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Synopsis 
Keywords: Microstructure, Diffusion Modeling, Advanced diffusion encoding 

Motivation: Understand the sensitivity of diffusion MRI to microstructure and function of living neural tissue.  

Goal(s): Determine dominant exchange pathways and whether they are active or passive. 

Approach: Realtime MR hydrophysiology was used to study steady-state water exchange and diffusion in live ex vivo neural tissue. 

Results: Water exchange is not active per se but is linked to tonicity maintained by active transport. Tonicity modulates the apparent exchange rate between fast 
transmembrane and slow intracellular pathways. The transmembrane pathway has a high activation energy and does not require ions, suggesting it is not 
through channels or cotransporters but is likely through lipid bilayers. 

Impact: A multisite exchange mechanism involving passive transmembrane and geometric pathways can explain connections to activity. Most of the transmembrane water 
exchange occurs through lipid bilayers in gray matter. This knowledge should inform the development of novel quantitative MRI biomarkers. 

 

Introduction 
Recent MR studies found significant water exchange in gray matter on 1–100 ms timescales.  Some studies report that water actively cycles with ions 
through the Na+/K+–ATPase and downstream transporters, suggesting that water exchange is a potential biomarker for cellular metabolism and activity.  But 
validation is challenging because no other method can provide the ground truth. We addressed this issue by developing MR hydrophysiology to understand the role of 
steady-state water exchange in water homeostasis in vivo.
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 Here we perform drug, osmotic, ionic, and temperature perturbations to test the importance of various 
pathways for water exchange. 
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Methods 
Ex vivo spinal cord samples were dissected from P1–P4 neonatal mice. Measurements were performed at 13.79 MHz with a low-field single-sided magnet 
(NMR MOUSE, Magritek)  and custom-built solenoid RF coil.12  Diffusion was encoded in the y-direction (perpendicular to the cord) on sub-micron lengthscales (defined by 
the dephasing length lg = (D0/g)1/3 ≈ 800 nm) and sub-millisecond timescales with spin echoes under a large static gradient (SG) g = 15.3 T/m.  Apparent diffusion 
coefficients in the y-direction were measured with 3 b-values varied from 0.096 to 1.5 ms/µm2 and are presented as percent change from baseline (∆ADCy). 
Apparent exchange rates (k) were measured with two diffusion encodings separated by a mixing time following the diffusion exchange ratio (DEXR) method with 
b1 + b2 = 4.5 ms/µm2 and tm varied from 0.2 to 300 ms.
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 The sample chamber provided oxygenated artificial cerebrospinal fluid (aCSF) circulation (necessary for 
maintaining sample viability) and temperature control (by heat exchange with water baths). A three-site exchange model following an operator formalism  
faithfully simulated DEXR data. 
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Results and Discussion 
Inhibition of the primary active transporter, Na+/K+–ATPase, with the drug ouabain reduced k from 140 s-1 to 40 s-1 (Figure 1 B,D). Previous studies interpreted this strong 

effect of ouabain as evidence of active water cycling.  However, Na+/K+–ATPase inhibition also causes hypotonicity shown by ∆ADCy decreasing (Figure 1 B,C). 
To compensate for tonicity, we used aCSF in which the major ionic component, 128 mM NaCl, was replaced with 257 mM sucrose. If water actively cycles along 
with ions, then this should decrease k. Instead, k increased (Figure 1 A,D). ∆ADCy also increased, suggesting hypertonicity (Figure 1 A,C). Adding ouabain on top 
of 0 NaCl, 257 mM sucrose aCSF had no additional effect. Flipping the order of perturbations yielded similar results (Figure 1 B,C,D). Therefore, k is not linked to 

ion transport or Na+/K+–ATPase activity per se, but rather to the tonicity which is established by its activity. 
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Tonicity was perturbed by adding osmolytes incrementally from 0–200 mM (Figure 2). On normal samples, sucrose increased ∆ADCy and k only slightly 
(Figure 2 A,C,E). For ouabain-treated samples, 100 mM increased ∆ADCy and k to near-normal values but then 200 mM had no additional effect (Figure 2 
B,C,E). Similar effects from mannitol (a smaller osmolyte) confirm the link to tonicity (Figure 2 D,C,E). 

 
While not possible with k alone, the correlation between ∆ADCy and ∆k does distinguish normal and ouabain-treated sample data (Figure 2 F). Normal 
sample data clustered due to homeostatic compensation of osmolarity. Ouabain-treated sample data showed a sigmoidal relationship. The two 
correlations do not overlap. 

 
Temperature perturbations were also explored and reveal distinct activation energies Ea (Figure 3), fit as: 

k = A exp (−Ea/RT) (Eq. 1) 

where A, R, and T are the pre-exponential factor, ideal gas constant, and absolute temperature. Ea was similar between the normal samples and normal +100 mOsm 
samples, but higher than ouabain-treated samples (Figure 3 H). Ea recovered when +100 mOsm was added to ouabain-treated samples, confirming the link 
to tonicity. Data across conditions were described by 

ln (A) = m × Ea + ln (A′) (Eq. 2) 

and 
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k = A′ exp (−Ea/R(1/T − 1/Tc)) (Eq. 3) 

with a common crossover temperature Tc = 1/(m × R) (Figure 4 A,B). Other heterogeneous systems have exhibited this “Entropy—enthalpy compensation” (EEC) 
behavior. EEC is consistent with multisite exchange pathways. Supporting this mechanism, the 3-site exchange model predicts similar behavior (Figure 4 
C,D). 
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In the 3-site exchange model, tonicity affects the ECS volume fraction which in turn modulates the sensitivity of k to geometric and transmembrane exchange pathways 
(Figure 5). The geometric pathway has a lower Ea near values for water self-diffusion.  This is consistent with exchange along branching processes or between soma and 
processes.  The transmembrane pathway has a higher Ea but does not require ions, meaning it is not through channels or cotransporters and is likely through lipid 
bilayers. 
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Conclusion 
Findings suggest exchange is related indirectly to activity but directly to tonicity via a multisite exchange mechanism. This fills gaps in our understanding of 
what diffusion and exchange measurements are (and could be) sensitive to in heterogeneous tissues, specifically gray matter. 
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Figures 

Figure 1. Exchange rate is not directly linked to active water cycling. A) Representative recording of k and percent change in apparent diffusion coeffiicient in the y-
direction ∆ADCy during perturbations with aCSF in which NaCl was replaced with equimolar concentration of osmolyte (0 NaCl, 257 mM sucrose aCSF) and 10 μM ouabain. B) 
Flipping the perturbation order by first adding 10 μM ouabain and then washing to 0 NaCl, 257 mM sucrose aCSF with 10 μM ouabain still present. c,d) Box plots of ∆ADCy and 
k under the various conditions. Each symbol represents a sample (n=4). 

 

 
 
 
Figure 2. Exchange rate depends on tonicity. A,B,D) Recordings during osmotic perturbations with (A,B) sucrose or (D) mannitol on representative (A) normal 
or (B,D) ouabain-treated samples. C,E) Means (symbols) and SDs (error bars) across samples (n=3), including data from adding 100 mM sucrose in one step 
(n=5). F) Correlations between ∆ADCy and ∆k. Predicted means and 99% CI (solid and broken lines) from regression of 1st (combined normal samples) and 5th (combined 
ouabain-treated samples) order polynomials. The latter is like a sigmoidal logistics function (aqua blue line). 
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Figure 3. Tonicity affects activation energies of exchange. A–D) Representative recordings during temperature perturbation from 25◦C to 11◦C back to 25◦C 
for each condition. E) Results of k from samples under normal (n = 4), + 100 mOsm (n = 3), 10 μM ouabain (n = 3), and 10 μM ouabain + 100 mOsm (n = 4) 

conditions. F) Arrhenius (semi-log) plot of the inverse of the absolute temperature T−1 vs. k averaged for each condition. Solid lines show averages of 
Arrhenius model fits (Eq. 1). G,H) Bar graphs of the natural log of pre-exponential factor A and activation energy Ea estimated from Eq. 1. 

 

 

 
Figure 4. EEC behavior suggests a mechanism involving modulation of multisite exchange pathways by tonicity A) Experimental Ea vs. ln(A) for all samples showing 
a linear dependence described by Eq. 2 with m = 0.470 ln(s−1)/(kJ/mol) and ln(A′) = 2.18 ln(s−1). B) Semi-log plot of Eq. 3 for a range of Ea with Tc = −17◦C. Data from 
Fig. 4 F is also shown. C) Ea vs. ln(A) from 3-site model simulations with the Na+/K+ PUMP ON or OFF, without or with 100 mOsm. D) 3- site model predictions of k 
at temperatures between −25 and +25◦C for the simulated conditions, along with predictions for Eq. 3 with Tc = −15◦C. 

 

 
Figure 5. A 3-site exchange model for gray matter. Intracellular space (ICS) compartment a represents cellular processes oriented perpendicular to the gradient 
direction. ICS compartment b represents soma and processes oriented parallel to the gradient direction. Compartment c represents extracellular space (ECS). Compared 
to b and c, water in a is less mobile in the gradient direction due to diameters of processes being similar to the dephasing length, lg. kt is transmembrane exchange 
between ECS and ICS: a–c and b–c. kg is geometric exchange between ICS compartments: a–b. 
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