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Impact
Simultaneous real-time NMR and microscopy reveal how diffusion and exchange metrics respond to osmotic and ionic challenges in viable ex vivo neural
tissue, enabling direct validation of MRI-based microstructural biomarkers and bridging the gap between neurophysiology and radiological measurements.

Synopsis
Motivation: Diffusion MRI reflects tissue microstructure and function, but direct validation in living neural tissue remains challenging.
Goals: To combine microscopy and NMR for real-time recording on viable ex vivo neural tissue during cellular perturbations.
Approach: Simultaneous high-temporal-resolution NMR and optical microscopy were used to monitor diffusion (ADC), exchange (AXR), intrinsic

optical signal (IOS), and intracellular calcium ( [Ca2+]i  

) in ex vivo neonatal mouse spinal cord during osmotic and ionic perturbations.
Results: ADC strongly correlated with IOS, while AXR decreased with depolarization. ADC and AXR were sensitive to distinct aspects of cellular

swelling, supporting their complementary roles in probing tissue viability and function.

Introduction
In vivo diffusion and exchange MRI have demonstrated sensitivity to cellular physiology and pathology , but validation efforts can be confounded by
hemodynamics , physiological noise , and limited compatibility with optical modalities . Viable ex vivo tissue models provide an alternative,
allowing cellular physiology and pathology to be studied in isolation and in combination with optical microscopy .[11]

[9,10][8][7]
[1–6]

Using this approach, here high-temporal-resolution NMR measurements of apparent diffusion coefficients (ADC) and apparent exchange rates (AXR) are
paired with intrinsic optical signal (IOS) microscopy and intracellular calcium ( [Ca2+]i  

) to track microstructural and functional changes during ionic and
osmotic perturbations. Strong correlations with IOS confirm ADC’s sensitivity to cellular swelling and shrinking. AXR appears to change only during
perturbations which induce loss of tissue viability, seen by [Ca2+]i  

 spiking, supporting the hypothesis that AXR is sensitive to tissue viability . [12]

Methods
Neonatal mouse spinal cords (P1–P4) were dissected and maintained viable at 25°C in circulating oxygenated artificial cerebrospinal fluid (aCSF). NMR data
were acquired at 13.79 MHz using a low-field single-sided permanent magnet (Magritek NMR MOUSE) and custom solenoid RF coil and test chamber,
while simultaneous optical imaging was performed every 30 s through a gap in the coil using an Axiovert 200 M microscope (Zeiss) and an objective inverter
(LSMtech) (Fig. 1).

Diffusion encoding was performed along the y -axis on sub-millisecond timescales by RF pulses modulating the effect of a large  ( g = 15.3  T/m)  static
gradient (SG) . ADC was estimated from two SG spin echo (SE) diffusion-weighted signals, S(1)  and S(2)  at b(1) = 0.025 and
b(2) = 2.25 ms/μm2 , using 

[13]

b = γ g τ3
2 2 2 3

 
.

SG diffusion exchange spectroscopy (DEXSY)  signals were acquired with (b1, b2  ) = (2.32, 2.17) ms/μm2  and mixing times tm  =  0.2, 10,
160 ms which are short, intermediate, and long relative to 1/AXR . The signals were then corrected for longitudinal relaxation and then combined as

[13-15]

ADC = − ln
b(1) − b(2)

1
S(1)
S(2)

,

where 

(1)

AXR = − ln (1 − )
tm,int

1
S − Sshort long

S − Sshort int .    (2) 
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IOS was obtained from transmitted near-infrared 680 nm light . For [Ca2+]i  

 imaging, tissues were loaded with a bolus injection of Rhod-3 AM
fluorescent indicator (ThermoFisher). Signals from a region of interest were expressed as percent signal change from baseline.

[15]

IOS microscopy and NMR were recorded simultaneously during 40 minute perturbations with 100 mM sucrose (an osmolyte).  [Ca2+]i  

 was recorded in
addition to IOS and NMR during 20 minute perturbations with 50 mM KCl. 

Results and discussion
Example recordings from a 50 mM KCl perturbation experiment are shown in Fig. 2. Raw signals from two SG SE and three SG DEXSY acquisitions were
processed into ADC and AXR using Eqs. 1 and 2, respectively (Fig. 2a–d). Each signal represents summed echoes from the CPMG acquisition block, from
which phase and transverse relaxation rates ( ) were also derived (Fig. 2e,f). Phase reflects ionic composition and shows rapid equilibration after KCl
addition (~1 min) and slower recovery during washout (~10 min), likely limited by  efflux. Its independence from diffusion weighting confirms
negligible coherent flow.  increased with diffusion weighting, consistent with faster relaxation in restricted environments, and showed distinct time
courses:  declined steadily, while diffusion-weighted  dropped mainly during washout. Although noteworthy, the following analysis focuses on ADC
and AXR. NMR data were acquired simultaneously with IOS and  imaging (Fig. 2 g,h); during washout,  fell below baseline, likely as
dye diffused from the region of interest.

In 100 mM sucrose, ADC and IOS increase due to cellular shrinkage. AXR  increases significantly (
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K+

R2

R  2 R  2

[Ca ]2+
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p = 0.002 ), but the effect is small. The small effect
on AXR is consistent with homeostasis being maintained. 

In 50 mM KCl,  spiked within 3 min, indicating spreading depolarization, followed by decreases in IOS and ADC, consistent with swelling induced
by spreading depolarization. AXR dropped at the same time as ADC and IOS and partially recovered during washout, but remained below baseline. 

Across experiments, ADC and IOS correlated strongly during osmotic and depolarizing conditions, consistent with sensitivity to cell volume changes, while
AXR showed independent trends.

These results demonstrate that real-time NMR–microscopy integration can capture coupled microstructural and physiological dynamics to directly validate
the sensitivity of diffusion MRI metrics to cell structure and function. ADC and AXR provide complementary readouts of diffusion and transmembrane
exchange, with AXR capturing distinct effects consistent with tissue viability.
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Figures and Tables

Figure 1: Experimental setup a) 3-D technical drawing of the test chamber. b) Drawing of the solenoid RF coil containing a mouse
spinal cord showing the gap in the RF coil where the sample is imaged. c) Technical drawing of the experimental setup showing the

single sided permanent magnet projecting a magnetic field on the sample from below and the inverted microscope imaging the sample
from above.
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Figure 2: Example NMR and microscopy recordings during 50 mM KCl addition and washout. a,b) Two SE signals
($b(1)=0.025$, $b(2)=2.25\ \mathrm{ms/\mu m^2}$) yield ADC. c,d) Three DEXSY signals ($t_m=$0.2, 10, 160 ms) yield AXR. Blue
line in (d) shows 6-point average. e,f) CPMG echo phase and $R_2$ weighted by $b(1)$ (red) and $b(2)$ (orange). g,h) % change in

ROI intensity from IOS and $\mathrm{[Ca^{2+}]_i}$ images.

Figure 3: Simultaneous real-time NMR and microscopy shows cellular shrinkage caused by adding an osmolyte. a) A
representative sample and b) means (lines) and standard deviations (shaded bands) across n=4 samples of real-time AXR (6-point

moving average), ADC, and IOS recording during experiments involving 100 mM sucrose being added for 40 minutes and then
washed away.



Figure 4: Simultaneous real-time NMR and microscopy reveal cellular swelling during depolarization from 50 mM KCl. a)
Representative sample and b) mean ± SD (n = 3) of AXR (6-point moving average), ADC, IOS, and $\mathrm{[Ca^{2+}]_i}$ during

20 min KCl exposure and washout. Insets show zoomed regions with $\mathrm{[Ca^{2+}]_i}$ inverted for comparison. Arrows in (a)
mark signal minima and maxima.
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