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Synopsis

Currently, no MRI method exists to non-invasively and absolutely measure cellular activity. One approach is to quantify steady-state transmembrane water exchange rates. Diffusion Exchange
Spectroscopy (DEXSY) non-invasively and directly encodes for exchange of endogenous components. Using DEXSY-based methods implemented on a low-field, high-gradient MR system, we show in viable
ex vivo neonatal mouse spinal cord samples that the rate at which water exchanges across cell membranes decreases drastically after perturbation known to induce persistent membrane depolarization.
We also show that the exchange rate recovers to normal values after perturbations known to restore membrane potential.

Introduction

Membrane potential is like a battery being maintained at a steady charge by ATPase pumps while being used to drive various forms of cellular activity. The battery can drain faster than it is charged, leading
to sustained, steady-state depolarization (ssD) of membrane potential. In the central nervous system (CNS), persistent reduction in Na+/K+-ATPase activity, such as through energy failure (hypoxia,
hypoglycemia) e.g., during stroke, can cause spreading depolarization (SD), reducing the membrane potential from -70mV to -10mV in an “all-or-none” fashion.1 After the initial spreading depolarization has
passed, steady state depolarization (ssD) remains until the tissue recovers. ssD can occur under physiological conditions as well, for instance ssD is a part of long-term potentiation and neural plasticity.2
Current measurements of ssD are either invasive (intracellular recording of membrane potential) or they only follow relative changes and require a baseline reading (electrocorticography or noninvasive
electroencephalography and diffusion MRI). Although directly checking the "charge" of cells in tissue is difficult, perhaps the steady-state exchange of water, which is measurable with MR, can report the
charge. Dynamic contrast enhanced (DCE) MR experiments have revealed steady-state transmembrane water transport linked to Na+/K+-ATPase pump activity in animal cells.3 Bai et al., reported steadystate transmembrane water exchange rates decreased by 50% after ouabain was used to block Na+/K+-ATPase pump activity in organotypic CNS.4 Williamson, et al. (2019) developed real-time diffusion
exchange spectroscopy (DEXSY) MR methods to study water homeostasis in ex vivo neonatal mouse spinal cords.5 We use the same approach here. Samples are kept viable during MR measurements, as
confirmed by recordings of motoneuronal electrical activity after dorsal root stimulation at the end of the experiment.5 Another abstract submitted to this (ISMRM 2022) conference shows our methods are
sensitive to active water exchange. Continuing that work, in this study we test the hypothesis that water exchange is linked to membrane activity.

Methods

MR measurements were performed on viable “live” ex vivo neonatal mouse spinal cords at 13.79 MHz with a low-field single-sided magnet (PM-10 NMR MOUSE, Magritek)6 and custom-made RF probe and
solenoid coil (Fig. 1).5 Diffusion was encoded on sub-micron length scales and sub-millisecond timescales with spin echoes in the presence of a g=15.3 T/m static gradient (SG).7 SG diffusion measurements
(see Ref. [5]) and SG diffusion exchange spectroscopy (DEXY)-based exchange rate and spin-lattice relaxation rate measurements (as in Ref. [8], with b1+b2=4.5 ms/µm2) were repeatedly acquired (11
minutes per set) to observe real-time changes. During measurements, samples were maintained in a constant circulation of artificial cerebrospinal fluid (aCSF) and gas and at 25°C.

Results and Discussion

We present data suggesting that exchange rate is linked to ssD. Completely blocking Na+/K+-ATPase pump activity with 100 μM ouabain caused exchange rate to swiftly decrease to 40 s-1 (Fig. 1). Partially
blocking Na+/K+-ATPase pump activity with doses as low as 1 μM also caused exchange rate to decrease to 40 s-1, but after a longer delay (Fig. 2). Ouabain had an “all-or-none”, dose-independent effect on
exchange rate. In comparison, Balestrino, et al. (1999), reported that blocking Na+/K+ pump activity with ouabain induced a sustained SD-like effect consistent with ssD in hippocampal slices.9 The SD-like
effect showed an “all-or-none” response to ouabain—not a dose response. In Fig. 3 we show that adding 100 mM sucrose (osmolyte) in normal conditions had a small effect on exchange rate, but in
ouabain-treated states led to a drastic recovery from 40 s-1 back to 150 s-1, consistent with the literature finding that ouabain-induced SD can be abolished by addition of an osmolyte9. Fig. 4 shows that
AMPA (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) causes exchange rate to decrease and that the effect is reversible when AMPA is washed out. In comparison, Falgairolle and O’Donovan
(2015) showed that AMPA causes a sustained depolarization in the neonatal mouse spinal cord which is reversible upon washout.10 Fig. 4 also shows that a second dose of AMPA had less of an effect,
consistent with recycling of receptors conditioning the cells to AMPA.10 In summary, we have found that ouabain and AMPA substantially reduce the exchange rate and that osmolyte addition recovers the
exchange rate from the ouabain-reduced state back to a value consistent with the normal state. We also recapitulate findings in the literature showing that ssD is induced by ouabain and AMPA and that
ouabain-induced ssD can be abolished by addition of an osmolyte.9,10 The consistency between our findings and the literature circumstantially supports the view that the water exchange rate is coupled to
steady state depolarization (ssD).

Conclusion

Cellular activity may be non-invasively and absolutely measurable through a coupled process—water exchange—via DEXSY MR. We show that the water exchange rate maintains a stable and repeatable
value across samples under normal conditions, suggesting it to be an intrinsic or absolute measure of water exchange in these cells. Exchange rates decrease and recover predictably following

perturbations known to cause steady-state depolarization (ssD) and recovery. DEXSY is sensitive and specific to endogenous water exchange and may find utility as a measurement of biological activity for
both basic cell biology and medicine.
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Figures

Fig. 1. Fully blocking the Na+/K+-ATPase pump causes exchange rate to significantly decrease. Realtime measurements of exchange rate, restricted volume fraction, mean diffusion coefficient, and spinlattice relaxation rate are presented for a representative sample and for a group of three samples perturbed with 100 μM ouabain. Normalized raw signals are also shows to provide a better resolution of
the effect.

Figure 2. When the Na+/K+-ATPase pump is partially blocked, exchange rate decreases by a similar amount to when it is fully blocked but after a longer delay. Measurement data and raw signal data are
shown for a representative sample perturbed with a "low" 1 μM dose of ouabain. Boxplots show the effect of doses in the range of 1-10 μM ouabain on 5 samples.

Figure 3. Osmolytes recover exchange after blocking the Na+/K+-ATPase pump. Real-time measurements on a representative sample perturbed from normal – 100 sucrose – normal – 5 μM ouabain – 5 μM
ouabain + 100 sucrose – 5 μM ouabain (shown by color coding) show that sucrose affects the exchange rate more drastically after ouabain treatment. Red and blue arrows show where the exchange rate
decreased after addition of ouabain (note the delay) and recovered after addition of sucrose respectively.

Figure 4. Exchange rate decreases upon AMPA addition and recovers upon washout. Real-time measurements during perturbations from normal – 5 AMPA – normal – 5 AMPA – 10 AMPA – normal (shown
by color coding) are shown for a representative sample and in the form of bar graphs showing the average effect for each condition (n=5). Bar graphs also show 95% confidence intervals (whiskers) and the
mean value for each sample (open circles).
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