mice displayed higher resting lymphoproliferative rate than the WT animals at 21 (p<0.05), 41 (p<0.01) and 91 

months (p<0.001) (Table 3). The longitudinal analysis showed that WT peritoneal lymphocytes presented increase 

proliferation at 21 (p<0.001), 41 (p<0.05), 131 (p<0.05) and 201 months (p<0.001) in comparison to values 

presented at adult age. In the case of the TH-HZ group, the decrease was only observed at 201 months (p<0.05). 

4.5. Catecholamine peritoneal leukocyte content 

 Since the many of the differences in immune function parameters were observed at 9 months of age, the 

CA content of peritoneal leukocytes (g /106 peritoneal leukocytes) was evaluated in this age. TH-HZ mice showed 

lower values of A, NA, and DA concentrations than those obtained in WT animals (p<0.001) (Fig. 5).  
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Figure 5. Catecholamine leukocyte contents (g /106 peritoneal leukocytes) at adult age (9±1 months). Adrenaline 

(A), noradrenaline (B) and dopamine (C) concentrations in TH-HZ as well as WT mice. Each column represents 

the mean ± standard deviation of values corresponding to 10 animals. *** p<0.001 with respect to the WT group. 

 

4.6. Mean lifespan 

 The mean lifespan of the TH-HZ and WT littermates were analyzed in separate experimental groups 

designed for that propose. The animals were maintained under standard housing conditions until their natural 

death. As shown in Figure 6, TH-HZ mice exhibited a shorter mean lifespan (97 versus 111 weeks) than their WT 

counterparts (p<0.05). 
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Figure 6. Mortality records of TH-HZ and WT mice (N=13) from youth until the natural death of the animals. * 

p<0.05 with respect to the value in WT mice. 

 

5. Discussion 

This research is the first about the effects of a th gene haploinsufficiency on behavior and immune cell 

parameters, throughout the life of mice.  Female mice were specifically employed in this longitudinal study since 

they show good social behavior in comparison to males, which tend to be very aggressive. The results allowed us to 

propose this genetic alteration in female ICR-CD1 mice as a model of premature aging. 

 Since the TH enzyme controls a limiting step of CA synthesis, TH-HZ mice are expected to show a 

decrease in CA concentrations. However, the authors who developed this genetic model with a C57/bL6 

background and other later studies have described no differences with respect to control animals both in plasma 

and brain CA concentrations (Gamella-Pozuelo et al., 2017; Kobayashi et al., 1995; Zhou et al., 1995). Nevertheless, 

another study has shown lower concentrations of NA in different brain areas (Kobayashi et al., 2000) and our 

results show that adult TH-HZ mice presented lower plasma concentrations of the three CA analyzed in 

comparison to WT littermates. These discrepancies could be due to several causes, such as the different strains used 

in the studies (C57/bL6 vs ICR-CD1) or the th gene expression regulation, which seems to vary depending on the 

genetic background of the mice (Marcel et al., 1998). Since this is higher in the C57/bL6 than in the ICR-CD1 

background (Cambon et al., 2010), it could justify possible differences due to the haploinsufficiency between 
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C57/bL6 and ICR-CD1 animals. In addition, sex differences could also influence the CA circulating values and 

whereas in the previous studies males were used, in the present work we only employed female mice. 

A simple way to evaluate nervous system functions is by performing behavioral tests (Dellu et al., 1994; 

Gilad and Gilad, 2000). For this reason, TH-HZ mice were subjected to a wide battery of behavioral tests in order 

to evaluate sensorimotor abilities and exploratory capacity, as well as anxiety-like behavior. The results showed that 

adult TH-HZ mice presented a decline of motor coordination and muscular vigor, in comparison to their WT 

counterparts. Exploratory capacity was also altered in the adult TH-HZ mice. These animals showed lower vertical 

and horizontal exploration as well as reduced goal-directed behavior. Furthermore, anxiety-like behavior was greater 

in these mice than in the WT at adult age. These results observed at adult age could be due to the lower content of 

CA since these behavior parameters are linked to catecholaminergic function, mainly to DA and NA actions 

(Borodovitsyna et al., 2017; Emerich et al., 1993; Foote et al., 1983; Sara, 2009; Robbins and Everitt, 1995). In line 

with these observations, other studies of adult animals with CA depletion due to TH deficiency showed altered 

exploratory behavior and sensorimotor abilities, such as lower motor coordination (Korner et al., 2015; Sabbar et 

al., 2012). Furthermore, those behavioral capacities showed age-related decline in the WT mice, as has been 

described previously (Boguszewski and Zagrodzka, 2002; Forster et al., 1996; Ingram et al., 1981; Lamberty and 

Gower, 1992; Thompson, 2008). Nevertheless, we did not observe a further decline with age in the TH-HZ mice, 

most likely, because they already presented a clear impairment at adult age. In the case of anxiety-like behavior, 

which increased in TH deficient animals and in old individuals (Faggliani et al., 2015; Morgan et al., 2015; Tinakoua 

et al., 2015), this was higher in TH-HZ than in WT mice. Thus, in general, adult TH-HZ mice performed similarly 

to old WT mice for most of the tests. This premature impairment in the behavioral parameters has also been shown 

in two other models of premature aging, the prematurely aging mice (PAM) (Guayerbas et al., 2002a; Viveros et al., 

2001) and the senescence-accelerated mice prone (SAMP) (Aoyama et al., 2013; Markowska et al., 1998; Niimi and 

Takahashi, 2014). Thus, TH-HZ mice showed markers of premature nervous system aging, a consequence of th 

gene haploinsufficiency. 

Regarding the immune functions, concretely those of the innate immunity, TH-HZ mice showed lower 

phagocytic capacity and NK cytotoxicity than their WT littermates at adult age. Similar results have been described 

in a preliminary previous study with male TH-HZ ICR-CD1 mice at adult age (Garrido et al., 2017). In addition, 

these results are in agreement with studies employing TH inhibitors, such as alpha-methyl-p-tyrosyne (alpha-MT) in 
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splenic leukocytes (Won and Lin, 1989). Several studies have demonstrated a modulator effect of CA on immune 

functions although with controversial results (Bellinger et al., 2008; Lang et al., 2003; Madden, 2017; Nance and 

Sanders, 2007). While some authors have reported an inhibitory effect of CA on phagocytic capacity (Borda et al., 

1998), others have described stimulatory effects of CA on this immune function (Garcia et al., 2003). These 

opposite effects could depend on the concentrations of the neurotransmitter present. With respect to 

lymphoproliferative response, TH-HZ mice showed lower lymphoproliferation in response to LPS and ConA, 

specific mitogens for B and T lymphocytes, respectively, in comparison to their WT counterparts at adult age. 

Similarly, adult male TH-HZ mice with background ICR-CD1 have exhibited lower lymphoproliferative response 

in presence of LPS (Garrido et al., 2017). These results could also be the consequence of the modulatory effects of 

CA on proliferative response to lymphocytes (Benarroch, 2009; Del Rey and Besedovsky, 2008; Puerto et al., 2005). 

In fact, following sympathectomy using 6-hydroxydopamine (6-OHDA), a neurotoxin able to deplete peripheral 

NA nerve fibers, adult animals presented lower mitogenesis induced by LPS or ConA (Delrueperollet et al., 1995; 

Pacheco-López et al., 2003). Furthermore, all these immune functions studied show an age-related decline in WT 

animals as can be observed in the present study and in previous reports (Arranz et al., 2010; Douziech et al., 2002; 

Ferrández et al., 1999; Frasca et al., 2003; Martinez de Toda et al., 2016; Pawelec, 2006; Pawelec et al., 2002; 

Weinberger, 2017). Nevertheless, no differences were observed due to age in TH-HZ mice, which could be due to 

the establishment at adult age of a premature immunosenescence. Similar results have been shown in PAM 

(Alvarado et al., 2006b; Guayerbas et al., 2005; 2002a; 2002b; 2002c; Pérez- Álvarez et al., 2005; Puerto et al., 2002) 

and in SAMP (Abe et al., 1994; Kumagai et al., 2000; Takeda et al., 1991). This premature immunosenescence could 

be a consequence of the lower intracellular content of CA in the immune cells of these mice. In fact, endogenous 

leukocyte CA are fundamental to correct the immune function mediated via autocrine/paracrine AR signaling that 

regulates the intracellular cAMP levels (Bergquist et al., 1994; Cosentino et al., 1999; Madden, 2017; Qiu et al., 

2004). In this sense, lymphocytes treated with α-MT and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), 

another inhibitor of TH, depressed proliferation of T cell hybridoma in a dose-dependent manner (Tsao et al., 

1998).  

It is known that a cause of immunosenescence is oxidative and inflammatory stress (De la Fuente and 

Bauer, 2016). Since oxidative stress is produced by an imbalance between oxidants and antioxidants, with an 

increase of the first, we measured different antioxidant defenses and oxidant compounds in peritoneal leukocytes of 
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TH-HZ mice. In general, these cells of adult animals presented lower antioxidant defenses and higher oxidant 

compounds than the leukocytes of their WT littermates. This oxidative stress due to the haploinsufficiency of th 

appears to be related to the lower concentrations of CA. Similar results have been previously described in adult 

male TH-HZ mice (Garrido et al., 2017). In addition, although several authors have described the oxidant capacity 

of CA due to their auto-oxidation generating an increase in the reactive free radicals (Creveling et al., 1975; Graham 

et al., 1978; Rosenberg, 1988), this capacity seems to be concentration-dependent. In this context, CA show an 

oxidant capacity at abnormally elevated concentrations (Noh et al., 1999; Sofic et al., 2001), while at physiological 

amounts, NA and DA exhibit antioxidant capacities (Liu and Mori, 1993; Miura et al., 1996; Noh et al., 1999; Sofic 

et al., 2001). Thus, the oxidative stress shown in TH-HZ peritoneal leukocytes at adult age could be a consequence 

of the low plasma and endogenous leukocyte CA concentrations observed in these animals. Furthermore, there is 

an age-related antioxidant defense decrease and oxidant increase leading to an oxidative stress (Dröge, 2003; 

Romano et al., 2010; Vida et al., 2014). This fact has been observed in the WT mice of the present longitudinal 

study. Nevertheless, as the consequence of the early oxidative stress established in TH-HZ animals, no differences 

were observed in these mice with respect to their WT counterparts at old age. In addition, the inflammatory stress 

is produced by an imbalance between pro-inflammatory and anti-inflammatory compounds, and in this work we 

analyzed the amount of TNF-alpha, a typical pro-inflammatory cytokine, and that of IL-10, an anti-inflammatory 

cytokine, released in resting cultures of peritoneal leukocytes. TNF-alpha levels were higher in culture supernatants 

of leukocytes from TH-HZ mice than in those of WT at adult age. As it has been shown CA, through increasing 

intracellular cAMP levels, can inhibit, in leukocytes, the synthesis of TNF-alpha and its release (Guirao et al., 1997; 

Schopf and Lemmel, 1983). Therefore the lower CA concentrations observed in TH-HZ leukocytes may be 

responsible for the increased TNF-alpha concentrations. Unexpectedly, the levels of the cytokine IL-10 were higher 

in the TH-HZ than in the WT resting leukocytes at adult age. These could represent a compensatory mechanism of 

peritoneal leukocytes against the increased content of pro-inflammatory cytokines. Nevertheless, the TNF-

alpha/IL-10 ratio was still higher in the leukocytes of adult TH-HZ mice than in those of WT. This imbalanced 

pro-inflammatory/anti-inflammatory ratio may indicate a low-grade of sterile inflammation, which is typical of 

aging (De Martinis et al., 2006; Franceschi and Bonafé, 2003; Franceschi et al., 2000; Martinez de Toda et al., 2017). 

Indeed, the greater proliferation in resting conditions found in leukocytes of adult TH-HZ also indicates the 

presence of a sterile inflammation. This oxi-inflamm-aging has also been observed in PAM (Alvarado et al., 2006a; 
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2006b; Guayerbas et al., 2005; 2002a) and in SAMP (Farr et al., 2003; Kurokawa et al., 2001; Nomura et al., 1989; 

Okatani et al., 2002; Sureda et al., 2006; Yasui et al., 2003) at adult age. Thus, adult female TH-HZ mice appear to 

present the establishment of a premature oxi-inflamm-aging, which could be due to their lower CA concentrations 

in immune cells and plasma. 

In mammals, the immune system is relatively immature at birth and completes its development at the end of 

the individual growth period, which in humans corresponds to the beginning of the second decade of life (Giedd, 

2004; Simon et al., 2015; Sowell et al., 1999). In mice, the maturation of the immune system is similar to humans 

and it is complete on reaching adult age. For this reason, several immune functions may show similar values at 

young (inmature) and old (senescent) ages (De la Fuente et al., 2003). This fact was also observed in the 

lympoproliferative response to mitogens in cells of WT mice. In this function and in NK cytotoxicity, the young (2 

or 4 months of age) TH-HZ demonstrated poorer performance than their WT littermates. Moreover, this very early 

immune impairment has also been observed in young PAM (Alvarado et al., 2005; 2006b; Guayerbas and De la 

Fuente, 2003). 

Since the immune parameters evaluated in this study have been proposed as markers of biological age and 

predictors of longevity (Martinez de Toda et al., 2016), the premature immunosenescence observed in TH-HZ mice 

could coexist with a short mean lifespan. In agreement, TH-HZ mice had a shorter mean lifespan than their WT 

counterparts. This shorter mean lifespan seen has also been observed in PAM (Guayerbas et al., 2002a; Martinez de 

Toda et al., 2016). However, a previous study using male TH-HZ mice (Gamella-Pozuelo et al., 2017), with a 

different genetic background (C57/bL6), showed opposite effects on the mean lifespan to those described here for 

the ICR-CD1 female animals. As mentioned above, the mouse strain may influence the th gene expression 

regulation and therefore the CA concentrations. Thus, in the study by Gamella-Pozuelo and cols (2017) these 

concentrations were normal. We think that this fact together with the use of different sex and background, could 

explain the different results found in the lifespan of animals. In fact, previous studies in other premature aging mice 

models such as SIRT1, SIRT2 and SIRT6 deficient mice, have described that survival can be dependent on the 

genetic background of the strain as well as on the gender. Thus, whereas SIRT1 deficient mice with a 

129/SvEv/C57bL6 background died at perinatal or early postnatal stages, mice with a 129/CD1 mixed background 

more often survived to adulthood (McBurney et al., 2003; Sebastian et al., 2012). In addition, in the case of SIRT6 

deficient mice, the mutant female 129/SvJ/BALB/c mice present a significantly increased survival with respect to 
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the corresponding male, results that indicate the importance of sex in these types of studies (Peshti et al., 2017). 

Nevertheless, further research is needed to clarify this issue. 

In conclusion, the present study suggests that TH-HZ mice (ICR-CD1 female) showed premature alteration 

of several behavioral capacities and immune functions together with premature oxi-inflamm-aging. This could be a 

consequence of low CA concentrations due to th haploinsufficiency. Since nervous and immune system impairment 

has been related to loss of cross-talk between regulatory systems as well as to loss of homeostasis and consequently 

of health, TH-HZ mice could have disrupted neuroimmunoendocrine communication, which impacted on their 

lifespan. In this sense, NK cytotoxicity has been proposed as a sensible marker of the imbalance of the 

neuroimmunoendocrine system (Fiserová et al., 2002; Mocchegiani and Malavolta, 2004). Thus, since TH-HZ mice 

presented lower NK activity than their WT littermates, at all ages of the study, it could confirm an altered 

neuroimmunoendocrine cross-talk in these partially th deficient female animals. Additional future analysis of males 

will clarify if the finding is sex-dependent as well as validating the TH-HZ mice as a model of premature aging. 

6. Conflicts of interest 

The authors have no conflicts of interest to declare. 

7. Acknowledgments 

 This work was supported by FIS grants (PI15/01787) from the ISCIII-FEDER of the European Union, the 

Research group of UCM (910379), Red Telemática de Investigación Cooperativa en Envejecimiento y Fragilidad 

(RETICEF) (RD12/0043/0018) to MdlF and SAF2013-41059R to CHS. We would like to thank Dr. Flora de 

Pablo for providing us the animals and for critical reading of the manuscript, and Ms. Cayetana Murillo for 

technical assistance with the mouse genotyping. 

8. References 

Abe Y., Yuasa M., Kajiwara Y., Hosono M. 1994. Defects of immune cells in the senescence-accelerated mouse: a 
model for learning and memory deficits in the aged. Cellullar Immunology. 157(1), 59-69. 
 
Alvarado C., Álvarez P., Jiménez L., De la Fuente M. 2005. Improvement of leukocyte functions in Young 
prematurely aging mice after a 5-week ingestión of a diet supplemented with biscuits enriched in antioxidants. 
Antiox. Redox. Sign. 7, 1203-1210. 
 
Alvarado C., Álvarez P., Jiménez L., De la Fuente M. 2006a. Oxidative stress in leukocytes from young prematurely 
aging mice is reversed by supplementation with biscuits rich in antioxidants. Dev. Comp. Immunol. 30, 1168-1180. 
 
Alvarado C., Álvarez P., Puerto M., Gausserés N., Jiménez L., De la Fuente M. 2006b. Dietary supplementation 
with antioxidants improves functions and decreases oxidative stress of leukocytes from prematurely aging mice. 
Nutrition. 22, 767-777. 



  

 33 

Aoyama Y., Kim T.Y., Yoshimoto T., Niimi K., Takahashi E., Itakura C. 2013. Impaired motor function in 
senescence-accelerated mouse prone 1 (SAMP1). Brain research. 1515, 48-54. 

Arranz L., Lord J.M., De la Fuente M. 2010. Preserved ex vivo inflammatory status and cytokine responses in 
naturally long-lived mice. Age. 32, 451-466. 
 
Augustsson, H., Meyerson, B.J., 2004. Exploration and risk assessment: a comparative study of male house mice 
(Mus musculus musculus) and two laboratory strains. Physiol. Behav. 81, 685–698. 
 
Baeza I., De Castro N.M., Giménez-Llort L., De la Fuente M. 2010. Ovariectomy, a model of menopause in 
rodents, causes a premature aging of the nervous and immune systems. J. Neuroimm. 219, 90-99. 
 
Bartik M.M., Brooks W.H., Roszman T.L. 1993. Modulation of T cell proliferation by stimulation of the beta -
adrenergic receptor: lack of correlation between inhibition of T cell proliferation and cAMP accumulation. Cell 
Immunol. 148, 408–421. 
 
Bauer M.E. 2008. Chronic stress and immunosenescence: a review. Neuroimmunomodulation. 15(4-6), 241-250.  
 
Beers R.F., Sizer I.W. 1952. A spectrophotometric method for measuring the breakdown of hydrogen peroxide by 
catalase. J. Biol. Chem. 195, 133-140. 
 
Bellinger D., Stevens S.Y., ThyagaRajan S., Lorton D., Madden K.S. 2005. Aging and sympathetic modulation of 
immune function in Fisher 344 rats: effects of chemical sympathectomy on primary antibody response. J. 
Neuroimmunol. 165, 21-32. 
 
Bellinger D.L., Millar B.A., Perez S., Carter J., Wood C., ThyagaRajan S., Molinaro C., Lubahn C., Lorton D. 2008. 
Sympathetic modulation of immunity: relevance to disease. Cell Immunol. 252(1-2), 27-56. 
 
Benarroch E.E. 2009. Autonomic-mediated immunomodulation and potential clinical relevance. Neurology. 73(3), 
236-242. 
 
Bergquist J., Tarkowski A., Ekman R., Ewing A. 1994. Discovery of endogenous catecholamines in lymphocytes 
and evidence for catecholamine regulation of lymphocyte function via autocrine loop. Proc. Natl. Acad. Sci. U.S.A. 
91(26), 12912-12916. 

Boguszewski P, Zagrodzka J. 2002. Emotional changes related to age in rats-a behavioral analysis. Behav. Brain 
Reseach. 133, 323-332. 

Borda E.S., Tenenbaum A., Sales M.E., Rumi L., Sterin-Borda L. 1998. Role of arachidonic acid metabolites in 
the action of a beta adrenergic agonist on human monocyte phagocytosis. Prostaglandins Leukot Essent Fatty 
Acids. 58, 85–90. 
 
Borodovitsyna O., Flamini M., Chandler D. 2017. Noradrenergic modulation of cognition in Health and Disease. 
Neural Plast. 1-14. 
 
Brenes G.A., Penninx B.W., Judd P.H., Rockwell E., Sewell D.D., Wetherell J.L. 2008. Anxiety, depression and 
disability across life span. Aging Ment. Health. 12, 158-163. 
 
Cambon K., Coura RD., Groc L., Carbon A., Weissman D., Changeux J.P., Pujol J.F., Granon S. 2010. Aggressive 
behavior during social interaction in mice is controlld by the modulation of tyrosine hydroxylase expression in the 
prefrontal cortex. Cog. Behav. Sys. Neurosci. 171, 840-851. 
 
Cosentino M., Marino F., Bombelli R., Ferrari M., Lecchini S., Frigo G. 1999. Endogenous catecholamine synthesis, 
metabolism, storage and uptake in human neutrophils. Life Sci. 64(11), 975-981. 
 



  

 34 

Cotter T.G., O’Malley K. 1983. Decreased neutrophil cyclic AMP response to isoprenaline stimulation in the 
elderly. Clin. Sci. (Lond.). 65, 155-157. 
 
Crawley, J.N. 1999. Behavioral phenotyping of transgenic and knockout mice: experimental design and evaluation 
of general health, sensory functions, motor abilities, and specific behavioral tests. Brain Res. 835, 18–26. 
 
Creveling C.R., Lundstrom J., McNeal E.T., Tice L., Daly J.W. 1975. Dihydroxytryptamines: effects on 
noradrenergic function in mouse heart in vivo. Mol. Pharmacol. 11, 211-222. 
 
Cruces J., Venero C., Pereda-Pérez I., De la Fuente M. 2014. The effect of psychological stress and social isolation 
on neuroimmunoendocrine communication. Curr. Pham. Des. 20(29), 4608-4628. 
 
De Cabo de la Vega C., Pujol A., Viveros M.P. 1995. Neonatally administered naltrexone affects several behavioral 
responses in adult rats of both genders. Pharmacol. Biochem. Behav. 50, 277-286. 
 
De la Fuente M. 1985. Changes in the macrophage function with aging. Comp. Biochem. Physiol. 81A, 935-938. 
 
De la Fuente M., Bauer M. 2016. The role of oxidative and inflammatory stress and persistent viral infections in 
immunosenescence. Mech. Aging. Develop. 158, 27-37. 
 
De la Fuente M., Baeza I., Guayerbas N., Puerto M., Castillo C., Salazar V., Ariznavarreta C., Tresguerres J. A. 
2004a. Changes with ageing in several leukocytes functions of male and female rats. Biogerontology. 5, 389-400. 
 
De la Fuente M., Hernanz A., Guayerbas N., Álvarez P., Alvarado C. 2003. Changes with age in peritoneal 
macrophage functions. Implications of leukocytes in the oxidative stress of senescence. Cell. Mol. Biol. 50, 683-690. 
 
De la Fuente M., Miñano M., Victor V.M., Del Rio M., Ferrandez M.D., Diez A., Miquel J. 1998. Relation between 
exploratory activity and immune function in aged mice: a preliminary study. Mech. Aging Develop. 102, 263-277. 
 
De la Fuente M., Miquel J. 2009. An update of the oxidation-inflammation theory of aging: the involvement of the 
immune system in oxi-inflamm-aging. Curr. Pharm. Des. 15(26), 3003-3026.  
 
De Martinis M., Franceschi C., Monti D., Ginaldi L. 2006. Inflammation markers predicting frailty and mortality in 
the elderly. Exp. Mol. Pathol. 80, 219-227. 
 
Del Rey A., Besedovsky H.O. 2008. Sympathetic nervous system-immune interactions in autoinmune 
lymphoproliferative diseases. Neuroimmunomodulation. 15(1), 29-36. 
 
Del Río M., Hernanz A., De la Fuente M. 1994. Bombesin, gastrin-releasing peptide, and neuromedin C modulate 
murine lymphocyte proliferation through adherent accessory cells and activate protein kinase C. Peptides. 15, 15-22. 
 
Dellu F., Mayo W., Vallée M., Le Moal M., Simon H. 1994. Reactivity to novelty during youth as a predictive factor 
of cognitive impairment in the elderly: a longitudinal study in rats. Brain Res. 653, 51-56. 
 
Delrueperollet C., Li K.S., Vitiello S., Neveu P.J. 1995. Peripheral catecholamines are involved in the 
neuroendocrine and immune effects of LPS. Brain, Behav and Immun. 9, 149-162. 
 
Dewan SK, Zheng SB, Xia SJ and Bill K. 2012. Senescent remodeling of the immune system and its contribution to 
the predisposition of the elderly to infections. Chin Med J (Engl). 125, 3325-31.  
 
Douziech N., Seres I., Larbi A., Szikszay E., Roy P.M. 2002. Modulation of human lymphocyte proliferative 
response with aging. Exp. Gerontol. 37, 369-387. 
 
Dröge W. 2003. Oxidative stress and aging. Adv. Exp. Med. Biol. 543, 191-200. 
 

http://www.ncbi.nlm.nih.gov/pubmed/?term=Dewan%20SK%5BAuthor%5D&cauthor=true&cauthor_uid=22964331
http://www.ncbi.nlm.nih.gov/pubmed/?term=Zheng%20SB%5BAuthor%5D&cauthor=true&cauthor_uid=22964331
http://www.ncbi.nlm.nih.gov/pubmed/?term=Xia%20SJ%5BAuthor%5D&cauthor=true&cauthor_uid=22964331
http://www.ncbi.nlm.nih.gov/pubmed/?term=Bill%20K%5BAuthor%5D&cauthor=true&cauthor_uid=22964331
http://www.ncbi.nlm.nih.gov/pubmed/22964331


  

 35 

Elenkov I.J., 2007. Effects of catecholamines on the immune response. In: Neuroimmune biology. Eds: Berczi I 
and Szentivanyi A. Amsterdam. 189-207 pp. 
 
Elenkov, I.J., Wilder R.L., Chrousos G.P., Vizi E.S. 2000. The sympathetic nerve--an integrative interface between 
two supersystems: the brain and the immune system. Pharmacol. Rev. 52, 595-638. 
 
Elliott L., Brooks W., Roszman T. 1992. Inhibition of anti-CD3 monoclonal antibody-induced T-cell 
proliferation by dexamethasone, isoproterenol, or prostaglandin E2 either alone or in combination. Cell Mol 
Neurobiol. 12, 411–427. 

Emerich D.F., McDermott P., Krueger P., Banks M., Zhao J., Marszalkowski J., Frydel B., Winn S.R., Sanberg P.R. 
1993. Locomotion of aged rats: relationship to neurochemical but not morphological changes in nigrostriatal 
dopaminergic neurons. Brain research bulletin, 32(5), 477-486. 

Faggliani E, Delaville C., Abdelhamid B. 2015. The combined depletion of monoamines alters the effectiveness of 
subthalamic Deep brain stimulation. Neurobiol. Dis. 82, 342-348. 
 
Farr S.A., Poon H.F., Dogrokol-Ak, D., Drake J., Banks W.A., Eyerman E., Butterfield D.A., Morley J.E. 2003. The 

antioxidants α‐lipoic acid and N‐acetylcysteine reverse memory impairment and brain oxidative stress in aged 
SAMP8 mice. Journal of neurochemistry, 84(5), 1173-1183. 
 
Feinstein D.L., Kalinin S., Braun D. 2016. Causes, consequences, and cures for neuroinflammation mediated via the 
locus coeruleus: noradrenergic signaling system. J. Neurochem. 2, 154-178. 
 
Ferrández M.D., Correa R., Del Río M., De la Fuente M. 1999. Effects in vitro of several antioxidants on the 
natural killer function of aging mice. Exp. Gerontol. 34, 675-685. 
 
Fiserová A., Starec M., Kuldová M., Kováru H., Páv M., Vannucci L., Posísil M. 2002. Effects of D2-dopamine and 
alpha-adrenoreceptor antagonists in stress induced changes on immune responsiveness of mice. J. Neuroimmunol. 
130, 55-65. 
 
Foote S.L., Bloom F.E., Aston-Jones G. 1985. Nucleus locus ceruleus: new evidence of anatomical and 
physiological specificity. Physiol. Rev. 63, 844-914. 
 
Forster M.J., Dubey A., Dawson K.M., Stutts W.A., Lal H., Sohal R.S. 1996. Age-related losses of cognitive 
function and motor skills in mice are associated with oxidative protein damage in the brain. Proc. Natl. Acad. Sci. 
U.S.A. (93), 4765-4769. 
 
Franceschi C., Bonafé M. 2003. Centenarians as a model for healthy aging. Biochem. Soc. Trans. 31, 457-461. 
 
Franceschi C., Valensin S., Bonafé M., Paolisso G., Yshin A.I., Monti D., De Benedictin G. 2000. The network and 
the remodeling theories of aging: historical background and new perspectives. Exp. Gerontol. 35, 879-896. 
 
Frasca D., Nguyen D., Riley R.L., Blomberg B.B. 2003. Effects of aging on proliferation and E47 transcription 
factor activity induced by different stimuli in murine splenic B cells. Mech. Ageing. Dev. 122, 1413-1430. 
 
Fulop T., Larbi A., Kotb R., de Angelis F., Pawelec G. 2011. Aging, immunity, and cancer. Discov Med. 11, 537–
550. 
 
Gamella-Pozuelo L., Grande M.T., Clemente-Lorenzo M., Murillo-Gómez C., De Pablo F., López-Novoa J.M., 
Hernández-Sánchez C. 2017. Tyrosine hydroxylase haploinsufficiency prevents age-associated arterial pressure 
elevation and increases half-life in mice. Biochim. Biophys. Acta Mol. Basis Dis. 1863, 113-120. 
 
García J.J., Sáez M.C., De la Fuente M., Ortega E. 2003. Regulation of phagocytic process of macrophages by 
noradrenaline and its end metabolite 4-hydroxy-3-metoxyphenyl-glycol. Role of alpha and beta adrenoreceptors. 
Mol. Cell. Biochem. 254, 299-304. 



  

 36 

 
Garrido A., Cruces J., Iriarte I., Hernández-Sánchez C., De Pablo F., De la Fuente M. 2017. Premature 
immunosenescence in catecholamines synthesis deficient mice. Effect of social environment. Rev Esp Geriatr 
Gerontol. 52(1), 20-26. 
 
Giedd J.N. 2004. Structural magnetic resonance imaging of the adolescent brain. Ann. N.Y. Acad. Sci. 1021, 77-85. 
 
Gilad G.M., Gilad V.H. 2000. Strain, stress, neurodegeneration and longevity. Mech. Ageing. Dev. 78, 75-83. 
 
Giménez-Llort L., Fernández-Teruel A., Escorihuela R.M., Fredholm B.B., Tobeña A., Pekín M., Johansson B. 
2002. Mice lacking the adenosine A1 receptor are anxious and aggressive, but are normal learners with reduced 
muscle strength and survival rate. Eur. J. NeuroSci. 16, 547-550. 
 
Gouin J.P., Hantsoo L., Kiecolt-Glaser J.K. 2008. Immune dysregulation and chronic stress among older adults: a 
review. Neuroimmunomodulation. 15 (4-6), 251-259. 
 
Graham D.G., Tiffany S.M., Bell W.R., Gutknecht W.F. 1978. Autooxidation versus covalent binding of quinones 
as the mechanism of toxicity of dopamine, 6-hydroxydopamine, and related compounds toward C1300 
neuroblastoma cells in vitro. Mol. Pharmacol. 14, 644-653. 
 
Greenwood P.M., Parasuraman R. 2003. Normal genetic variation, cognition and aging. Behav. Cogn. Neurosci. 
Rev. 2(4), 278-306. 
 
Gruver A.L., Hudson L.L., Sempowski G.D. 2007. Immunosenescence of ageing. The J. Pathol. 211(2), 144-156. 
 
Guayerbas N., Catalán M., Victor V.M., Miquel J., De la Fuente M. 2002a. Relation of behavior and macrophage 
function to life span in a murine model of premature immunosenescence. Behav. Brain. Res. 134, 41-48. 
 
Guayerbas N., Puerto M., Fernández M.D., De la Fuente M. 2002b. A diet supplemented with thiolic antioxidants 
improves leucocyte function in two strains of prematurely aging mice. Clin. Exp. Pharmacol. Physiol. 29, 1009-
1014. 
 
Guayerbas N., Puerto M., Victor V.M., Miquel J., De la Fuente M. 2002c. Leucocyte function and life span in a 
murine model of premature immunosenescence. Exp. Gerontol. 37, 249-256. 
 
Guayerbas N., De la Fuente M. 2003. An impairment of phagocytic function is linked to a shorter life span in two 
strains of prematurely aging mice. Dev. Comp. Immunol. 27, 339-350. 
 
Guirao X., Kumar A., Katz J., Smith M., Lin E., Keogh C., Calvano S.E., Lowry S.F. 1997. Catecholamines 
increase monocyte TNF receptors and inhibit TNF through beta 2-adrenoreceptor activation. Am J Physiol. 273, 
E1203–E1208. 
 
Hissin P.J., Hilf R. 1976. A fluorimetric method for determination of oxidized and reduced glutathione in tissues. 
Anal. Biochem. 74, 214-226. 
 
Ingram D.K., London E.D., Goodrick C.L. 1981. Age and neurochemical correlates of radial maze performance in 
rats. Neurobiol. Aging. 2(1), 41-47. 
 
Johansson B., Halldner L., Dunwiddie T.V., Masino S.A., Poelchen W., Giménez-Llort L., Escorihuela R.M., 
Fernández-Teruel A., Wiesenfend-Hallin Z., Xu X.J., Hárdemark A., Betsholtz C., Herlenius E., Fredholm B.B. 
2001. Huperalgesia, anxiety and decreased hypoxic neuroprotection in mice lacking the adenosine A1 receptor. 
Proc. Natl. Acad. Sci. U.S.A. 98, 9407-9412. 
 
Kin N.W., Sanders V.M. 2006. It takes nerve to tell T and B cells what to do. J. Leukoc. Biol. 79, 1093-1104. 
 



  

 37 

Kobayashi K., Morita S., Sawada H., Mizuguchi T., Yamada K., Nagatsu I., Hata T., Watanabe Y., Fujita K., 
Nagatsu T. 1995. Targeted disruption of the tyrosine hydroxylase locus results in severe catecholamine depletion 
and perinatal lethality in mice. J. Biol. Chem. 270, 27235-27243. 
 
Kobayashi K., Noda Y., Matsushita N., Nishii K., Sawada H., Nagatsu T., Nakahara D., Fukabori R., Yasoshima Y., 
Yamamoto T., Miura M., Kano M., Mamiya T., Miyamoto Y., Nabeshima T. 2000. Modest neuropsychological 
deficits caused by reduced noradrenaline metabolism in mice heterozygous for a mutated tyrosine hydroxylase gene. 
J. Neurosci. 20(6), 2418-2426. 
 
Korner G., Noain D., Ying M., Hole M., Flydal M.I., Scherer T., Allegri G., Rassi A., Fingerhut R., Becu-Villalobos 
D., Pillai S., Wueest S., Konrad D., Lauber-Biason A., Baumann C.R., Bindoff L.A., Martinez A., Thöny B. 2015. 
Brain catecholamine depletion and motor impairment in a Th knock-in mouse with type B tyrosine hydroxylase 
deficiency. Brain. 138(10), 2948-2963.  
 
Krampe R.T. 2002. Aging, expertise and fine motor movement. Neurosci. Biobehav. Rev. 26, 769-776. 
 
Krunszewska B., Felten S.Y., Moynihan J.A. 1995. Alterations in cytokine and antibody production following 
chemical sympathectomy in two strains of mice. J. Immunol. 155, 4613-4620. 
 
Kumagai T., Morimoto K., Saitoh T., Tsuboi I., Aikawa S., Horie T. 2000. Age-related changes in myelopoietic 
response to lipopolyccharide in senescence-accelerated (SAM) mice. Mech. Ageing and Develop. 112 (2-3), 153-
167. 
 
Kurokawa T., Asada S., Nishitani S., Hazeki O. 2001. Age-related changes in manganese superoxide dismutase 
activity in the cerebral cortex of senescence-accelerated prone and resistant mouse. Neurosci. Lett. 298(2), 135-138. 

Lamberty, Y., Gower A.J. 1992. Age-related changes in spontaneous behavior and learning in NMRI mice from 
middle to old age. Physiol. Behav. 51(1), 81-88. 

Lang K., Theodore L., Drell I.V., Niggermann B., Zänker K.S., Entschladen F. 2003. Neurotransmitters regulate 
the migration and cytotoxicity in natural killers cells. Immunol Lett. 90(2-3), 165-172. 
 
Lawrence R.A., Burk R.F. 1976. Glutathione peroxidase activity in selenium-deficient rat liver. Biochem. Biophys. 
Res. Commun. 71, 952-958. 
 
Li K.Z.H., Lindenberger U. 2002. Relations between aging sensory/sensorimotor and cognitive functions. 
Neurosci. Biobehav. Rev. 26, 777-783. 
 
Li X., Taylor S., Zegarelli B., Shen S., O´Rouke J., Cone R.E. 2004. The induction of splenic suppressor T cells 
through an immune-privileged site requires an intact sympathetic nervous system. J. Neuroimmunol. 153, 40-49. 
 
Liu J., Mori A. 1993. Monoamine metabolism provides an antioxidant defense in the brain against oxidant- and free 
radical-induced damage. Arch. Biochem Biophys. 302, 118-127. 

 
Madden K.S., Felten S.Y., Felten D.L., Sundaresan P.R., Livnat S. 1989. Sympathetic neural modulation of the 
immune system I. Depression of T cell immunity in vivo and in vitro following chemical sympathectomy. Brain 
Behav. Immun. 3, 72-89. 
 
Madden K.S. 2017. Sympathetic neural-immune interactions regulate hematopoiesis, thermoregulation and 
inflammation in mammals. Develop. Comp. Immun. 66, 92-97. 
 
Madden K.S., Sanders V.M., Felten D.L. 1995. Catecholamine influences and sympathetic neural modulation of 
immune responsiveness. Annu. Rev. Pharmacol. Toxicol. 35, 417-448. 
 
Madden K.S., Rajan S., Bellinger D.L., Felten S.Y., Felten D.L. 1997. Age-associated alterations in sympathetic 
neural interactions with the immune system. Dev. Comp. Immunol. 21(6), 479-486. 



  

 38 

 
Marcel D., Raison S., Bezin L., Pujol J.F., Weissmann D. 1998. Plasticity of tyrosine hydroxylase gene expression 
within BALB/C and C57Black/6 mouse locus coeruleus. Neurosci. Lett. 242(2), 77-80. 
 
Marino F., Cosentino M. 2013. Adrenergic modulation of immune cells: an update. J. Neuroimmune Pharmacol. 8, 
163-179. 

Markowska A.L., Spangler E.L., Ingram D.K. 1998. Behavioral assessment of the senescence-accelerated mouse 
(SAM P8 and R1). Physiol. Behav. 64(1), 15-26. 

Martinez de Toda I., Maté I., Vida C., Cruces J., De la Fuente M. 2016. Immune function parameters as markers of 
biological age and predictors of longevity. Aging (Albany NY). 8, 3110-3119. 
 
Martínez de Toda I., Vida C., De la Fuente M. 2017. An appropiate modulation of lymphoproliferative response 
and cytokine release as possible contributors to longevity. Int. J. Mol. Sci. 18, 1598-1612. 
 
Massey V., Williams C. 1965. On the reaction mechanism of yeast glutathione reductase. J. Biol. Chem. 240, 4470-
4481. 

 
McBurney M.W., Yan X., Jardine K., Hixon M., Boekelheide K., Webb J.R., Peter M., Lemieux L., Lemieux M. 
2003. The mammalian SIRT2alpha protein has a role in embryogenesis and gametogenesis. Mol Cell Biol. 23 (1): 
38-54 
 
Miquel J., Blasco M. 1978. A simple technique for evaluation of vitality loss in aging mice by testing their muscular 
coordination and vigor. Exp. Gerontol. 13, 389-396. 
 
Mittenberg W., Seidenberg M., O´leary D.S., DiGiulio D.V. 1989. Changes in cerebral functioning associated with 
normal aging. J. Clin.Exp. Neuropsychol. 11(6), 918-932. 
 
Miura T., Muraoka S., Ogiso T. 1996. Lipid peroxidation inhibited by monoamines. Res. Commun. Mol. Pathol. 
Pharmacol. 93, 57-67. 
 
Mocchegiani E., Malavolta M. 2004. NK and NKT cells functions in immunosenescence. Aging. Cell. 3, 177-184. 
 
Morgan R.G., Gibbs J.T., Melief E.J., Postupna N.O., Sherfield E.E., Wilson A., Keene C.D., Montine T.J., 
Palmiter R.D., Darvas M. 2015. Relative contributions of severe dopaminergic neuron ablation and dopamine 
depletion to cognitive impairment. Exp. Neurol. 271, 205-214. 
 
Nagatsu T., Levitt M., Udenfriend S. 1964. Tyrosine hydroxylase. The initial step in norepinephrine biosynthesis. J. 
Biol. Chem. 239, 2910-2917. 
 
Nakashima A., Kaneto Y.S., Kodani Y., Mori K., Nagasaki H., Nagatsu T., Ota A. 2013. Intracellular stability of 
tyrosine hydroxylase: phosphorilation and proteasomal digestion of the enzyme. Adv. Pharmacol. 68, 3-11. 
 
Nance D.M., Sanders V.M. 2007. Autonomic innervation and regulation of the immune system (1987-2007). Brain 
Behav. Immun. 21(6), 736-745. 

Niimi, K., Takahashi, E. 2014. Characterization of senescence-accelerated mouse prone 6 (SAMP6) as an animal 
model for brain research. Experimental Animals, 63(1), 1-9. 

 
Noh J.S., Kim E.Y., Kang J.S., Kim H.R., Oh Y.J., Gwag B.J. 1999. Neurotoxic and neuroprotective actions of 
catecholamines in cortical neurons. Exp Neurobiology. 159, 217-224. 
 
Nomura Y., Wang B. X., Qi S. B., Namba T., Kaneko S. 1989. Biochemical changes related to aging in the 
senescence-accelerated mouse. Exp. Gerontol. 24(1), 49-55. 



  

 39 

 
Okatani Y., Wakatsuki A., Reiter R. J., Miyahara Y. 2002. Melatonin reduces oxidative damage of neural lipids and 
proteins in senescence-accelerated mouse. Neurobiol. Aging, 23(4), 639-644. 
 
Pacheco-López G., Niemi M.B., Kou W., Bildhäuser A., Gross C.M., Goebel M.U., Del Rey A., Besedovsky H.O. 
Schedlowski M. 2003. Central catecholamine depletion inhibits peripheral lymphocyte responsiveness in spleen and 
blood. J Neurochem. 86 (4):1024-31. 
 
Pawelec G., Barnett Y., Forsey R., Frasca D., Globerson A., McLeod J., Caruso C., Franceschi C., Fülop T., Gupta 
S., Mariani E., Mocchegiani E., Solana R. 2002. T cells and aging. Front. Biosci. 7, 1056-1183. 
 
Pawelec G. 2006. Immunity and ageing in man. Exp. Gerontol. 41(12), 1239-1242. 
 
Pedersen W.A., Wan R., Mattson M.P. 2001. Impact of aging on stress-responsive neuroendocrine systems. Mech. 
Ageing. Dev. 122, 963-983. 
 
Pérez-Álvarez L., Baeza I., Arranz L., Marco E.M., Borcel E., Guaza C., Viveros M.P., De la Fuente M. 2005. 
Behavioral, endocrine and immunological characteristics of a murine model of premature aging. Dev. Com. Imm. 
29, 965-976. 
 
Peshti V., Obolensky A., Nahum L., Kanfi Y., Rathaus M., Avraham M., Tinman S., Alt F.W., Banin E. Cohen 
H.Y. 2017. Characterization of physiological defects in adult SIRT6-/- mice. PLoS ONE. 12(4): e0176371. 
 
Ponzio F., Calderini G., Lomuscio G., Vantini G., Toffano G., Algeri S. 1982. Changes in monoamines and their 
metabolite levels in some brain regions of aged rats. Neurobiol. Aging. 3, 23-29. 
 
Puerto M., Guayerbas N., Álvarez P., De la Fuente M. 2005. Modulation of neuropeptide Y and norepinephrine on 
several leucocyte functions in adult, old and very old mice. J Neuroimm. 165, 33-40. 
 
Puerto M., Guayerbas N., Victor V.M., De la Fuente M. 2002. Effects of N-acetylcysteine on macrophage and 
lymphocyte functions in a mouse model of premature aging. Pharm. Biochem, Behav. 73, 797-804. 
 
Qiu Y.H., Cheng C., Dai L., Peng Y.P. 2005. Effect of endogenous catecholamines in lymphocytes on lymphocyte 
function. J. Neuroimm. 167(1), 45-52. 
 
Reymond M.J., Arita J., Dudley C.A., Moss R.L., Porter J.C. 1984. Dopaminergic neurons in the mediobasal 
hypothalamus of old rats: Evidence for decreased affinity of tyrosine hydroxylase for substrate and cofactor. Brain 
Research. 304, 125-223. 
 
Rios M., Habecker B., Sasaoka T., Eisenhofer G., Tian H., Landis S., Chikaraishi D., Roffler-Tarlov S. 1999. 
Catecholamine synthesis is mediated by tyrosinase in the absence of tyrosine hydroxylase. J. Neurosci. 19, 3519-
3526. 
 
Robbins T.W., Everitt B.J. 1995. Central norepinephrine neurons and behavior. In: Psychopharmacology: The 
fourth generation of progress. Eds: Bloom F.E., Kupfer D.J. New York: Raven. pp 363-372. 
 
Romano A. D., Serviddio G., De Matthaeis A., Bellanti F., Vendemiale G. 2010. Oxidative stress and aging. J. 
Nephr. 15, S29-36. 
 
Rosenberg P.A. 1988. Catecholamine toxicity in cerebral cortex in dissociated cell culture. J. Neurosci. 8, 2887-
2894. 
 
Sabbar M., Delaville C., De Deurwaerdére P., Benazzouz A., Lakhdar-Ghazal N. 2012. Lead intoxication induces 
noradrenaline depletion, motor nonmotor disabilities, and changes in the firing pattern of subthalamic nucleus 
neurons. Neurosci. 210, 375-383. 
 



  

 40 

Scanzano A., Cosentino M. 2015. Adrenergic regulation of innate immunity: a review. Fron Pharm. 6, 1-18. 
 
Sara S.J. 2009. The locus coeruleus and noradrenergic modulation of cognition. Nat. Rev. Neurosci. 10, 211-223. 
 
Schopf R.E., Lemmel E.M. 1983. Control of the production of oxygen intermediates of human 
polymorphonuclear leukocytes and monocytes by beta-adrenergic receptors. J Immunopharmacol. 5, 203–216. 

 
Sebastian C., Zwaans B.M., Silberman D.M., Gymrek M., Goren A., Zhong L., Ram O., Truelove J., Guimaraes 
A.R., Toiber D., Cosentino C., Greenson J.K., MacDonald A.I., McGlynn L., Maxwell F., Edwards J., Giacosa S., 
Guccione E., Mostoslavsky R. 2012. The histone deacetylase SIRT6 is a tumor suppressor that controls cancer 
metabolism. Cell. 151(6):1185-99. 
 
Simioni P.U., Costa E.H., Tamashiro W.M. 2007. Aging reduces the primary humoral response and the in vitro 
cytokine production in mice. Braz J. Med. Biol. Res. 40, 1111-1120. 
 
Simon A.K., Hollander G.A., McMichael A. 2015. Evolution of the immune system in humans from infancy to old 
age. Proc. Biol. Sci. 282, 20143085. 
 
Smith C.D., Umberger G.H., Manning E.L., Slevin J.T., Wekstein R.D., Schmitt F.A., Markerbery W.R., Zhang Z., 
Gerhardt G.A., Kryscio R.J., Gash D.M. 1999. Critical decline in fine motor hand movements in human aging. 
Neurology. 53, 1458-1461. 
 
Sofic E., Denisova N., Youdim K., Vatrenjak-Velagic V., De Filippo C., Mehmedagic A., Causevic A., Cao G., 
Joseph J.A., Prior R.L. 2001. Antioxidant and pro-oxidant capacity of catecholamines and related compounds. 
Effects of hydrogen peroxide on glutathione and sphingomyelinase activity in pheochromocytoma PC12 cells: 
potential relevance to age-related diseases. J. Neural. Transm. 108, 541-557. 
 
Sowell E.R., Thompson P.M., Holmes C.J., Jernigan T.L., Toga A.W. 1999. In vivo evidence for post-adolescent 
brain maturation in frontal and striatal regions. Nat. Neurosci. 2, 859-861. 
 
Sureda F. X., Gutierrez-Cuesta J., Romeu M., Mulero M., Canudas A. M., Camins A., Mallol J, Pallàs M. 2006. 
Changes in oxidative stress parameters and neurodegeneration markers in the brain of the senescence-accelerated 
mice SAMP-8. Exp. Gerontol. 41(4), 360-367. 
 
Takeda T., Hosokawa M., Higuchi K. 1991. Senescence-accelerated mouse (SAM): a novel murine model of 
accelerated senescence. J. Amer. Geriat. Soc. 39(9), 911-919. 
 
Tinakoua A., Bouabid S., Faggiani E., De Deurwaerdére P., Lakhdar-Ghazal N., Benazzouz A. 2015. The impact of 
combined administration of paraquat and maneb on motor and non-motor function in the rat. Neurosci. 17(311), 
118-129. 

Thompson L.V. 2008. Age-related muscle dysfunction. Exp. Gerontol. 44, 106–111.  

ThyagaRajan S., Madden K.S., Teruya B., Stevens S.Y., Felten D.L., Bellinger D.L. 2011. Age-associated alterations 
in sympathetic noradrenergic innervation of primary and secondary lymphoid organs in female fisher 344 rats. J. 
Neuroimmunol. 233(1-2), 54-64. 
 
ThyagaRajan S., Priyanka H.P. 2012. Bidirectional communication between the neuroendocrine system and the 
immune system: relevance to health and diseases. Ann. Neurosci. 19(1), 40-46. 
 
Tsao C.W., Lin Y.S., Cheng J.T. 1998. Inhibition of immune cell proliferation with haloperidol and relationship of 
tyrosine hydroxylase expression to immune cell growth. Life Sci. 62(21), 335-344. 
 
Vázquez P., Robles A.M., De Pablo F., Hernández-Sánchez C. Non-neural development of beta-cells in the mouse 
pancreas. Diabetología. 57, 2339-2347. 
 



  

 41 

Vida C., Rodríguez-Terés S., Heras V., Corpas I., De la Fuente M., González E. 2011. The aged-related increase in 
xanthine oxidase expression and activity in several tissues from mice is not shown in long-lived animals. 
Biogerontology. 12, 551-564. 
 
Viveros M.P., Arranz L., Hernanz A., Miquel J., De la Fuente M. 2007. A model of premature aging in mice based 
on altered stress-related behavioral response and immunosenescence. Neuroimmunomodulation. 14(3-4), 157-162. 
 
Vizi E.S., Elenkov I.J. 2002. Nonsynaptic noradrenaline release in neuro-immune responses. Acta Biol. Hung. 53, 
229-244. 
 
Wayne S.J., Rhyne R.L., Garry P.J., Goodwin J.S. 1990. Cell-mediated immunity as a predictor of morbidity and 
mortality in subjects over 60. J. Gerontol. 45, 45-48. 
 
Weinberger B. 2017. Immunosenescence: the importance of considering age in health and disease. Clinical & 
Experimental Immunology. 187 (1), 1-3. 
 
Weinstein L.I., Revuelta A., Pando R.H. 2015. Catecholamines and acetylcholine are key regulators of the 
interaction between microbes and the immune system. Ann NY Acad Sci. 1351, 39-51. 
 
Won S.J., Lin M.T. 1989. Depletion of catecholamines with alpha-methyl-p-tyrosine suppresses splenic NK cell 
activity. Int. J. Immunopharmacol. 11, 451-457. 
 
Yasui F., Ishibashi M., Matsugo S., Kojo S., Oomura Y., Sasaki K. 2003. Brain lipid hydroperoxide level increases in 
senescence-accelerated mice at an early age. Neurosci. Lett. 350(1), 66-68. 
 
Zhou Q-Y., Quaife C.J., Palmiter R.D. 1995. Targeted disruption of the tyrosine hydroxylase gene reveals that 
catecholamines are required for mouse fetal development. Nature. 374, 640-643. 
 
Zigmond R.E., Schwarzschild M.A., Rittenhouse A.R. 1989. Acute regulation of tyrosine hydroxylase by nerve 
activity and by neurotransmitters via phosphorylation. Annu. Rev. Neurosci. 12, 415-461. 
 
Fulop T, Larbi A, Kotb R, de Angelis F and Pawelec G. Aging, immunity, and cancer. Discov Med. 2011; 11:537–
550. 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

 42 

Tables 
 
Table 1. Sensorimotor abilities in TH-HZ and WT mice at adult and old age. 

      ADULT OLD 

      WT TH-HZ WT TH-HZ 

Weight (g) 41±7 42±5 44±7 41±9 

Visual placing reflex         

  % Mice showing this response 100 100 100 100 

Hindlimb extensor reflex         

  % Mice showing this response 100 100 100 100 

Wood rod test         

  Motor coordination         

    Latency to leave the starting segment (s) 6±3 16±7 *** 10±7 41±18 *** 

    Total number of crossing segments 3±1 5±2 4±1 4±1 

Tightrope test         

  Motor coordination         

    Latency to leave the starting segment (s) 9±6 33±21 ** 17±0 bb 24±23 

    Total number of crossing segments 3±1 3±1 2±1 2±1 

  Muscular vigor         

    % Mice falling off the rope 25 20 88 bb 83 bb 

    Latency to fall (s) 25±9 15±4 ** 16±3 b 5±4 *** bbb 

  Traction         

    Maximum 83 70 48 b 50 b 

Each value represents mean ± standard deviation of 10 values corresponding to that number of animals. ** p<0.01, 

*** p<0.001 with respect to WT group; b p<0.05, bb p<0.01, bbb p<0.001 with respect to value obtained for these 

animals at adult age of same genotype. 
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Table 2. Exploratory and anxiety-like behaviors in TH-HZ and WT mice at adult and old age. 

            ADULT OLD 

            WT TH-HZ WT TH-HZ 

Elevated Plus Maze           

  Anxiety-like behavior           

    Total number of entries in open arms 5±2 3±1 * 3±1 b 2±2 

    % Time in open arms (see Fig 2A)       

    Total number of entries in closed arms 9±3 11±1 10±3 11±3 

    % Time in closed arms 53±12 72±4 *** 64±15 71±6 

    % Time in central platform 33±9 22±1 25±5 25±5 

    Total number of grooming 3±1 12±2 *** 1±1 6±2 *** bbb 

                    

Holeboard test           

  Non goal directed behavior         

    Vertical activity           

      Total number of rearing (see Fig 2E)       

      Time of rearing (s) 8±1 1±1 *** 4±1 bbb 0 *** 

    Horizontal activity           

      Total locomotion (se Fig. 2C)       

      % inner locomotion 11±2 7±3 7±2 bbb 5±1 

      % external locomotion 48±4 69±5 *** 61±5 bbb 68±4 

  Goal directed behavior         

    Total number of head-dipping (see Fig 2F)       

    Total time of head-dipping (s) 63±8 9±2 *** 25±5 bbb 12±4 *** 

  Self-grooming and -freezing behaviors         

    Total number of grooming (see Fig 2B)       

    Time of grooming (s) 0 20±4 *** 7±4 bbb 15±4  

    Total number of freezing 0 8±2 *** 2±1 b 6±1 

    Time of freezing (s) 0 12±4 *** 2±1 b 7±2 

       

T-maze test             

  Horizontal activity           

    Time for crossing the intersection of the maze (s) 6±2 12±2 *** 14±2 bbb 21±3 *** bbb 

    Time spent exploring the entire maze (s) (see Fig 2D)       

Each value represents mean ± standard deviation of 10 values corresponding to that number of animals. * p<0.05, 

*** p<0.001 with respect to WT group; b p<0.05, bbb p<0.001 with respect to value obtained for these animals at 

adult age of same genotype. 
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Table 3. Parameters of oxidative and inflammatory stress as well as resting lymphoproliferation of peritoneal leukocytes from TH-HZ and WT mice at 21 months, 41 

months, 91 months, 131 months, and 201 months. 

        

2 months 4 months 9 months 13 months 20 months 

        

WT TH-HZ WT TH-HZ WT TH-HZ WT TH-HZ WT TH-HZ 

Parameters of oxidative and inflammatory stress and resting 
lymphoproliferation                     

Oxidative stress                             

  Antioxidants                             

    Catalase activity (UI CAT/106 leukocytes)   28±6 bbb 6±4 *** 12±2 8±3 11±5 6±1 10±6 5±4 9±3 6±2 

    Glutathione reductase activity (mU GR/106 leukocytes) (see Fig. 4A)                   

    Glutathione peroxidase activity (mU GPx/106leukocytes) 122±45 bbb 245±60 *** bb 103±33 bbb 51±16 ** bbb 475±87 386±71 598±116 492±108 396±25 396±101 

    Reduced glutathione (nmol GSH/106 peritoneal leukocytes) (see Fig. 4B)                   

  Oxidants                             

    Oxidized glutathione (nmol GSSG/106 peritoneal leukocytes) 2,31±0,23 bb 2,45±0,11 b 2,05±0,48 2,35±0,31 1,48±0,51 2,13±0,15 3,21±1,09 bb 4,90±1,32 bbb 
4,87±0,37 

bbb 
5,63±0,13 * 

bbb 

    Xanthine oxidase activity (U XO/106 peritoneal leukocytes) (see Fig. 4C)                   

    GSSG/GSH ratio       (see Fig. 4D)                   

Inflammatory stress                             

  Cytokines levels in resting lymphoproliferation                       

    TNF-alpha (pg/ml)       (see Fig. 4E)                   

    IL-10 (pg/ml)         204±68 257±48 193±54 287±137 210±34 294±38 ** 192±32 288±76 122±49 bb 114±93 

    TNF-alpha/IL-10 ratio       (see Fig. 4F)                   

Resting lymphoproliferation (c.p.m.)     
4016±757 

bbb 5329±675 * 2851±678 b 4951±911 ** 1476±382 4269±717 *** 2654±562 b 3286±731 
3519±912 

bbb 3450±717 b 

Each value represents mean ± standard deviation of 10 values corresponding to that number of animals. * p<0.05, *** p<0.001 with respect to WT group; b p<0.05, 

bbb p<0.001 with respect to value obtained for these animals at adult age of same genotype. 
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Highlights  
 
 

- TH-HZ adult female mice exhibit behavioral impairment. 

- TH-HZ adult female mice show premature immunosenescence. 

- TH-HZ female mice present oxidative and inflammatory stress of the immune cells. 

- TH-HZ female mice exhibit a significantly shorter mean lifespan. 

- Tyrosine hydroxylase haploinsufficiency provokes premature aging. 
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