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The homeostatic regulation of large neutral amino acid (LNAA) concentration in the brain interstitial fluid (ISF) is essential for proper brain function. LNAA passage into the brain is primarily mediated by the complex and dynamic interactions between various solute carrier (SLC) transporters expressed in the neurovascular unit (NVU), among which SLC7A5/LAT1 is considered to be the major contributor in microvascular brain endothelial cells (MBEC). The LAT1-mediated trans-endothelial transport of LNAAs, however, could not be characterized precisely by available in vitro and in vivo standard methods so far. To circumvent these limitations, we have incorporated published in vivo data of rat brain into a robust computational model of NVU-LNAA homeostasis, allowing us to evaluate hypotheses concerning LAT1-mediated trans-endothelial transport of LNAAs across the blood brain barrier (BBB). We show that accounting for functional polarity of MBECs with either asymmetric LAT1 distribution between membranes and/or intrinsic LAT1 asymmetry with low intraendothelial binding affinity is required to reproduce the experimentally measured brain ISF response to intraperitoneal (IP) L-tyrosine and L-phenylalanine injection. On the basis of these findings, we have also investigated the effect of IP administrated L-tyrosine and L-phenylalanine on the dynamics of LNAAs in MBECs, astrocytes and neurons. Finally, the computational model was shown to explain the trans-stimulation of LNAA uptake across the BBB observed upon ISF perfusion with a competitive LAT1 inhibitor.
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INTRODUCTION

The blood-brain barrier (BBB) is a truly dynamic interface separating the brain from the bloodstream. It is formed by highly specialized microvascular brain endothelial cells (MBECs) connected by tight junctions forming brain capillaries. The BBB endothelium together with the astrocytes and neurons are the fundamental elements of the neurovascular unit (NVU) system.

Numerous solutes move across the NVU cell membranes with various transport mechanisms. While small lipophilic molecules can diffuse, larger and hydrophilic solutes, such as amino acids (AAs), need the assistance of specialized carrier proteins to cross the membrane, for instance amino acid transporters (AATs) (Abbott et al., 2006). NVU-AATs are expressed at both luminal and abluminal membranes of the MBECs, as well as on astrocytes and neurons. The NVU-AATs mediate the transfer of particular amino acids with different transport mechanisms: antiporters, for example, exchange some AAs for others across the membrane, while symporters cotransport AAs together with ions along the ions' electrochemical gradient (Taslimifar et al., 2017). Taken together, different classes of NVU-AATs constitute an integrated dynamic system controlling the homeostasis of AAs such as large neutral amino acids (LNAAs: L-tyrosine, L-leucine, L-isoleucine, L-phenylalanine, L-histidine, L-valine, L-tryptophan, and L-methionine) in the brain interstitial fluid (ISF). The homeostasis maintenance of LNAA concentrations, which have been shown to be asymmetrically distributed in the plasma and individual NVU compartments (Kandera et al., 1968; Currie et al., 1995; Dolgodilina et al., 2015), is of particular importance due to their crucial role in the central nervous system (CNS), for instance as precursors of key neurotransmitters such as Dopamine, Serotonin, and Histamine.

Figure 1 illustrates a simplified model of the adult rat NVU that includes the dominant LNAA transporter of each cell membrane. The NVU-LNAAs have been shown to be transported mainly, but not exclusively, by SLC7A5 (LAT1), SLC6A15 (B0AT2), and/or SLC7A8 (LAT2). LAT1 associated with the accessory subunit 4F2hc (SLC3A2) functions as a Na+-independent antiporter and plays a dominant role at the luminal and abluminal membranes of the MBECs (Smith et al., 1987; Killian and Chikhale, 2001; Meier et al., 2002). B0AT2 is a Na+-dependent symporter which has been shown to be the dominant uptake pathway for LNAAs in neurons (Yudkoff et al., 1996b; Bröer et al., 2006; Bak et al., 2012). A number of studies have shown that the Na+-independent antiporter LAT2 also associated with 4F2hc is the major mediator of LNAA transport in primary astrocytes (Yudkoff et al., 1996a; Kim et al., 2004; Braun et al., 2011). While it has to be mentioned that comparably high LAT1 mRNA levels have been detected by Zhang et al. (2014) in freshly isolated astrocytes, the functional contribution of this transporter remains unclear (Braun et al., 2011). In vivo assays and in vitro measurements carried out on freshly isolated cells have shown that the expression of other AATs, such as y+LAT2/SLC7A6 (SLC7A6) and ASCT2/SLC1A5 (SLC1A5), is very low in adult brain compared to the aforementioned AATs (Utsunomiya-Tate et al., 1996; Deitmer et al., 2003; Gliddon et al., 2009). Therefore, based on the available evidence in the literature, we consider LAT1, LAT2, and B0AT2 to be the predominant LNAA transporters in MBECs, astrocytes and neurons, respectively. Taken together, these transporters co-operate as a highly complex and integrated dynamic system to predominantly control the homeostasis of LNAAs in the brain ISF. For example, LNAAs in the brain ISF can be taken up by B0AT2 localized in neurons, and/or they can be exchanged with other LNAAs of astrocytes (mediated by LAT2) and/or be transported back into MBECs and eventually into the bloodstream via LAT1 expressed at the abluminal and luminal membranes of the MBECs (Figure 1).


[image: image]

FIGURE 1. Diagram of the dominant LNAA transporters expressed in cells of the neurovascular unit (NVU). The diagram represents the major compartments of the brain with the dominant NVU carrier-mediated LNAA transport pathways from brain capillary plasma (input) across blood brain barrier (BBB) microvascular endothelial cells (MVEC) into the interstitial fluid (ISF) and from there into astrocytes and neurons. The abbreviations used for the NVU-SLC transporters are LAT1 (SLC7A5) and LAT2 (SLC7A8), both Na+-independent large neutral amino acid antiporters, and B0AT2 (SLC6A15), a Na+-dependent large neutral amino acid symporter. The arrows indicate the transmembrane pathways of LNAAs via these transporters into and out of the NVU cells. TL and CL represent test and competing large neutral amino acids, respectively.



Among the aforementioned dominant transporters, LAT1 is the central element of the NVU that is involved in the regulation of LNAA homeostasis in the brain ISF. However, despite its importance, its bi-directional kinetic behavior across the BBB has not been characterized yet. We have previously investigated the bi-directional kinetics of LAT1 using the Xenopus laevis oocyte expression system, and observed strongly asymmetric bi-directional kinetics (high extra-cellular vs. low intra-cellular binding affinity) (Meier et al., 2002; Verrey, 2003), a finding that has recently been confirmed by reconstitution experiments in proteoliposomes (Napolitano et al., 2015). However, it remains unclear whether this bi-directional asymmetry is dependent on the cell type, and whether it may be influenced by the regulatory/modulatory function of gene products absent in Xenopus laevis oocytes and possibly present in other cell types such as MBECs (Meier et al., 2002; Verrey, 2003). In vivo tracking of LNAAs from MBECs toward blood plasma and ISF could provide information on the bi-directional kinetic behavior of MBEC LAT1. However, there is currently no suitable in vivo technique available to achieve this. While bi-directional uptake and efflux assays using in vitro models of MBECs could be used, they may not reflect the in vivo situation because of the high sensitivity of the expression level of AATs to culture conditions (Lyck et al., 2009). In addition to the unclarity regarding the bi-directional kinetics of LAT1 in MBECs, the abluminal to luminal expression ratio of LAT1 at the BBB is not well known yet. Only a study carried out in isolated vesicles has characterized the relative expression of LAT1 at the BBB (Sánchez del Pino et al., 1995), but this approach may not reflect the situation in vivo (Duelli et al., 2000). Taken together, for the above mentioned reasons, the bi-directional kinetic behavior of LAT1 in MBECs as well as its distribution pattern at the luminal and abluminal membranes of the BBB could so far not be addressed satisfactorily.

To circumvent these limitations, we have developed a robust computational model of LNAA homeostasis in the NVU based on a mathematical description of the nonlinear mechanistic kinetics of the dominant individual NVU-LNAA transporters in conjunction with published in vivo LNAA microdialysis (MD) measurements performed in the rat brain ISF upon intraperitoneal administration of L-tyrosine and L-phenylalanine (Bongiovanni et al., 2003, 2010). This has allowed us to explore potential asymmetries of LAT1 bi-directional kinetics and expression in MBECs. Our computations support the hypothesis that MBECs exhibit a functional polarity for LNAAs due to an asymmetry in either bi-directional kinetics and/or expression of LAT1 in MBECs. In addition, we have employed our model to capture changes in LNAA levels in MBEC, astrocytes, and neurons upon perturbations of plasma LNAA concentrations. Finally, we employed the computational model to explain the trans-stimulation of LNAAs upon ISF perfusion of MBEC LAT1 competitive inhibitor.

METHODS:

Transport Model

The NVU is represented by four interacting compartments for MBEC, ISF, astrocytes, and neurons, each with a homogeneous mixture of LNAAs. The plasma conditions are prescribed as dynamic inputs to the NVU (Figure 1). Carrier-mediated transport of LNAAs between the compartments is represented by fluxes dominantly mediated by AATs located at the interface between compartments (Panitchob, 2015; Panitchob et al., 2015, 2016). Following these modeling assumptions, temporal changes in the test LNAA (TL) concentration within the individual NVU compartments are given by
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where [TL]i and Vi represent the concentration of the test LNAA in the compartment i and the volume of that compartment, respectively. The carrier-mediated flux of test LNAA from compartment i to compartment j is denoted with [image: image], and P, MBEC, ISF, Neu, and Ast refer to plasma, microvascular brain endothelial cell, brain interstitial fluid, neuron and astrocyte, respectively. Subscript lum and abl refer to the luminal and abluminal membranes of the MBEC, respectively.

The fluxes of LNAAs between NVU compartments depend on the mechanism of the individual transporters and their dependence on (or independence of) sodium ions. LAT1 and LAT2 are sodium independent antiporters, while B0AT2 functions as a sodium dependent symporter (Meier et al., 2002; Bröer et al., 2006). The fluxes mediated by these transporters are given by Panitchob (2015), Panitchob et al. (2015, 2016), and Pradhan et al. (2013)
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where [CL]i represents the concentration in compartment i of LNAAs competing with the test LNAA, and Vmax,AAT,TL and Vmax,AAT,CL are the maximum transport rates of the AATs for the test and competing LNAA (competitive inhibitors of test LNAA), respectively. In Equation (8), ε and ε′ are the electrical potential-induced biases for forward and backward transport rates, respectively, and Δψ, β, F, z, R, and T represent potential difference, electrical bias constant, Faraday constant, sodium charge, gas constant and absolute temperature, respectively (Pradhan et al., 2013; Panitchob, 2015; Panitchob et al., 2016). [image: image] and [image: image]are, respectively, the AAT apparent Michaelis-Menten binding constants for the test and competing LNAAs in the presence of competitors. They are determined by Smith and Takasato (1986) and Smith et al. (1987).

[image: image]

where [image: image] and [image: image] are, respectively, the AATs absolute Michaelis-Menten binding constants for test and competing LNAAs in the absence of competitors (Smith and Takasato, 1986; Smith et al., 1987). For simplicity, the competing LNAAs are treated as a single-entity component, representing the overall concentration of the mixture of individual competing LNAAs (Figure 1). The maximum transport rate and the overall absolute Michaelis-Menten binding constant for the competing LNAA, Vmax,AAT,CL and [image: image], respectively, are given by Thorn (1949) and Cundy et al. (2004):
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where [CLk] and Km,abs,AAT,CLk represent, respectively, the concentration and the absolute Michaelis-Menten binding constant of the individual competing LNAAs within the considered mixture (see Supplementary Table 1), and where n is the total number of individual competing LNAAs. The MBEC LAT1 bi-directional kinetics are modeled as
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where RKLAT1 is the LAT1 bi-directional kinetic constant, which represents the absolute Michaelis-Menten binding constant for LAT1 in MBECs relative to the corresponding value at the outside of MBECs in the ISF and in plasma. The LAT1 expression ratio in MBECs is modeled as
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where RELAT1 represents the relative ratio for the maximum transport rate of LAT1 at the abluminal membrane of the MBECs to the corresponding value at the luminal membrane. Eqs. (5-12) and Eqs. (1-4) can be combined to describe the intercompartmental rate of change in the concentration of the test LNAAs, [image: image], as a system of nonlinear ordinary differential equations of the following general form:
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The intra-compartmental concentration change rate of the competing LNAAs ([image: image]) can be formulated similarly. Values for kinetic parameters of individual AATs (Km,abs,AAT,TLi, Km,abs,AAT,CLi, Vmax,AAT,TL and Vmax,AAT,CL) and volumes of compartments (Vi) used in Equations (1–13) are listed in Table 1.


Table 1. Model input parameters.
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Model Initialization and Numerical Model

To capture the responses of individual NVU compartments (MBEC, ISF, astrocyte, and neuron) to perturbations in plasma LNAA concentration, the baseline (pre-stimulus or pre-injection) state of the system needs to be determined. To this end, we first obtain the steady-state solution of Equation 13 ([image: image] [image: image]) by prescribing constant plasma concentrations of LNAAs as NVU system input (Figure 1 and Supplementary Table 2) and solving the resulting system of equations whose unknowns are the baseline LNAA concentrations in the individual compartments. To do so, we are required to initialize the LNAA concentrations in individual NVU compartments. The LNAA concentrations in the ISF, astrocytes, and neurons are initialized according to baseline values reported in the literature ([image: image] and [image: image]) (Supplementary Table 2). Such information is not available for MBECs, however. Therefore, we initialize the corresponding LNAA concentration based on a parametric study obtained with random values of the initial baseline concentration (Supplementary Table 2). It has to be noted that once the LNAA concentrations in the different compartments have been prescribed, the solution of the steady-state problem is constrained in the total amount of LNAAs in the NVU. We examined whether this amount reflects in vivo conditions by extrapolating the calculated compartmental LNAA concentrations to the brain as a whole and comparing these values to experimental results reported in Kandera et al. (1968) and Amorini et al. (2017), finding very good agreement (Supplementary Table 2). Once the baseline or pre-stimulus state of the NVU system is determined, we calculate the post-stimulus state of the NVU in response to perturbations of LNAA concentrations in the plasma.

All amino acid transport models were implemented in Matlab (R2015a). To calculate the concentration of LNAAs in the individual NVU compartments (pre- and post-stimulus states), we performed the time integration of Equation 13 using the ode23s function (Bogacki–Shampine method) (Bogacki and Shampine, 1989; Shampine and Reichelt, 1997). The source code from Panitchob (2015) has been used as a starting point for our implementation.

RESULTS

Computational Model Combined With in Vivo Brain ISF Measurements Support a Functional Polarity of MBECs

To discriminate, using our new computational model of the NVU, the hypothesized effects of asymmetry on bi-directional kinetics and expression of LAT1 in MBECs (see Introduction), we first searched the literature for kinetic parameters of LNAA transporters of the individual NVU compartments (Table 1). Most carefully measured kinetic parameters of transport at the endothelial barrier reported by Smith et al. (1987) were obtained by using in situ brain perfusion with short uptake times and thus likely represent the kinetics of the first step of LNAAs transport that is into MBECs across their luminal membrane (Bongiovanni et al., 2003, 2010; Pardridge, 2006; Dolgodilina et al., 2015) and are thus not representative of steady-state trans-MBEC transport. Using these kinetic parameters, we first considered the bidirectional kinetics of LAT1 to be symmetric in MBECs (RKLAT1 = 1) and also assumed LAT1 to be symmetrically expressed at the luminal and abluminal membranes of MBECs (RELAT1 = 1). Under these assumptions of symmetry, we compared the output of our computational model with in vivo measurements made by Bongiovanni et al. (2003). In their study, they had increased the plasma level of L-tyrosine (test LNAA) by intraperitoneal (IP) injection in awake rats and simultaneously measured the post-stimulus response in the brain ISF by microdialysis. Using their measured plasma-stimulus profiles of the test LNAA L-tyrosine ([TL]P) and of the L-tyrosine competing LNAAs (competitive inhibitors) ([CL]P) as input to the model (Figure 2A, results reported as a percentage of baseline), we calculated the corresponding post-stimulus responses in the brain ISF and found a significant mismatch between the measured and our calculated results which showed a larger excursion due to a much faster transport rate across MBECs (see results of statistical analysis in Figure 2B and Supplementary Table 4).
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FIGURE 2. Plasma concentration and corresponding brain ISF concentration response after intraperitoneal injection of L-tyrosine and L-phenylalanine. (A) shows the plasma concentration of L-tyrosine (TL) and L-tyrosine competing LNAAs (CL) after intraperitoneal administration of 200 mg/kg L-tyrosine as measured by Bongiovanni et al. (2003) and used as input for the model calculation. (B,C) show the experimental data for the L-tyrosine (Tyr) post-stimulus response in the brain ISF, measured in the prefrontal cortex (PFC). (B) shows the model calculations for various ratios of the bi-directional kinetic constant of MBEC LAT1 (RKLAT1, Equation 11) with symmetric distribution of LAT1 at both luminal and abluminal membranes of the BBB (RELAT1 = 1). (C) shows the model calculations for various abluminal to luminal expression distribution ratios of LAT1 (RELAT1, Equation 12) with symmetric bi-directional kinetics (RKLAT1 = 1). The model results and experimental data are represented as percent of the baseline value. In (A), the plasma baseline value for L-tyrosine and L-tyrosine competing LNAAs (constant input) are 112 and 535 μM (Currie et al., 1995; Bongiovanni et al., 2003), respectively. In (B,C), the ISF baseline value for L-tyrosine is 1.0 and 1.1 μM (Supplementary Table 2), respectively. Each experimental data point represents the mean ± SD for three (plasma) and four to eight (ISF) animals (Bongiovanni et al., 2003). In (A), the CL refers to a mixture of L-tyrosine competing LNAAs (L-leucine, L-isoleucine, L-phenylalanine, L-tryptophan, L-valine, L-histidine, and L-methionine). The error bars associated with model calculations indicate standard deviation with respect to concentrations obtained with the nominal model parameter set (see Methods). (D) shows the measured plasma concentration of L-phenylalanine (TL) and L-phenylalanine competing LNAAs (CL) after intraperitoneal administration of 200 mg/kg L-phenylalanine as measured by Goldstein (1961) and Bongiovanni et al. (2010). (E,F) show the experimental data for the L-phenylalanine (Phe) post-stimulus response in the brain ISF, measured in the prefrontal cortex (PFC) vs. model calculations for different ratios for the bi-directional kinetic constant of MBEC LAT1 (RKLAT1, Equation 11), assuming symmetric distribution for LAT1 at luminal and abluminal membranes of the BBB (RELAT1 = 1) and the model calculations for various abluminal to luminal expression distribution ratios of LAT1 (RELAT1, Equation 12), assuming symmetric bi-directional kinetics of MBEC LAT1 (RKLAT1 = 1). In (E,F), the ISF baseline value for L-phenylalanine is 0.4 μM (Supplementary Table 2). The data are represented as percent of baseline. In (D), the plasma baseline value for L-phenylalanine and L-phenylalanine competing LNAAs (constant input) are 77 and 562 μM (Currie et al., 1995; Bongiovanni et al., 2003), respectively. In (D), the CL refers to a mixture of LNAAs competing with the test amino acid L-phenylalanine (L-leucine, L-isoleucine, L-tyrosine, L-tryptophan, L-valine, L-histidine, and L-methionine). In (B–E), the differences between the concentrations calculated with the symmetric model (RKLAT1 = 1 and RELAT1 = 1) and the experimental measurements are statistically significant at all post-stimulus time points (p < 0.001, Supplementary Table 4). In contrast, there is no significant difference between the experimental measurements and the model calculations with RKLAT1 = 160 and RELAT1 = 1 (B), RKLAT1 = 1 and RELAT1 = 0.18 (C), RKLAT1 = 80 and RELAT1 = 1 (E) and RKLAT1 = 0.11 and RELAT1 = 1 (F) with the exception of the 30 min post-stimulus time point in (C,E,F) (Supplementary Table 4).



We then evaluated whether asymmetric bi-directional kinetics of LAT1 in MBECs could explain the slower and less important impact of plasma L-tyrosine perturbation on its ISF concentration observed in vivo, compared to our first calculations made assuming symmetric transport properties of LAT1. To this end, we varied the ratio of extracellular to intracellular Michaelis-Menten binding constants of LAT1 in MBECs, named here RKLAT1, from 1 (representing the symmetric bi-directional kinetic) to 1300 (highly asymmetric bi-directional kinetics as described for LAT1 in Meier et al. (Meier et al., 2002) and considered LAT1 to be symmetrically distributed at the BBB (RELAT1 = 1). We calculated the post-stimulus LNAA concentration response and compared the results with the in vivo measurements (shown as percentage of baseline in Figure 2B). Under consideration of asymmetric bi-directional kinetics for LAT1 in MBECs, the numerical results agreed well with in vivo experimental data, best for a bi-directional kinetic constant of RKLAT1 = 160. Thus, the results obtained with our model support the hypothesis that LAT1 displays a strong asymmetry in bi-directional kinetics in MBECs.

We then evaluated the alternative or complementary hypothesis that an asymmetry of LAT1 expression at the luminal and abluminal membranes of MBECs could explain the observed equilibration kinetics. To this end, we varied the LAT1 expression constant at the BBB (RELAT1) between 0.01 and 10 (representing highly symmetric abluminal to luminal expression ratio) and compared the numerical calculations with the in vivo measurements assuming symmetric bi-directional kinetics of the MBEC LAT1 (RKLAT1 = 1) (plotted as percentage of baseline in Figure 2C). The error bars associated with model simulations are calculated based on sensitivity studies (see Sensitivity analysis section). In contrast to the symmetric case, the numerical results obtained for asymmetric transporter expression agreed well with in vivo experimental data, best for an expression kinetic constant of RELAT1 = 0.18 (see Figure 2C). These results are compatible with the hypothesis of a strong asymmetry in the expression of the LAT1 in MBECs with lower expression at the abluminal membrane. Taken together, the computational model, combined with in vivo measurements supports a functional polarity of MBECs with either asymmetry in bi-directional kinetics and/or expression distribution of LAT1 in MBECs.

Cross-Substrate Versatility

We next evaluated whether our conclusion on the functional polarity of MBECs described in the previous section depends on the substrate by comparing our calculations with in vivo data published by Goldstein (1961) and Bongiovanni et al. (2010) in which the ISF response was measured after IP administration of L-phenylalanine in awake rats (Figure 2F). Just as with the L-tyrosine case, the model failed to reproduce the experimental measurements when assuming symmetric bi-directional kinetics for LAT1 in MBECs, whereas we found a close match between our model calculations and experimental measurements assuming asymmetric LAT1 bi-directional kinetics (best with RKLAT1 = 80). Similarly, the numerical results obtained when assuming an asymmetric transporter expression also agreed well with in vivo experimental data, best for an expression kinetic constant of RELAT1 = 0.11. Taken together, the comparison of model output with experimental measurements supports the hypothesis that the MBECs show a functional polarity for both L-tyrosine and L-phenylalanine which could be explained by either asymmetric distribution of LAT1 at the luminal and abluminal membranes of the MBECs (lower abluminal expression) and/or a strong asymmetry in its bi-directional kinetics in MBECs (lower intracellular affinity) as previously shown in Xenopus oocytes.

To further evaluate the dependence of our results on the asymmetric function of LAT1 suggested for MBECs, we checked whether considering LAT1 as dominant astrocytic AAT instead of LAT2 would modify our conclusion on the functional polarity of the MBECs. Calculations presented in the Supplementary Material (Supplementary Figure 1) showed that this is not the case.

Calculating the Post-stimuli Responses in MBECs, Astrocytes, and Neurons

The in vivo standard methods have so far not been able to address the effects of plasma LNAA perturbations on the dynamics of LNAA concentrations in individual NVU compartments. To close this gap, we employed the computational model considering either an asymmetry in bi-directional kinetics of LAT1 or an asymmetry in the expression pattern of LAT1 in MBECs as determined for the best cases in Figure 2. The dynamic responses of L-tyrosine (TL) and L-tyrosine competing LNAAs (CL) and of L-Phenylalanine (TL) and its competitor LNAA (CL) in MBECs, ISF, astrocytes, and neurons are shown in Figures 3, 4 for asymmetric bi-directional kinetics and asymmetric expression of LAT1, respectively. The same plasma perturbations of the test LNAAs (L-tyrosine or L-phenylalanine) used also for Figure 2 are shown to first propagate into the MBECs (Figures 3A,E, 4A,E). The dynamics of this propagation depend on the competitions between the test and competing LNAAs through MBEC LAT1 and the kinetics for each substrate. Since MBEC LAT1 functions as an antiporter, the elevated level of the test LNAA in the MBECs leads to an initial reduction in the MBEC level of the competing LNAAs (Figures 3A,E, 4A,E). Subsequently, the test and competing LNAAs compete for efflux via LAT1 across the abluminal membrane of the BBB MBECs and eventually gain entry into the brain ISF in exchange for competing LNAA of the ISF (Figures 3B,F, 4B,F). The observed delayed response in the concentration of the test LNAAs in brain ISF in response to the plasma perturbations is mainly due the low inter-endothelial affinity of LAT1 (Figure 3B) and/or a low expression of LAT1 at the abluminal membrane of the BBB (Figure 4B) both of which would strongly limit the trans-endothelial transport of LNAAs across the BBB. Once the test (and competing) LNAAs enter the brain ISF, they are differentially co-transported together with sodium ions into neurons via B0AT2 (Figures 3D,H, 4D,H) and exchanged back into the MBECs (Figures 3A,E, 4A,E) and astrocytes (Figures 3C,G, 4C,G) via LAT1 and LAT2, respectively. The rate of these transports depends on LNAA concentration, on that of competitor LNAAs and on the kinetics of the transporters expressed at the interface to the other NVU compartments (Table 1). For example, LNAA transport from ISF to MBECs is comparably low due to the relatively low concentration of the LNAAs compared to their Michaelis-Menten binding affinities (Table 1 and Supplementary Table 2). As shown in Figures 3C,G, 4C,G, astrocytic elevation of the test LNAAs is associated with the reduction of intracellular competing LNAAs. This behavior is due to the exchange mechanism of LAT2 localized at the membrane of astrocytes. In Figures 3D, 4D, while L-tyrosine transport is shown not to be mediated by B0AT2 (Table 1), this LNAA could nonetheless be transported to some extent into neurons by other, less expressed transporters (see Discussion section). Taken together, the difference between the response of L-tyrosine and L-phenylalanine results from various factors such as their differing original perturbation dynamics in plasma (Figures 2A,D) and the transport kinetics differences of the NVU-AATs for these substrates and their competitors (Equation 13 and Table 1).
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FIGURE 3. The post-stimulus response in MBECs, ISF, astrocytes and neurons after intraperitoneal administration (IP) of L-tyrosine and L-phenylalanine for asymmetric bi-directional kinetics of LAT1 in MBECs. (A–H) show the model calculations for the post-stimulus responses in the NVU individual compartments after IP administration of L-tyrosine (RKLAT1 = 160 and RELAT1 = 1) and L-phenylalanine (RKLAT1 = 80 and RELAT1 = 1), respectively. The error bars associated with model calculations indicate standard deviation with respect to concentrations obtained with the nominal model parameter set. In (A–D), CL refers to a mixture of L-tyrosine competing LNAAs (L-leucine, L-isoleucine, L-phenylalanine, L-tryptophan, L-valine, L-histidine, and L-methionine). In (E–H), CL indicates a mixture of L-phenylalanine competing LNAAs (L-leucine, L-isoleucine, L-tyrosine, L-tryptophan, L-valine, L-histidine, and L-methionine). The ISF post-stimulus response for TL in (B,F) are replotted from Figures 2B,E, respectively. In all panels, the baseline concentration for L-tyrosine, L-tyrosine competing LNAAs, L-phenylalanine and L-phenylalanine competing LNAAs are reported in Supplementary Table 2.
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FIGURE 4. The post-stimulus response in MBECs, ISF, astrocytes and neurons after intraperitoneal administration (IP) of L-tyrosine and L-phenylalanine for asymmetric expression distribution of LAT1 at luminal and abluminal membranes of the BBB. (A–H) show the model calculations for the post-stimulus responses in the NVU individual compartments after IP administration of L-tyrosine (RELAT1 = 0.18 and RKLAT1 = 1) and L-phenylalanine (RELAT1 = 0.11 and RKLAT1 = 1), respectively. The error bars associated with model calculations indicate standard deviation with respect to concentrations obtained with the nominal model parameter set. In (A–D), CL refers to a mixture of L-tyrosine competing LNAAs (L-leucine, L-isoleucine, L-phenylalanine, L-tryptophan, L-valine, L-histidine, and L-methionine). In (E–H), CL indicates a mixture of L-phenylalanine competing LNAAs (L-leucine, L-isoleucine, L-tyrosine, L-tryptophan, L-valine, L-histidine, and L-methionine). The ISF post-stimulus response for TL in B,F are replotted from Figures 2C,F. In all panels, the baseline concentration for L-tyrosine, L-tyrosine competing LNAAs, L-phenylalanine and L-phenylalanine competing LNAAs are reported in Supplementary Table 2.



The Trans-stimulation of the Test LNAA Uptake Across the BBB Upon ISF Perfusion With a LAT1 Competitive Inhibitor

Finally, we employed the established computational model to investigate the induced effects of brain ISF perfusion with 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH, a transported competitive inhibitor of LAT1 and LAT2) on the dynamics of test LNAAs in the brain ISF (Taslimifar et al., 2017). We have shown recently that continues perfusion of 20 mM BCH [~ 2 mM local concentration near the perfusion probe (Dolgodilina et al., 2015)] into the brain ISF of freely moving mice trans-stimulates the LAT1 functions at the BBB and consequently changes the dynamics of LNAAs in the brain ISF in exchange for the perfused BCH (Dolgodilina et al., 2015). To mimic the experimental conditions, we have prescribed the brain ISF concentration of BCH as constant input to the model (considering BCH as competing LNAA (CL) with the same kinetics Taslimifar et al., 2017) and consequently calculated the post-stimulus responses in the concentration of test LNAAs. Considering the fact that measuring the global concentrations of BCH in the entire brain ISF compartment is experimentally challenging, we compared the numerical calculations with the in vivo measurements for different values for the global concentrations of BCH which are much lower than the local BCH concentrations near the probes. The computational results for the dynamic changes of L-tyrosine and L-phenylalanine calculated using the kinetic and expression ratios of LAT1 (RKLAT1 and RELAT1) determined above are plotted in Figures 5A,B, respectively as percentage of the baseline. The error bars associated with model simulations are calculated based on sensitivity studies described below. As shown in all panels, the elevation of perfused BCH concentration leads to increased stimulation of the transport of test LNAAs into the brain ISF which is due to the stimulated exchange of the perfused BCH with the test LNAAs via MBEC LAT1 and astrocyte LAT2 (trans-stimulation of efflux from these cells). The model calculations for the stimulated test LNAAs eventually reach a plateau consistent with our previous experimental observations. The best match between model and experimental measurements was observed for global BCH concentrations of 17–30 μM in the brain ISF. It has to be noted that our model, by assuming a homogenous mixture of LNAAs within the individual NVU compartments, disregards the delayed diffusion time of the perfused BCH from the probe site into the ISF which already explains the initial difference between model calculations and experimental measurements in all panels (see Discussion).


[image: image]

FIGURE 5. Trans-stimulation of the test LNAA uptake across the BBB during ISF perfusion with BCH. This figure shows the ISF concentration of the test LNAAs during ISF perfusion with 2-aminobicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH) started at time zero. In all panels, the experimental data are measured by Dolgodilina et al. (2015) for trans- stimulation of test LNAA (L-valine) during 170 min continues ISF perfusion with 20 mM BCH into a group of freely moving mice (four animals). (A,B) show the model calculations for L-tyrosine trans-stimulations upon perfusion of BCH with different global concentration levels. In (A,B), the bidirectional kinetic constant and the expression ratio of LAT1 are considered, (RKLAT1 = 160, RELAT1 = 1) and (RKLAT1 = 1, RELAT1 = 0.18), respectively. (C,D) show the model calculations for L-phenylalanine trans-stimulations during perfusion of BCH with different global concentration levels in the entire brain ISF compartment. In (A,B), the bi-directional kinetic constant and the expression ratio of LAT1 are considered, (RKLAT1 = 80, RELAT1 = 1) and (RKLAT1 = 1, RELAT1 = 0.11), respectively. The model simulations and the experimental data are represented as percent of the baseline value. The error bars associated with model calculations indicate standard deviation with respect to concentrations obtained with the nominal model parameter set. For all panels, the calculated baseline concentrations of the test LNAAs are reported in Supplementary Table 2. The differences between the experimental measurements and model calculations with BCH = 10 and 100 μM (A,B) as well as BCH = 5 and 100 μM (C,D) are statistically significant at all post-stimulus time points (p < 0.001, Supplementary Table 4). In contrast, model calculations with BCH = 30 μM (A,B) and BCH = 17 μM (C,D) are not significantly different from the experimental measurements with the exception of the 20 min post-stimulus time point (Supplementary Table 4).



Sensitivity Analysis and Statistical Testing

We assessed the sensitivity of the reported results with respect to the choice of literature-reported values of model parameters. To accomplish this goal, we simultaneously varied the nominal model input parameters (Michaelis-Menten binding constant, maximum transport rate of AATs Table 1 and the initialized baseline concentration of LNAAs in individual compartments Supplementary Table 2) within realistic bounds (±20% for each parameter), and then assessed the model output for 100 random parameter sets. The results of the sensitivity analysis are presented in Supplementary Tables 2, 3, as well as in Figures 2–5 and Supplementary Figure 1, where error bars indicate standard deviation of the computed concentrations from those obtained under nominal parameter conditions. We then assessed whether differences in the set of calculated and experimentally measured concentration profiles are statistically significant. To this end, we performed at each post-stimulus time point Student's unpaired t-test with Holm-Sidak correction for multiple comparisons using GraphPad Prism 5.0 (GraphPad Software, USA). P < 0.01 were considered indicative of statistical significance (see Supplementary Table 4 for test results).

DISCUSSION

In this study, using a computational model and experimental input data, we obtained results that strongly suggest a functional polarity of MBECs for the trans-endothelial transport of LNAAs, and characterized a potential strong asymmetry in bi-directional kinetics and/or an asymmetry in membrane expression of MBEC LAT1, which could so far not be addressed with current standard in vitro and in vivo methods. The robust computational model of NVU-LNAA transport we have built and used in this study is based on the fluxes mediated by the respective dominant transporters expressed in MBECs, astrocytes and neurons, namely LAT1, LAT2 and B0AT2. This allowed us to test different symmetric and asymmetric hypotheses about the bi-directional kinetics and/or the expression of LAT1 in MBECs. The comparison of our computational results with published in vivo microdialysis measurements obtained in rat brain supports the hypothesis that MBEC LAT1 either exhibits strong asymmetric bi-directional kinetics for LNAAs (lower affinity inside the MBECs) and/or is asymmetrically expressed at the BBB (lower expression at the abluminal membrane of the BBB). This observation is shown to be independent of the substrate considered (i.e. L-tyrosine and L-phenylalanine).

After the characterization of the functional polarity of MBECs, we aimed at understanding the response of the individual NVU cells to IP administration of LNAAs, which has not been addressed so far by in vivo standard methods. To accomplish this, we employed the computational model to calculate the changes in the concentrations of NVU-LNAAs in response to IP administration of L-tyrosine and L-phenylalanine, considering asymmetry in either bi-directional kinetics and/or expression distribution of LAT1 in MBECs. We thereby captured the interactive dynamics of LNAAs as they traverse the blood-brain barrier (BBB) from the capillary lumen into the brain interstitial fluid and from there eventually into astrocytes and/or neurons. Finally, we employed the model to explain also the trans-stimulation of LNAA uptake across the BBB upon ISF perfusion with BCH, a competitive inhibitor of LAT1.

LAT1 is the primary entry way to the brain for a broad range of the essential LNNAs and their analogs, such as L-DOPA, gabapentin and L-melphalan (Killian and Chikhale, 2001; Cundy et al., 2004; Rautio et al., 2013). Hence, our finding of its asymmetric kinetics and/or expression in MBECs provides novel insight that may help advance our understanding of LAT1-mediated prodrug delivery (i.e., meta-substituted phenylalanine prodrugs) to the brain (Gynther et al., 2008; Rautio et al., 2008; Peura et al., 2011). In addition, our computational model could be employed to provide insight into the amino acid transport processes in brain disorders associated with perturbations of LNAAs in the plasma, e.g., phenylketonuria (PKU) or Maple syrup urine disease (MSUD). This could be achieved by using the plasma LNAA perturbations observed in patients as input to the model to calculate the corresponding responses in the NVU-LNAA concentrations, which are challenging to measure experimentally (Dixon et al., 2015).

We note a number of simplifying assumptions made for the development of our computational model. For instance, the assumption of a homogenous mixture of LNAAs within the individual NVU compartments disregards the local differences in the intra-compartmental concentration of LNAAs. In reality, however, regional distribution of amino acids in NVU compartments may affect the binding of LNAAs to the corresponding transporters, and therefore also the local transport fluxes. Moreover, we have considered competitive LNAAs as a single entity rather than accounting one by one each individual competitor for the transport of L-phenylalanine or L-tyrosine, such as L-leucine, L-tryptophan and others (Supplementary Table 1). This assumption, however, has already been experimentally validated for multi-substrate enzymatic reactions (Alberty, 1956). In addition, we focused on a single carrier per NVU compartment membrane, specifically on the antiporters (obligatory exchangers) LAT1 and LAT2 for MBECs and astrocytes, respectively, and a symporter (cotransporter B0AT2) for neurons, not taking into consideration diffusive pathways which have been shown, however, to be of lesser importance for LNAAs in the NVU (Smith and Takasato, 1986). Moreover, we did not include LNAA metabolism, which is not completely known and understood in the CNS (Sperringer et al., 2017; Yudkoff, 2017). However, it has been shown that the brain metabolic fluxes of LNAAs (such as L-phenylalanine, L-histidine, etc.) are small compared to the carrier-mediated fluxes (Sadasivudu and Lajtha, 1970). Additionally, our model relies on literature-reported parameter values, which are inevitably associated with the reported uncertainty. Nevertheless, our sensitivity analysis has shown that the conclusions drawn in this study hold within reasonable parameter variations. Furthermore, it has to be pointed out that the established computational model takes only into account the interactions between the dominant NVU-LNAA transporters mentioned above and disregards the contribution of other transporters, such as for instance y+LAT2 and ASCT2, which have been shown to be expressed in adult brains, though at a lower level (Utsunomiya-Tate et al., 1996; Deitmer et al., 2003; Gliddon et al., 2009). Beyond that, it has to be highlighted that the structure and function of many (SLC) transporters have yet to be fully characterized and that some of them may also transport LNAAs, such that further research is required (Rautio et al., 2013). The contribution of newly discovered NVU transporters could then be included in the computational model upon sufficient characterization of their kinetics.

SUMMARY

We have characterized a functional polarity for MBECs which are the key NVU element for the control of LNAA homeostasis in the brain ISF. For this purpose, we have developed a robust computational model of NVU-LNAA homeostasis and combined it with published in vivo measurements obtained in rat brain. We have shown that either strong asymmetrical bi-directional kinetics of LAT1 in MBECs and/or an asymmetric distribution of LAT1 at both membranes of MBECs is required to reproduce available in vivo measurements. This conclusion is strengthened by the fact that it is supported by data obtained for two tested LNAAs, L-tyrosine and L-phenylalanine. Important characteristics of LAT1 function in MBECs have not been tested satisfactorily up to now by experimental means. In addition, based on our findings on the functional polarity of MBECs, we employed our computational model to investigate the dynamic behavior of LNAAs in astrocytes and neurons in response to IP-administered L-tyrosine and L-phenylalanine, values which are challenging to determine experimentally. Finally, we used the model to explain the trans-stimulation of LNAA uptake across the BBB upon ISF perfusion with a LAT1 competitive inhibitor. While we employed our computational platform to answer fundamental physiological questions about homeostatic regulation of LNAAs in the NVU, it could also be used to test strategies designed to improve the treatment and management of LNAA-related brain disorders.

AUTHOR CONTRIBUTIONS

MT implemented the computational model and performed the calculations with SB. FV and VK contributed equally to this article and directed the research. All authors conceived and designed the study, analyzed the data, wrote the manuscript and approved the final version.

FUNDING

This work was supported by SystemsX.ch -The Swiss Initiative in Systems Biology (MT), by the Swiss National Science Foundation through (VK) and grant 310030_166430 (FV), and by the Zurich University Hospital (SB).

ACKNOWLEDGMENTS

We are grateful to Dr. Victoria Makrides and Dr. Virginia Meskenaite for the fruitful discussions in preparation of the computational model.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphys.2018.00171/full#supplementary-material

REFERENCES

 Abbott, N. J., Rönnbäck, L., and Hansson, E. (2006). Astrocyte-endothelial interactions at the blood-brain barrier. Nat. Rev. Neurosci. 7, 41–53. doi: 10.1038/nrn1824

 Alberty, R. A. (1956). Enzyme kinetics. Adv. Enzymol. Relat. Areas Mol. Biol. 17, 1–64. doi: 10.1002/9780470122624.ch1

 Amorini, A. M., Lazzarino, G., Di Pietro, V., Signoretti, S., Lazzarino, G., Belli, A., et al. (2017). Severity of experimental traumatic brain injury modulates changes in concentrations of cerebral free amino acids. J. Cell. Mol. Med. 21, 530–542. doi: 10.1111/jcmm.12998

 Anderova, M., Vorisek, I., Pivonkova, H., Benesova, J., Vargova, L., Cicanic, M., et al. (2011). Cell death/proliferation and alterations in glial morphology contribute to changes in diffusivity in the rat hippocampus after hypoxia—ischemia. J. Cereb. Blood Flow Metab. 31, 894–907. doi: 10.1038/jcbfm.2010.168

 Bak, L. K., Johansen, M. L., Schousboe, A., and Waagepetersen, H. S. (2012). Valine but not leucine or isoleucine supports neurotransmitter glutamate synthesis during synaptic activity in cultured cerebellar neurons. J. Neurosci. Res. 90, 1768–1775. doi: 10.1002/jnr.23072

 Banay-Schwartz, M., Kenessey, A., DeGuzman, T., Lajtha, A., and Palkovits, M. (1992). Protein content of various regions of rat brain and adult and aging human brain. Age 15, 51–54. doi: 10.1007/BF02435024

 Bogacki, P., and Shampine, L. F. (1989). A 3 (2) pair of Runge-Kutta formulas. Appl. Math. Lett. 2, 321–325. doi: 10.1016/0893-9659(89)90079-7

 Bongiovanni, R., Kirkbride, B., Newbould, E., Durkalski, V., and Jaskiw, G. E. (2010). Relationships between large neutral amino acid levels in plasma, cerebrospinal fluid, brain microdialysate and brain tissue in the rat. Brain Res. 1334, 45–57. doi: 10.1016/j.brainres.2010.03.111

 Bongiovanni, R., Yamamoto, B. K., Simpson, C., and Jaskiw, G. E. (2003). Pharmacokinetics of systemically administered tyrosine: a comparison of serum, brain tissue and in vivo microdialysate levels in the rat. J. Neurochem. 87, 310–317. doi: 10.1046/j.1471-4159.2003.02007.x

 Braun, D., Kinne, A., Bräuer, A. U., Sapin, R., Klein, M. O., Köhrle, J., et al. (2011). Developmental and cell type-specific expression of thyroid hormone transporters in the mouse brain and in primary brain cells. Glia 59, 463–471. doi: 10.1002/glia.21116

 Bröer, A., Tietze, N., Kowalczuk, S., Chubb, S., Munzinger, M., Bak, L. K., et al. (2006). The orphan transporter v7-3 (slc6a15) is a Na+-dependent neutral amino acid transporter (B0AT2). Biochem. J. 393, 421–430. doi: 10.1042/BJ20051273

 Cundy, K. C., Annamalai, T., Bu, L., De Vera, J., Estrela, J., Luo, W., et al. (2004). XP13512 [(±)-1-([(α-isobutanoyloxyethoxy) carbonyl] aminomethyl)-1-cyclohexane acetic acid], a novel gabapentin prodrug: II. Improved oral bioavailability, dose proportionality, and colonic absorption compared with gabapentin in rats and monkeys. J. Pharmacol. Exp. Ther. 311, 324–333. doi: 10.1124/jpet.104.067959

 Currie, P. J., Chang, N., Luo, S., and Anderson, G. H. (1995). Microdialysis as a tool to measure dietary and regional effects on the complete profile of extracellular amino acids in the hypothalamus of rats. Life Sci. 57, 1911–1923. doi: 10.1016/0024-3205(95)02178-L

 Deitmer, J. W., Bröer, A., and Bröer, S. (2003). Glutamine efflux from astrocytes is mediated by multiple pathways. J. Neurochem. 87, 127–135. doi: 10.1046/j.1471-4159.2003.01981.x

 Dixon, M., MacDonald, A., White, F., and Stafford, J. (2015). “Disorders of amino acid metabolism, organic acidaemias and urea cycle disorders,” in Clinical Paediatric Dietetics, 4th Edn, ed V. Shaw (Chichester, UK: John Wiley & Sons, Ltd.), 381–525.

 Dolgodilina, E., Imobersteg, S., Laczko, E., Welt, T., Verrey, F., and Makrides, V. (2015). Brain interstitial fluid glutamine homeostasis is controlled by blood–brain barrier SLC7A5/LAT1 amino acid transporter. J. Cereb. Blood Flow Metab. 36, 1929–1941. doi: 10.1177/0271678X15609331

 Duelli, R., Enerson, B. E., Gerhart, D. Z., and Drewes, L. R. (2000). Expression of large amino acid transporter LAT1 in rat brain endothelium. J. Cereb. Blood Flow Metab. 20, 1557–1562. doi: 10.1097/00004647-200011000-00005

 Fedoroff, S., and Vernadakis, A. (1986). Astrocytes: Biochemistry, Physiology, and Pharmacology of Astrocytes, Vol. 2. Orlando, FL: Academic Press.

 Gliddon, C. M., Shao, Z., LeMaistre, J. L., and Anderson, C. M. (2009). Cellular distribution of the neutral amino acid transporter subtype ASCT2 in mouse brain. J. Neurochem. 108, 372–383. doi: 10.1111/j.1471-4159.2008.05767.x

 Goldstein, F. B. (1961). Biochemical studies on phenylketonuria I. experimental hyperphenylalanemia in the rat. J. Biol. Chem. 236, 2656–2661.

 Gynther, M., Laine, K., Ropponen, J., Leppänen, J., Mannila, A., Nevalainen, T., et al. (2008). Large neutral amino acid transporter enables brain drug delivery via prodrugs. J. Med. Chem. 51, 932–936. doi: 10.1021/jm701175d

 Hosseini-Sharifabad, M., and Nyengaard, J. R. (2007). Design-based estimation of neuronal number and individual neuronal volume in the rat hippocampus. J. Neurosci. Methods 162, 206–214. doi: 10.1016/j.jneumeth.2007.01.009

 Kandera, J., Levi, G., and Lajtha, A. (1968). Control of cerebral metabolite levels: II. Amino acid uptake and levels in various areas of the rat brain. Arch. Biochem. Biophys. 126, 249–260. doi: 10.1016/0003-9861(68)90581-X

 Killian, D. M., and Chikhale, P. J. (2001). Predominant functional activity of the large, neutral amino acid transporter (LAT1) isoform at the cerebrovasculature. Neurosci. Lett. 306, 1–4. doi: 10.1016/S0304-3940(01)01810-9

 Kim, D. K., Kim, I. J., Hwang, S., Kook, J. H., Lee, M. C., Shin, B. A., et al. (2004). System L-amino acid transporters are differently expressed in rat astrocyte and C6 glioma cells. Neurosci. Res. 50, 437–446. doi: 10.1016/j.neures.2004.08.003

 Licinio, J., and Wong, M. L. (2009). Pharmacogenomics: the Search for Individualized Therapies. Weinheim: JohnWiley & Sons.

 Lyck, R., Ruderisch, N., Moll, A. G., Steiner, O., Cohen, C. D., Engelhardt, B., et al. (2009). Culture-induced changes in blood–brain barrier transcriptome: implications for amino-acid transporters in vivo. J. Cereb. Blood Flow Metab. 29, 1491–1502. doi: 10.1038/jcbfm.2009.72

 Meier, C., Ristic, Z., Klauser, S., and Verrey, F. (2002). Activation of system L heterodimeric amino acid exchangers by intracellular substrates. EMBO J. 21, 580–589. doi: 10.1093/emboj/21.4.580

 Mori, K., Miyazaki, M., Iwase, H., and Maeda, M. (2002). Temporal profile of changes in brain tissue extracellular space and extracellular ion (Na+, K+) concentrations after cerebral ischemia and the effects of mild cerebral hypothermia. J. Neurotrauma 19, 1261–1270. doi: 10.1089/08977150260338047

 Napolitano, L., Scalise, M., Galluccio, M., Pochini, L., Albanese, L. M., and Indiveri, C. (2015). LAT1 is the transport competent unit of the LAT1/CD98 heterodimeric amino acid transporter. Int. J. Biochem. Cell Biol. 67, 25–33. doi: 10.1016/j.biocel.2015.08.004

 Panitchob, N. (2015). Computational Modelling of Amino Acid Transfer Interactions in the Placenta. University of Southampton.

 Panitchob, N., Widdows, K. L., Crocker, I. P., Hanson, M. A., Johnstone, E. D., Please, C. P., et al. (2015). Computational modelling of amino acid exchange and facilitated transport in placental membrane vesicles. J. Theor. Biol. 365, 352–364. doi: 10.1016/j.jtbi.2014.10.042

 Panitchob, N., Widdows, K. L., Crocker, I. P., Johnstone, E. D., Please, C. P., Sibley, C. P., et al. (2016). Computational modelling of placental amino acid transfer as an integrated system. Biochim. Biophys. Acta 1858, 1451–1461. doi: 10.1016/j.bbamem.2016.03.028

 Pardridge, W. M. (2006). Introduction to the Blood-Brain Barrier: Methodology, Biology and Pathology. New York, NY: Cambridge University Press.

 Peura, L., Malmioja, K., Laine, K., Leppänen, J., Gynther, M., Isotalo, A., et al. (2011). Large amino acid transporter 1 (LAT1) prodrugs of valproic acid: new prodrug design ideas for central nervous system delivery. Mol. Pharm. 8, 1857–1866. doi: 10.1021/mp2001878

 Pradhan, R. K., Vinnakota, K. C., Beard, D. A., and Dash, R. K. (2013). “Carrier-mediated transport through biomembranes,” in Transport in Biological Media (Boston, MA: Elsevier), 181–212.

 Rao, K. V., Vemuri, M. C., and Murthy, C. R. (1995). Synaptosomal transport of branched chain amino acids in young, adult and aged rat brain cortex. Neurosci. Lett. 184, 137–140. doi: 10.1016/0304-3940(94)11189-P

 Rautio, J., Gynther, M., and Laine, K. (2013). LAT1-mediated prodrug uptake: a way to breach the blood–brain barrier? Ther. Deliv. 4, 281–284. doi: 10.4155/tde.12.165

 Rautio, J., Laine, K., Gynther, M., and Savolainen, J. (2008). Prodrug approaches for CNS delivery. AAPS J. 10, 92–102. doi: 10.1208/s12248-008-9009-8

 Ren, J. Q., Aika, Y., Heizmann, C., and Kosaka, T. (1992). Quantitative analysis of neurons and glial cells in the rat somatosensory cortex, with special reference to GABAergic neurons and parvalbumin-containing neurons. Exp. Brain Res. 92, 1–14. doi: 10.1007/BF00230378

 Sadasivudu, B., and Lajtha, A. (1970). Metabolism of amino acids in incubated slices of mouse brain. J. Neurochem. 17, 1299–1311. doi: 10.1111/j.1471-4159.1970.tb03379.x

 Sánchez del Pino, M. M., Peterson, D. R., and Hawkins, R. A. (1995). Neutral amino acid transport characterization of isolated luminal and abluminal membranes of the blood-brain barrier. J. Biol. Chem. 270, 14913–14918. doi: 10.1074/jbc.270.25.14913

 Segawa, H., Fukasawa, Y., Miyamoto, K., Takeda, E., Endou, H., and Kanai, Y. (1999). Identification and functional characterization of a Na+-independent neutral amino acid transporter with broad substrate selectivity. J. Biol. Chem. 274, 19745–19751. doi: 10.1074/jbc.274.28.19745

 Setou, M., Hayasaka, T., and Yao, I. (2004). Axonal transport versus dendritic transport. J. Neurobiol. 58, 201–206. doi: 10.1002/neu.10324

 Shampine, L. F., and Reichelt, M. W. (1997). The matlab ode suite. SIAM J. Sci. Comput. 18, 1–22. doi: 10.1137/S1064827594276424

 Shank, R. P., and Campbell, G. L. (1984). Amino acid uptake, content, and metabolism by neuronal and glial enriched cellular fractions from mouse cerebellum. J. Neurosci. 4, 58–69.

 Smith, Q. R., Johanson, C. E., and Woodbury, D. M. (1981). Uptake of 36Cl and 22Na by the brain-cerebrospinal fluid system: comparison of the permeability of the blood-brain and blood-cerebrospinal fluid barriers. J. Neurochem. 37, 117–124. doi: 10.1111/j.1471-4159.1981.tb05298.x

 Smith, Q. R., Momma, S., Aoyagi, M., and Rapoport, S. I. (1987). Kinetics of neutral amino acid transport across the blood-brain barrier. J. Neurochem. 49, 1651–1658. doi: 10.1111/j.1471-4159.1987.tb01039.x

 Smith, Q. R., and Takasato, Y. (1986). Kinetics of amino acid transport at the blood-brain barrier studied using an in situ brain perfusion technique. Ann. N. Y. Acad. Sci. 481, 186–201. doi: 10.1111/j.1749-6632.1986.tb27150.x

 Sperringer, J. E., Addington, A., and Hutson, S. M. (2017). Branched-chain amino acids and brain metabolism. Neurochem. Res. 42, 1697–1709. doi: 10.1007/s11064-017-2261-5

 Stewart, C. (1918). Weights of various parts of the brain in normal and underfed albino rats at different ages. J. Comp. Neurolog. 29, 511–528. doi: 10.1002/cne.900290504

 Syková, E., Voríšek, I., Antonova, T., Mazel, T., Meyer-Luehmann, M., Jucker, M., et al. (2005). Changes in extracellular space size and geometry in APP23 transgenic mice: a model of Alzheimer's disease. Proc. Natl. Acad. Sci. U.S.A. 102, 479–484. doi: 10.1073/pnas.0408235102

 Takanaga, H., Mackenzie, B., Peng, J. B., and Hediger, M. A. (2005). Characterization of a branched-chain amino-acid transporter SBAT1 (SLC6A15) that is expressed in human brain. Biochem. Biophys. Res. Commun. 337, 892–900. doi: 10.1016/j.bbrc.2005.09.128

 Taslimifar, M., Oparija, L., Verrey, F., Kurtcuoglu, V., Olgac, U., and Makrides, V. (2017). Quantifying the relative contributions of different solute carriers to aggregate substrate transport. Sci. Rep. 7:40628. doi: 10.1038/srep40628

 Thorn, M. (1949). A method for determining the ratio of the Michaelis constants of an enzyme with respect to two substrates. Nature 164, 27–29.

 Tilgmann, C., Melen, K., Lundström, K., Jalanko, A., Julkunen, I., Kalkkinen, N., et al. (1992). Expression of recombinant soluble and membrane-bound catechol O-methyltransferase in eukaryotic cells and identification of the respective enzymes in rat brain. Eur. J. Biochem. 207, 813–821. doi: 10.1111/j.1432-1033.1992.tb17112.x

 Utsunomiya-Tate, N., Endou, H., and Kanai, Y. (1996). Cloning and functional characterization of a system ASC-like Na+-dependent neutral amino acid transporter. J. Biol. Chem. 271, 14883–14890. doi: 10.1074/jbc.271.25.14883

 Verrey, F. (2003). System L: heteromeric exchangers of large, neutral amino acids involved in directional transport. Pflügers Arch. 445, 529–533. doi: 10.1007/s00424-002-0973-z

 Yudkoff, M. (2017). Interactions in the metabolism of glutamate and the branched-chain amino acids and ketoacids in the CNS. Neurochem. Res. 42, 10–18. doi: 10.1007/s11064-016-2057-z

 Yudkoff, M., Daikhin, Y., Grunstein, L., Nissim, I., Stern, J., Pleasure, D., et al. (1996a). Astrocyte leucine metabolism: significance of branched-chain amino acid transamination. J. Neurochem. 66, 378–385.

 Yudkoff, M., Daikhin, Y., Nelson, D., Nissim, I., and Erecinska, M. (1996b). Neuronal metabolism of branched-chain amino acids: flux through the aminotransferase pathway in synaptosomes. J. Neurochem. 66, 2136–2145.

 Zhang, Y., Chen, K., Sloan, S. A., Bennett, M. L., Scholze, A. R., O'Keeffe, S., et al. (2014). An RNA-sequencing transcriptome and splicing database of glia, neurons, and vascular cells of the cerebral cortex. J. Neurosci. 34, 11929–11947. doi: 10.1523/JNEUROSCI.1860-14.2014

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2018 Taslimifar, Buoso, Verrey and Kurtcuoglu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/inline_4.gif
- e AAT.TL.





OPS/images/inline_3.gif
i AAT.CL





OPS/images/inline_6.gif
Ko e ssrcr





OPS/images/inline_5.gif
Ko e ssrcr





OPS/images/math_8.gif
2V
Pl = ZResBATETL (o o) [Napes ([T [CLN — [TLN [CLP + ¢ (11 [Na]'

Kananarz ™ Knaoaraaa™ —e [TLM NP K goxra K ) ®
D = [Na]'sF [Na]Nee (;' [TL+ CLF (([TL + CLN 4 K ¥¥) + & [TL + CLIN( [TL + CLJ™F 4 K...ym.n“’))
+ N Koy gonra 0N Konpoara ™™ [T+ CLISF (¢ 41) + o™ Ky poxramt ™ Kenpoarana™
ITL+ CLN (e 4+ 1)+ Kpposrary ™ Kmgonrs ™ (N1 Kpponran™® + NN Koy porrane™)
QBT 8) g0 (B 8Y)

42 K poara 1™ Ko poara ™ Ko moarane'™ Ko ooarane v






OPS/images/math_9.gif
KmAnTiTt' = Kopabeaatirt’ (14

Knabeantcr’ (14

e,
Sy

e
ra—

©)





OPS/images/inline_2.gif
o AT TL





OPS/images/inline_12.gif





OPS/images/cover.jpg
, frontiers
in Physiology

Functional Polarity of Microvascular
Brain Endothelial Cells Supported
by Neurovascular Unit
Computational Model of Large
Neutral Amino Acid Homeostasis







OPS/images/math_6.gif
Pk = Wmaxtariabire ((TL [CLI — [TL™ [CLT™)
Knnar;r M€ ([TL+ CLIMPEC 4 [TL 4+ CLIF) + (M > ©
Ko 1AL TLSF

+ ‘) (ITL+ CLIMPEC [TL + CLJF)






OPS/images/math_5.gif
PMBEC _ 2VmaxtaTyam 1 ([TL] [CL]™ — [TL7 [CL]T)
£ LA lum = ©)

) .
Kaaryn? ([TL+ CLP + [TL 4+ CLMEC) 4+ (%H) (ITL+ CLP [TL+ CLPEE)

Ko LATLTL






OPS/images/math_7.gif
FISEAst _
LA =

2Vmaxrar2 1L ([TLP" [CLJ™ — [TL]™ [CLI™T)
Kanlaran™
K LAT2 LA

K ar2 1 ([TL + CLISF + [TL + CLJ*) + ( + 1) (ITL+ CLJSF [TL+ CLJA)

@)





OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-09-00171-g005.gif





OPS/images/fphys-09-00171-t001.jpg
Parameters Value Unit. References
Ken,aos aT1,7L 0P 64 1 M Smith et al., 1987
Vinas AT lumTL 0475 0075 wmomin  Smith et al,, 1987; Tigmann et al,, 1992
Ken,abs,Lar1,oLP0SP 37° 52.9° M Smith et al., 1987
Vimas AT um,CL 0085° 0126 wmomin  Smith et al,, 1987; Tigmann et al, 1992
Km,abs,LaT2,L'SFAS) 2949 11024 M Kim et al., 2004
Vimax LAT2,TL. 0.1128 0.1128 wmol/min ‘Shank and Campbell, 1984; Segawa et al., 1999
Kon,abs LaT2,cL ISFAS 163.6° 185.9° uM Kim et al., 2004
Vinax AT2.CL 0.1452° 0.1494° wmolmin  Shank and Gampbell, 1984; Segawa et al., 1999
ISF 5
Kinabs, 80AT2.TL New) NA 1,050 M Bréer et al., 2006
Vimax SOAT2TL NA 0.0086 wmolmin  Rao et al, 1995; Brder et al., 2006
Kin,abs,80AT2.01 ST 123.5° 126.2° M Brder et al., 2006
Vimax BOAT2.CL 00184° 00186° wmolmin  Rao et al, 1995; Brder et al., 2006
K goar2na TN 1,050 1,050 M Tekanaga et al., 2005
av -70 -70 mv Smith et al, 1981
B 06° 06° m Takanaga et al, 2005; Panitchob, 2015
[NaJ'SF 141 141 mM Mori et al., 2002
[NajNev 40 40 mM Fedoroff and Vernadakis, 1986
35 ul Mori et al,, 2002; Licinio and Wong, 2009
3526 w Tigmann et al., 1992; Sykova et al,, 2005
742 ul Ren et al., 1992; Anderova et al., 2011
441.7 wl Ren et al., 1992; Setou et al., 2004; Hosseini-Sharifabad and Nyengaard,
2007

2In this column, TL and CL represent L-tyrosine and L-tyrosine competing LNAAS, respectivel.

®in this column, TL and CL represent L-phenylalanine and L-phenylalanine competing LNAAS, respectively.

©The kinetic parameters for the mixture of L-tyrosine and L-phenylaianine compeing LNAAS are calculated based on Equation 10 (Supplementary Tabe 1).

9The kinetic parameters are calculated based on Michaslis-Menten equation.

°Estimated based on data by Takanaga et al. (2005), Figure 7D. NA (not applicable) specifies the large neutral amino acid was not reported to be a substrate for the transporter. For
calculation of Vimax values, the total rat brain weight, volume and protein content are considered 1.81g (Stewart, 1918), 1,737 l (Tigmann et al., 1992) and 105 mg protein/g brain
(Banay-Schwartz et al,, 1992), respectively.





OPS/images/fphys-09-00171-g003.gif





OPS/images/fphys-09-00171-g004.gif





OPS/images/inline_11.gif
[TL},





OPS/images/inline_1.gif
£
T





OPS/images/inline_10.gif
dCL} _






OPS/images/math_2.gif
=
AT o (e — el ). )

a vo (Far AT





OPS/images/math_13.gif
d[TL]® i
LT _ function (ITLF [OLI', Vi, Kaasrin Kenasrct'

Vinax AAT TLs Vimax AAT.CL, RK1AT1 REpaT1)  (13)






OPS/images/math_4.gif
AL ™
= v @





OPS/images/math_3.gif
N T
dAITL™ _ fhoxsy o





OPS/images/fphys-09-00171-g001.gif
Mourovescular unlt (NVU)

Braim st id

Totocytes Nourons.

L
oo Microvascular

o) endotellcalls






OPS/images/math_10.gif
T R

Kb
V....,Mm:):"(i‘[‘c“,"‘),
o Remanty (10)
i pREYCH|
KmabsAATCL = -

T )’





OPS/images/fphys-09-00171-g002.gif





OPS/images/math_12.gif
Vimax1AT1abl = RELATI Vimax LAT1lum»

(12)





OPS/images/math_11.gif





OPS/images/inline_8.gif
d[cLf

dt





OPS/images/inline_7.gif
4717

(S





OPS/images/math_1.gif
(Gl [





OPS/images/inline_9.gif
dTL} _






