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Contrary to prevailing views, recent work suggests that steady-state water exchange between the intra- and extracellular space is driven, in part, by
active metabolic processes. To support these findings, we investigate whether exchange exhibits multiexponential behavior consistent with distinct
exchange processes. We find a bimodal distribution of exchange times in live neural tissue, with only the faster peak being reduced upon the
introduction of a sodium-potassium pump inhibitor, thus supporting the existence of active exchange. Furthermore, we describe a time-efficient method
of isolating exchange and fitting multiexponential exchange times using diffusion exchange spectroscopy, paving the way for future studies.

Introduction

The exchange of water between biological microenvironments, namely between the intra- and extracellular space, is generally considered to be a passive
process mediated by membrane permeability. Recent work, however, suggests that exchange (as measured by diffusion MR) is linked to active, i.e., ATP-
driven metabolic processes. Specifically, the exchange rate, k, has been linked to the activity of the sodium-potassium pump.'? Quantifying k may
provide functional information at the cellular level, representing, potentially, a non-BOLD-based form of functional MR. While promising, questions
remain concerning both the methodology of measuring k and its underlying biological correlates.

Here we explore whether exchange is adequately described by a single parameter. Indeed, the existence of active exchange would imply, at the least,
two distinct exchange processes - the passive permeability of the cell membrane, and exchange coupled to active processes like ion transport - for
which there is no a priori reason to assume equal rates. Moreover, k should scale with the local surface-to-volume ratio.34 Therefore, we hypothesize
that exchange times are broadly distributed with potentially well-separated active and passive peaks.

To test this hypothesis, we measure probability distribution functions of the exchange time, P(z;) = P(1/k), by applying multiexponential analysis using
numerical inverse Laplace transforms (ILTs) to data in which the effect of exchange has been isolated. Using a low-field, static gradient system, P(z;)
data were acquired from ex vivo neonatal mouse spinal cords in three conditions: fixed, live, and live whilst treated with ouabain, a sodium-potassium
pump inhibitor.

Theory

Previously, we demonstrated that the diffusion exchange spectroscopy® (DEXSY) sequence, in which two parallel diffusion encodings with b-values b; and
b, are separated by a mixing time, #,,, can be leveraged to measure exchange whilst heavily sub-sampling the (b1, b,) domain.®® First, the signal
variation is measured along an axis of constant total diffusion weighting b, = b; + b, , removing the effects of non-exchanging, Gaussian diffusion. Next,
taking a ratio of signals at each ¢, normalizes T relaxation. Finally, by varying z,,, the effect of exchange (during 7,,) is isolated.

by by

The apparent exchanging signal fraction fexch(Z,,) is proportional to a log-ratio of the signal I(by, b, t,,,) at the midpoint Iy;q(t,,) = 1(7, > t,,) and

endpoint Iy (t,,) = I(bs,0,1,) ofthe by = by — b, axis, normalizing to t,,, = 0 (Fig. 1):

Jexen(tm) = Cy [ln<%) - C()] , Co= ln< j:::g(()))) ),

where C is a proportionality constant. Note that C encompasses restriction, exchange during encodings, and other effects invariant with t,,,.2
Exchange is modelled as
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where foo = 1im; _ o fexch(fn) is the steady-state exchange fraction, corresponding to complete volume turnover between compartments. Rearranging
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and substituting Eq. (1), C; cancels and
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which is amenable to using an ILT to obtain P(zy).

Methods

The static gradient DEXSY (SG-DEXSY) pulse sequence (Fig. 1) was implemented on a PM-10 NMR MOUSE? single-sided magnet at @, =13.79 MHz,
By =0.3239 T, g = 15.3 T/m with a home-built solenoid RF coil and test chamber.'® RF pulse lengths = 2/2 us, pulse powers = —22/— 16 dB,
TR =2 s, 8000 echo CPMG train with TE = 25 us, 8 points per echo, and 0.5 us dwell time.

Live (i.e., viable) and fixed ex vivo neonatal (postnatal day 1-4) mouse spinal cords were studied. Spinal cords were bathed in artificial cerebrospinal fluid
at 95% 0,/5% CO, and 25°C. For the ouabain treatment condition, ouabain was added at a saturating concentration of 100 M.

Data were acquired at by, = 4.5 ms/um? over 69 values of £,, = 0.2 — 1000 ms . A biexponential fit to the log-ratio of signals was first performed to
yield robust estimates of the intercept C,y and limit f./C (Figs. 2a-c). The data were then renormalized following Eq. (3) (Fig. 3) before performing an ILT
using the Butler-Reeds-Dawson algorithm'"12 with 200 points spaced log-linearly from 7 = 1 X 1073 — 1 x 10™* ms . Data were also sub-sampled to
15 values of ¢,, (Fig. 3b) to assess the stability of the inversion with minimal data, inverting with 50 points from 7, = 1 X 1072 -1x10° ms .

Results

Inverted P(zy) distributions from fully sampled (Fig. 4a) and sub-sampled (Fig. 4b) data are presented for the live, fixed, and live with ouabain conditions.
The distributions are scaled by f,./C| to facilitate comparison in absolute terms. The distributions are broad. Live tissue exhibits a bimodal distribution
with peaks centered at 2 and 72 ms. In the ouabain case, the faster peak is reduced. Fixed tissue is approximately unimodal. The sub-sampled case
shows similar trends, albeit less resolved. Importantly, the distinct, short 73 peak in live tissue remains.

Discussion

Our results support that active and passive exchange have well-separated exchange times. Of the two peaks in live tissue, only the faster peak is reduced
with ouabain, suggesting that fast exchange, specifically, is an active process. Furthermore, we find that P(z;) is broadly distributed, consistent with a
dependence on local microstructure. Pairing P(t;) estimation with other modalities, namely diffusion modelling, may provide additional information
about inter-compartment exchange.

Our method is uniquely suited to such analysis. Other time-efficient methods of measuring exchange (e.g., FEXSY'3, the Karger model'4, etc.), generally
rely on multi-parametric fitting of the signal as exchange is not isolated. This greatly complicates the application of ILTs to study exchange. In contrast,
the presented approach reduces to a form in which the signal is dependent only on exchange. Remaining parameters (Cy, f/C1) are experimentally
observable (Fig. 2¢) leaving a simple kernel. Thus, we believe that our method is optimal for such analysis.
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Figure 1: Pulse sequence and (b1, b,) sampling scheme. Static gradient DEXSY (SG-DEXSY) pulse sequence implemented on a PM-10 NMR MOUSE single-
sided system. Signal is summed in a CPMG echo train to maximize SNR. Signal is measured at I,,iq (b = by = by/2) and Ile,q (b = b) atvarious t,,,.
The log-ratio of Iyjq and Iepq is proportional to fexch(f) by C1, less the intercept at t,, = 0, Cy. At long ¢,,, the limit fo/C| is reached.

Figure 2: Data processing and fitting for Cy, foo/C. (@) Raw data from summed CPMG echoes at I ;g and Iepg. Error bars = +1 SD from repeated
measurements on a sample. (b) Log-ratio of the signals with biexponential and monoexponential fits. (c) Same as (b) but with a log #,, axis and showing
only mean values. Here, f./C and C are visible as bounds well-fit with a biexponential. Fitted values are f,,/C; = [0.331,0.418,0.369] and

Co =10.198,0.213,0.220], left to right.
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Figure 3: Data renormalized into an exponential decay form. Using the previous biexponential fit in Fig. 2 and Eq. (3), data is transformed into a form that
is invertible using an ILT. (a) Fully sampled data with 69 values of t,,, taking only the mean log-ratio signal values. On the right is a combined log t,, plot.
(b) Sub-sampled data over the same range at t,, = [0.2,1,2,4,7,12, 18, 32, 50, 80, 120, 220, 340, 600, 1000] ms. Note that fits for f,/C; and C,,

were performed again with the sub-sampled data.

Figure 4: Inverted P(t;,) distributions in the fully sampled and sub-sampled cases for fixed, live, and live with ouabain spinal cords. (a) Distributions in the
fully sampled case (Fig. 3a). Distributions are scaled by f,,/C; for comparison in terms of the total exchange during ¢,,. The center of the two peaks in live
tissue are marked (2,79 ms). (b) P(zy) in the sub-sampled case (Fig. 3b). While less resolved, characteristics are broadly similar to (a), suggesting the
feasibility of data reduction.
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