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Abstract:



The effects of tyrosine on plasma response and cognition in aging are unknown. We assessed the dose-dependent response to tyrosine administration in older adults in both plasma tyrosine concentrations and working memory performance. In this double blind randomized cross-over trial 17 older adults (aged 60–75 years) received a single administration of 100, 150, or 200 mg/kg body weight of tyrosine. For comparison, 17 young adults (aged 18–35 years) received a dose of 150 mg/kg body weight of tyrosine. Tyrosine plasma concentrations were determined before and 90, 120, 150, 180, 210, and 240 min after tyrosine intake. Working memory was assessed using the N-back task at 90 min after tyrosine administration. Older adults showed a dose-dependent increase in plasma tyrosine concentrations (p < 0.001), and the plasma response was higher than for young adults with the same dose (p < 0.001). Load-dependent working memory performance decreased with higher doses of tyrosine (p = 0.048), especially in older adults with greater dose-dependent plasma tyrosine responses (p = 0.035). Our results show an age-related increase in plasma tyrosine response, which was associated with a dose-dependent decline in cognitive functioning in older adults.
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1. Introduction


Tyrosine is one of the conditionally essential amino acids and is particularly found in protein-rich foods such as dairy, meat, fish, eggs, seeds, nuts, and beans. It can also be synthesized from the essential amino acid phenylalanine, but this is dependent on sufficient availability of this precursor [1].



Studies of tyrosine supplementation in young adults showed that after doses of 100 mg/kg body weight and 150 mg/kg body weight, peak plasma concentrations of the compound were reached approximately two hours after ingestion. The increase in plasma tyrosine concentrations was more pronounced and longer persisting after the 150 mg/kg body weight dose than after the 100 mg/kg body weight dose [2]. With aging, changes in peripheral tyrosine absorption and metabolism, for example in liver [3], muscles [4], and melanocytes [5], may occur and, consequently, the same dose of tyrosine may lead to a different response in plasma (i.e., peripheral) tyrosine concentrations in older relative to young adults. We aimed to investigate this in older adults with three tyrosine doses using a randomized cross-over design (100 mg/kg, 150 mg/kg, and 200 mg/kg body weight of tyrosine) and a 150 mg/kg body weight dose of tyrosine in young adults for comparison.



Tyrosine is the precursor of the neuromodulatory catecholamines dopamine and noradrenaline [6,7]. In animal models, concentrations of brain tyrosine were shown to be modifiable by dietary intake [8] and tyrosine administration enhanced central catecholamine synthesis in rodents [9,10,11,12] and in humans [13]. Catecholamines, including dopamine, are important for working memory [14,15]. Several studies in young adults have shown that tyrosine administration can reverse working memory impairments under stressful conditions (for reviews, see [16,17]), or increase cognition, including working memory, in regular environmental conditions [18,19,20].



Aging is characterized by a decline in brain dopamine receptor and transporter binding [21], which is accompanied by impairments in working memory [22,23,24]. Therefore, older adults may also cognitively benefit from tyrosine supplementation, perhaps with increasing dose. Alternatively, increasing tyrosine doses could potentially hamper cognition, as aging has also been shown to be accompanied by (compensatory) up-regulation of dopamine synthesis capacity [25,26], which has been related to, if anything, worse, rather than better, neurocognitive functioning relative to young adults [25,27]. Moreover, it is unknown how age-related peripheral effects of tyrosine administration would affect central (i.e., cognitive) functioning. Therefore, in addition to our primary aim into the effects of tyrosine administration on plasma response, we explored the effects of the three tyrosine doses on working memory performance in older adults and its relation to the plasma response. In the absence of a placebo condition, we can only study dose-dependent effects of tyrosine administration. Hence, our main secondary aim was to assess whether working memory performance would increase or decrease with increasing tyrosine dose in older adults.




2. Materials and Methods


2.1. Participants


We included 17 young (17–35 years of age) and 17 older adults (60–75 years of age) with a body mass index (BMI) between 18.5 and 27 kg/m2, who were Dutch-speaking and had a normal or corrected-to-normal vision. Participants were recruited through an existing database of volunteers with interest in participating in studies at Wageningen University. Exclusion criteria were: (1) smoking; (2) thyroid problems; (3) use of tyrosine supplements or medication that can interfere with tyrosine’s action; (4) following a low-protein diet as prescribed by a dietician or physician; (5) alcohol consumption >14 (women) or >21 (men) units per week; (6) Mini-Mental State Examination (MMSE) score <24 (only for older adults) [28]; (7) Intelligence Quotient (IQ) < 85 as estimated by the Dutch version of the National Adult Reading Test (NART) [29]; (8) intestinal problems that affect nutrient absorption; (9) Parkinson’s Disease, history of depression or other clinically-significant psychiatric or neurological disorder; (10) under treatment for cardiac or vascular diseases and use of medication for these conditions; (11) being allergic or having a dislike for the product carrier (banana-flavoured yoghurt); (12) bad venous access as judged by the research nurse; and (13) general medical conditions affecting test performance, such as repetitive strain injury (RSI) or sensorimotor handicaps, as judged by the investigator. In addition, performance on the N-back task during the screening test session (15 min-session without feedback) needed to be >60% on levels 0-, 1- and 2-back to assure participants performed according to the instructions. If performance after two practice sessions with feedback and a 15-min test session without feedback was <60%, participants performed one more practice session with feedback and 15-min-session without feedback. If performance was still <60%, participants were excluded. The performance score was calculated by hits/(hits + misses + incorrect rejections + false alarms) × 100% for each level. The Wageningen University Medical Ethical Committee (METC-WU) approved the study on 6 October 2014 (protocol number 14/20). Participants gave written informed consent and were compensated for participation. This trial was registered at www.trialregister.nl as NTR4846.




2.2. Study Design


Participants were screened between October 2014 and November 2014, and intervention took place between November and December 2014. A pre-screening comprising an initial check on eligibility criteria was performed by phone. When potential participants fulfilled to the criteria, they were invited for a screening visit during which they were informed about study details and signed the informed consent after which possible inclusion based on in- and exclusion criteria (see Participants) was further determined. Furthermore, participants were weighed and familiarized with the N-back task, which was repeated during the test visits.



We used a double-blind, randomized, cross-over design to investigate the response in plasma tyrosine concentrations following administration of a single dose of 100, 150, or 200 mg/kg body weight of tyrosine to healthy older adults (Figure 1). There was at least one week between the different test conditions (i.e., doses). A reference group of young adults received a dose of 150 mg/kg body weight tyrosine. Test sessions took place in the morning after an overnight fast (10–12 h). An independent researcher randomized the older adults over the three different doses of tyrosine by means of six computer-generated counterbalanced orders.


Figure 1. Study design.
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Older adults (n = 17) ingested 100, 150 or 200 mg/kg body weight of tyrosine on three test days in a random order with one week in between. Young participants (n = 17) performed only one test day on which they received a dose of 150 mg/kg body weight of tyrosine. The timeline below represents a test day in minutes. Black arrows: time points of blood collection for plasma tyrosine concentrations, green arrow: time point of tyrosine supplementation, and orange arrows: time points of start of practicing (t = 15) and performance of N-back working memory task (t = 95).




2.3. Tyrosine Supplementation


The doses of L-tyrosine powder (Bulkpowders™, Sports Supplements Ltd. Colchester, Essex, United Kingdom) were mixed with banana-flavored yoghurt (Arla® Foods Nederland, Nijkerk, The Netherlands) in a 1:20 ratio to ensure comfortable ingestion of the product. Weighing of the doses and preparing and coding the samples were performed by a staff member not involved in the study. Participants had to consume the whole portion within 10 min, together with one glass of water (150 mL).




2.4. Sample Size Calculation


Sample size calculation was based on plasma tyrosine concentration, the primary study parameter. We calculated the effect size of a comparable previous study that assessed plasma tyrosine concentrations in young adults after doses of 100 and 150 mg/kg body weight of tyrosine [2]. Given the post-hoc calculated effect size in this study (d = 0.88), the a priori sample size calculation for the current study indicated a sample of 13 participants, using an alpha of 0.05 and a beta of 0.8. Sample size for the secondary objective, i.e., differences in working memory performance for the three tyrosine doses in older adults, was calculated based on the effect size of a study that tested the effect of tyrosine supplementation on N-back performance in young adults [18]. Calculations with this effect size of d = 0.7, resulted in a sample size of 17 participants. To have sufficient power for both the primary and the secondary objective we included 17 participants per group.




2.5. Cognitive Performance: N-back Working Memory Task


Participants performed four conditions of a numerical (digits 0–9) N-back task on the computer (previously described in [30,31] (Figure 2)): a control condition, where a single digit is specified as the target (0-back) and conditions with increasing cognitive load, where the target is any digit identical to the digit presented n trials prior (1-back, 2-back, and 3-back). The digits were presented in white in the center of a black screen using a blocked design with 32 blocks (eight blocks for each condition).


Figure 2. Schematic overview of the numerical N-back task.
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At the start of the task, and in between blocks, a fixation cross (FC) was presented for 2400 ms. Each block started with a presentation of the instruction cue (IC) for 2000 ms, followed by 12 trials of single digits. Stimulus presentation (SP) was 400 ms, inter-stimulus interval (ISI) 1400 ms. Total duration of one block was 26,000 ms.



At the start of the task and in between blocks, a fixation cross was presented for 2400 ms. Each block started with the presentation of an instruction cue (IC) for 2000 ms, followed by 12 trials of single digits. During the trials the IC was constantly displayed on the screen. Each digit was presented for 400 ms and followed by an inter-stimulus interval (ISI) of 1400 ms. Total duration of one block was 26,000 ms. Blocks were presented in a mirrored design. Each block contained a pseudorandom sequence with either two or three targets, or no more than two consecutive targets, making a total of 20 targets within each condition. A different sequence was used for each test session. The total task duration was 14 min. Participants pressed the left mouse button using the right-index finger for targets. During the test visit, the task was practiced once more with and without feedback, right after consuming the study product. The actual N-back task was performed 90 min after tyrosine consumption, the moment that we expected the tyrosine levels to begin peaking, as based on previous studies [2,32]. The task was presented on a laptop using Presentation 17.1 software (Neurobehavioural Systems, Inc., San Francisco, CA, USA). A standard protocol was used, and all tests were performed in the same quiet room.




2.6. Plasma Tyrosine Concentrations


Plasma tyrosine concentrations were assessed at seven time points, i.e., before tyrosine consumption (T0), and 90, 120, 150, 180, 210, and 240 min after tyrosine consumption. A peripheral venous catheter was used to collect the blood samples into 10 mL ethylenediaminetetraacetic acid (EDTA) vacutainers. The catheter was flushed with a solution of 0.9% of NaCl to keep it open. Directly after collection, blood samples were centrifuged during 10 min at 1200× g and a temperature of 4 °C, and plasma was transferred to 1 mL microvial tubes and stored at −80 °C until laboratory analyses. Plasma tyrosine concentrations were quantified by hydrophilic interaction liquid chromatography (HILIC) coupled with tandem mass-spectrometry as described by Prinsen and colleagues [33].




2.7. Other Measurements


We obtained information on educational level by questionnaire and education was categorized according to Statistics Netherlands (CBS). Body height was measured at baseline with a wall-mounted stadiometer to the nearest 0.1 cm. Body weight was measured to the nearest 0.1 kg with a calibrated digital scale at the screening visit, with participants dressed in underwear. There was a maximum of four weeks between the screening visit and the first test session and we instructed participants not to change their diet, activity pattern and lifestyle during the study, so that the weight measured during the screening visit was a reliable measure of someone’s weight at the test session. At the start of each test session adherence to this instruction was checked with the participant.




2.8. Statistical Analysis


Data analyses were performed using IBM SPSS Statistics 22.0. Differences between older and young adults on demographic values (age, sex, education, estimated verbal IQ, body weight, BMI, MMSE) were determined using two-sample t-tests or chi-square tests. Plasma tyrosine concentrations following tyrosine administration are visualized over time using mean and standard error of the mean (SEM) per dose and age group. Outliers were determined based on Grubbs test [34]. Baseline differences in plasma tyrosine concentrations between young and older adults were determined using a one-way Analysis of Variance (ANOVA) on tyrosine levels after 150 mg/kg body weight at T0, with age group (young, older adults) as the grouping variable. Baseline differences between the three dosages within the older adult group were assessed using repeated measures (RM) ANOVA with factor Dose (T0 tyrosine levels at baseline for doses 100, 150 mg/kg, and 200 mg/kg body weight). The effect of age on plasma tyrosine concentrations after 150 mg/kg body weight tyrosine administration, at baseline corrected time points (values of all time points minus T0), was assessed using RM ANOVA with within-subjects factor Time (T90minT0, T120minT0, T150minT0, T180minT0, T210minT0, and T240minT0) and between-subjects factor Age (young, older adults). Differential effects of the three dosages on plasma tyrosine concentrations within older adults were determined using RM ANOVA with within-subjects factors Dose (100, 150, and 200 mg/kg) and Time (T90minT0, T120minT0, T150minT0, T180minT0, T210minT0, and T240minT0).



Tyrosine effects on working memory (i.e., N-back) performance was only assessed for the older adults, as their performance could be compared between three doses. We also compared N-back performance between the two age groups at the same dose (i.e., 150 mg/kg body weight) to replicate the well-known age-related impairments in working memory (see Introduction). Percentage hits, misses, correct rejections and false alarms were calculated as well as reaction times (RT) for hits and false alarms. Within-subject RM ANOVAs using factors Dose (100, 150, and 200 mg/kg body weight) and Cognitive Load (0-back, 1-back, 2-back, and 3-back) were used to compare percentages of hits and false alarms as well as RT of hits on the N-back task among the three tyrosine doses. Furthermore, we tested for an effect of individual differences in dose-related plasma level increase on N-back performance (percentage of hits and false alarms and RTs). For this purpose, the slope of plasma level increase as a function of dose was calculated per subject. This was done by subtracting the baseline (T0) from the peak measurement (T90) per dose and calculating the slope as a function of the three increasing doses, resulting in one beta value per subject. Subsequently, ANOVAs were performed using the within-subject factors Dose (100, 150, and 200 mg/kg body weight) and Cognitive Load (0-back, 1-back, 2-back, and 3-back) and between-subject factor Plasma level increase (median split of slope (beta) values into low and high tyrosine-induced plasma level increase).



Upon significant results, simple effects were assessed. We considered a two-sided p-value < 0.05 as significant.





3. Results


3.1. Participants


The flowchart of participants through the study is shown in Figure 3. For data analyses of plasma tyrosine concentrations, one young adult was excluded based on extremely high plasma tyrosine concentrations at T90, T180, and T240 and one older adult because of extremely low plasma tyrosine concentrations at all time points after 100 mg/kg body weight, T150, T210, and T240 after 150 mg/kg body weight and all time points but T0 after 200 mg/kg body weight. N-back data after the 150 mg/kg body weight dose were missing for one older adult, who was subsequently excluded from the analyses including this dose. Therefore, N-back data analyses within the older adults including this dose are based on 16 individuals instead of 17. For baseline characteristics of the older and young adults, see Table 1.


Figure 3. Flowchart of participants through the study. Abbreviation: IQ, Intelligence Quotient.
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Table 1. Characteristics at screening of 17 young and 17 older adults assigned into the study.







	

	
Young Adults (n = 17)

	
Older Adults (n = 17)

	
p-Value






	
Age (years)

	
21.5 ± 2.8 a (18–30)

	
69.6 ± 2.9 (65–74)

	
<0.001




	
Sex, Male (%)

	
47

	
47

	
1




	
Education Low/Middle/High (%)

	
0/6/94 b

	
0/29/71

	
0.076




	
Body weight (kg)

	
68.3 ± 9.8

	
73.0 ± 13.2

	
0.25




	
BMI (kg/m2)

	
21.5 ± 1.6

	
25.2 ± 2.7

	
<0.001




	
MMSE score

	
N.A.

	
28 (27–29)c

	
-




	
Adjusted NART score

	
94.8 ± 4.6

	
103.6 ± 5.5

	
<0.001








a Mean ± SD (all such values); b Dutch Education system: Low, Primary education; Middle, Vocational or secondary education; High, Senior vocational/academic or tertiary education; c Median (IQR); Abbreviations: BMI, Body Mass Index; MMSE, Mini-Mental State Examination; N.A., not applicable; NART, Dutch version of the National Adult Reading Test.








Age groups were no different in sex and body weight; the latter implicates that the absolute tyrosine dose also did not differ between the age groups. Older adults received less education, but displayed a higher estimated IQ (adjusted Dutch NART score) relative to young adults. BMI was higher for older than for young adults, but did not interact with our plasma outcome measures when added as covariate in the analyses (all p-values > 0.43). Tyrosine administrations were well tolerated; no adverse events were reported.




3.2. Age- and Dose-Dependent Tyrosine Effects on Plasma Tyrosine


3.2.1. Age and Time Course Comparison at 150 mg/kg Body Weight Dose


At baseline, tyrosine levels were higher for older compared with young adults (main effect of Age group: F(1,30) = 23.35, p < 0.001) (Figure 4a). When corrected for baseline differences (all time points minus T0), older adults displayed a higher increase in plasma tyrosine concentrations than young adults across time points (main effect of Age group F(1,30) = 55.17, p < 0.001), driven by all baseline-corrected time points (T90minT0: F(1,30) = 53.15; T120minT0: F(1,30) = 45.51; T150minT0: F(1,30) = 51.20; T180minT0: F(1,30) = 40.10; T210minT0: F(1,30) = 33.45; T240minT0: F(1,30) = 35.25; all p < 0.001) (Figure 4b). Moreover, tyrosine levels followed a different time course in older compared with young adults (Time by Age group interaction: F(5,150) = 4.11, p = 0.002). Young adults did not show a significant decrease with time (F(1,15) = 2.02, p = 0.086), but plasma levels decreased in the older adults group after T150 onwards (main effect of time: F(1,15) = 11.70, p < 0.001).


Figure 4. Plasma tyrosine concentrations after tyrosine administration, by tyrosine dose and age group.
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In sum, we observed higher baseline plasma tyrosine concentrations in older compared with young adults. Moreover, after receiving the same dose of a 150 mg/kg body weight, older adults displayed a higher (baseline-corrected) plasma level increase than young adults.



Plasma tyrosine concentrations are given as μmol/L (mean ± SEM) 0, 90, 120, 150, 180, 210, and 240 min after tyrosine administration: (a) raw values plotted for illustration purposes; (b) baseline-corrected values used for statistical analyses by comparing dose response curves.




3.2.2. Dose Comparisons within Older Adults


Within the older adults group, baseline tyrosine levels at T0 did not differ among dosages. We observed a clear dose-dependent response after administration of 100, 150, or 200 mg/kg body weight of tyrosine in the older adults (Figure 4a). Specifically, a higher dose resulted in higher tyrosine plasma levels relative to a lower dose (main effect of Dose on baseline corrected tyrosine levels: F(2,30) = 151.18, p < 0.001), significant between all three doses (100 vs. 150 mg/kg body weight: F(2,30) = 48.35, p < 0.001; 100 vs. 200 mg/kg body weight: F(1,15) = 361.32, p < 0.001; 150 vs. 200 mg/kg body weight: F(2,30) = 121.32, p < 0.001). Moreover, the time course of plasma levels was different between doses 200 mg/kg and 100 mg/kg and 150 mg/kg body weight (Time (6) × Dose (100, 150, 200) interaction: F(10,150) = 3.30, p = 0.001, driven by a Time (6) × Dose (100, 200) interaction: F(5,75) = 4.80, p = 0.001 and a Time (6) × Dose (150, 200) interaction: F(5,75) = 4.30, p = 0.002 instead of a Time (6) × Dose (100, 150) interaction: F(5,75) < 1). After the 200 mg/kg body weight dose, plasma levels increased further after T90 peaking at T120 compared with the 100 mg/kg body weight (Time (T90, T120) × Dose (100, 200) interaction: F(1,15) = 9.32, p = 0.008) and compared with the 150 mg/kg body weight (Time (T90, T120) × Dose (150, 200) interaction: F(1,15) = 9.09, p = 0.009). Furthermore, across doses, baseline-corrected tyrosine levels changed as a function of time (main effect of Time: F(5,75) = 13.80, p < 0.001), with plasma levels decreasing after T150 onwards (Figure 4b).



In sum, tyrosine plasma levels in older adults increased with increasing dose. The peak was reached half an hour later after the highest compared with the lower doses: plasma levels peaked at 90 min after the 100 mg/kg and 150 mg/kg body weight dose, but at 120 min after the 200 mg/kg dose in older adults. Following all doses, tyrosine levels decreased from 2.5 h after ingestion, not returning to baseline levels within four hours.





3.3. Dose-Dependent Tyrosine Effects on Working Memory Performance


For accuracy scores and RTs, see Table 2. Total percentage of hits (across levels) was greater than 60%, i.e., above chance.



Table 2. Hits, misses, correct rejections, false alarms, and reaction times on the N-back task for the different tyrosine doses per age group.







	

	
Young Adults

	
Older Adults




	
150 mg/kg (n = 17)

	
100 mg/kg (n = 17)

	
150 mg/kg (n = 16)

	
200 mg/kg (n = 17)






	
Hits (%)

	
0-back

	
100 ± 0.0 a

	
98.2 ± 0.9

	
99.1 ± 0.5

	
99.2 ± 0.8




	
1-back

	
98.6 ± 0.6

	
96.7 ± 1.0

	
97.2 ± 0.9

	
94.7 ± 3.0




	
2-back

	
90.0 ± 1.7

	
85.9 ± 2.5

	
87.1 ± 2.7

	
85.1 ± 3.0




	
3-back

	
78.3 ± 3.1

	
75.2 ± 2.9

	
68.1 ± 3.3

	
66.6 ± 4.0




	
Misses (%)

	
0-back

	
± 0.0

	
1.8 ± 0.8

	
0.9 ± 0.5

	
0.8 ± 0.8




	
1-back

	
1.4 ± 0.5

	
3.3 ± 1.0

	
2.8 ± 0.9

	
5.7 ± 3.0




	
2-back

	
10.0 ± 1.7

	
14.1 ± 2.5

	
12.9 ± 2.7

	
14.9 ± 3.0




	
3-back

	
45.0 ± 21.8

	
24.8 ± 2.9

	
31.9 ± 3.3

	
33.4 ± 4.0




	
Correct rejections (%)

	
0-back

	
99.7 ± 0.1

	
98.8 ± 0.3

	
97.8 ± 1.9

	
97.4 ± 2.1




	
1-back

	
99.1 ± 0.2

	
98.1 ± 0.6

	
96.5 ± 2.2

	
97.1 ± 1.2




	
2-back

	
98.1 ± 0.3

	
94.8 ± 1.0

	
94.7 ± 1.4

	
95.6 ± 1.0




	
3-back

	
96.3 ± 0.8

	
91.8 ± 1.1

	
91.4 ± 1.6

	
90.1 ± 1.3




	
False alarms (%)

	
0-back

	
0.3 ± 0.1

	
1.2 ± 0.3

	
2.2 ± 1.9

	
2.6 ± 2.0




	
1-back

	
0.9 ± 0.2

	
1.9 ± 0.6

	
3.5 ± 2.2

	
2.8 ± 1.2




	
2-back

	
1.9 ± 0.3

	
5.2 ± 1.0

	
5.3 ± 1.4

	
4.4 ± 1.0




	
3-back

	
3.7 ± 0.8

	
8.2 ± 1.1

	
8.6 ± 1.6

	
9.91 ± 1.3




	
Reaction time target (ms)

	
0-back

	
457.6 ± 21.4

	
474.3 ± 24.3

	
481.7 ± 23.8

	
483.7 ± 23.9




	
1-back

	
545.0 ± 26.4

	
546.5 ± 26.1

	
549.0 ± 23.2

	
548.2 ± 22.7




	
2-back

	
629.8 ± 29.9

	
658.2 ± 32.4

	
645.1 ± 30.6

	
620.2 ± 27.8




	
3-back

	
729.3 ± 45.3

	
738.1 ± 32.6

	
706.8 ± 35.1

	
713.5 ± 33.4








a Values are mean ± SEM (Standard Error of the Mean).








As expected, RT slowed down, hits decreased and false alarms increased as a function of N-back level difficulty across age groups (main effect of Cognitive load, hits: F(3,45) = 70.28, p < 0.001; false alarms: F(3,45) = 25.58, p < 0.001; RT: F(3,45) = 72.33, p < 0.001), and older adults performed worse on the N-back task than young adults on the same dose of tyrosine (i.e., 150 mg/kg body weight; hits: F(3,93) = 83.83, p < 0.001; false alarms: F(3,93) = 29.82, p < 0.001; RT: F(3,93) = 57.04, p < 0.001).



Next, we assessed the effect of different doses of tyrosine on working memory performance (i.e., percentage of hits) in older adults. We found a dose-dependent tyrosine effect on working memory in older adults (Dose × Cognitive load (F(6,90) = 2.23, p = 0.048) (Figure 5). This dose-dependent effect was driven by performance on the highest working memory load, i.e., on the 3-back level (main effect of Dose: F(2,30) = 3.38, p = 0.047). Specifically, relative to the 100 mg/kg body weight dose, 3-back performance decreased on the 150 and 200 mg/kg dose (150 vs. 100 mg/kg: F(1,15) = 4.98, p = 0.041; 200 vs. 100 mg/kg: F(1,16) = 6.89, p = 0.018). We did not observe performance differences on the 3-back level between 150 and 200 mg/kg body weight. On the other working memory loads (i.e., 0-, 1-, and 2-back), no main effect of dose was observed. No main effect of dose or interactions with cognitive load were observed on percentage of false alarms or RTs.


Figure 5. Effect of tyrosine dose on hits in the N-back task as a function of working memory load in older adults. Accuracy is in terms of percentage hits with Standard Error of the Mean (SEM).
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To relate plasma increase of tyrosine to working memory performance, we calculated individual beta (i.e., slope) values of tyrosine plasma increase (T90-T0) as a function of increasing oral dose. Participants with a lower versus higher dose-dependent plasma level increase were separated by a median split on their plasma increase beta values (range plasma level increase: 50.85–182.8, median split on beta of 105.5, low increase group n = 8, high increase group n = 7). We used an ANOVA with factors Dose (100, 150, and 200 mg/kg body weight) × Cognitive Load (0-back, 1-back, 2-back, 3-back) × Plasma level increase groups (low versus high beta values of dose-dependent plasma level increase) to assess the effect of individual differences in plasma level increase on N-back performance. We observed that the above-mentioned dose-dependent tyrosine effects on N-back performance were indeed dependent on whether the older adult had a low or high dose-dependent increase in tyrosine plasma values (Dose × Cognitive Load × Plasma increase group: F(6,78) = 2.40, p = 0.035) (Figure 6). This effect was driven by the high plasma increase group, showing a Dose × Cognitive Load interaction (F(6,36) = 2.85, p = 0.023), not the low plasma increase group (F(6,42) = 1.78, p = 0.123). Specifically, within the high plasma increase group, the percentage of hits decreased with increasing cognitive load in the 200 mg/kg body weight dose compared with 100 mg/kg body weight (Dose × Cognitive Load interaction: (F(3,21) = 5.32, p = 0.01). Percentage of hits as a function of cognitive load was not different between 150 and 100 or 200 mg/kg body weight doses (F(3,18) = 1.88, p = 0.168 and F(3,18) = 1.51, p = 0.245, respectively).


Figure 6. Effect of tyrosine dose and cognitive load on accuracy in older adults who had either a low or high dose-dependent plasma tyrosine increase (based on a median split).
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Percentage of hits was also differentially modulated by the Dose and Plasma increase group independent of Cognitive Load (dose × plasma increase group interaction: (F(2,26) = 6.25, p = 0.006). In the high-plasma increase group, we observed a trend towards lower accuracy overall as a function of dose, whereas in the low-plasma increase group we observed a trend in the other direction (main Dose: F(2,14) = 3.54, p = 0.057 and F(2,12) = 3.61, p = 0.059, for the high and low plasma increase group respectively). No interactions between Dose or Cognitive Load with the Plasma increase group were observed on percentage false alarms or RTs.



In sum, relative to the lowest dose, higher tyrosine doses resulted in a lower percentage of hits on the highest working memory load (i.e., 3-back level) in older adults. This adverse dose-dependent tyrosine effect on working memory performance was particularly evident in older adults who also had higher dose-dependent increases in plasma tyrosine concentrations, providing a link between our psychological and physiological findings.





4. Discussion


To the best of our knowledge this is the first study investigating the effects of tyrosine administration on its plasma concentrations and cognitive effects in older adults. Using a cross-over design, our findings showed a clear dose-related increase in plasma tyrosine concentrations after administration of 100, 150, or 200 mg/kg body weight of tyrosine. Importantly, we observed that older adults had a higher tyrosine plasma levels than a comparison group of young participants after the same dose of 150 mg/kg body weight tyrosine. Furthermore, this study demonstrates unfavorable effects of higher doses (i.e., 150 and 200 mg/kg body weight) of tyrosine relative to a lower dose (i.e., 100 mg/kg body weight) on working memory performance in older adults. This dose-dependent decline in terms of N-back hits was especially seen in older adults with higher dose-dependent increases in plasma tyrosine concentrations.



Baseline plasma tyrosine concentrations of the young adults were significantly lower compared with those of the older adults, as observed previously in women [35]. Therefore, we adjusted the dose-response analyses for baseline tyrosine levels. Our time courses for tyrosine were similar to those in the previous studies using a 150 mg/kg body weight dose [2,32]. However, where the increase in tyrosine levels was two- to three-fold in those studies, the increase in our study was five- to seven-fold in both young and older adults after the same doses of tyrosine. The larger increase in our study could be caused by the fact that previous studies have been performed with semi-quantitative and, therefore, less precise analysis methods for plasma tyrosine concentrations. Another reason might be the type of carrier used for oral ingestion. The previous studies mixed the tyrosine either in water [2] or apple sauce [32], whereas we used banana-flavored yoghurt to ensure comfortable ingestion (see also [36]). Yoghurt, however, contains amino acids by itself, as well as tyrosine and other large neutral amino acids (LNAAs). However, since our tyrosine doses were multiple times higher (i.e., the amount of tyrosine in the yoghurt was only 4% of the amount we supplied) and, thus, prevailing, we do not expect this has affected our results in comparison with other studies. Moreover, although other LNAAs compete for transport across the blood-brain barrier [37], we still observed clear dose-dependent tyrosine effects on (dopamine- instead of e.g., serotonin-related) cognitive functioning, indicating a successful intervention. Of the total amount of LNAAs provided by the yoghurt and the supplemental dose of tyrosine, the largest amount was also tyrosine, i.e., 94.7% versus 0.9% tryptophan and 4.3% phenylalanine in for example the 100 mg/kg body weight dose of tyrosine with 140 mL yoghurt; the amount supplied to an average 70 kg individual. Nevertheless, future studies should also take blood plasma concentrations of the other LNAAs into account and calculate the plasma tyrosine/competing amino acids ratio to determine the selectivity of the intervention. Furthermore, additional assessment of plasma tyrosine concentrations at earlier time points, e.g., after 30 and/or 60 min after tyrosine ingestion, would be interesting to detect the exact moment where tyrosine concentrations peak in order to determine age-related differences in absorption and metabolic response.



In addition to increased baseline tyrosine levels, we observed higher (baseline-corrected) tyrosine plasma levels after the same dose in older versus young adults. This effect might be due to an age-related reduced first pass effect in the liver [3], such that higher amounts of tyrosine enter the blood stream in older adults. Moreover, age-related insulin resistance [35], or other kinetic effects [3,4,5] may contribute to reduced peripheral amino acid uptake from the blood.



On a cognitive level, relative to the lowest dose, higher doses of tyrosine were accompanied by negative effects on working memory performance in older adults in the most difficult N-back level. This adverse effect of tyrosine was linked to the peripheral plasma tyrosine responses, as greater dose-dependent increases in plasma tyrosine concentrations predicted greater cognitive detriments with increasing dose. Other studies using the same 150 mg/kg body weight tyrosine dose in young adults, which gave adverse effects versus the 100 mg/kg body weight dose in our older adults, have shown beneficial effects of tyrosine on working memory performance (e.g., [32,38]). The currently-observed decrements in working memory performance with increasing tyrosine doses in older adults might be surprising in the light of previous theories suggesting against dose-dependent effects in young adults [17,39]. However, the older adults showed markedly increased plasma tyrosine levels compared with the same dose in young adults, and this increase was associated with apparently paradoxical cognitive effects. This suggests that—due to peripheral changes in the aging body—much more tyrosine has reached, and probably crossed the blood-brain barrier in older adults. This high central precursor availability of probable peripheral origin, may have increased central catecholamine synthesis, subsequently leading to inhibition of tyrosine hydroxylase (TH), the enzyme that converts tyrosine to L-dopa (i.e., the final precursor of dopamine) [40]. In rats, for example, 250 mg/kg of phenylalanine, the precursor of tyrosine, increased dopamine release, 500 mg/kg had no effect, and 1000 mg/kg reduced dopamine release, suggesting a TH inhibitory mechanism [41]. Detrimental effects of increasing tyrosine dose may be less surprising when considering findings of increased dopamine synthesis capacity in older adults [25,26]. We speculate that administrating extra precursor to a system with already high dopamine synthesis capacity may result in its inhibition. Reduction of dopamine synthesis by inhibiting TH may also occur further in the dopamine signaling cascade, when an excess of dopamine increases dopamine D2 autoreceptor binding [42]. The aging brain might be more sensitive to overshoots in auto-regulation, for example due to increased inflammatory markers, such as cytokines [43], which can alter TH availability and autoregulatory dopamine transporter expression [44].



We did not have a placebo-controlled design and, hence, cannot infer whether tyrosine actually improved or diminished working memory performance in older adults relative to baseline. However, with the current design and results we do show that increasing doses of tyrosine result in detrimental working memory performance, questioning the cognitive enhancing potential of tyrosine in healthy aging, at least with the currently used higher doses. Future placebo-controlled designs should further test the beneficial or unfavorable effects of tyrosine administration on cognitive functioning in older adults, also including lower doses <100 mg/kg body weight.




5. Conclusions


In this double-blind, randomized cross-over trial, we observed a clear dose-response in plasma tyrosine after three different doses of tyrosine in older adults. Moreover, our data demonstrated that plasma tyrosine concentrations were markedly increased in older compared with young adults. Importantly, a high dose-dependent plasma tyrosine response was related to decrements in working memory performance in older adults with higher tyrosine doses. This study shows that age-related increases in plasma tyrosine response are associated with adverse dose-dependent effects of tyrosine administration on cognition.







Acknowledgments


This study was funded by the European Fund for Regional Development (EFRO) and the Dutch provinces Gelderland and Overijssel (grant number 2011-017004). Aarts was supported by a Veni grant of The Netherlands Organization for Scientific Research (NWO) (016.135.023). The sponsor had no role in the design or implementation of the study, data collection, data management, data analysis, data interpretation, or in the preparation, review, or approval of the manuscript. The corresponding author had full access to all the data in the study and had final responsibility for the decision to submit for publication. We thank Renger Witkamp for his critical comments on a previous version of the manuscript, Femke van der Velde for her work as research assistant and other field workers and the participants for their cooperation.




Author Contributions


O.v.d.R., M.B., R.d.H. and E.A. designed the research; O.v.d.R., R.d.H. and M.B. conducted research and performed statistical analysis; O.v.d.R., M.B. and E.A. wrote the paper; and E.A. had primary responsibility for final content. All authors critically revised the manuscript for important intellectual content and read and approved the final manuscript.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	1. 
Matthews, D.E. An overview of phenylalanine and tyrosine kinetics in humans. J. Nutr. 2007, 137, 1549S–1575S. [Google Scholar] [PubMed]

	2. 
Glaeser, B.S.; Melamed, E.; Growdon, J.H.; Wurtman, R.J. Elevation of plasma tyrosine after a single oral dose of l-tyrosine. Life Sci. 1979, 25, 265–271. [Google Scholar] [CrossRef]

	3. 
Klotz, U. Pharmacokinetics and drug metabolism in the elderly. Drug Metab. Rev. 2009, 41, 67–76. [Google Scholar] [CrossRef] [PubMed]

	4. 
Condino, A.M.; Aquilani, R.; Pasini, E.; Iadarola, P.; Viglio, S.; Verri, M.; D’Agostino, L.; Boschi, F. Plasma kinetic of ingested essential amino acids in healthy elderly people. Aging Clin. Exp. Res. 2013, 25, 711–714. [Google Scholar] [CrossRef] [PubMed]

	5. 
Haddad, M.M.; Xu, W.; Medrano, E.E. Aging in epidermal melanocytes: Cell cycle genes and melanins. J. Investig. Dermatol. Symp. Proc. 1998, 3, 36–40. [Google Scholar] [PubMed]

	6. 
Carlsson, A.; Lindqvist, M. Dependence of 5-ht and catecholamine synthesis on concentrations of precursor amino-acids in rat-brain. Naunyn Schmiedebergs Arch. Pharmacol. 1978, 303, 157–164. [Google Scholar] [CrossRef] [PubMed]

	7. 
Tam, S.Y.; Roth, R.H. Mesoprefrontal dopaminergic neurons: Can tyrosine availability influence their functions? Biochem. Pharmacol. 1997, 53, 441–453. [Google Scholar] [PubMed]

	8. 
Glaeser, B.S.; Maher, T.J.; Wurtman, R.J. Changes in brain levels of acidic, basic, and neutral amino acids after consumption of single meals containing various proportions of protein. J. Neurochem. 1983, 41, 1016–1021. [Google Scholar] [CrossRef] [PubMed]

	9. 
Gibson, C.J.; Wurtman, R.J. Physiological control of brain norepinephrine synthesis by brain tyrosine concentration. Life Sci. 1978, 22, 1399–1405. [Google Scholar] [CrossRef]

	10. 
Scally, M.C.; Ulus, I.; Wurtman, R.J. Brain tyrosine level controls striatal dopamine synthesis in haloperidol-treated rats. J. Neural Transm. 1977, 41, 1–6. [Google Scholar] [CrossRef] [PubMed]

	11. 
Sved, A.F.; Fernstrom, J.D.; Wurtman, R.J. Tyrosine administration reduces blood pressure and enhances brain norepinephrine release in spontaneously hypertensive rats. Proc. Natl. Acad. Sci. USA 1979, 76, 3511–3514. [Google Scholar] [CrossRef] [PubMed]

	12. 
Fernstrom, J.D. Role of precursor availability in control of monoamine biosynthesis in brain. Physiol. Rev. 1983, 63, 484–546. [Google Scholar] [PubMed]

	13. 
Growdon, J.H.; Melamed, E.; Logue, M.; Hefti, F.; Wurtman, R.J. Effects of oral L-tyrosine administration on csf tyrosine and homovanillic acid levels in patients with parkinson’s disease. Life Sci. 1982, 30, 827–832. [Google Scholar] [CrossRef]

	14. 
Cools, R.; D’Esposito, M. Inverted-U-shaped dopamine actions on human working memory and cognitive control. Biol. Psychiatry 2011, 69, e113–e125. [Google Scholar] [CrossRef] [PubMed]

	15. 
Durstewitz, D.; Seamans, J.K. The dual-state theory of prefrontal cortex dopamine function with relevance to catechol-o-methyltransferase genotypes and schizophrenia. Biol. Psychiatry 2008, 64, 739–749. [Google Scholar] [CrossRef] [PubMed]

	16. 
Van de Rest, O.; van der Zwaluw, N.L.; de Groot, L.C. Literature review on the role of dietary protein and amino acids in cognitive functioning and cognitive decline. Amino Acids 2013, 45, 1035–1045. [Google Scholar] [CrossRef] [PubMed]

	17. 
Jongkees, B.J.; Hommel, B.; Kuhn, S.; Colzato, L.S. Effect of tyrosine supplementation on clinical and healthy populations under stress or cognitive demands—A review. J. Psychiatr. Res. 2015, 70, 50–57. [Google Scholar] [CrossRef] [PubMed]

	18. 
Colzato, L.S.; Jongkees, B.J.; Sellaro, R.; Hommel, B. Working memory reloaded: Tyrosine repletes updating in the N-back task. Front. Behav. Neurosci. 2013, 7, 200. [Google Scholar] [CrossRef] [PubMed]

	19. 
Colzato, L.S.; Jongkees, B.J.; Sellaro, R.; van den Wildenberg, W.P.; Hommel, B. Eating to stop: Tyrosine supplementation enhances inhibitory control but not response execution. Neuropsychologia 2014, 62, 398–402. [Google Scholar] [CrossRef] [PubMed]

	20. 
Steenbergen, L.; Sellaro, R.; Hommel, B.; Colzato, L.S. Tyrosine promotes cognitive flexibility: Evidence from proactive vs. Reactive control during task switching performance. Neuropsychologia 2015, 69, 50–55. [Google Scholar] [CrossRef] [PubMed]

	21. 
Backman, L.; Nyberg, L.; Lindenberger, U.; Li, S.C.; Farde, L. The correlative triad among aging, dopamine, and cognition: Current status and future prospects. Neurosci. Biobehav. Rev. 2006, 30, 791–807. [Google Scholar] [CrossRef] [PubMed]

	22. 
Cai, J.X.; Arnsten, A.F. Dose-dependent effects of the dopamine d1 receptor agonists A77636 or SKF81297 on spatial working memory in aged monkeys. J. Pharmacol. Exp. Ther. 1997, 283, 183–189. [Google Scholar] [PubMed]

	23. 
Gazzaley, A.; Cooney, J.W.; Rissman, J.; D’Esposito, M. Top-down suppression deficit underlies working memory impairment in normal aging. Nat. Neurosci. 2005, 8, 1298–1300. [Google Scholar] [CrossRef] [PubMed]

	24. 
Turner, G.R.; Spreng, R.N. Executive functions and neurocognitive aging: Dissociable patterns of brain activity. Neurobiol. Aging 2012, 33, 826.e1–826.e13. [Google Scholar] [CrossRef] [PubMed]

	25. 
Berry, A.S.; Shah, V.D.; Baker, S.L.; Vogel, J.W.; O’Neil, J.P.; Janabi, M.; Schwimmer, H.D.; Marks, S.M.; Jagust, W.J. Aging affects dopaminergic neural mechanisms of cognitive flexibility. J. Neurosci. 2016, 36, 12559–12569. [Google Scholar] [CrossRef] [PubMed]

	26. 
Braskie, M.N.; Wilcox, C.E.; Landau, S.M.; O’Neil, J.P.; Baker, S.L.; Madison, C.M.; Kluth, J.T.; Jagust, W.J. Relationship of striatal dopamine synthesis capacity to age and cognition. J. Neurosci. 2008, 28, 14320–14328. [Google Scholar] [CrossRef] [PubMed]

	27. 
Dreher, J.C.; Meyer-Lindenberg, A.; Kohn, P.; Berman, K.F. Age-related changes in midbrain dopaminergic regulation of the human reward system. Proc. Natl. Acad. Sci. USA 2008, 105, 15106–15111. [Google Scholar] [CrossRef] [PubMed]

	28. 
Folstein, M.F.; Folstein, S.E.; McHugh, P.R. “Mini-mental state”. A practical method for grading the cognitive state of patients for the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [Google Scholar] [CrossRef]

	29. 
Schmand, B.; Bakker, D.; Saan, R.; Louman, J. The dutch reading test for adults: A measure of premorbid intelligence level. Tijdschr. Gerontol. Geriatr. 1991, 22, 15–19. [Google Scholar] [PubMed]

	30. 
Henckens, M.J.; van Wingen, G.A.; Joels, M.; Fernandez, G. Time-dependent corticosteroid modulation of prefrontal working memory processing. Proc. Natl. Acad. Sci. USA 2011, 108, 5801–5806. [Google Scholar] [CrossRef] [PubMed]

	31. 
Jonides, J.; Schumacher, E.H.; Smith, E.E.; Lauber, E.J.; Awh, E.; Minoshima, S.; Koeppe, R.A. Verbal working memory load affects regional brain activation as measured by pet. J. Cogn. Neurosci. 1997, 9, 462–475. [Google Scholar] [CrossRef] [PubMed]

	32. 
Shurtleff, D.; Thomas, J.R.; Schrot, J.; Kowalski, K.; Harford, R. Tyrosine reverses a cold-induced working memory deficit in humans. Pharmacol. Biochem. Behav. 1994, 47, 935–941. [Google Scholar] [CrossRef]

	33. 
Prinsen, H.C.; Schiebergen-Bronkhorst, B.G.; Roeleveld, M.W.; Jans, J.J.; de Sain-van der Velden, M.G.; Visser, G.; van Hasselt, P.M.; Verhoeven-Duif, N.M. Rapid quantification of underivatized amino acids in plasma by hydrophilic interaction liquid chromatography (hilic) coupled with tandem mass-spectrometry. J. Inherit. Metab. Dis. 2016, 39, 651–660. [Google Scholar] [CrossRef] [PubMed]

	34. 
Grubbs, F.E. Procedures for detecting outlying observations in samples. Technometrics 1969, 11, 1–21. [Google Scholar] [CrossRef]

	35. 
Caballero, B.; Gleason, R.E.; Wurtman, R.J. Plasma amino acid concentrations in healthy elderly men and women. Am. J. Clin. Nutr. 1991, 53, 1249–1252. [Google Scholar] [PubMed]

	36. 
Neri, D.F.; Wiegmann, D.; Stanny, R.R.; Shappell, S.A.; McCardie, A.; McKay, D.L. The effects of tyrosine on cognitive performance during extended wakefulness. Aviat. Space Environ. Med. 1995, 66, 313–319. [Google Scholar] [PubMed]

	37. 
Fernstrom, J.D. Large neutral amino acids: Dietary effects on brain neurochemistry and function. Amino Acids 2012. [Google Scholar] [CrossRef] [PubMed]

	38. 
Thomas, J.R.; Lockwood, P.A.; Singh, A.; Deuster, P.A. Tyrosine improves working memory in a multitasking environment. Pharmacol. Biochem. Behav. 1999, 64, 495–500. [Google Scholar] [CrossRef]

	39. 
Deijen, J.B. Tyrosine. In Nutritional Neuroscience; Lieberman, H.R., Kanarek, R.B., Prasad, C., Eds.; CRC Press (Taylor & Francis Group, LLC): Boca Raton, FL, USA, 2005; pp. 363–382. ISBN 9780415315999. [Google Scholar]

	40. 
Nagatsu, T.; Levitt, M.; Udenfriend, S. Tyrosine hydroxylase. The initial step in norepinephrine biosynthesis. J. Biol. Chem. 1964, 239, 2910–2917. [Google Scholar] [PubMed]

	41. 
During, M.J.; Acworth, I.N.; Wurtman, R.J. Phenylalanine administration influences dopamine release in the rat’s corpus striatum. Neurosci. Lett. 1988, 93, 91–95. [Google Scholar] [CrossRef]

	42. 
Lindgren, N.; Xu, Z.Q.; Herrera-Marschitz, M.; Haycock, J.; Hokfelt, T.; Fisone, G. Dopamine d(2) receptors regulate tyrosine hydroxylase activity and phosphorylation at Ser40 in rat striatum. Eur. J. Neurosci. 2001, 13, 773–780. [Google Scholar] [CrossRef] [PubMed]

	43. 
Michaud, M.; Balardy, L.; Moulis, G.; Gaudin, C.; Peyrot, C.; Vellas, B.; Cesari, M.; Nourhashemi, F. Proinflammatory cytokines, aging, and age-related diseases. J. Am. Med. Dir. Assoc. 2013, 14, 877–882. [Google Scholar] [CrossRef] [PubMed]

	44. 
Felger, J.C.; Miller, A.H. Cytokine effects on the basal ganglia and dopamine function: The subcortical source of inflammatory malaise. Front. Neuroendocrinol. 2012, 33, 315–327. [Google Scholar] [CrossRef] [PubMed]

























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
0-back 1-back 2-back 3-back

+ 4—— FC=2400ms

+—1C=2000ms

+

2400 ms -
4400 msF
1 <«— Target
6200 ms
8000 ms

’iﬁoooo ms

<+—SP=400ms

\ISI = 1400 ms

Time





nav.xhtml


  nutrients-09-01279


  
    		
      nutrients-09-01279
    


  




  





media/file2.png
Older
adults

Young
adults

7

Tyrosine 1 week Tyrosine 1 week Tyrosine
dose 1 wash-out dose 2 wash-out dose 3

150 mg
tyrosine

AN

Time (in min)

90 95 120 150 180 210 240

17

1 1 f 1





media/file13.png





media/file5.jpg
i doics BN 1 Bcudet
o e Achythaa 12)
Toomboss (1-2)
Nk perormance
o< 0% -6
inuedinstudy | [ 17 ochudedin sy el )
nd rndonly signed
2o
s Tycouneeves(1-1)
Tymineevis(a=1) ey
sty
Tyrouneleves 116

Nbacn=16






media/file3.jpg





media/file1.jpg
Time i)
>

1

11

Tt ot






media/file7.jpg
<

FErLiEy
b

]
b

il

§E 888§ R &E

(Uioursuoenusnuos susoss auserd

To ™0 Ti® TS TS TH T






media/file10.png
percentage hits (%)

Gl

100

=

&

&

=

— 100 mg/kg

= = = 150 mg/kg
200 mg/kg

0-back

1-back

2-back

3-back






media/file12.png
low tyrosine plasma level increase group (median splitn=8)  high tyrosine plasma level increase group (median split n=7)

100" : ; - ' ' ' i 100f g ' ' ' '
95 - el T
90 - - 90 |
e85t | € 85}
80 - | Z sol
75 - B
570 . B oot
8.65 - 1 R 65t
60 - 60
B I ]

0-back 1-back 2 back 3-back 0-back 1-back 2 back 3-back





media/file9.jpg
g8 ® & 8 8 R R 8 8
(%) 1wy aBeyuiad





media/file0.png





media/file8.png
2>

700,

o

= 600-

7 500

£ 400

g

c

S 300-

£

& 200

z i

£100-  // T I mERE oA -
E - 200 mg/kg - older adults
= I - 150 mg/kg - young adults

0 L

TO T90 Ti20 Ti5 Ti8 T21 T24

ws

baseline corrected plasma tyrosine
concentrations

=

Tk 8 5 3

2
S

e

i J

A F — 100 m - older adults
'/ 4 -==-150 mgﬁé_omef adults
A 200 mgjkg - older adults

————— 150 mg/kg - young adults

T0O  T90-TO TI120-TO T150-TO T180-TO T210-TO T240-T0





media/file11.jpg
low tyrosine plasma levelincrease group (median split n-8) - high tyrosine plasmna levl increase group (median splitn=7)

percentage hits (%)
grsa3RB8ELEE

g
A
Oback Thack  2back  Sback






media/file6.png
15 Excluded

Heart disease (n=1)

Smoking (n=2)

Bad venous access (n=1)
IQ<85(n=2)

Using tyrosine supplements (n=1)
Other research (n=1)

Not possible to plan (n=15)
Withdrew (n =2)

32 Young adults
invited to screening

1 Exclusion

Tyrosine levels (n=1)

v

28 Older adults invited
to screening

hd

Y

A J

11 Excluded
Arrhythmia (n=2)
Thrombosis (n =2)
N-back performance
score < 60% (n=6)
Unable to plan (n=1)

17 Included in study 17 Included in study
and randomly assigned
Y Y
Analyzed: Analyzed:
Tyrosine levels n =16 Tyrosine levels n=16
N-back n=17 N-backn=16

2 Exclusions
Tyrosine levels (n=1)
N-back (n=1)






