Determinants of brain cell metabolic phenotypes and energy substrate utilization unraveled with a modeling approach
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Supporting Information

Text S2. Model robustness

Effect of mitochondrial NADH shuttle vs. PDH parameters

The mitochondrial malate-aspartate shuttle has been shown to be mainly active in neurons 
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[1,2,3,4]
 and a recent study 5[]
 shows that the total amount of active PDH is also higher in these cells as compared to astrocytes. We thus wanted to investigate how these two processes contribute to oxidative phosphorylation and may modulate it.

As shown in Fig. S1, an increase in the mitochondrial shuttling rate yields an increase in oxidative phosphorylation (which we assume proportional to JPDH). Interestingly, small changes in the mitochondrial shuttling rate induce a greater oxidative response than small changes in the total amount of active PDH (proportional to vmax,PDH). However, the effect due to an increase in mitochondrial shuttle also saturates faster. It therefore appears that modulating the mitochondrial shuttling rate is an efficient means to increase oxidative phosphorylation upon high demand, while modulating the total amount of active PDH determines the maximal oxidative capacity of the cell (i.e. the saturation level of JPDH when changing the mitochondrial shuttling rate). This suggests that oxidative cells should have higher levels of active PDH than their glycolytic counterparts, as was indeed recently observed 5[]
.

Lactate export at rest – lactate consumption upon activation

In this section, we report a scenario where a cell can be a lactate producer at rest, and consume lactate upon activation (Fig. S2A), even if glycolysis is enhanced (Fig.  S2B). In the basal state, vmax,glyco was enhanced (+30%), while vmax,PDH and kshuttle were reduced compared to the oxidative cell model presented in Fig. 2A (-40% in both cases). Hence, such a scenario would be consistent with a cell exhibiting NALS at rest and ANLS upon stimulation. It remains to be determined however if such cells do exist, how abundant they are and in which type of cognitive processes (e.g. sensori-motor) they are engaged.

Effect of intracellular and extracellular pH values

It is well known that cellular membranes of biological systems exhibit a gradient of proton concentration and that it is important for neuronal excitability 
 ADDIN EN.CITE 
[6,7]
. In fact, one should consider the transmembrane difference of H+ ions electrochemical potential; this electrochemical potential is defined as  
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 is the  standard chemical potential of H+ ions, R the Gas constant, T the absolute temperature, V the electric potential, and F the Faraday constant. A straightforward calculation shows that H+ ions tend to enter the cell if an only if 
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 is the membrane potential expressed in mV, 
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 are intracellular and extracellular pH respectively. At steady state, this passive transport is balanced by active transport mechanisms.

In the brain, several studies have investigated the pH at rest and under stimulated conditions. Extracellular pH was found to be on average around 7.3 6[]
, while intracellular pH was generally more acid, close to 7.0. Indeed, in vitro studies reported an astrocytic and neuronal pH of 6.98-7.24 
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[8,9,10]
 and 6.93-7.07 
 ADDIN EN.CITE 
[11,12]
, respectively. Upon stimulation, studies in cultured hippocampal neurons have revealed that depolarization induces intracellularly a transient acid response followed by a large alkaline shift 11[]
. Interestingly, at the extracellular level, the pH response in hippocampal CA1 area upon neuronal activity consisted in an initial alkalinization, followed by a slower acidification 13[]
, both in vivo and in vitro. The observed transient alkalinization could be related to the dip in extracellular lactate observed by Hu and Wilson 14[]
. Of interest too, Xiong and Stringer 13[]
 showed that blocking glial depolarization with barium increased the initial alkalinization “dip” in both CA1 and dentate gyrus, suggesting that glial cells contribute to the acidification of the extracellular medium, e.g. by the release of lactate. Moreover, depolarization-induced alkalinization of neurons 11[]
, and acidification of the extracellular medium 13[]
 could further favour the import of lactate by neurons  during e.g. prolonged neuronal activity. Lactate could therefore sustain neuronal energetic needs, as long as the lactate-transport-induced neuronal acidification does not counter-balance the depolarization-induced neuronal alkalinization (note that neuronal acidification could be slowed down by acid/base transporters 15[]
 or by the cytosolic protons being massively consumed by the mitochondria to synthesize ATP). On the astrocytic side, it has also been shown that glutamate transport diminishes cytosolic and mitochondrial pH, hence reducing ATP production due to the quasi-absence of a proton gradient between the mitochondria and cytosol, and favouring the release of the produced lactate, since the cytosolic pH dropped to 7.2 16[]
, below extracellular pH 6[]
.

In the following, we investigated how the changes in pH affect the transport and metabolic fluxes within our model. From a thermodynamical perspective, it appears that pH changes need to be considered when investigating the directionality of lactate transport. Indeed, the latter will depend on the electrochemical gradient of lactate (L) and H+ ions. If we consider the electrochemical potential 
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 are the  standard chemical potentials, V the electric potential, as above. Since the lactate ion has only one elementary negative charge, 
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, it follows that
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Hence, the direction of the net transport of lactate by the MCTs is determined by the product [L].[H+], where both terms are important. 
In order to test the effect of pH within our modeling framework, we performed simulations on

an oxidative cell for which the extracellular pH was kept constant while the intracellular pH was varied (as a mean to vary the proton gradient). However, modeling precisely the effects of cytosolic pH (
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) on LDH kinetics has not yet been achieved to our knowledge 17[]
; in fact, it is a very complex problem since pH variations can  alter enzyme kinetics at every intermediary step. We chose to take into account the effect of 
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 by modifying the apparent equilibrium constant, 
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 being expressed in mM). This change takes into account the thermodynamic constraints, since the equilibrium constant 
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, from which Ido et al. derived the apparent constant 
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 19[]
. Furthermore, we verified that altering individual kinetic rates, whenever the thermodynamic constraint is fulfilled, only slightly modifies the results. This latter observation is consistent with the experimental data reported by Vinnakota et al. 20[]
, which show that the apparent maximum velocity (in the reverse direction) of this reaction would be proportional to 
[image: image26.wmf]; thus, decreasing 
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 to 6.7 or increasing 
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 to 7.4 would result in modifications of the maximum velocity of about 5%. In summary, we can confidently assume that the main effect of altering 
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 on LDH kinetics is the modification of the apparent equilibrium constant, at least in the studied domain.

As can be seen in Fig. S3, glycolysis (Jglyco) was pH-independent as expected. Lactate transport (JMCT) was however pH-dependent, and increased with the proton gradient. Interestingly, lactate import occurred even when the proton gradient was highly unfavorable (pHi-pHe<-0.3). It is also important to note that if upon stimulation the difference pHi-pHe increases, as suggested by 
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[11,13]
, it should increase both transport and oxidative phosphorylation (JPDH) according to our model. Close to saturation (pHi-pHe>0.42), the levels of lactate increased above 1.65mM and hence, the results were no longer considered to be physiologically relevant. For pHi-pHe<-0.45, lactate levels were below 0.35mM, hence not satisfying our physiological constraints either (note that intracellular lactate concentrations in this region were within the range of [0.23;0.35[mM). Between these points (non-shaded area), lactate levels lied between 0.35-1.52mM, pyruvate levels between 0.015-0.24mM, Li/P between 6.5-24.4 and NADH/NAD+ between 0.0019-0.0031.

Effect of LDH parameters

We wanted to investigate the robustness of the model to changes in LDH-related parameters, since these were kept constant for our simulations reported in the main text. In that case, we considered an LDH concentration of the order of the mM, corresponding to about 35g/L (LDH molecular weight was taken as ~35000Da). This high concentration of LDH is most probably not uniform, but found locally in the cell, in regions where the protein might be confined. This is in agreement with the idea of “enzyme organization”: cells are not homogeneous entities containing metabolites and enzymes but rather, enzymes are (i) confined to organelles, (ii) bound to membranes, (iii) bound to the cytoskeleton or (iv) associated to other proteins for metabolic channeling (Metabolic Channeling in Organized Enzyme Systems: Experiments and Models in 21[]
). Therefore, though measured in vitro enzyme concentrations are often of the order of the (M for metabolite concentrations of the order of the mM, in vivo enzyme concentrations might actually be of the order of the mM locally, just like metabolite concentrations.

However, it is not yet clear if “enzyme organization” indeed applies to the LDH or if it is distributed (more or less) uniformly in the cell. In muscle, some data suggest that the LDH might be localized in “subcellular particulate fractions” 22[]
. Although it has been suggested that LDH could be situated in the matrix of the muscle mitochondria, there is no consensus about this point (for a review, see 23[]
). Several authors suggested that muscle LDH is localized in the mitochondria intermembrane space, and even can be attached to the inner membrane 
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[23,24]
. However, no clear evidence has yet been found in the brain to our knowledge. Since in vitro studies report the maximal rate normalized per mg protein and that, to our knowledge, in vivo measurements of the LDH pool have not been reported, we considered in our simulations several pools of total LDH, ranging from 0.32(M to 320mM. In Fig. S4A, we see that despite changing the total amount of LDH by a factor ~1.6x105 (within the physiological non-shaded curves), the mitochondrial flux JPDH and lactate transport only vary by a factor 1.2 and 1.5, respectively, showing great robustness. The glycolytic rate is unaffected by the amount of the LDH pool.

Importantly too, as we see in Fig. S4B, the model responds very similarly upon activation at low concentrations of LDH ([LDH]total = 0.064mM, compared with Fig. 2A of the main text where [LDH]total = 3.2mM). Thus, although the value of the in vivo LDH concentration remains debated, our study shows that at steady state, the cell responds in a very similar fashion upon activation, almost independently of the total LDH pool. The LDH concentration, as well as the distribution of LDH isoforms, could however play an important role during transient responses, when the system is not at steady state.

Effect of MCT parameters and alternative equation for MCT transport

In our simulations, lactate transport by the MCTs was modeled according to 25[]
:
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The initial purpose of our study was to investigate which metabolic parameters are key to determine the direction of the lactate flux. It did not aim at predicting exact stationary metabolite concentrations or reproduce measured cerebral metabolic rates. Rather, given a cell with both oxidative and glycolytic capacity, we investigated which conditions drive it rather towards one metabolic behavior or the other. Thus, for simplicity, we used the MCT description provided by 25[]
.

Still, considering that later studies have proposed a more complex transport model 
 ADDIN EN.CITE 
[26,27]
, we also tested whether our results still hold when using the more complex lactate transport equation:
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As can be seen in Fig. S5, the oxidative and glycolytic cell types were robust to the transport equation that was used (in these simulations, we used the values reported in 26[]
 for the transport-related parameters, and we adjusted vmax,MCT to ensure that the ratio 
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 in the oxidative cell). Note that this equation yields a similar trend of net lactate transport as a function of intracellular lactate compared to the equation we used 25[]
. However, it is important to point out that the study by Simpson et al. 26[]
 does not consider the proton gradient, since pH is considered to be the same intra- and extracellularly. Importantly, in section Effect of intracellular and extracellular pH values of this supplement, we have recalled that the direction of the net transport of lactate by the MCTs is actually determined by the product [L].[H+] and hence, the proton gradient should not be neglected. Such an observation certainly explains at least in part the divergent conclusion reached by Simpson et al. 26[]
 concerning the direction of lactate flux in each cell type. In summary, (i) the choice of the kinetic equation for MCTs, namely from 25[]
 or 26[]
, does not alter our main conclusions about the direction of lactate transport; (ii) however, taking into account the pH transmembrane gradient, which is achieved in 25[]
 but not in 26[]
, is highly recommendable for modeling lactate transport, due to thermodynamic constraints.
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