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glucose, are present in both intracellular and extracellular spaces (ICS/ECS) at signifi-

to interpret and model. While it is possible to glean information on the diffusion prop-
erties in ICS by measuring the diffusion of purely intracellular endogenous metabo-
lites (such as NAA), the absence of endogenous markers specific to ECS hampers
similar analyses in this compartment. In past experiments, exogenous probes have
therefore been injected into the brain to assess their apparent diffusion coefficient
(ADC) and thus estimate tortuosity in ECS. Here, we use a similar approach in mice
by injecting sucrose, a well-known ECS marker, in either the lateral ventricles or
directly in the prefrontal cortex. For the first time, we propose a thorough characteri-
zation of ECS diffusion properties encompassing (1) short-range restriction by looking
at signal attenuation at high b values, (2) tortuosity and long-range restriction by mea-
suring ADC time-dependence at long diffusion times and (3) microscopic anisotropy
by performing double diffusion encoding (DDE) measurements. Overall, sucrose dif-
fusion behavior is strikingly different from that of intracellular metabolites.
Acquisitions at high b values not only reveal faster sucrose diffusion but also some
sensitivity to restriction, suggesting that the diffusion in ECS is not fully Gaussian at
high b. The time evolution of the ADC at long diffusion times shows that the tortuos-
ity regime is not reached yet in the case of sucrose, while DDE experiments suggest
that it is not trapped in elongated structures. No major difference in sucrose diffusion

properties is reported between the two investigated routes of injection and brain

Abbreviations used: ADC, apparent diffusion coefficient; CRLB, Cramér-Rao lower bound; CSF, cerebrospinal fluid; DDE, double diffusion encoding; Dy, free diffusion coefficient; DKI,
diffusion kurtosis imaging; DTI, diffusion tensor imaging; DW-MRI, diffusion-weighted MRI; DW-MRS, diffusion-weighted NMR spectroscopy; ECM, extracellular matrix; ECS, extracellular space;
HBSS, Hank's balanced salt solution; HR-MAS, high-resolution magic angle spinning; ICS, intracellular space; LASER, localization by adiabatic selective refocusing; PCA, perchloric acid; STE,
stimulated echo; tCho, total choline; tCr, total creatine; tNAA, total n-acetylaspartate; VAPOR, VAriable Power radiofrequency pulses with Optimized Relaxation delays.
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regions. These original experimental insights should be useful to better interpret and
model the diffusion signal of molecules that are distributed between ICS and ECS

compartments.

KEYWORDS
apparent diffusion coefficient, brain, diffusion, double diffusion encoding, extracellular space,
tortuosity

1 | INTRODUCTION

Brain extracellular space (ECS) acts as an intercellular communication channel deployed as a 3D functional web throughout the brain, displaying
gap widths ranging from tens up to several hundreds of nm,%? and occupying about 20% of the total tissue volume.®~® The brain ECS is composed
of the interstitial fluid filled by large macromolecules—collagen, proteoglycans, hyaluronan and enzymes—that constitute the extracellular matrix
(ECM), an essential structural and metabolic support network.” Notably, the interstitial fluid comes in close communication with the cerebrospinal
fluid (CSF) at the ventricular (choroid plexus), perivascular (blood-brain barrier) and subarachnoid spaces, bringing nutrients, maintaining homeo-
stasis and clearing metabolic waste.® ! Furthermore, the brain ECS plays a paramount role in neuronal activity by constituting an ion reservoir
that maintains resting and action potentials. The term of “volume transmission” was coined to describe how ECS can be seen as a porous, resistive
medium through which signaling molecules can travel, aiding the formation of widespread, complex cellular networks by modulating extrasynaptic
neuronal activation.**%13 ECS is therefore an essential compartment of brain tissue. However, it still constitutes some kind of uncharted territory,
in particular regarding how molecular diffusion is impacted by ECS microstructure.

This lack of knowledge severely limits our ability to interpret molecular diffusion, as measured by diffusion-weighted MRI (DW-MRI), in terms
of microstructure. DW-MRI allows measuring diffusion properties of water molecules over a distance of 1-20 pm using diffusion-sensitizing gra-
dients.2*!> Nevertheless, this approach only provides a picture of diffusion properties averaged at a macroscopic resolution (the resolution of the
MRI image). Considerable efforts have been deployed by the community to infer quantitative microstructural parameters (such as fibers orienta-
tion and density, axon diameter) using models describing diffusion in some parameterized microstructure.?®*” However, due to the ubiquitous
nature of water molecules, these approaches have to rely on strong priors about the diffusion properties of water molecules in the different com-
partments composing the tissue, in particular ECS versus ICS. Some of these priors remain to be experimentally validated, in particular: Is diffusion
faster in ECS compared with ICS? Can diffusion in ECS be considered Gaussian, that is, following similar laws as free diffusion? In DW-MRI, many
studies have attempted to tackle this problem in white matter by proposing a variety of additional contrasts combined with diffusion tensor or dif-
fusion kurtosis imaging (DTI/DKI). This strategy allows modulating the relative contributions of the intracellular and extracellular compartments to
the total diffusion signal and analyzing how this affects the diffusion metrics subsequently derived from biophysical modeling. These original
approaches included gadolinium infusion,*® double diffusion encoding (DDE),*? planar filtering?® and measurements at different diffusion times.?*

182021 than or similar'? to parallel extra-axonal water

These studies suggested that parallel intra-axonal water diffusion was either higher
diffusion. However, while these results offer valuable prior knowledge enabling more accurate modeling of DW-MRI data, they only apply to
water diffusion in white matter and bring only partial information regarding the diffusion properties in ECS (e.g., they tell us nothing about the
Gaussianity).

By contrast, diffusion-weighted nuclear magnetic resonance spectroscopy (DW-MRS) offers a more specific exploration of diffusion than
DW-MRI, by allowing direct characterization of the diffusion properties of brain metabolites confined within ICS. A notable exception is that of
glucose and lactate, which are present in both ECS and ICS. Interestingly, it was shown by Pfeuffer et al.?? that glucose and lactate exhibited dif-
ferent diffusion properties from intracellular metabolites, with faster initial signal drop as diffusion-weighting b is increased. More recently, similar
behavior was reported for acetate following i.v. acetate infusion.2® This suggested that signal contribution from ECS quickly disappeared due to
fast diffusion, which, with the additional (and implicit) assumption of mono-exponential signal attenuation in ECS, allowed the authors to estimate
the extracellular fraction of these compounds. Such a noninvasive DW-MRS approach might actually be very useful to study lactate compartmen-
tation, as lactate release in ECS (in the framework of the hypothetical astrocyte-to-neuron lactate shuttle) might be crucial for brain function.242°
However, like for DW-MRI modeling, prior knowledge regarding diffusion in ECS is required to disentangle its contribution to the overall
diffusion signal.

Unfortunately, no NMR-detectable endogenous metabolite or ion solely resides in the brain ECS. Consequently, to experimentally
characterize diffusion properties in ECS, one has to rely on the use of an injected exogenous marker. Such a marker should be strictly confined
within ECS, be of relatively similar size to water or endogenous metabolites to allow for relevant comparison, and neither perturb the osmotic
equilibrium nor induce deleterious metabolic reactions. Tracking the diffusion of such probes can therefore help with retrieving precious informa-

tion on ECS microstructural conformation in both normal and pathological states, and has indeed been quite extensively performed using non-MR
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28-30 and advanced optical imaging techniques

26,31-36 1,2,37-43 have

probes.®2427 Several approaches using radiotracers, real-time iontophoresis

been proposed to accurately quantify the apparent diffusion coefficient (ADC) and tortuosity A, where (D¢ being the free diffusion coefficient

_ D free
*=\apc 1)

Most commonly reported ECS A values are approximately 1.6, reflecting diffusion greatly hindered by a variety of microstructural features such as

of the molecule of interest):

cells, a high number of deadspace microdomains and, for some probes, electrostatic interactions with the numerous negative charges present in
the ECM and binding to active sites located on cell membranes or the ECM.#4-4?

In the field of MR in vivo, a series of pioneering experiments in DW-MRS have been proposed by the team of Neil and Ackerman to estimate
ADC and A metrics in ECS.°°~>* They used a broad range of spectroscopic modalities (*H, 23Na, 'F) and ECS markers to compare intracellular and
extracellular diffusion properties in the rodent brain, under both healthy and ischemic conditions. Despite the great insights into the nature of
diffusion in ECS provided by these studies, they led to somewhat inconclusive data: while ADC values inferred from °F or *H DW-MRS
experiments did not support any clear difference between ECS and ICS, data obtained with 22Na DW-MRS indicated otherwise, that is, more than
two-fold faster diffusion in ECS compared with ICS. The lack of specificity to ECS of some exogenous markers was proposed as the main
explanation for these contradictory results.”? Additionally, these studies were performed at fixed diffusion time (tq) and relatively low diffusion
weighting (b), thus allowing only quantification of ADC and tortuosity, which does not reflect the broad range of diffusion properties that can be
measured (and potentially modeled) with modern DW-MRI and DW-MRS experiments.

The aim of the present work is to revisit MR-measured extracellular diffusion properties and, in particular, to go beyond the sole
quantification of the ADC and tortuosity metrics by proposing a thorough assessment of extracellular diffusion properties. To this end, we
use state-of-the-art DW-MRS acquisition and processing strategies, while benefiting from the exquisite sensitivity of a *H cryoprobe at
11.7 T. First, a solution of sucrose, a well-known marker of ECS due to the absence of sucrose transporter in the mammal brain,2® is slowly
infused in the mouse brain, either inside ventricles close to the hippocampus or in the prefrontal cortex. We then perform, in a voxel
localized close to the injection site, that is, either around the hippocampus or in the prefrontal cortex, three types of DW-MRS acquisitions
in vivo to obtain complementary information on several key microstructural features®>=>8: (1) short-range restriction using measurements at
high b-values up to 30 ms/pm? (2) longer-range structures via ADC measurements for tq increasing up to 1 s; and (3) microscopic
anisotropy, as revealed by DDE. We finally confirm, using cell dissociation followed by HR-MAS spectroscopy, that sucrose indeed remains
in ECS.

2 | METHODS
21 | Animal experiments

All experimental protocols were reviewed and approved by the local ethics committee (CETEA no. 44), and authorized by the French Ministry of
Education and Research. They were performed in an approved facility (authorization #892-032-02), in strict accordance with recommendations
of the European Union (2010-63/EEC). All efforts were made to minimize animal suffering, and animal care was supervised by veterinarians and
animal technicians. Mice were housed under standard environmental conditions (12-h light-dark cycle, temperature: 22 + 1°C and humidity: 50%)

with ad libitum access to food and water.

2.2 | Stereotaxic surgery

Infusion of a 1 M sucrose solution was performed using stereotaxic surgery. Briefly, C57BL/6 J wild-type mice were anesthetized
with 1.5% isoflurane in an Oy/air mixture and positioned in a stereotaxic frame. Stereotaxic cannula (g = 160 pm) were inserted following
local anesthesia using subcutaneous administration of a 5 mg/mL lidocaine solution, skin incision and skull perforation. Two injection
sites were investigated in the context of this study: (1) injection in lateral ventricles (anteroposterior/ mediolateral/ dorsoventral relative
to bregma [AP/ML/DV]= +1/-0.2/-2.1 mm, the latter being from the dura mater) at a rate of 0.5 pL/min for 30 min and (2) injection in
prefrontal cortex tissue ([AP/ML/DV]= +1.5/+2/-1.2 mm, the latter being from the dura mater) at a rate of 0.1 pL/min for 30 min.
After the whole volume of sucrose solution was injected, the cannula was left in place for 10 min before removal to prevent capillary
suction of sucrose out of the tissues. The mouse was then transferred to the MRI room after stitching the skin of the animal (the dura

was not repaired).
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2.3 | DW-MRS invivo

MRI scans were performed in an 11.7 T scanner (Bruker, Ettlingen, Germany) with maximal gradient strength on each axis Gax = 752 mT/m, using
a quadrature surface cryoprobe. Mice anesthesia was maintained with 1.5% isoflurane in O,/air mixture. Considering the time required for
transferring the animal, placing it in a dedicated scanning bed and performing the necessary preliminary adjustments (frequency tuning, impedance
matching, shimming), acquisition started 45 to 60 min following the end of sucrose injection.

Four mice were used for each acquisition protocol and each injection site. When the stereotaxic infusion was performed in the lateral
ventricles, an acquisition voxel of 7 x 3 x 3 mm® was positioned around the hippocampus, so that the volume occupied by ventricles within the voxel
was minimized as much as possible (corresponding in the end to 3%-5% of the total voxel volume). Some limited control experiments were performed
ina 2 x 2 x 2 mm® voxel containing no ventricles at all, to check that CSF contamination from ventricles did not dominate the measurement in the
case of the large voxel. When injection was performed in the prefrontal cortex, a 4 x 2 x 2 mm?® acquisition voxel containing almost no CSF from
ventricles was positioned between the injection sites in the prefrontal cortex. However, we could not completely exclude injection sites from the
prefrontal cortex voxel, hence a smaller 2 x 2 x 2 mm?® voxel excluding injection sites was also used for some control experiments.

A total of 128 repetitions was acquired for each b-value, ty and DDE y angle (more precisely, for each acquisition protocol, the total number
of repetitions was split into four blocks of 32 repetitions interleaved with other b, tq4 or y values). All acquisitions were performed in random order
to exclude any possible bias arising from shim degradation or nonsteady-state sucrose concentration/distribution over time. In the case of control
experiments in the 2 x 2 x 2 mm?® voxel, signal was accumulated over a total of 512 repetitions split into 16 blocks of 32 repetitions for
b = 0.02 ms/pum? and b = 20 ms/pm?.

Water signal was suppressed using a VAPOR module.>? Signal processing was performed as described in Ligneul et al.>> More precisely,
scan-to-scan phase and frequency correction were performed using homemade Matlab routines before LCModel analysis.®® When needed,

singular value decomposition®1-4?

was performed for additional suppression of water contamination at long ty. Sucrose spectra acquired in a
50 mM phantom solution with the same experimental ty4 values as in our in vivo measurements were added to LCModel's basis set. Similarly,
macromolecule spectra were acquired on C57BL/6 J wild-type mice using the same experimental parameters and included in LCModel's basis set.
LCModel uses all peaks simultaneously to perform a linear combination of all metabolite spectra comprised in the basis set, thus allowing more

accurate fitting than when taking into account single resonances only. Details of the different diffusion measurements are given below.

2.3.1 | High b-values and ADC measurements at long t4

Measurements were performed using the STE-LASER sequence,®® which consists of a stimulated echo (STE) diffusion module followed by a
LASER localization scheme (TE_STE/TE_LASER = 8/25 ms). For the LASER localization, 2 ms hyperbolic secant pulses (10 kHz bandwidth
centered at 3 ppm, i.e., on total creatine signal) were used. In the STE diffusion module, diffusion gradient duration (8) was equal to 3 ms, and
diffusion gradients were applied simultaneously along all three axes with the same strength. In the case of high b-value measurements, the mixing
time (TM) was set to 50 ms, corresponding to a ty of 53.2 ms while diffusion weighting was gradually increased up to 20 ms/pm2 in the
hippocampal voxel and up to 30 ms/pm2 in the prefrontal cortex voxel. Signal attenuation reported for high b-value measurements corresponds
to In 557b> with b = 0.02, 3.02, 5, 10, 20 and 30 ms/pm?2. ADC values were acquired at tq = 53.2, 253.2, 503.2 and 1003.2 ms by varying

b=0.02 ms/um?

TM and acquiring the diffusion signal at b = 0.02 ms/pm?® and b = 3.02 ms/pm? for each TM, with ADC = 5% x In (?’3”7“”2

'b=0.02 ms/um?

2.3.2 | Double diffusion encoding

DDE was performed using the sequence described in Vincent et al.>® Briefly, the sequence comprises two 180° pulses, each flanked by a pair of
diffusion gradients, followed by a LASER localization module, as described above (TE_SE/TE_LASER = 71.2/25 ms). The tq was 28.5 ms for each
block while the TM between the two diffusion blocks was fixed at 5.5 ms and & was equal to 4.5 ms. A total diffusion weighting of 5 ms/um? was
applied, that is, 2.5 ms/pm? for each diffusion block. The first pair of diffusion gradients was applied along the X direction while the direction of
the second diffusion gradient pair was varied in the XY plane, so that the angle y described by the two blocks was varied from y = 0 to 360° by

. . . . S, be5ms/
45° increments. Signal attenuation reported here corresponds to the ratio %
'y =0, b=0.04 ms/um

24 | Measurement of the sucrose free diffusion coefficient

A 50 mM sucrose solution was used to estimate the sucrose Dsee Value at 37°C. To do so, an Eppendorf tube was filled with the solution. A

water-circulating heating system was wrapped around the Eppendorf tube, while a temperature-monitoring probe was carefully positioned onto
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the tube so that it did not come into direct contact with the heating system. The diffusion signal was acquired three times for b = 0.01 and

. S,.
b = 1.01 ms/pum?. The D Value was calculated according to the formula ZT} xIn 5”"27’”5”"2

> for each acquisition and the average value over the
'b=0.02 ms/um2

three measurements was taken as Dy, Yielding a value of 0.66 % 0.05 pm?/ms.

2.5 | Cell dissociation protocol

Four additional mice (two per injection site) were sacrificed 45 min postinjection using neck dislocation. A 1-mm brain slice excluding
injection site but containing some part of the corresponding DW-MRS voxel was collected 45 min postinjection and rinsed in Hank's
balanced solution (HBSS) solution (sample “ECS 1”). The sample then underwent papain enzymatic digestion (Miltenyi Biotec ref.
#130-092-628) followed by mechanical dissociation using homemade glass pipettes of decreasing diameters. The cell suspension was
diluted in HBSS solution up to 7 mL and filtered through a 50-um sieve. The samples were then centrifuged at 300 g for 10 min at room
temperature. The remaining top part of about 6 mL was collected (sample “ECS 2”) and the cells were gently resuspended in a 500-uL
solution of 0.11 M perchloric acid (PCA) solution, thus inducing membrane lysis. The samples were centrifuged at 14,000 g for 15 min at
4°C. Membrane debris precipitated while the intracellular content was collected in the upper phase. The latter was neutralized using a 5 M
KOH solution and underwent a second centrifugation round, yielding approximately 400 pL of intracellular content. In order to compensate
for the volume difference between the samples and allow for subsequent HR-MAS measurement, all fractions were freeze-dried and pooled
together when necessary before being resuspended in D,O water.

2.6 | HR-MAS NMR spectroscopy

The lyophilized samples were dissolved in D,O (with 0.05 wt % TSP, Sigma) and pipetted into a 30-pL Kel-F rotor insert for NMR acquisitions. *H
HR-MAS NMR experiments were carried out on a Bruker Avance I, operating at an *H frequency of 499.16 MHz with HR-MAS under a sample
spinning at 4000 Hz at a temperature of 23 + 2°C. The spectra were acquired by Carr-Purcell-Meiboom-Gill pulse experiment with a TE of 80 ms
(with an accumulation of 200 intra-echoes), 1 s water-presaturated pulse as a recycle delay, and 20 ppm spectral width with 32 K complex data

points. The *H chemical shift was referenced to the alanine doublet at 1.48 ppm.

3 | RESULTS
3.1 | Injection in ventricles: efficient sucrose delivery and limited CSF contamination in the DW-MRS voxel

Needle tracks due to stereotaxic surgery (indicated by a red arrow) are clearly visible in the sagittal MRI image presented in the top left corner of
Figure 1A. Sucrose was efficiently injected in the lateral ventricles, as can be appreciated by looking at the strong sucrose resonances at 3.65,
3.78 and 5.37 ppm on the corresponding *H DW-MRS spectrum. Interestingly, sucrose peaks vanished when applying a diffusion weighting of
20 ms/pm? while the signal of endogenous intracellular metabolites remained clearly measurable, already demonstrating faster sucrose diffusion,
without further quantitative analysis.

We verified that (1) sucrose was able to diffuse deep within the tissue and (2) ventricle contamination did not bias our measurements

by acquiring DW-MRS spectra in a smaller 2 x 2 x 2 mm®

voxel that was both far away from the injection sites (the closer voxel's
edge being approximately 1 mm away from the injection site) and did not contain any CSF from ventricles. Interestingly, the measured
spectra (presented in Figure 1B) displayed a similar diffusion pattern as in Figure 1A, suggesting limited contamination from ventricles
and efficient spreading of sucrose within ECS. Sucrose signal also vanished at b = 20 ms/pm?, demonstrating that the fast diffusion as
qualitatively evidenced in the large voxel is not due to diffusion within CSF. However, because signal-to-noise ratio (SNR) was much
lower in that small voxel, we could not perform exhaustive characterization of diffusion properties, as described in the next section for the

large voxel.
3.2 | Injection in the ventricles: diffusion properties of sucrose in the hippocampus
Sucrose could be reliably quantified in all experiments, with Cramér-Rao Lower Bound (CRLB) values ranging from 1% to 3% for the least

favorable acquisition conditions, that is, a high b-value of 20 ms/pm? or long t4 of 1003.2 ms, except for two experiments at b = 20 ms/pm?,
where CRLBs were slightly higher (7%/8%).
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FIGURE 1 A, DW-MRS spectra at b = 0.02 ms/pm? and b = 20 ms/pm? acquired in a large 7 x 3 x 3 mm® voxel positioned in the
hippocampus, as shown in the top left corner (the red arrow indicates the needle track). Very strikingly, sucrose resonances vanish at

b =20 ms/pm2 while intracellular metabolites are still detectable, indicating faster sucrose diffusion. B, Molecular structure of sucrose. The
hydrogen atoms corresponding to the three main resonances occurring at 3.65, 3.78 and 5.37 ppm are delineated by circles. C, DW-MRS spectra
atb =0.02 ms/pm2 and b =20 ms/pm2 acquired in a small 2 x 2 x 2 mm?® voxel containing no CSF or injection sites, as shown on the left side.
Strong sucrose signal attenuation, as in the larger voxel, can be observed, suggesting that fast sucrose diffusion is not due to potential bias arising
from sucrose diffusing in the CSF. A line-broadening factor of 1 Hz was applied to the data for illustration purposes

Examples of datasets obtained in one animal are shown for the three modalities in Figure 2. Figure 2A shows a dataset acquired for all
b-values. A series of spectra acquired in one animal at b = 0.02 and b = 3.02 ms/pm2 for increasing ty are presented in Figure 2B. Lastly, an
example of a DDE dataset is shown in Figure 2C.

Figure 3A displays the logarithm of signal attenuation averaged over four animals. For purely intracellular metabolites, results are displayed as
the mean + s.d. performed over total n-acetylaspartate (tNAA), total choline (tCho) and total creatine (tCr) data, in order to represent some kind of
“intracellular diffusion territory”. Spectral contamination due to sucrose signal did not allow highly reliable quantification of weaker overlapping
resonances. For this reason, metabolites such as myo-inositol and glutamate were not considered. While sucrose signal attenuation was much
stronger than for intracellular metabolites, which confirms faster diffusion as assessed before, it also deviated from mono-exponential behavior at
higher b-values (>5 ms/pm?), indicating some restriction imposed by the local microstructure. Strikingly, lactate signal attenuation exhibits an
intermediate pattern, with a strong signal decrease similar to that of sucrose for b-values below 3.02 ms/pm? followed by a sharper deviation
from mono-exponential attenuation that resembles that of intracellular metabolites. This is in line with the fact that lactate is distributed between
ICS and ECS compartments.

ADC values averaged over four animals as a function of tyq are shown in Figure 3B. It can be clearly appreciated that sucrose ADC values are
remarkably higher than for intracellular metabolites at all ty, ranging from 0.24 pmz/ms at relatively short ty (53.2 ms) down to 0.22 pmz/ms at
ty = 1003.2 ms. By comparison, ADC values averaged over the three main intracellular metabolites ranged from 0.095 + 0.007 pm?/ms down to
0.079 + 0.014 um?/ms. Interestingly, while ADC values for intracellular metabolites describe a plateau from tq of 500 ms or higher (which we
ascribe to diffusion in long fibers such as axons, dendrites or astrocytic processes®*°7), sucrose ADC keeps decreasing with tg, suggesting that the
tortuosity regime is not yet reached in ECS. For reference we measured sucrose ADC in a phantom maintained at 37°C, which was found to be



VINCENT ET AL

Sucrose
(A) |
Sucrose

Sucrose

Signal Intensity (A.U.)

{}, .

EspmalipAivgaomrantuci

5
ty=53.2ms
Sucrose
-~ ‘ NAA
> [tCr
< tCho.
3 |
e
F |
2 |
< N
= Sucrose LA " Lac
| (i W \ \ A
§\ N | \ . W .\\ A \n 0\
J AN AU N W VAR TAN
»'.w/-ﬁ’""/‘l, oyl &7 =Y v =
ppm
5 a4 3 2 11
t;=503.2ms
NAA
"D? Fcr
: Sucrose
< ‘ tCho
2 ’
Iy
<
] | f
£ Al
» Vi
§1 uc(rose ) WA { Lac
o \ q N A A
@ i »\f‘l‘- Al f A A AN 1\ ~
[ { Aral| II" A \ \ \Wx. \f, - v ‘,4{ \‘*\,M}.\\'
\ W/ ."{‘* Py v YV .
ppm
5 4 3 2 1
ter
Sucrose

Sucrose

tChor

W§%4h\®W\

Signal Intensity (A.U.)

Signal intensity (A.U.)

NMR .
N EONE—WILE Y- L7

NAA

Lol

2
ty=253.2ms m— b=0.02 Ms/pm
NAA | s b=3.02 ms/pm?
Sucrose | ter
tCho
|
|
il Lac
Sucrose
| ' AN i
\ LY /AR M\
o mA,-..r’\wa‘ ‘_r\ ‘ \ “\ ‘»"h' n \/ N gt '\N "“w
ppm
5 4 3 2 1
ty=1003.2 ms
NAA
tCr
tCho |
4
Sucrose
| Y
Sucrose 3! l" |L M ! Lac
A LM
i L L
1"5{""%“4}‘]‘h‘ A BT Wl \X: \"\“v«(/’ Morsev
v ! .c- W
ppm
S 4 3 2 1
L)
—_— X
(EAEZNR
2.
zﬂ{,é&m %/,’iq\
f -m{'ﬁcﬁ(;::
Y
ppm

FIGURE 2 A) Example of a dataset acquired for a series of b-values ranging from 0.02 to 20 ms/pm? in a 7 x 3 x 3 mm? voxel positioned around the
hippocampus. Despite exhibiting larger intensity at b = 0.02 ms/um>, one can clearly appreciate the stronger signal attenuation for the sucrose resonance
compared with that of the three main intracellular metabolites (NAA, tCr, tCho) when increasing b. B, Series of datasets acquired in one animal at two b-values

(b = 0.02 ms/um? in black and b = 3.02 ms/um? in blue) for increasing ty =

[53.2; 253.2; 503.2; 1003.2] ms. C, Example of a DDE dataset acquired in one

animal (b =5 ms/pmz). Signal intensity modulation according to the y angle described by the two diffusion gradients is clearly visible for NAA, tCr and tCho. A
few resonances such as lactate at 1.3 ppm and MM at 0.9 ppm appear in antiphase due to J-modulation effect. The insert on the left-hand side shows a
zoom-in between 3.6 and 4.35 ppm, encompassing the three main sucrose resonances. Signal modulation can be appreciated for tCr while sucrose does not
seem to display such behavior (as best visible on the 3.78 ppm resonance). A line-broadening factor of 1 Hz was applied to the data for illustration purposes
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FIGURE 3 A, Logarithm of signal attenuation as a function of b up to 20 ms/pm? for intracellular metabolites (average of tNAA, tCho and
tCr + s.d.), lactate (mean * s.d.) and sucrose (mean + s.d.). Signal attenuation is markedly stronger for sucrose compared with other metabolites,
even though it also deviates from mono-exponential behavior at high b-values, unveiling some short-range restriction. B, ADC time dependency
of intracellular metabolites, lactate and sucrose for t4 values ranging from 52.3 up to 1002.3 ms. Sucrose ADC is higher than intracellular
metabolite ADC at all ty. Unlike purely intracellular metabolites, sucrose ADC does not reach a plateau value, suggesting that the tortuosity
regime has yet to be reached. C, Signal attenuation as a function of y, the angle described by the two pairs of diffusion gradients in the XY plane,
in DDE-MRS measurements for intracellular metabolites, lactate and sucrose. While intracellular metabolites display some significant signal
angular modulation, sucrose DDE signature remains flat, supporting the idea that it is not diffusing in elongated compartments. For all
measurements, lactate displays an intermediate behavior, which is consistent with its distribution among ICS and ECS compartments

0.66 +0.05 pmz/ms, yielding tortuosity values ranging from 1.66 for the lowest t4 value up to 1.73 for a t4 of 1 s. Again, lactate describes an inter-
mediate diffusion behavior, its ADC sharply decreasing at first before stabilizing at approximately 0.17 pmz/ms for tq of 503.2 ms or higher.

Average signal angular modulation for intracellular metabolites, lactate and sucrose is displayed in Figure 3C. Intracellular metabolites clearly
display signal angular modulation characteristic of diffusing molecules trapped in anisotropic, that is, elongated, compartments. As expected,
sucrose signal attenuation is stronger than for intracellular metabolites, which is again consistent with faster diffusion. Very strikingly, sucrose
does not exhibit signal angular modulation, that is, there is no indication of sucrose diffusing in elongated pores within the resolution of the mea-
surement. Note that lactate signal attenuation is much stronger than for intracellular metabolites, while displaying some signal angular modulation,
but these results are less reliable, since lactate detection is very difficult for the given set of experimental parameters (LCModel's CRLB values of
5%-7% for lactate against 1% for the three main intracellular metabolites).

3.3 | Alternative injection site: diffusion properties of sucrose in the prefrontal cortex

To further rule out any potential contribution of ventricles and assess whether the injection protocol could impact sucrose diffusion measure-
ments, we performed additional experiments where we directly injected sucrose into a prefrontal cortical area with no ventricles (Figure 4A).
Despite the smaller voxel size, sucrose, tNAA, tCr and tCho (but not lactate) could still be reliably quantified.

Similar to in the hippocampus, sucrose signal vanished at b = 20 ms/pm? despite exhibiting stronger signal intensity at b = 0.02 ms/pm?, as
shown in Figure 4A. To exclude any potential bias possibly arising from the unavoidable presence of the injection sites in this alternative spectro-
scopic voxel, we performed the same acquisitions in a 2 x 2 x 2 mm?® control voxel completely excluding the needle track. This acquisition reveals
comparable diffusion behavior as in the bigger voxel, thus confirming faster sucrose diffusion (Figure 4B).

The diffusion properties of sucrose in this cortical voxel are presented in Figure 5. For all acquisition protocols, similar trends in diffusion
behavior could be observed for both sucrose and ICS metabolites between the two acquisition voxels (hippocampus vs. cortex). In addition to
faster diffusion properties, sucrose exhibited nonmono-exponential signal attenuation at higher b-values (Figure 5A). Interestingly, sucrose signal
attenuation seems to reflect more pronounced restriction in the prefrontal cortex, which will be further scrutinized in the Discussion section.

Moreover, measurements at long ty confirm markedly higher ADC values for sucrose compared with intracellular metabolites at all t4, yielding
tortuosity values ranging from A = 1.59 for ty = 53.2 ms to A = 1.62 for ty = 1003.2 ms (Figure 5B). Even although these values appear slightly
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FIGURE 4 A, Axial images of the alternative 4 x 2 x 2 mm?® voxel positioned in the prefrontal cortex together with two diffusion-weighted
acquisitions performed at b = 0.02 ms/pm2 and b =20 ms/pmz. Like in the hippocampus, sucrose signal diffusion appears faster than for
intracellular metabolites. B, Left-hand side: sagittal (top line) and coronal (bottom line) anatomical images of a control 2 x 2 x 2 mm® voxel
positioned in the prefrontal cortex. Needle tracks at injection sites are marked by a red arrow. Right-hand side: spectra acquired at

b = 0.02 ms/pm? and b = 20 ms/pm?. Sucrose resonances vanish at higher b-value, revealing similar diffusion behavior as in the bigger
experimental voxel

lower than the ones obtained in the hippocampus (where A = 1.66-1.73), the higher standard deviation associated with our ADC measurements in
this smaller voxel precludes concluding in favor of a significant difference in tortuosity between the two brain regions. It also appears that sucrose
ADC values do not reach a plateau at longer tg, suggesting that the tortuosity regime is not fully reached yet in this cortical area.

Lastly, signal angular modulation can also clearly be appreciated for intracellular metabolites while sucrose does not display such behavior,

reflecting no detectable microscopic anisotropy, at least not given our current experimental parameters (Figure 5C).

3.4 | Detection of sucrose in extracellular and intracellular fractions following cell dissociation protocol
followed by HR-MAS spectroscopy

In order to confirm the absence of sucrose in ICS, we performed a couple of additional experiments where the animals were sacrificed
45 min postinjection to collect brain tissue samples and perform cell dissociation followed by HR-MAS spectroscopy. A schematic descrip-
tion of this protocol, together with the corresponding ICS, membrane and ECS fractions collected at each step of the dissociation process,
is available in Figure 6A. Importantly, since all materials collected at the different steps of the dissociation protocol were actually analyzed
(nothing was thrown away), all sucrose originally present in the tissue must ultimately be found in the different samples. Hence, a compari-
son of absolute MR signals was relevant to compare the amount of sucrose in the different samples (Figure 6B). Most of the sucrose was
retrieved in the HBSS solution (ECS fraction 1), in which the sample tissue slice was immersed immediately after dissection. Considering
ADCcrose being approximately 0.22 pmz/ms based on the results presented in the previous section, one can expect sucrose to travel over
path lengths of approximately 0.6 mm in 15 min (duration of HBSS rinse). Considering a 1-mm thick tissue slice, it is therefore reasonable
that most sucrose initially located deep within the dissected tissue was collected during this step of the protocol. Although it was present
in a much lower quantity, some sucrose was also retrieved in the second ECS fraction obtained following enzymatic and mechanical cell
dissociation. Most importantly, no sucrose was detected in the ICS fraction or in the membrane debris fraction. This demonstrates the very

high ECS specificity of sucrose.
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FIGURE 5 A, Logarithm of signal attenuation as a function of b up to 30 ms/pm? for intracellular metabolites (average of tNAA, tCho and

tCr + s.d.) in the prefrontal cortex and for sucrose in both prefrontal cortex and, for reminder, in the hippocampus (mean + s.d. over four animals).
Signal attenuation in both voxels display remarkably different behavior, which suggests that sucrose experiences increased short-range restriction
in the prefrontal cortex. B, ADC values as a function of time at ty = 52.3-1002.3 ms, for intracellular metabolites and sucrose in the hippocampus
and the prefrontal cortex. A similar behavior as in Figure 3 is observed, and sucrose ADC values between the two areas are not significantly
different. C, DDE-MRS experiments for intracellular metabolites and sucrose in the hippocampus and the prefrontal cortex. As in the hippocampal
voxel, sucrose DDE-MRS signature remains flat while signal angular modulation can be appreciated for purely intracellular metabolites. Note that
lactate could not be reliably quantified in this region, and thus is not reported here

4 | DISCUSSION

41 | Potential biases arising from the experimental injection of an exogenous ECS marker
The presence of ventricles in the hippocampus voxel or injection sites in the prefrontal cortex voxel might have potentially biased the results
towards faster (and Gaussian) diffusion. However, in the case of the hippocampus, the volume fraction occupied by ventricles in the voxel remains
below 5%, and this remains true even considering worst-case chemical shift displacement error (which, in our study, arises for the 5.37 ppm reso-
nance along the dorsoventral direction, for which the actual voxel position is shifted only by 0.36 mm towards the bottom of the brain). Further-
more, additional measurements in small voxels containing no CSF from ventricles or tissues damaged by cannula insertion exhibited an amount of
sucrose (relative to intracellular metabolites) and fast sucrose diffusion similar to the large voxel, strongly suggesting that contamination by ventri-
cles or injection sites is not driving diffusion behavior observed in the large voxel.

Another source of bias may be a change in the osmotic balance due to the injection of highly concentrated sucrose solution. Diffusion of

5556 indicating unaltered cell morphology. More-

intracellular metabolites is however similar to what has been previously observed by our team,
over, DTl does not indicate any acute change in water mean diffusivity within the hippocampal voxel following the intraventricular injection pro-
tocol (Figure 7A). This, however, is not the case when injecting sucrose directly within the tissues in the prefrontal cortex, as can be seen in

Figure 7B. This point will be further examined in the final section of the Discussion.

4.2 | Diffusion in ECS is faster than in ICS...

Our results report that sucrose diffusion in ECS is faster than in ICS. More specifically, sucrose ADC roughly corresponds to one third of its
Dtree value. Comparatively, ADCinaa is equal to approximately 10% of its Dgee Value (considering a Dfee Of 0.78 pmz/ms, as measured by
Kroenke et al.¢%), which is three times less than for sucrose. These results might appear at first to be in disagreement with the work of Duong
et al. reporting little difference between intracellular and extracellular ADC, in a study where F-MRS ADC measurements of either extracel-
lular or intracellular 2-[**F]Fluoro-2-deoxyglucose-6-phosphate were performed in rat brain (normal and ischemic).>° The authors ascribed
these rather surprising results to the fact that, even although there is a lower concentration of macromolecules potentially hindering diffusion
compared with ICS, molecules trapped in ECS compartment are confined in narrow pathways down to the nanometer scale. Therefore, they

may statistically encounter the plasma membrane more often than their intracellular counterparts, where the cell body dimension is by
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FIGURE 6 A, Summary of the cell dissociation protocol performed prior HR-MAS spectroscopy. Each step of the protocol yields a sample
fraction corresponding to ECS, ICS or cell membranes. B, HR-MAS detection of sucrose following the cell dissociation protocol after injection in
the lateral ventricles (left-hand side) or directly within the tissues in the prefrontal cortex (right-hand side). Sucrose is mainly retrieved in ECS
samples (top spectra) while it can be detected neither in ICS sample (middle spectra) nor on cell membranes (bottom spectra)

comparison an order of magnitude larger, being approximately 10 pm. Later on, Duong et al. performed another series of *H-MRS experi-
ments by administering, via intraventricular infusion, a variety of exogenous “compartment-selective” ECS markers.”* As expected, ADC values
decreased with molecular weight, ranging from 0.22 down to 0.063 pmz/ms. The rich information contained in spectra allowed the investiga-
tors to directly compare their results with the diffusion of the purely intracellular metabolite NAA. In this study, the ADC of NAA, although
unusually high, was not drastically lower than that of ECS markers of comparable hydrodynamic radius such as mannitol (0.16 pm2/ms for
NAA vs. 0.20 pm?/ms for mannitol).

In our opinion, the discrepancy between their studies and the current study may arise from the fact that sucrose appears to be more specific
to ECS than the probes used by Duong et al.>* For example, based on cell culture experiments, Duong et al. reported a corresponding intracellular
fraction of 35% for mannitol. By comparison, our cell dissociation protocol showed no detectable sucrose in ICS or on cell membranes. The exper-

imental timing used in the study of Duong et al., where DW-MRS acquisition started at 4 h postinjection (instead of at approximately 1 h
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FIGURE 7 A, Mean diffusivity (MD) reconstructed images from DTl acquisition colocalized with the 7 x 3 x 3 mm? hippocampal voxel (green
rectangle). The MD appears quite uniform throughout the whole voxel, suggesting that the cannula insertion into the ventricles did not induce
dramatic damages in the tissue. B, MD maps obtained around the 4 x 2 x 2 mm?® prefrontal voxel. In this case, while MD again appears quite
uniform throughout the voxel, darker spots (indicated by red arrows) are visible around the injection sites, revealing that some small amount of
tissue (approximately 6%) contained in the experimental voxel presumably reacted to sucrose injection. Diffusion-weighted images

(resolution = 160 x 160 pmz, slice thickness = 500 pm) were acquired with an EPI module over 30 directions at b = 1 ms/pmz, (8/A =2/20 ms,
TE/TR = 30/3200 ms)

postinjection in our case), might also have contributed to a higher fraction of ECS markers penetrating ICS. Such a long incubation time potentially
leading to some intercompartment exchange might also partly explain their results with [*°F]Fluoro-2-deoxyglucose-6-phosphate.

It is interesting to reanalyze the mannitol data obtained by Duong et al.: considering an overall ADC value of 0.20 pm?/ms and that 35% of
mannitol is in ICS (with ADCcs =~ 0.16 pmz/ms based on the investigators' data for NAA, which has an almost similar hydrodynamic radius) while
27% of mannitol is subject to nonspecific membrane binding (with ADC hembrane & 0.02 pmz/ms according to Reed et al.®%), one can estimate
ADCecs ~ 0.36 pm?2/ms in the case of mannitol. In the end, based on mannitol data from Duong et al., one comes up with ADCgcs being more
than twice as large as ADCcs, which is in line with our own ADC measurements.

Consequently, we are overall quite confident in our results, and control experiments in smaller voxels are clearly in favor of faster sucrose dif-
fusion compared with ICS metabolites. Notably, this is consistent with the results reported by Goodman et al.>? for sodium, which exhibits an 4:1
extracellular-to-intracellular ratio, thus making it a quite specific endogenous marker of ECS. The authors measured the ADC of sodium ion in rat
brain using 2*Na DW-MRS and reported it to be.1.15 + 0.09 pm?/ms, which corresponded to 61% of its Df.ee Value measured at 37°C. They per-
formed similar acquisitions for water, estimating that its ADC in brain tissue was 28% of D¢.... The authors therefore concluded that ADCgcs is

|23

approximately two-fold higher than ADC,cs. In a similar spirit, Dehghani et al.“> compared the diffusion profile of acetate during intravenous infu-

sion with that of purely intracellular NAA. The ADC values for both molecules estimated for b-values inferior to 5 ms/pm2 yielded
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0.24 + 0.008 um?/ms for acetate and 0.086 + 0.002 pm?/ms for NAA. This is in surprisingly good agreement with our own results, even although
the comparison is limited here by the facts that (1) acetate is a much smaller molecule than sucrose and (2) the extracellular fraction of acetate is
estimated to be “only” 40% under the experimental conditions used in this study. Overall, this study also supported the idea of faster diffusion of
acetate in ECS.

Lastly, it is interesting to draw a parallel with the studies that were performed in white matter using DW-MRI to disentangle water extra-
axonal and intra-axonal parallel diffusivities.*8-2* In first approximation, considering an isotropic orientation distribution of sticks, the ADC we
measured for intracellular metabolites should be equal to approximately Dn/3, Dn being the intracellular diffusion coefficient parallel to neurites.
In our study, we found that ADCyaa Was approximately 10% of its Dsee, thus corresponding to Dn being approximately 30% of Dyee for the intra-
neuronal marker NAA. This is actually very close to the extracellular ADC value for sucrose, that is, ADCycrose is approximately 33% of its Dsree.
However, we shall stress here that this comparison is limited by the fact that we performed our measurements in a voxel mostly composed of gray
matter, which obviously greatly differs from white matter in terms of microstructure: in particular, unlike in white matter axonal bundles, extracel-
lular diffusion cannot be separated into parallel and perpendicular components. Comparison between intra- and extra-axonal parallel diffusivities
is therefore beyond the scope of the study.

4.3 | ... although diffusion in ECS is also restricted and tortuous

Measurements at high b-values clearly show that sucrose signal attenuation deviates from mono-exponential behavior, which is a manifestation
of restriction. Beyond sole cell membranes, we believe that such a restriction might also reflect deadspace microdomains, as unveiled by a large
number of previous studies>*>~4” that suggest these microstructural dead ends may account for about one third of the overall tortuosity.®

Our estimation of ECS tortuosity (A ~ 1.6 in cortex and A ~ 1.7 in the hippocampus) is rather close to what has been previously reported in
other studies using real-time iontophoresis or integrative optical imaging (A ~ 1.6).> However, as the diffusion scales probed in this study (from
~5 to ~20 pm) are smaller than what is typically observed using alternative techniques, some caution shall be applied.>* In our case, it appears
that the tortuosity regime is not reached yet, and longer ty might have reflected slightly larger tortuosity. What about comparisons with NMR-
derived tortuosity? In Duong et al.,>%, the A value reported for mannitol is rather surprisingly high (A = 1.83 for a diffusion distance of approxi-
mately 2.8 pm), especially when considering that mannitol is smaller than sucrose and exhibits a hydrodynamic radius similar to that of NAA. The
authors proposed that, considering the scale of displacement distances, probe molecules were less likely to be sensitive to perivascular pulsation
compared with alternative techniques that sample displacements occurring over hundreds of microns. As discussed before, we believe that this
difference might also be due to the fact that mannitol was not completely specific to ECS, thus partly sampling ICS where the ADC is lower and
biasing the estimated tortuosity toward larger values.

It would be very insightful to go beyond the simple statement that sucrose ADC is decreasing when t4 is increasing, and to characterize
whether it follows some specific power law, in the spirit of theoretical and experimental works from Novikov et al.?4-%8 Unfortunately, data are

too sparse and s.d. too large to allow for such an analysis.

44 | Absence of microscopic anisotropy in ECS

DDE measurements display unparalleled sensitivity to microscopic anisotropy, that is, to diffusion occurring in highly anisotropic structures such
as cylinders or elongated pores.®”~"! In such cases, provided that the TM between the two diffusion blocks is long enough, the theoretical analysis
of DDE experiments proposed by Mitra indeed predicts that angular dependence of the signal magnitude can be observed, displaying signal max-
ima in the case of parallel measurements (y = 0 and 180°) and minima in the case of perpendicular measurements (y = 90 and 270°).72 On the
contrary, restricted diffusion in isotropic compartments is not expected to yield such modulation.

DDE-MRS of intracellular metabolites has been successfully employed in vivo, showing some significant angular modulation that suggests
metabolites mainly diffuse in elongated compartments such as cell fibers.>®7374 DDE acquisition parameters used in the present study, that is,
low b-value and short TM, were chosen to allow reliable quantification of sucrose signal, and are quite different from those used in past studies
focusing on intracellular metabolites.>®7374 While we observe such a pattern for the three main intracellular metabolites, DDE-MRS signature of
sucrose does not exhibit any signal angular modulation. This supports the view that ECS is not a highly anisotropic structure at microscopic scale,
at least in gray matter. Of course, at sub-pm scales (i.e., at the scale of gap width or deadspace microdomains) there is certainly some pronounced
anisotropy in ECS, but at the larger scale of the diffusion distance probed during DDE measurements (a few pm), all correlation is lost between
the diffusion directions of the two successive diffusion epochs, resulting in the absence of signal modulation. Interestingly, the intermediate
behavior displayed by lactate, that is, more pronounced signal attenuation combined with narrower signal intensity angular modulation, is consis-
tent with the fact that lactate is present in both ECS and ICS. These results are in line with past DDE measurements showing limited lactate signal

angular modulation compared with purely intracellular metabolites, which considering the results of the present work is due to the presence of an
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important extracellular lactate pool with very limited angular modulation.?2°%72 To the best of our knowledge, this is the first time that DDE-
MRS has been specifically performed in ECS, and we believe that DDE might actually be extremely powerful to successfully distinguish between
ECS and ICS compartments.

45 | Impact of injection protocol

Quite strikingly, measurements at high b-values reveal more significant short-range restrictions for sucrose diffusing in the prefrontal cortex
compared with the hippocampus. One explanation could lie in microstructural differences between the two areas, which might be the result
of a higher density of deadspace microdomains and/or more packed cells in the prefrontal cortex. However, this result shall be cautiously
interpreted as sucrose injection directly within the cortex indisputably constitutes a more damaging process for the tissues compared with
intraventricular injection. Indeed, and as mentioned before, water mean diffusivity maps obtained using DTI measurements in the cortical
voxel revealed markedly darker spots around the injection sites (Figure 7B), reflecting a local decrease in water ADC (of about 60%, in a
volume corresponding to only ~6% of the spectroscopic voxel). This may reflect some very local tissue damage that may induce increased
diffusion restriction in our experimental voxel. Another explanation for the observed discrepancies between the two areas might be that
some sucrose molecules are able to enter cells damaged due to direct cannula insertion within the tissues, thus partially sampling the ICS.
This would be in line with the sharper deviation from mono-exponential signal attenuation at higher b values (compared with data acquired
in the hippocampus), as well as the very slight signal angular modulation that could possibly be discerned for sucrose at y = 180°. This
interpretation shall nevertheless be nuanced by the fact that cell damage appears to be very local, that is, is not representative of the
whole voxel, at least as assessed from DTl measurements, while data from the cell dissociation protocol did not report higher sucrose

quantity in the intracellular fraction.

5 | CONCLUSION

In this study, we assessed the diffusion properties of sucrose in the ECS using state-of-the-art DW-MRS protocols. Our results are in favor of
approximately two-fold faster diffusion in ECS compared with ICS. However, our measurements also suggest that diffusion in ECS does not mimic
that of a free medium, that is, a microenvironment without any kind of restrictive boundaries or obstacles hindering the diffusion process. More
precisely, we found a tortuosity of approximately 1.6 that tends to increase with tg, indicating that the tortuosity regime has not been reached yet
for ty of up to 1 s. High b-values measurements also unveil some sensitivity to short-range restriction. However, sucrose DDE signal modulation
appears to be flat and thus qualitatively different from that of intracellular metabolites. We propose that such specific DDE signature may be used

to successfully discriminate ECS from ICS compartments.
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