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Abstract

Purpose—To determine the intracellular water preexchange lifetime, z;, the “average residence
time” of water, in the intracellular milieu of neurons and astrocytes. The preexchange lifetime is
important for modeling a variety of MR datasets, including relaxation, diffusion-sensitive, and
dynamic-contrast-enhanced.

Methods—Herein, z; in neurons and astrocytes is determined in a microbead-adherent, cultured
cell system. In concert with thin-slice-selection, rapid flow of extracellular media suppresses
extracellular signal, allowing determination of the transcytolemmal-exchange-dominated,
intracellular T4. With this knowledge, and that of the intracellular T4 in the absence of exchange,
7; can be derived.

Results—Under normal culture conditions, z; for neurons is 0.75 + 0.05 s vs. 0.57 + 0.03 s for
astrocytes. Both neuronal and astrocytic z's decrease within 30 min after the onset of oxygen-
glucose deprivation, with the astrocytic z; showing a substantially greater decrease than the
neuronal .

Conclusion—Given an approximate intra- to extracellular volume ratio of 4:1 in the brain, these
data imply that, under normal physiological conditions, an MR experimental characteristic time of
less than 0.012 s is required for a non-exchanging, two-compartment (intra- and extracellular)
model to be valid for MR studies. This characteristic time shortens significantly (/.e., 0.004 s)
under injury conditions.
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Introduction

Water exchange across cell membranes plays a fundamental role in cell physiology and
pathophysiology (1-4). Various biophysical parameters have been employed to describe the
characteristics of transcytolemmal water exchange, including osmotic water permeability,
diffusional water permeability, and Arrhenius activation energy (1,2). Among these
parameters, the intracellular water preexchange lifetime, z;, reflects the “average residence
time” of water in the intracellular space. More precisely, z is the exponential time constant
(inverse of the rate constant, ki, Vide infra) characterizing transcytolemmal water exchange
in the intra-to-extracellular direction (5-7). It is the time required for 63% (/.e., 1-e'1) of the
intracellular water to exchange.

If intracellular water can be considered as “well mixed” (/.e., cell dimensions are small
relative to the diffusion-driven, water root-mean-square displacements that occur over the
characteristic time of a given measurement), Fick's laws of diffusion for water transiting
across the cell membrane relate z; directly to the diffusional water permeability, Ay,
according to Eq. [1]:

Pi=Vi/ (An). [1]

Here Vj is the volume of intracellular water and A is the surface area of the cell membrane
(8,9). While it is generally assumed that transcytolemmal water exchange is purely diffusive
(7.e., thermally driven by Brownian motion), recent reports have also implicated energy-
dependent ion channels as significant “active transport” vehicles for this exchange (4,10,11).
7; describes the accumulated total flux of all active and passive exchange processes.

All physical measurements have an associated characteristic time, and z; sets a limit (v/de
infra) on the characteristic time over which the tissue water MR signal can be modeled as
separable, compartment-specific, water signals from intra- and extracellular compartments,
rather than being a compartment-inseparable signal resulting from exchange (mixing)
between the compartments. Indeed, it is difficult, if not impossible, to construct a
meaningful biophysical model for tissue water MR measurements, such as T1 (12) or
apparent diffusion coefficient (ADC) (13), without knowledge of z. For example, to address
the biophysical mechanism(s) underlying the rapid and remarkable decrease in brain-water
ADC upon ischemic stroke (14,15), various hypotheses invoke the two-compartment —
intracellular and extracellular — diffusion model, and hence require assignment of values
for compartment-specific ADC's (reviewed in (16-18)). However, strategies to measure
compartment-specific ADC's and changes therein in response to injury, a subject of
considerable debate, generally require knowledge of z (6,13,19).
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Considerable effort has focused on measuring ; using different MR strategies, including To-
based methods (20-22), T1-based methods (6,10,12,23), and diffusion-based methods
(3,19,24-26). A rather wide range of z; values in mammalian cells has been reported, from
~10 ms in erythrocytes (20,21) to ~1 s in rat skeletal muscle (12) and ~2 s in human white
matter (3). Of greatest relevance to this study, there are three reports of 7 in central nervous
system (CNS) tissue (3,6,19) and one report of z in cultured glioma cells (24). Derived z;
values vary substantially across these reports: 1.25-2.5 s (3), 0.55 s (6), 0.3 s (19), and 0.05 s
(24).

In this study, we determine the intracellular water preexchange lifetime for microbead-
adherent neurons and glia (astrocytes), respectively, using a thin-slice-selection, inversion-
recovery, spin-echo (IRSE) MR spectroscopy (MRS) method in concert with rapid flow of
the extracellular perfusing media (Fig. 1) (7). The microbead-adherent cell culture is
modeled as a two-compartment (intra- and extracellular water) system with first-order
transcytolemmal water exchange at equilibrium, which is often regarded as a “two-site-
exchange” system (5,7,12). At equilibrium/steady-state (static-cell volume), the intra- and
extracellular water volume fractions (£ and £, respectively) and water exchange rate
constants (or preexchange lifetimes) are related by Eq. [2],

ke fi=keife  [2a]

fi_fe
i Te [2b]

Here ke is the first-order water exchange rate constant in the intra-to-extracellular direction,
the inverse of which is the intracellular water preexchange lifetime, ;. Likewise, A;; is the
first-order water exchange rate constant in the extra-to-intracellular direction, the inverse of
which is the extracellular water preexchange lifetime, ..

For simplicity, relaxation rate constants, R, rather than relaxation time constants, T (R =
1/T), are used in the following description. If the extracellular media flows sufficiently fast,
and if thin (~100 um) slices are interrogated v/a a standard, slice-selective, spin-echo MR
measurement (Fig. 1), the effectivel apparent Ry and R, of the flowing extracellular media,

R7% and R57’, will be flow-dominated and large relative to the intrinsic R; of intracellular
water, Ry j (/.é., that which would be measured in the absence of transcytolemmal exchange).
Under such conditions, the Ry measurement in this two-site-exchange system will be in the
slow exchange limit (Eq. [3a]) (12).

app
Rie —Rugi

> kie +kei [3a]
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Given the perfused, low density, mircobead-adherent, cell-culture conditions employed
herein, £ > £. Thus, it follows from Eq. [2] that A > kej and Eq. [3a] simplifies to

app
‘Rl,e —Ruj

> kie. [3b]

Presaging what follows, the conditions of our perfused cell system are, conservatively, such

that [R1% — Rui| ~20s™" and ke~1-5s1. Thus, the system can be considered to be in, or
approaching, the slow-exchange limit. In this situation, the inversion-recovery time course
will be bi-exponential, including a rapidly-recovering component, principally reflecting

extracellular water and characterized by flow-dominated R{"”, and a slowly-recovering

component, principally reflecting intracellular water and characterized by exchange-

exch

dominated R7™, vide infra, Eq. [4]. Further, the thin-slice, spin-echo acquisition, in concert

with the time-of-flight, flow-induced large R,gf;l’, will result in substantial suppression of

signal from extracellular water. (Note that the longitudinal relaxation rate constant for the

exch

intracellular water in the presence of transcytolemmal exchange is identified as R{5™, to
distinguish it from the intrinsic rate constant in the absence of transcytolemmal water
exchange, Ry ;)

Modeling the IRSE time course as bi-exponential yields the rate (or time) constant and
amplitude for each of the two components of the water H longitudinal-magnetization

exch

recovery. The relaxation rate constant, Ry, measured under the conditions of this
experiment (thin slice, rapid flow, IRSE), reflects two parallel kinetic processes: (i)
relaxation due to transcytolemmal exchange and (ii) intrinsic relaxation that would occur in
the absence of exchange. Since it is the associated rate constants that are additive for parallel
kinetic processes, in the slow exchange limit

Rﬁﬁch:kiﬁRLi- [4a]

Rearranging and writing in terms of time constants, the inverse of the intracellular
preexchange lifetime can be expressed as (7),

11 1
TR Tu )

With knowledge of Tﬁj‘fh and Ty, 7 can be estimated. T+ ; itself can be estimated via IRSE
measurement in cell pellets after removing the majority of the extracellular water.
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All animal experiments were approved by the Washington University Institutional Animal
Care and Use Committee.

Microbead-Adherent Cells and Cell Pellets

Neurons and astrocytes from rat cerebral cortex were dissociated with papain, as previously
described (27). In brief, cortical hemispheres from two Long Evans newborn rats, age 1-5
days, were cut into 500-um slices using a Mcilwain tissue chopper and then incubated at 30—
35 °C for 90 min under 95% O, and 5% CO, in Earl's buffered salt solution (EBSS, in mM:
117 NaCl, 5.3 KCI, 1 NaH,PQy4, 26.2 NaHCO3, 1.5 CaCl,, 1 MgCl,) containing 200 units of
papain, 1 mM cysteine and 0.5 mM EDTA. Slices were rinsed twice with EBSS containing 1
mg/mL BSA and ovomucoid (Sigma-Aldrich, St. Louis, MO, USA) and then dissociated by
trituration through a fire polished Pasteur pipette.

To prepare cell pellets, suspended cells were transferred into a 4.5-mm inner diameter glass
tube and were centrifuged at 3000 g for 2 min. After the supernatant was removed, the
volume of the condensed cells was ~0.3 mL.

To prepare microbead-adherent cultures, suspended cells were mixed with polystyrene
microbeads fabricated to have a net positive surface charge (125-212 pym in diameter; 3 mL
in volume, settled by gravity; Pall/SoloHill, Port Washington, NY, USA). The microbeads
were previously sterilized by autoclaving in double-distilled water, then incubated for 24-48
hours with 3 pg/mL laminin (Sigma-Aldrich), washed twice with sterile distilled water, once
with EBSS, and finally suspended in serum-free Neurobasal medium (Invitrogen, Carlsbad,
CA, USA). Both the positive surface charge and the laminin coating are known to promote
attachment of many cell types including neurons and astrocytes.

The mixture of cells and microbeads (~15 mL) was dispensed into six Petri plates (60-mm
diameter) that were coated with 0.15% agarose (Sigma-Aldrich) to minimize cell adhesion.
Mixed neuron and astrocyte cultures were maintained for 1-2 weeks at 37 °C in a humid
atmosphere of 95% air and 5% CO, in complete growth medium (CGM) consisting of
Eagle's MEM (Invitrogen) containing 0.5 mM glutamine, 20 mM glucose, penicillin and
streptomycin (50 units and 50 pg/mL, respectively; Invitrogen) and 5% rat serum (28). In
most cases, CGM was added 4-5 hours after cell dissociation to allow for attachment to the
microbeads. Several days after cell preparation, 10 uM 1-y-D-arabinofuranosy! cytosine
(ARA-C) was added to the cultures to halt proliferation of non-neuronal cells. For some
experiments, mature mixed cultures, enriched for astrocytes, were prepared by excitotoxic
depletion of neurons using 200 UM N-methyl-D-aspartate one week after cell dissociation.
For other experiments, cultures enriched for neurons were prepared by extending the period
between dissociation and addition of CGM to ~16 hours and adding ARA-C, together with
CGM, after this 16-hour period in serum-free medium.

Immunofluorescence

The appearance of the cells on the surface of microbeads was visualized by
immunofluorescence. Mixed cultures of microbead-adherent neurons and astrocytes were
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rinsed using warm Tyrode's solution (in mM: 150 NaCl, 4 KCl, 2 CaCl,, 2 MgCl,, 10
glucose, 10 HEPES, pH to 7.4 with NaOH) and then immersed for 30 min in 0.12 M sodium
phosphate, pH 7.4, containing 4% depolymerized paraformaldehyde and 0.1%
glutaraldehyde. After three washes using Tris-buffered saline, pH 7.4, cultures were
incubated for 15 min in blocking solution: phosphate buffered saline (PBS), pH 7.4,
containing 1% normal goat serum and 0.1% Triton X-100. Rabbit anti-neuronal p-3-tubulin
(1:1000; Covance, Princeton, NJ, USA) and mouse anti-glial fibrillary acidic protein (GFAP)
(1:200; Sigma-Aldrich) primary antibodies were diluted in blocking solution and applied for
18-24 hours. After three washes using PBS, fluorescently-tagged goat anti-mouse and anti-
rabbit secondary antibodies were applied for 1-2 hours at 1:200 dilution in blocking
solution. After three PBS washes, labeled cells were visualized by epi-illumination and Z-
stacks of images collected using a Photometrics CCD camera on a Nikon Eclipse E600
microscope with 10x and 40x objectives (0.3 and 0.8 numerical apertures (NA),
respectively).

General MR Experimental Setting

MR experiments were performed on an Agilent/Varian DirectDrive™ MRI system (Agilent/
Varian, Santa Clara, CA, USA) with an 11.74-T, 26-cm-diameter, clear-bore horizontal
magnet (Agilent/Varian/Magnex, Santa Clara, CA, USA). The system was equipped with an
actively shielded gradient and shim-coil assembly (8-cm inner diameter), driven by
Analogic/Copley gradient amplifiers (Analogic/Copley, Peabody, MA, USA), providing a
maximal gradient of 120 G/cm with a rise time of ~300 us. A lab-made, two-turn solenoid
coil was used for RF transmission and reception. The 1H inversion-recovery experiments
were conducted using a slice-selective IRSE spectroscopy sequence (Fig. 1a).

IRSE Experiments with Perfused Microbead-Adherent Cells

A sample of microbead-adherent cells (~2-3 mL), enriched for either neurons or astrocytes,
was loaded into a lab-built perfusion system, and Tyrode's solution (media) was perfused
through the sample at 36.5 °C with a volumetric flow rate of 30-45 mL/min (Fig. 1b). The
media temperature was maintained using a glass heat exchanger upstream of the sample tube
and was monitored by a fiber-optic temperature sensor (FISO, Quebec, QC, Canada) located
~5 mm above the sample. The volumetric flow rate of the media was measured using a flow
meter (Cole-Parmer, Vernon Hills, IL, USA) downstream of the sample tube. IRSE
spectroscopy data were collected from five 100-pm slices spanning across the sample (red
bars in Fig. 1b), with a 500-um inter-slice gap. The scan parameters include: echo time (TE)
35 ms, duration of both 90° and 180° pulses 4 ms, acquisition time 140 ms, eight or sixteen
total averages, and fifteen empirically-derived, approximately logarithmically-spaced
inversion times (TI's) (5.5, 11, 15, 21, 27, 36, 48, 70, 100, 170, 350, 780, 1800, 3000, and
5000 ms, respectively). For each TI, the IRSE cycle (Fig. 1a) proceeded from the bottom of
the sample incrementally to the top (red arrow in Fig. 1b), which was against the direction of
media flow (blue arrow in Fig. 1b). This ensured the flow of fully equilibrium-magnetized
perfusate water, unperturbed by preceding inversion pulses, into each slice. A 3-s delay was
inserted after each bottom-to-top multislice acquisition to recover magnetization equilibrium
in the sample. The bottom-to-top scan was repeated four times (four “sub-averages”) with
the same TI before proceeding to the next TI, which enabled the use of a four-step phase
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cycle in the pulse sequence. The scan time for a 4-sub-average acquisition block employing
all fifteen Tl's was 7.5 min. Thus, the total scan time for an 8- (16-) total-average
measurement, which included two (four) 4-sub-average blocks, was 15 (30) min. In this way,
the full T1 array spread across the total scan time.

Experimental timing was referenced (#= 0) to loading of the sample into the perfusion
system. Generally, the first ~15 min were used for experiment setup and then four (two)
consecutive 8- (16-) total-average IRSE measurements were conducted, which made the
entire experimental time period ~75 min. Immediately following the final IRSE
measurement, the sample was unloaded and prepared for quality-assurance assessment. An
overview of the experimental schema is shown in Supporting Fig. S1.

For MR experiments under normal conditions, the perfusion media was oxygenated Tyrode's
solution. Under oxygen and glucose deprivation (OGD) conditions, modified Tyrode's
solution was used from the beginning of system setup, in which glucose (10 mM) was
replaced with 2-deoxy-D-glucose (10 mM; Sigma-Aldrich) and the media was saturated
with nitrogen gas instead of oxygen. OGD conditions were maintained throughout the 75-
min MR experimental time period.

Cell Viability Assurance

Cell viability was confirmed via calcein fluorescence staining. (Live cells stain green when
calcein acetoxymethyl (AM) is transported into the cells and converted to calcein through
intracellular acetoxymethyl ester hydrolysis.) Before loading the sample for MR
experiments, a portion (~1 mL) was collected as control and was separately maintained in a
Petri plate at 36.5 °C. After MR experiments, both the sample and the control were rinsed
three times using Tyrode's solution containing 15 uM Calcein AM (Life Technologies,
Carlsbad, CA, USA) and then maintained in this media at 36.5 °C for 45 min. Fluorescence
images of the calcein-stained live cells were acquired using a Photometrics CCD camera
(Photometrics, Tucson, AZ, USA) on a Nikon Eclipse 80i fluorescence microscope (Nikon
Instruments, Melville, NY, USA) with 4x, 10x, and 20x objectives (0.2, 0.3, and 0.5 NA,
respectively). The quantity and morphology of live cells in the post-experiment sample were
visually compared with those in the control to confirm viability.

IRSE Experiments with Cell Pellets

The sample tube containing the condensed cell pellet was mounted inside the same solenoid
coil that was used for perfusion experiments. The ambient temperature around the sample
was maintained at 36.5 °C via circulating, temperature-controlled water. IRSE data were
acquired using the pulse sequence in Fig. 1a, and one 10-mm slice was selected to cover the
entire sample. Other parameters include: TE 2.8 ms, duration of both 90° and 180° pulses
500 us, acquisition time 500 ms, four averages, and fifteen empirically-determined,
approximately logarithmically-spaced Tl's (0.2, 0.4, 0.6, 0.9, 1.2, 1.5, 1.9, 2.3, 2.8, 3.5, 4.4,
5.8, 9.2, 13, 20 s, respectively). The delay time after each IRSE cycle was 15 s, and the scan
time for a 4-average measurement was 15 min. Four consecutive measurements were
conducted, which resulted in a total scan time of 1 hr.
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Data Analysis

MRS data were modeled using a lab-developed “Bayesian Data-Analysis Toolbox” software
suite (bayesiananalysis.wustl.edu). Student's #test was employed to assess statistical
significance (MATLAB R2015a: The MathWorks Inc., Natick, MA, USA). Results are
reported as mean + SD, unless otherwise noted.

The slice-selective, MRS water 1H time-domain signal was modeled as a single,
exponentially-decaying sinusoid, and the signal amplitude was estimated for each slice. The
signal amplitude was then averaged across all slices for each Tl to form a fifteen-point,
inversion-recovery dataset (signal amplitude vs. TI). Inversion-recovery datasets were
modeled as mono- and bi-exponentials (Egs. [5a] and [5b]), and model parameters were
estimated.

mono—exponential model:s (TT)=f - A - exp <7R,c1’bs . TI) +c [5a]

bi—exponential model:s (TI) =f, -A-exp <7R,itf . TI> +fu-A-exp (fR?_f . TI) +c [50]

Here R9, R°™ and Rfff; are the observed relaxation rate constants. The constant ¢ = s(o0)

1A
is the signal amplitude at Tl = co. The longitudinal-magnetization-differential A = 5(0) —
5(00) is the extent to which the inversion pulse perturbs the magnetization from its
equilibrium value. Under conditions of idealized inversion, A = —25(00). The respective

component fractional amplitudes are: 7, fa, and 7z, where f=1and fg =1 - fa.

As will be described, Rflff is equated with Rf‘fh and should, ideally, be the same for all

samples of a given cell type (7.¢e., neuron vs. astrocyte). In contrast, Rﬁ’_'f is equated with

Ri‘fff’ and, in early developmental experiments, was found to be moderately dependent upon
the sample-specific, microbead packing arrangement within the sample tube.

Special Notes on Sample Size

In this study, an IRSE determination can be associated with different identifiers/types of
sample size, n. First, each cultured cell batch consisted of cells from two rat pups. Second,
each batch was evenly divided into six samples, and each sample was subject to an
individual/independent MR study. Third, during each MR study, a replicate series of IRSE
measurements was performed on a given sample. Accordingly, results are identified with
three sample size types: /yup, samples aNd Mimeasurement: The Mample aNd /lmeasurement indicate
the number of samples (individual/independent MR studies) and IRSE measurements
included in a dataset, respectively, while /75y, shows the number of rat pups that contributed
cells to the dataset. The sample sizes are summarized in Table 1.
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Results

Immunofluorescence

Immunofluorescence micrographs of the microbead-adherent cells are shown in Fig. 2. The
images were taken from a mixed culture of neurons and astrocytes, and were chosen for the
best visualization of cell morphology. The neurons were stained in green for class Il -
tubulin, the astrocytes in red for glial fibrillary acidic protein, and the nuclei in blue using
Hoechst 33342. As shown in Fig. 2a, the microbeads were usually “glued” into clusters by
the cells that grew across different microbeads. The shapes of neurons and astrocytes on the
surface of a single microbead are shown in Fig. 2b and Fig. 2c, respectively, with the
dendritic branching clearly visualized.

Cell viability Assurance

An example of the cell-viability assay in a neuron culture is presented in Fig. 3. The shapes
of the cells, particularly the dendritic structures, can be clearly seen in the examples marked
by yellow arrows and are consistent with those observed by immunofluorescence (Fig. 2).
The yellow circles highlight examples of cells that grew between microbeads. The high-
intensity areas marked by yellow boxes are example locations of cells that were out of focus
in the given captured photo-plane due to the significant dimensions of the spherical
microbeads.

IRSE Experiments with Perfused Microbead-Adherent Cells

The thin-slice, spin-echo portion of the IRSE sequence provides substantial time-of-flight
suppression of the otherwise dominant signal from the flowing extracellular media.
Suppression would be complete at very high flow velocity, as previously shown with
microbead-adherent HelL a cells (7,29). CNS cells are far less robust to flow-induced
mechanical forces (vide infra), limiting the flow rate and, thus, also the flow-enabled
suppression of the extracellular water signal. The observed IRSE signal will therefore be the
sum of signals from the two (intra- and extracellular) compartments, with the signal from the
flowing extracellular media substantially, but not completely, suppressed.

IRSE data from perfused cell experiments were modeled as mono- and bi-exponential,
respectively (Eg. [5]). A representative example is shown in Fig. 4, in which a dataset from a
neuron sample is modeled. The mono-exponential (Eq. [5a]) failed to model the data well, as
suggested by the large systematic residuals. In contrast, the bi-exponential (Eg. [5b])
modeled the data well, leaving residuals of less than 4% of the maximum signal amplitude
(amplitude at TI1 = 5 s). Bayesian-based model selection (30) estimated the probability for
the bi-exponential model to be essentially 100% for this dataset. These two competing
models were tested on every IRSE dataset from perfused-cell experiments, and the bi-
exponential model was substantially more probable (probability > 90%) than the mono-
exponential model in all cases.

Bi-exponential modeling of IRSE data revealed two distinct relaxation components with

relaxation time constants T$"> and T"". Relaxation time constant T" was identified with
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obs

the relatively-slowly-relaxing component and T} with the rapidly-relaxing component.
Considering individual cell preparations (under normal perfusion conditions) during the 15—

obs

45 min period when cells are most viable, derived values for neuron T ranged between

obs

~0.45-0.7 s and those for astrocyte Tj’_'?f between ~0.3-0.7 s. For both cell types, T was
only ~0.05 s, an order-of-magnitude difference. The amplitude ratio of relaxation
components, fa/fg, was ~1:3 for both types of cells. Control perfusion experiments were
performed with ce//-free microbeads, which pack more uniformly/consistently than the
clumping-prone, cell-attached microbeads. IRSE control perfusion experiments with ce//-

free microbeads yielded a T$>® of ~0.01 s (w72 mono-exponential modeling (31)), which is

of the same order as T‘fﬁf. Early experiments developing the thin-slice IRSE protocol

showed that T‘fﬁf increased with either decreasing flow rate or increasing slice thickness,

consistent with flowing perfusate time-of-flight effects. Importantly, a slowly relaxing
component was never observed under any control experiments with perfused ce//-free

obs

microbeads. Finally, only T7" was affected by exposing the cell-attached microbeads to

OGD conditions, vide infra. Based on these findings, T‘fff is assigned to the intracellular-

obs __ obs

water component ( T = T and T to the extracellular-water component

(TObS = TTf’eP)

1,B

IRSE Experiments with Cell Pellets

IRSE data from cell pellets were well modeled as mono-exponential (Eqg. [5a]). The
estimated Ty was 3.32 + 0.01 s for neurons (/kampie = 4, /fpup = 4) and 3.06 + 0.01 s for
astrocytes (/sample = 3, /pup = 4) at 36.5 °C. These results are used as estimates for the
intrinsic T, of intracellular water, Ty ; (Eq. [4b]), to calculate the value of z;

7 under Normal Conditions

Representative j values under normal conditions (Fig. 5) were estimated v7a Eq. [4] by
considering all the IRSE datasets acquired 15-45 min under perfusion (7.e., during the first-
half of the 1-hr MR experiment, when cells are expected to be most viable; see also
Supporting Fig. S1). The estimated z is 0.75 + 0.05 s for neurons (/measurement = 12, /pup =
6) and 0.57 + 0.03 s for astrocytes (/imeasurement = 21, /pyp = 12), values that are statistically
different (£< 0.0001).

7, under Oxygen and Glucose Deprivation Conditions

A time-course analysis of zj and its response to OGD treatment are presented in Fig. 6. The
results only include data from the 8-total-average IRSE measurements, yielding a 1-hour
tracking of z; under both normal and OGD conditions with a time resolution of 15 min.
Recall, the onset of OGD preceded the first MR data acquisition time block by 15 min.
Within the first 30 min after the onset of OGD (measurement #1), z; in both neurons and
astrocytes had decreased significantly from that measured under normal conditions (P < 0.05
for neurons and £ < 0.001 for astrocytes). This drop in z; became more evident for astrocytes
after 30 min under OGD conditions (measurements #2—4, £< 0.0001). For neurons, the
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difference in z; between the control and the OGD group is not significant at measurements
#2 and #3 because of a slight decreasing trend in z; in the control group across
measurements #1-4, a decrease that was not observed in the control group of astrocytes. It is
noteworthy that, during the progression of the decrease in z; under OGD conditions, the
neuronal and astrocytic z's are different, not only from their normal values, respectively
(except for measurements #2 and #3 in neurons), but also from each other at each
measurement (£ < 0.01). The largest difference between the neuronal and astrocytic z's
under OGD conditions was observed at 45 min post-OGD onset (measurement #2), at which
time zj was 0.6 + 0.1 s for neurons (/ample = 3, pup = 2) and 0.18 + 0.05 s for astrocytes

(Msample = 5 Mpup = 6).

Discussion

The determination of intracellular water preexchange lifetime from a population of cultured
cells requires a method for differentiating between the water in intra- and extracellular
compartments (5). In MR measurements, this can be achieved by establishing an inter-
compartment contrast in resonance frequency (32-34), relaxation time constants (T» (20-22)
or T (6,10,12,23,35)), or ADC (24-26,36,37). Many of these methods employ paramagnetic
compounds to generate the corresponding contrasts (6,10,12,20-23,32-35). This laboratory
previously developed a method using perfusion media flowing at high velocity, in concert
with thin-slice, spin-echo MRS, for selectively acquiring and analyzing the intracellular-
water 1H signal with microbead-adherent HeLa cells (7,29). Herein, we have modified
application of this method, albeit at lower perfusion rates, to microbead-adherent CNS cells.
Microbead-adherent HelL a cells showed excellent robustness in the face of perfusion flow
rates as high as 125 mL/min, thus achieving ~100% suppression of extracellular-water
signal (7). Microbead-adherent CNS cells, however, proved far less flow resistant in pilot
experiments, where substantial cell loss was observed via the cell-viability assay at
perfusion flow rates higher than ~50 mL/min, thus necessitating a substantially lower
perfusion flow rate (30-45 mL/min) for the current study. One additional consideration is
the influence of a hydrostatic pressure gradient between the intra- and extracellular spaces
(2) on the apparent cell-membrane water permeability. However, such a hydrostatic
contribution to the apparent permeability would be negligible, as the cell membranes are not
sufficiently stiff to support such a gradient.

The microbead-adherent CNS cells tend to grow across different microbeads, thus “gluing”
the microbeads into small clusters (Fig. 2a). This impedes the flow-driven replenishment of
bulk fluid inside the clusters compared to that in the “free space” outside the clusters. In
concert with significantly reduced perfusion-flow rate (compared to earlier studies with
HeLa cells), this resulted in incomplete suppression of the 1H signal from extracellular water
following the slice-selective IRSE acquisition (Fig. 1a). While suppression of the 1H signal
from extracellular water was substantial (> 95%), the residual was not negligible, its
amplitude being ~3x that of the intracellular water signal, as suggested by the amplitude
ratio fa/fg. Nevertheless, the resulting IRSE signals from intra- and extracellular water
yielded a bi-exponential inversion-recovery curve with relaxation time constants differing by
an order of magnitude. Importantly, T1 ; determined from cell-pellet experiments (~3.1-3.3 s
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for both neurons and astrocytes) was ~65x longer than the short, flow-driven T7""(~50 ms).

This difference in relaxation rate constant, R1%” — Ry; ~ 20s™", provides access to the MR

slow-exchange condition, Eq. [3b]. At 11.74 T and 36.5 °C, Ty j is similar to the H T,
measured in bulk Tyrode's solution, ~3.0 s, at the same temperature, but is longer than the
overall T1 (~2 s) reported for rat brain in vivo (38).

Because of the substantial difference between Tﬁ"ffh and T4 ;, the derivation of 7 viaEq. [4]

is not particularly sensitive to the value estimated for Ty ;. Further, the assignment of T‘ff

(~50 ms) as TT2P is conservative. Measurements with packed, cell-free microbeads suggest
the major extracellular-water fraction, whose signal is highly suppressed by the thin-slice,

IRSE microbead perfusion method, has a T7"’~10ms. This value would yield

R’ — Ry, ~ s~ and provide even more rigorous achievement of the MR slow exchange
condition, Eq. [3b].

This study employed rapidly flowing perfusate in the presence of thin-slice selection to
generate rapid apparent extracellular relaxation, as characterized by short apparent
extracellular longitudinal and transverse relaxation time constants. In principle, this effect
could also be realized through the use of slowly flowing perfusate doped with paramagnetic
relaxation (contrast) agent. However, to achieve a perfusate relaxation time of ~50 ms, as
achieved herein viathin-slice selection and rapid perfusate flow, would require doping the
perfusate with, for example, ~5 mM Gd-BOPTA (Bracco, Monroe Township, NJ, USA). In
preliminary experiments, this approach resulted in a strong magnetic-susceptibility
differential between the plastic microbeads, the relaxation-agent-doped perfusate, and the
relaxation-agent-free intracellular water, which substantially increased the intracellular water
linewidth, thus, obviating quantitative signal analysis (data not shown).

The 7; values measured under normal (healthy) conditions, ~0.8 s for neurons and ~0.6 s for
astrocytes, represent an average over complex and diversified cell morphologies (Figs. 2b
and c) and fall within the range of several reported values measured in vivo in rat brain
(mostly gray matter; ~0.6 s (6) and ~0.2 s (39)) and human brain (~0.3 s in corticospinal
tracts (19); ~2 s in white matter (3)). However, this is the first time that near-direct MR
measurement of z; has been achieved separately in neurons and astrocytes.

The transcytolemmal water exchange in glial cells (mainly astrocytes) has been
hypothesized to be fast (3,40) and, in modeling the MR signal, glial intracellular water is, in
some cases, considered part of the extracellular milieu (41,42). However, the z in astrocytes
determined herein, while statistically different, is not greatly dissimilar from that measured
in neurons. Glial cells compose ~65% of total cells in the mouse brain and ~90% in the
human brain (43,44). Therefore, the MR signal contribution from glial cells and their
neuron-approximating z; suggest that glia should be considered separately from the
extracellular compartment in the interpretation of in vivo brain MR data. Given the complex,
highly dendritic morphology of CNS cells, it is difficult to calculate the cell volume and
surface area and, thus, the diffusional cell-membrane water permeability in these cells using
Eq. [1]. Making the very rough approximation that neurons can be considered as having
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~10-um diameter spherical cell bodies, as suggested by Fig. 2, and ignoring dendritic
branching, the diffusional water permeability £y is ~2 x 10" mm/s.

Oxygen and glucose deprivation is a widely accepted model for ischemic injury in CNS cell
cultures (45-47). By removing oxygen and glucose from the media, energy-dependent
mechanisms of water (and ion) transport across the cell membrane are subject to decline. In
the 75-min time-course experiments (15 min set up, 4 x 15 min measurements; Fig. 6), z; for
both neurons and astrocytes significantly decreased within 30 min post-onset of OGD
(measurement #1), compared with z;, measured during the same time window, in control-
state neurons and astrocytes. As the perfusion period lengthened beyond 30 min
(measurements #2-4), z; for the control-state neurons decreased slightly, eliminating the
statistical difference in z; between OGD and control-state neuron groups (measurements #2
and #3). Such was not the case for astrocytes under control-state conditions. We speculate
that neurons are less robust, relative to astrocytes (45), in the presence of continuous shear
stress from media flow.

This study was not designed to identify the biophysics behind the reduction in z; associated
with OGD, and the factors influencing z; for neurons and astrocytes are not fully understood.
Nevertheless, it is possible to identify some potential mechanisms. The period over which
the OGD-induced decrease in z; (increase in the apparent cell-membrane water
permeability) was detected corresponds well with that for other effects, including change in
the intracellular Na* concentration (46,47), cell swelling (48), and cell death (49), which
have all been shown to occur under similar hypoxia-ischemia protocols. For astrocytes, the
water channel protein aquaporin-4 (AQP4) plays a major role in regulating transcytolemmal
water transport (50). The water permeability of AQP4 increases in association with a
reduction in intracellular pH (51), which may occur with OGD. Further, increased astrocyte
cell volume (due to swelling) following cerebral ischemia is associated with increased
expression of AQP4, as quantified early (1 hr (52)) and late (24 hrs (53)) after injury onset.
Under OGD conditions, an increase in the water permeability of AQP4 or its over-expression
would cause increased apparent cell-membrane water permeability (decreased z;). Decreased
expression of AQP4 has the opposite effect, as, for example, a seven-fold decrease in the
osmotic water permeability was observed in primary astrocyte cultures from AQP4-depleted
mice (54). For astrocytes, the result reported herein (OGD-induced decrease in g) is
consistent with the observation of intracellular pH effects (51) or increased expression of
AQP4 following OGD (52), but does not preclude the possibility of other mechanisms that
have not yet been identified. While neurons in the brain do not typically express aquaporins
(50,55), neuronal 7 also decreased in response to OGD, suggesting the additional presence
of an aquaporin-independent mechanism(s). It is interesting to note that astrocytes, which
showed a greater reduction in z; than neurons, also responded more quickly to osmatic stress
than neurons, possibly as a consequence of the presence of AQP4 (56).

This study was motivated by a desire to elucidate the characteristic time for transcytolemmal
water exchange, in the context of MR-based measurements in vivo (e.g., relaxation,
diffusion, dynamic contrast enhanced). Every MR measurement has an experimental
characteristic time(s). For diffusion-sensitive MR measurements, a keen interest of our
laboratory, the experimental characteristic time is the diffusion encoding time, zgjs, the time
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between the diffusion encoding gradient pulse pair(s), in the narrow gradient-pulse limit. If
z4iff 1S sufficiently long compared to the characteristic time for transcytolemmal water
exchange, the diffusion signal is not separable into intra- and extracellular components and
the diffusion measurement yields a single (average) ADC. If zyif is sufficiently short
compared to the characteristic time for transcytolemmal water exchange, the diffusion signal
can, in principle, be separated into intra- and extracellular components, assuming the
component ADC values are sufficiently different. Assuming that z; determined herein is a
reasonable approximation to the in vivo case, particularly for gray matter, the question of
how short zgjs must be to place the presumed two-compartment (intra- and extracellular)
measurement in the slow-exchange limit can be addressed. Specifically, how short must zyjf
be, such that the diffusion signal can be separated into that from the intracellular and
extracellular compartments? Here the extracellular water preexchange lifetime, z., also must
be taken into account. In the brain, the intra- to extracellular water volume ratio is ~4:1
(6,57). Therefore, for equilibrium transcytolemmal water exchange (Eq. [2]), 7 is one fourth
that of ;. Using the astrocyte 7 (~0.6 S; ke ~1.7 s1) as the more conservative (shortest)
estimate for CNS cell preexchange lifetime, 7, is ~150 ms (ke ~7 s'1) under normal
(healthy) conditions. The relevant metric defining whether the MR diffusion measurement
time is sufficiently short relative to the characteristic time of transcytolemmal water
exchange is (6)

Taif K (kie+kei)71 ~ (1.74‘7)718:11511187 [6a]

where the metric is dominated by 4. Accordingly, to differentiate between the diffusion
properties of intra- and extracellular water in normal (healthy) brain, the diffusion time of an
MR measurement should be on the order of 12 ms (10% of 115 ms) or less.

After 30 min of OGD treatment, z; decreased for both neurons and astrocytes. Again, using
the astrocyte 7 (~0.2 s; kie ~5 s°1) as the most conservative (shortest) estimate for CNS cell
preexchange lifetime, z, reduces to ~50 ms (kg ~20 s™1) for brain in vivo. Repeating the
above analysis for OGD conditions,

Taie < (Kietkei) "' A (5+20) ls=40ms, [6b]

Thus, again extrapolating to brain in vivo, to differentiate between the diffusion properties of
intra- and extracellular water under injury conditions, the diffusion time of an MR
measurement should be on the order of 4 ms (10% of 40 ms) or less.

The slow-exchange limit criteria for the MR diffusion time deduced herein (zgjs < 12 ms for
healthy brain, and z4jf < 4 ms for injury conditions) are consistent with recent MR diffusion
studies employing oscillating magnetic-field gradients. Short diffusion times (zgif < 5 ms)
were required to reliably characterize intracellular water ADC (58,59) and cell size (59) in
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various leukemia cells, which have similar 7 and cell-body dimensions as the CNS cells in
this work.

The validity of these conclusions regarding characteristic experimental times depends on the
extent to which the microbead-adherent, CNS cell-culture system captures the essential
water exchange features of CNS cells in vivo. As myelin is absent from this cell-culture
preparation, it more closely approximates gray matter than white matter.

Further, the measured parameter, t;, is accurate to the extent that the thin-slice, IRSE
microbead perfusion method has achieved the MR slow-exchange limit for intracellular
water. This depends on achieving conditions expressed by Eq. [3b], which is facilitated by

short T7"” We assigned T2} (~50 ms) as T7"". As noted earlier, this is a conservative

assignment for T7"7, as measurements with packed, cell-free microbeads suggest the major
water fraction, whose signal is highly suppressed by the thin-slice, IRSE microbead

a)

perfusion method, has a Tlf’cpwl()ms. Nevertheless, under normal (healthy) conditions, the
slow-exchange limit is achieved, or closely approximated, in the conservative case

( T1%~50ms) where Ry’ — Ry ;>10k; . for both neurons and astrocytes. However, for

astrocytes under OGD conditions, the conservative case ( T3 ~50ms) yields

R — Ry = 4kie (~ 10 ki for neurons). Here, the 7 derived for OGD astrocytes would be

aj

a lower estimate, the true value being somewhat longer. If Tlf“cpwl()ms is the more accurate
assignment, then the slow exchange limit is also achieved, or closely approximated, for
OGD astrocytes.

Conclusion

The intracellular water preexchange lifetimes for microbead-adherent cultured neurons and
astrocytes under normal and oxygen-glucose-deprivation conditions have been determined.
Intracellular <> extracellular water exchange was brought into (or close to) the “MR-
relaxation slow exchange limit” through the combined use of rapid perfusion and thin-slice-
selective MRS. For neurons under normal (healthy) conditions, z; was estimated to be 0.75
+ 0.05 s and, for astrocytes, 0.57 + 0.03 s (P< 0.0001). Within 30 min after the onset of
oxygen-glucose-deprivation, z; in both neurons and astrocytes decreased significantly from
its value in normal (healthy) cells, with astrocytic z; showing a substantially greater decrease
than neuronal 7. To the extent that the microbead-adherent, CNS cell-culture system
captures the essential water exchange features of CNS cells in vivo, particularly gray matter,
valid application of the slow-exchange-limit, two-compartment (intra- and extracellular)
model to diffusion MR data in the brain under normal (healthy) conditions requires that the
diffusion time be on the order of 12 ms or less, and under injury conditions, 4 ms or less.
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Figure 1. Perfused MRS experiment

(a) Slice-selective IRSE spectroscopy sequence. Slice-selection gradients (green trapezoids)
were applied along the vertical flow direction and the crusher gradients (red trapezoids) were
applied along the other two orthogonal directions (read-out and phase-encode). (b) Perfusion
unit and MRS scanning scheme. Cell-attached microbeads (green spheres) were stabilized
on an 80-pm nylon mesh inside the sample tube (inner diameter 7.8 mm).
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Figure 2. Immunofluorescence micrographs of microbead-adherent neurons and astrocytes
The neurons were stained for class I11 B-tubulin (green), the astrocytes for glial fibrillary

acidic protein (red), and the nuclei were counterstained using Hoechst 33342 (blue). The
images were collected from a mixed culture of neurons and astrocytes.
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Figure 3. Fluorescence micrographs of viability staining in (a—d) a control sample and (e-h) a
post-experiment sample from a culture of neurons

Live cells are stained in green. Examples of dendrites are marked by yellow arrows.
Examples of cells that had grown between the microbeads are marked by yellow circles. The
high-intensity areas, marked by yellow boxes, are examples of locations where cells were
out of focus in the given micrograph plane.
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Figure 4. Mono- and bi-exponential modeling of inversion-recovery data collected from a
perfused IRSE measurement in neurons. (a, b, & c)

The three panels share the same legend scheme. Experimental data (filled circles) were
obtained in the first IRSE measurement (15-30 min under perfusion) of the 75-min MRS
experiment. (c) The values of residuals were converted to percentages relative to the
maximum signal amplitude in the experimental data (amplitude at Tl =5 s). The dotted
horizontal lines mark the residual level of + 4%.
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Figure 5.
The 7 in neurons and astrocytes under normal conditions (mean + SD). Representative

z/js (colored columns) were derived via Eq. [4], which involved all 8- and 16-total-average
IRSE measurements acquired 15-45 min under perfusion (see also Supporting Fig. S1). The
neuron database includes a total of 12 measurements (/imeasurement = 12) from 3 batches of
cells (7pup = 6) while the astrocyte database includes 21 measurements (/ineasurement = 21)
from 6 batches of cells (/3p = 12). There is a significant difference (**** for £< 0.0001)
between the neuronal and astrocytic z's.
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Figure 6. Time-course analysis of z in (a) neurons and (b) astrocytes (mean + SD)
zjs measured under both normal (filled squares) and OGD (open squares) conditions are

plotted versus experiment time (“time under perfusion”) for each cell type (green for
neurons and red for astrocytes). Sample sizes are indicated in the legend. The numbers
and/or asterisks along the bottom or top of the panels mark the P-values comparing z;under
normal conditions vs. the OGD-induced z; (* for < 0.05; *** for < 0.001; **** for P<
0.0001). T Measurement #4 in astrocytes under normal conditions contains only six datasets
due to a leak in the sample tube in one of the seven experiments.
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Summary of Sample Sizes

Table 1

Neurons

Astrocytes

Perfused Cells (duplicate, 16-total-average measurements)

Nsample = 6 (Mpup = 4)

Nsampte = 7 (Mpup = 8)

Perfused Cells (quadruplicate, 8-total-average measurements)

Normal

”sample =3 (npup = 2)

nsample =7 (npup = 8)

OGD

Tsample = 3 (”pup =2)

Neample = 5 (”pup =6)

Cell Pellets

Nsample = 4 (Moup = 4)

Nsample = 3 (oup = 4)
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