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Supplemental Material S1 - Two-cell type model  

Model equations and assumptions 
In the face of substrate kinetics brain tissue was considered to be effectively 
composed of two cell types, neurons and astrocytes, which are supplied with 
glucose by the local blood flow (Fig. 2a). The volume fraction of astrocytes of 
the total cellular volume was taken as ra = 0.36 according to Mangia et al. 
JCBFM 2011 1. Brain tissue was supplied by Cp = 4.4 mM glucose (average 
value of plasma glucose under propofol anesthesia for n=15 animals). All 
concentrations used in this model are in relation to tissue volume. Glucose 
and lactate can enter and leave a volume of tissue. The amounts of glucose 
and lactate that enter brain tissue per time are given as fractions of CP: K1CP 
for glucose and kPLCP for lactate. Within the tissue they can have several 
forms or compartments, while the model accounts for mass-conservation 
during transitions between the compartments: 

- Extracellular glucose, CE, considered in equilibrium with free 
intracellular glucose 2 

- Intracellular metabolized glucose, CaM and CnM for astrocytes and 
neurons respectively. In both cell types, metabolized glucose represents the 
precursor pool for either oxidative ATP production in the TCA cycle, or 
lactate or glycogen production. 

- Intracellular glycogen in astrocytes: CG 
- Intracellular ATP concentrations (CaATP and CnATP) the fate of glucose 

would be CO2 in this case) 
- Extracellular lactate, CL, given that 2 molecules of lactate are produced 

per molecule of glucose. 
All steps in glucose metabolism, from transport through the blood-brain barrier 
to complete oxidative phosphorylation are assumed to follow first-order 
kinetics, characterized by constants k: 



- K1 and k2 quantify the transport rate of glucose from blood to brain and 
from brain to blood respectively 

- k3 is the rate constant for phosphorylation of brain glucose by 
hexokinase. The astrocyte:neuron volume ratio determines the respective 
rate constants for astrocytes and neurons ka3 and kn3: k3 = ra ka3 + (1-ra) kn3. 

- kaOXY and knOXY are the rate constants for the full oxidation of 
metabolized glucose by mitochondria in astrocytes and neurons 
respectively. 

- all intermediary steps in glucose metabolism from compartment U to 
compartment V are characterized by the rate constant kaUV and knUV for 
astrocytes and neurons respectively. 

Accordingly, the concentration changes for each compartment are given by 
the following time-dependent equations: 
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with LaATP and LnATP referring to the loss of ATP, i.e. energy demand, in 
astrocytes and neurons respectively. 

Steady state 
In the absence of CSD or other activation, glucose metabolism is in steady 
state, i.e. concentrations do not change with time. CE,0 and CL,0 were 
measured by rsMD and K1,0, k2,0 and k3,0 were calculated from a 90-minute 
FDG PET scan in propofol anesthetized rats that were subjected to the same 
surgical procedures and where a cotton ball soaked in NaCl was applied for 
70 minutes, causing no CSD waves (as verified by LSF). This sham 
experiment yielded K1,0=0.072 ml/ml/min, k2,0= 0.086 min-1, and k3,0=0.143 



min-1. Note that consistency between PET and rsMD was verified since CE 
measured by rsMD was related to the plasma glucose level by  
CE,0 = K1,0/(k2,0 + k3,0)CP. 
All other tissue concentrations were found in earlier reports3 and intracellular 
concentrations for astrocytes and neurons were calculated given the 
neuron:astrocyte volume ratio according to: 

(8) 
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Resulting concentrations are summarized in Supplementary Table S1. During 
baseline steady state conditions we assumed the following: 

- astrocytes and neurons have the same capacity to fully oxidize 
glucose, i.e. kaOXY,0 = knOXY,0 = kOXY,0 4 

- there is neither synthesis nor production of glycogen: kMG,0 = kGM,0 = 0 
- there is a small amount of lactate transported from  blood-stream to the 

brain: kPL,0
5 

- 100% of the lactate transported from blood into the brain are 
metabolized by neurons (knLM,0CL,0=kPL,0CP) 

- there is no consumption of lactate by astrocytes: kaLM,0 = 0 
- the production rate of lactate is given by the fraction of energy 

production that is used for maintaining membrane resting potential, Pe,0, and 
therefore knML,0=Pe,0kn3,0CE,0/CnM,0 and kaML,0=Pe,0ka3,0CE,0/CaM,0. According to 
Attwell and Laughlin, Pe,0 ~10 % of the total energy metabolism in grey 
matter of rats6. 

- consistent with a small net production of lactate the amount of lactate 
transported from blood to brain is 90% of the total amount of lactate 
produced by astrocytes and neurons: kPL,0CP=0.9 (knML,0CnM,0+ 
kaML,0CaM,0)=0.9 Pe,0 (kn3,0+ ka3,0) CE,0 

- and that all of the lactate produced by astrocytes and neurons is 
removed: kLP,0CL,0= Pe,0 (kn3,0+ ka3,0) CE,0 

Thus all baseline steady state rate constants can be determined from the 
concentrations CP, CE,0, CL,0, CaM,0, CnM,0 and the glucose rate constants K1,0, 
k2,0, ka3,0, and kn3,0 given the above assumptions and setting equations 1-4 to 
zero: 
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Resulting rate constants at steady state are summarized in Supplementary 
Table S2. 

Response to energy challenge 
Any changes in energy demand, i.e. any increases (or decreases) in the 
terms LaATP and LnATP in Eq. 6,7 will modify neuronal and astrocytic ATP 
concentrations. To respond to these changes, the rate constants must be 
adjusted, i.e. the rate constants are functions of CnATP and CaATP. We assume 
that the rate constants react to changes in ATP concentration in an 
exponential form because (1) it leads to stronger reactions in cases of very 
low ATP, i.e. critical ATP concentrations, (2) rate constants are not zero even 
at high concentrations of ATP, i.e. fluxes are never turned-off completely, and 
(3) for small changes of ATP concentration, the reaction linearly depends on 
ATP concentrations.  
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with indices 0 referring to the steady state values, and indices x referring to 
either astrocytes or neurons. We further assume that the ratio of inward and 
outward transport of glucose through the blood-brain barrier is kept constant, 
i.e. K1/k2= K1,0/k2,0, and that K1 cannot exceed a maximum value K1,max = 0.11 
mL/mL/min7. 



Furthermore, there is active removal of lactate to the blood, i.e. kLP is a 
function of CL: 
 

(23) 
 
Furthermore, lactate is taken-up by cells if the extracellular lactate level is 
elevated by more than 80% at stimulation. If turned on, this process continues 
until lactate returns to levels that only differ by <5% from normal levels. 
 

(24) 
 
Finally, breakdown of glycogen is given by 
 

(25) 
 
and reduction of glycogen content causes re-synthesis of glycogen4: 
 

(26) 
 
All reaction factors, f, were determined by fitting the model output for CE, CL 
and FDG uptake to the experimental data (rsMD and PET). (See 
Supplementary Table S3) 
Given these f factors, the rate constants (k’s) as functions of ATP 
concentration can be fully determined (see Supplementary Fig. S1). 

Cellular membrane potential 
Under normal conditions, all cells, including neurons and astrocytes, have an 
electrical potential difference across their membranes due to different intra- 
and extracellular ion concentrations established by energy demanding ion 
pumps. Neuronal firing causes short reductions of this polarization, which is 
re-established by increased activation of the ion pumps. Even in resting state, 
there is some neuronal activity and accordingly a certain fraction of cells has a 
decreased membrane potential. The total electrical potential energy in a 
volume of tissue is therefore slightly lower than the cell number in this volume 
times the resting potential energy. Increased activity changes the total 
polarization (or electrical potential energy). In order to describe the 
polarization status of ambient cells we assume that cells can only have two 
states: polarized and depolarized. The change in fractional number of 
polarized cells is then given by: 
 



 
(27) 

 
with np (nnp) is the fraction of (non-)polarized cells per volume. np can be either 
astrocytes or neurons with na,p + na,np = ra and nn,p + nn,np = (1−ra). In steady 
state, the number of cells that are polarized is then: 
 

(28) 
 

(29) 
 
With τr = 1.4 min and τd = 33 min, np,0 = 0.96. If the number of polarized 
cells is changed by an event like a spreading depression at t = 0, the solution 
of Eq. 27 describes how the number of polarized cells evolves with time: 

(30) 
 
where np(t = 0) is the number of polarized cells (astrocytes or neurons) at time 
zero after the event. Eq. 30 applies to astrocytes and neurons. 
Energy metabolism for cell polarization per volume of tissue per time is 
proportional to the number of cells being polarized per time: 

(31) 
 

In steady state this is: 
(32) 

 
We assume that the total energy metabolism per volume tissue and unit time 
can be divided into three parts, the electronic polarization energy Pe, an 
energy attributed to those processes that are shut down for a certain time 
after CSD Px, and the rest Pbg. We normalize the energy, such that 
Pe,0+Px,0+Pbg =1. E0 in Eq. 31, 32 is then 

(33) 
 
From our data we propose the steady state energy contributions Pe,0 = 0.09 
(Attwell and Laughlin 2001: 13% of total signaling energy, which is 75% of 
total cellular energy metabolism: ~10%6), Px,0 = 0.23 (from the single SD FDG 
data), and Pbg = 0.68 accordingly. 



Energy demand during CSD 
Cortical spreading depression (CSD) causes an instant depolarization of all 
ambient cells (np = 0). It has further been shown that some cellular processes 
are shut down for a certain time after CSD (Px = 0). We name the fraction of 
cells with Px = 0 quiet cells, nq. There are four groups of cells for astrocytes 
and neurons: 1. polarized and non-quiet np,nq, 2. non-polarized and quiet nnp,q, 
3. polarized and quiet np,q , and 4. non-polarized and non-quiet nnp,nq. 
We assume that the number of quiet cells after CSD is determined by the 
following equation: 
 

(34) 
 
when a CSD occurred at time tCSD. This yields 
 

(35) 
 
Eq. 34 and 35 apply to neurons and astrocytes and have been constructed to 
have the following features: after being silenced from a CSD, cells remain 
quiet for a time tq. Around time tq after CSD cells return from quiet to non-quiet 
state. qex determines the time scale for this transition. We set tq = 55 min 
(duration of negative slope in the FDG curve (ipsilateral-contralateral) after 
single CSD) and qex = 12 (see Supplementary Fig. S2).  
We assume that only polarized cells are influenced by a CSD. A CSD instantly 
depolarizes and silences all polarized cells. Non-polarized cells are not 
affected by the CSD. Since the time for the transition from quiet to non-quiet 
state depends on the time when these cells have been depolarized, cells have 
to be assigned to a certain CSD. At the time point the ith CSD hits the cells, 
the cell numbers are reorganized for astrocytes and neurons in the following 
way: 

(36) 
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The cell numbers then change in time according to Eq. 27, 30, 34, and 35. 
The total cell numbers after i CSDs are then given by: 
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for astrocytes and neurons. For calculation of the energy metabolism, cell 
numbers are regrouped into polarized np, non-polarized nnp, quiet nq and non-
quiet nnq cells by: 

(43) 
(44) 
(45) 
(46) 

Now we can calculate the impact of a CSD on local energy metabolism, which 
is altered in two ways: 1. by increasing the number of non-polarized cells the 
energy for electronic polarization is elevated (Eq. 31), 2. by silencing the 
fraction Px of the normal energy metabolism (Supplementary Fig. S2). Energy 
metabolism at time t is then given by: 

(47) 
with 

(48) 
 

(49) 
In order to ensure that energy metabolism cannot exceed the available 
amount of energy in terms of ATP, the polarization times τr are functions of 
the ATP concentration. Since ATP levels in astrocytes and neurons can differ 
after neuronal activation, the polarization times for astrocytes and neurons 
can be different: 

(50) 
 

(51) 
 



At low levels of ATP it takes longer to polarize the cells. Inserting Eq. 50 and 
51 into Eq. 48, the power of the ion pumps, Pe, is proportional to ATP 
concentration. In the absence of ATP, ion pumps do not work (Pe=0). 
The timings of energy challenges caused by the CSD waves were determined 
by LSI imaging and served as input to the model. 
 

Supplementary Material S2 – Comparison of model output with 
experimental data 

Theoretical model and rsMD data 
Our multimodal experimental setup enables us to measure CE,MD and CL,MD 
(by rsMD), and FDG uptake (by PET) at all times. 
However, rsMD glucose and lactate concentrations are extracellular 
concentrations modified by MD sampling recovery and by dispersion along 
the connection tubing. If we assume a steady recovery during the whole 
procedure, then rsMD concentration changes are equal to extracellular 
concentration changes (Fig. 1b-c-d). We determined the dispersion effect of 
the tubing by in vitro experiments using the same setup and applied 
dispersion and recovery to model-derived extracellular glucose and lactate 
concentrations for comparison with the measured data in the following way: 
Recovery: 
 

(52) 
 

(53) 
 
tMD is the time for a volume element to propagate along the membrane of the 
micro dialysis (given by the flow rate and membrane volume), and therefore 
the time available for molecules to diffuse in and out of the membrane. Here, 
for the microdialysis probe MAB 6.14.2 perfused at 1.6μL/min, tMD=0.35min. 
kMD is the effective diffusion coefficient for lactate and glucose through tissue, 
membrane and dialysate. kMD was determined in vivo using Eq. 53 in steady 
state and stopping dialysate flow for three minutes to obtain CEC, yielding kMD 
= 0.14 min−1. 
Dispersion: 
Dispersion through tubing from MD membrane to rsMD measurement is 
described by the following equation: 

(54) 
 
We chose an exponential dispersion function. Mass conservation requires the 
integral over the dispersion function to be equal to 1 yielding 



 
(55) 

 
The measured concentrations are then related to the concentrations of the 
dialysate at the MD probe by: 
 

(56) 
 

(57) 
 
The CrsMD curves calculated from the extracellular lactate and glucose 
concentrations using Eq. 52, 53, 56, and 57 can be compared with measured 
rsMD data. We used the following parameters for dispersion τ = 11 min (time 
delay due to tubing), and kdisp = 0.5 min−1. kdisp was determined from in vitro 
recovery experiments, performed before the animal experiment: the MD probe 
was put in 5 mM and we measured rsMD with the same tubing as during 
animal experiments. 

Theoretical model and FDG-PET data 
FDG is analogue to glucose but it is trapped in the cells after being phos- 
phorylated to FDG-6-phosphate. The glucose transporters and the hexokinase 
have different efficiencies for transporting and phosphorylating FDG 
compared to glucose. These differences are universal and have been 
measured by Haselbalch et al.8,9: L1 = K1

∗/K1 = 1.48 and L3 = k3
∗/k3 = 0.38. 

Given the rate constants K1
∗, k2

∗, and k3
∗, and the input function of FDG CP

∗(t), 
the uptake of FDG in tissue at time t+∆t after tracer injection is given by: 
 

(58) 
(59) 

 
 (60) 

with CT
∗(0)=CE

∗(0)=CM
∗(0)=0. As input function CP

∗(t) we used an average 
from directly measured input function in rats that were injected in the same 
way10. Since all data are normalized by the contralateral hemisphere, the 
absolute scaling of the input function is not influencing the comparison of 
model output and measured data.  
Given the rate constants K1, k2, and k3 for glucose as a function of time from 
the output of the model, the rate constants for FDG as a function of time are 
K1

∗ = L1K1, k2
∗ = L1k2, and k3

∗ = L3k3. FDG uptake can then be calculated 
using Eq. 58, 59, and 60 with sufficiently small time intervals ∆t to assume 



constant rate constants during each time interval. This calculated FDG uptake 
curve was used to compare model output with measured FDG data. 

Time of CSD occurrence 
Number of CSDs and time intervals between consecutive CSDs were 
determined from LSI imaging, where CSDs can be detected as hyperemic 
waves at a temporal resolution of < 1s. To compare data from multiple CSDs 
with the model, time intervals from the seven animals in multiple-CSD-group 
were averaged (Fig. 1c). 

Supplementary Material S3 - Energy metabolism during CSD 
During CSD all ambient cells – astrocytes and neurons – are depolarized and 
the following repolarization causes an increase in energy metabolism and a 
related increase in CBF7,11,12. After repolarization, CBF drops below baseline 
and oligemia persists for a period of  ~1 hour (Fig. 1d)12,13 while extracellular 
glucose remains significantly decreased (Fig. 1d)14. During this time we 
observe a decreased uptake of FDG: the difference to the control hemisphere 
gradually disappears (Fig. 1, d). Low extracellular glucose levels and 
subnormal uptake of FDG are consistent with decreased energy metabolism 
(Fig. 1b). Thus, it seems that certain energy demanding cellular processes (Px 
in our model) are impaired for ~1 hour after a single CSD (Supplementary Fig. 
S3). This may seem counter-intuitive, but previous experimental data do 
support this finding. The autoradiograms of Shinohara et al.11 also show 
slightly reduced 14C-deoxyglucose uptake during this period in conscious 
rats. Guiou et al. 15 observed significantly reduced integrated response to 
somatosensory evoked potential in enflurane anesthetized rats up to 60 
minutes post CSD, suggesting that some energy demanding processes are 
indeed silenced for so long. This is however in contradiction to Piilgaard et 
al.12, who observed an increased oxygen consumption rate during this phase 
in alpha-chloralose anesthetized rats. Furthermore, Lauritzen and Diemer16 
report no significant differences in CMRglc between ipsi- and contralateral 
hemisphere in halothane anesthetized rats when the tracer was injected 
fifteen minutes after the CSD had traversed the cortex. However, as 
discussed by Backes et al.10 preservation of CMRglc at decreased 
unidirectional influx of glucose (due to a reduction of blood flow) leads to an 
increase in net deoxyglucose uptake synonymous to changes in the lumped 
constant. Preserved deoxyglucose uptake would then be consistent with 
reduced CMRglc. 

Supplementary Material S4 – Perturbation of steady state 
concentrations 
In order to test robustness of the model each substrate concentration was set 
to its double steady state value at time 0. Running the model, the time until 
the system returned to steady state was determined (time t when |C(t)-
C0|/C0<0.01). Times are listed in Supplementary Table S4.  
Note that the time scale to refill glycogen is very long but of the same order of 
magnitude as measured by Krivanek (J Neurochemistry, 1958)17.  



This shows that, even with drastic variations in concentrations, the model 
converges to steady state conditions within a reasonable time, indicating 
robustness.  

Supplementary Material S5 – Brain metabolism under propofol 
anesthesia 
We chose propofol as anesthetic agent because in comparison to other 
anesthetic agents metabolism under propofol is not so different from the 
awake state.  
Matsumura et al.18 compared glucose metabolism in rats under different 
anesthetic agents and in the awake state. Propofol anesthesia clearly shows 
the most similar (though reduced) distribution of glucose metabolism in 
comparison to the awake state.  
In our lab, we monitored changes in blood flow in rats when switching from 
isoflurane to propofol anesthesia19 and saw a reduction of baseline CBF 
under propofol. This difference in baseline CBF from propofol to isoflurane 
was in the same order of magnitude as that measured from unanesthetized to 
isoflurane20.  
Oshima et al.21 analyzed blood flow and CMRO2 under propofol in humans 
and stated: “…normal cerebral circulation and metabolism are maintained.” 
We therefore concluded that CMRglu, CBF and CMRO2 in the awake state 
were comparable to our conditions under propofol.  
Ori et al.22 found: “Propofol, at all the doses tested, did not alter the 
concentrations of adenine nucleotides, phosphocreatine, lactate, pyruvate, or 
glucose in normoxic rats.” 
 

Supplementary Material S6 – Variation of volume ratio 
For our model we assumed that (1) the metabolically active cells can be 
effectively divided into two groups: astrocytes and neurons and (2) that under 
baseline conditions astrocytes contribute 36% to the tissue volume covered 
by metabolically active cells and neurons 64% (ra=0.36). Since this value is 
not well substantiated with measured data, we re-calculated the model with 
ra=0.2 and ra=0.7. Results of substrate concentrations after CSD in 
comparison to the case of ra=0.36 are shown in Supplementary Figure S4. 
Although the values of 0.2 and 0.7 span a wide range there is only small 
variations in the total metabolic response to CSD, which is presumably due to 
the fact that during CSD all cells are depolarized and require energy for 
repolarization. But there are clear differences in the contributions of each cell 
type to overall metabolic response.  



Supplementary Figures 

Supplementary Figure S1  

 
Rate constants as functions of cellular ATP levels. 



Supplementary Figure S2 
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Fractional cell numbers as function of time after single CSD. 



Supplementary Figure S3  

 
Energy metabolism after single CSD in fractions baseline energy metabolism. 



Supplementary Figure S4 

 

Substrate concentrations in response to CSD as output from the model for 
different values of the astrocytic volume ratios ra. A, B show model results in 
comparison to the measured data (see main text). C, D show results for CG, 
CM, CATP. The different colors indicate different values of ra and the line type 
(solid, long dashed, short dashed) the cell type.  



Supplementary Tables 

Supplementary Table S1 – Steady state concentrations 
Substance Fraction of CP [mM ] Reference 

CP 1.000 4.4 [1] 
CE 0.315 1.39 [1,2]  
CL 0.050 2×0.22 [1,3]  
CG 0.640 2.8 [4]  
CnM 0.150 0.66 [4]  
CaM 0.085 0.37 [4]  
CnATP 0.358 1.58 [4]  
CaATP 0.202 0.89 [4]  

[1] Measurements in n=15 animals included in the study (for plasma glucose) 
or in sham animal (extracellular concentrations), [2] Di Nuzzo et al. (2010)23, 
[3] Cloutier et al. (2009)24, [4] Hawkins et al. (1973)3. 
 

Supplementary Table S2 – Steady state rate constants 
Rate constant Value Units 

K1,0 0.072 ml/ml/min 
k2,0 0.086 min-1 
kn3,0 0.092 min-1 
ka3,0 0.051 min-1 
knOXY,0 0.174 min-1 
kaOXY,0 0.174 min-1 
knML,0 0.017 min-1 
kaML,0 0.017 min-1 
knLM,0 0.072 min-1 
kaLM,0 0 min-1 
kLP,0 0.081 min-1 

kPL,0 0.004 min-1 

 
 
 
 



Supplementary Table S3 – Parameters that control the response to 
changes in cellular ATP levels 
K1,max 0.11 mL/mL/min 
f1 9.00 
f3 2.50 
fOXY 0.50 
fnLM 0.47 
faLM 0.00 
fGM 0.40 

 

Supplementary Table S4 – Time to reach steady state conditions 
 
Perturbed concentration  Time to return to steady 

state [min] 
CE 10.78 
CL 11.90 
CaM 10.22 
CnM 62.43  
CaATP 16.84  
CnATP 7.55 
CG 160 

See Supplementary Material S4 for description. 
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