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INTRODUCTION

GENERAL INTRODUCTION

Water is of major importance to plant life. Herbaceous plants consist of water for up to 95%
of their total weight. The distinct properties of water make it very suitable for numerous roles,
ranging from being the most important solvent and a component in many reactions to
maintaining the form in non-woody plants.'” The extremely strong cohesion forces permit
high negative pressures along the water column without breaking it, thereby enabling the flow
of water through the transport vessels. Thus, clearly water shortage affects almost any
parameter one cares to look at.!

Lack of water affects large parts of the world, and water shortage becomes a larger problem
for food production every year.>® Of the water that is available for use, about 70% is already
used for agriculture. Water systems are under severe strain in many parts of the world. Many
rivers no longer flow all the way to the sea and 50% of the world's wetlands have disappeared.
Many major groundwater aquifers are being mined unsustainably, with water tables in parts of
Mexico, India, China, and North Africa declining by as much as one meter per ye:ar.5 In
addition, increasing soil salinity poses similar problems to agriculture, e.g. in Israel and
Australia, but even in the nearby Westland (The Netherlands). Long-term growth and crop
yield are considerably reduced compared to the maximum attainable yield due to water stress,
which is turning into an enormous social and environmentat problem. Therefore, insight into
plant responses and tolerance to drought stress is an extremely important issue.

This Thesis focuses on the effects of water stress on water relations in whole plants, such as
uptake rates and growth rates, in combination with the water balance in the plant stem. To
trace the cell water balance and the movement of water within the cells and over membranes,
we used Nuclear Magnetic Resonance, in an attempt to unravel differences in (cell) water
balance in drought susceptible and drought tolerant piants.

Nuclear Magnetic Resonance Imaging (NMR imaging or MRI) is a non-invasive technique
and therefore particularly useful for in vivo studies of plants. In addition to anatomical
information, NMR images contain information about the physical status and the spatial
distribution of water in tissues. Since the discovery of NMR, several experiments and theories
have been developed to extract important physiological information, such as cell size and the
exchange velocity of water over membranes. Most commonly, this information is obtained
from relaxation and diffusion measurements, which are discussed later in this Chapter.
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PLANTS

PLANT WATER STATUS

Plant water relations are commonly described using a thermodynamical approach.®® This
approach is based upon the description of water in terms of energy, with the water potential as
the measuring unit. The water potential of the liquid phase (\F,) consists of three different
components: the osmotic pressure (‘¥';), the hydrostatic pressure (W) and the gravitational
pressure (‘Fp):

¥, =+, Y, (1.1
The unit for all pressures is the Pascal (Pa).

The first term in Egn. 1.1, the osmotic potential, represents the effect of solutes in an
aqueous solution on the water potential. Assuming ideal conditions, the Van 't Hoff relation
can be used to describe the relation between the solute concentration and the osmotic
pressure:

¥, =-RTYC, [1.2]

in which TC, is the total solute concentration (mol m™), R is the gas constant (8.3143 J mol™
K™) and T is the absolute temperature (K).

The hydrostatic pressure is the effect of pulling or compression forces on the water
molecules, and can be both positive (cell turgor) and negative (xylem tension). Gravitation
also influences the water potential, but for small plants this component is negligible.

According to this thermodynamical approach, the flow is driven by a potential difference.
Equivalent to current in electrical circuits, water always flows from high to low water
potential and the flow rate is determined by the resistance of the system, analogous to Ohm's
Law:

Jv = (ALPW )/Rh)mfr [1'3]

in which J, is the net flow of water (m3 s']), AW, is the water potential gradient, and Ry is
the hydraulic resistance (m™ s Pa).

The potential difference over an entire plant is determined by the water potential differences
between soil and air. The latter depends primarily on the relative humidity (##) of the air:
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Yo = (RT [V, )In(rhk) [1.4]

in which ¥, is the water potential in the vapour phase, and F, is the partial molal volume of

water (Fig. 1.1).

The hydraulic resistance varies enormously between plant tissues. It is smallest within the
conducting system, i.e. the xylem and phloem vessels, due to the absence of cellular barriers.
Outside the conducting tissues, the hydraulic resistance is much higher because water has to
move either via the apoplast pathway (extracellular) or via the symplastic pathway, which is
subdivided in the transmembrane route and the plasmodesmatal route (Fig. 1.2). Although the
relative importance of both pathways is not yet clearly established, water transport via the
symplastic route seems to account for a significant part of the transcellular transport. The
main transitions occur at the soil-root interface and at the leaf-air interface.
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Figure 1.1, A negative water polential gradient in the plant body. When the water potential of the roots is less
than that of the soil, water flows irio the epidermal cells of the root and passes into the xylem tissue. Via the
xylem vessels water flows through the stem and leaves and exits from the leaves as water vapor.
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According to the Lockhart theory, the rate of cell expansion is determined by both the above
mentioned potential difference and the tissue resistance.”! Furthermore, the Lockhart
equation suggests that the rate of cell expansion is limited by the extension properties of the
expanding cell walls, the so-called cell wall extensibility:

av /ot =m(¥, - P') [1.5]

in which &V /3¢ is the cell volume change in titne, and m is the cell wall extensibility. 7' is

the threshold pressure potential, or yield turgor, which is the minimum pressure required to
initiate cell growth.*'?

The most important cause for water transport in a plant is transpiration. More than 90% of
the water uptake passes through the plant directly into the atmosphere. The rest of the water is
used for expansion growth, Furthermore, changes in the relative water content of tissues, i.e.
de- or rehydration, also contribute to the total water transport. All these contributions can be
combined into the water balance equation:

U=E+G+H [1.6]

Here U is the water uptake rate, E is the transpiration rate, & is the water use for growth, and

H is the water flow due to de- or rehydration, all in m® ™.

—epidermis

parenchyma

)
symplastic
root hair :

xylem
Figure 1.2. Principal pathways for the movement of water from the soil, across the gpidermis and parenchyma,
into the conducting roof vessels. Water can follow several routes, either via the extracellular space (apoplastic
pathway) or through the cells via the plasmodesmata and tonoplast and plasmalemma (symplastic pathway).
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Sensitivity to stress
>
very sensitive insensitive
>
0 MPa 1 MPa 2 MPa
Cell Growth

ABA Accumulation

Stomatal Opening

CO, -assimilation

Respiration

Proline Accumulation

Sugar Accumulation

Table 1.1. Generalised sensitivity to water stress of plant processes.

WATER STRESS IN PLANTS

In nature short-term water deficits occur during midday, due to the high temperature and
light level. Mostly, the water losses can be compensated at night, and over an entire day no
net water losses occur. If however the uptake at night is not high enough to compensate for
the water losses during the day, long-term water deficits develop, firstly resulting in
decreasing growth rate and eventually in dehydration of all tissues. Apart from the changes in
water status, the physiological functioning of the plants is affected at all organisational levels
(Table 1.1).%%"*" Here we concentrate only on the changes in water potential, though of
course a range of biochemical and hormonal changes occur as well.”'¢

The uptake rate of water by the roots is closely coupled to transpiration. Usually, evapora-
tion from the leaves is the main factor causing low pressure potentials in the root xylem.
Closing the stomata and reducing the leaf area, e.g. by wilting or leaf rolling can reduce water
loss due to evaporation. Stomatal closure is one of the first responses to water stress and
occurs as a result of turgor loss in the guard cells surrounding the stomata. The resulting
increase in stomatal resistance leads to an efficient decrease of the transpiration, which in turn
results in a lower water uptake rate.®!”

Another effect of drought is an almost immediate reduction of cell expansion. In many
species cell expansion is the most sensitive to drought of all processes in the plant. The first
response to stress is caused by a decrease in the cell turgor so that the yield turgor can not be

overcome. Later on alse metabolic changes and cell wall hardening can play a role in the
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growth reduction. Some plants can maintain growth by increasing the osmotic potential or cell
wall extensibility.'* "

In some experiments, when water becomes available after a short period of stress,
compensatory growth occurs so that the net crop yield is not reduced.?! When the water stress
is prolonged, cell division can also be inhibited, thereby even further reducing the total
growth and eventually also the crop vield.'

When water stress causes a decrease in cell turgor, often compensatory mechanisms like
osmotic adjustment occur. Usually a decrease in starch content and an increase in sugar and
ion concentrations are found. Also the distribution of the assimilation products of
photosynthesis over the various organs of the plant may change, which determines the

survival chance of specific parts of the plant,%'*?!

Changes in the hydraulic tissue conductance may occur during stress to regulate the water
flow between different tissues. Membrane permeability for water regulates the water transport
via the symplastic pathway (Fig. 1.2). Currently, there are two opposite views on the role of
membrane permeability during siress. The first is that the membranes become less permeable
for water to preserve as much water as possible within the cells.”>?* The second is exactly the
opposite, ie. the membrane permeability is increased to facilitate water movement towards
growing cells or critical tissues.**

Currently, much attention is focussed on the role of aquaporins, or membrane water
channels, in the regulation of membrane perrneability.26 Recent reports show that aguaporin
gene expression can be either upregulated or downregulated during stress, in agreement with
the two above-mentioned views, depending on the plant tissue or stress involved.?” These
findings indeed suggest that the membrane permeability could play a role in the hydraulic
conductance, thereby influencing all above mentioned processes; however, very little is
known about the actual functioning of these proteins in vivo during stress. One of the goals of
our research was therefore to find a relation between the membrane permeability and NMR
parameters such as T> and D, in order to observe tissue hydraulics in vivo during stress.
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NUCLEAR MAGNETIC RESONANCE IMAGING

Some important principles are discussed here to provide a background for the rest of this
Thesis. For a more detailed introduction to NMR imaging we refer to various excellent
textbooks. %%

RELAXATION

Protons have a nuclear magnetic moment denoted “spin”, which is characterised by the spin
quantum number / (2 for protons). In the absence of an external magnetic field these
magnetic moments are randomly distributed in every direction. In the presence of such a
magnetic field, a new thermal equilibrium is achieved between the spins oriented parallel and
antiparalle] to the magnetic field. This results in a net macroscopic magnetic moment, the
magnetisation (Mp), in the direction of the external field (z-axis). The individual spins are
precessing around the z-axis with the so-called Larmor frequency (e, rad s™), which is
proportional to the external magnetic field (By, T) :

@ = 1B, [1.7]

where yis the gyromagnetic ratio (4.2576 x 10" rad T"' 5! for protons).

For NMR imaging, magnetic field gradients are applied in addition to the static magnetic
field By. Thus the actual magnetic field strength at the proton under observation depends on
its position (r), and the Larmor frequency varies with the location of the spins in the sample:

w(r) = yB(r) = y(By + Gr) [1.8]
This results in a time dependent NMR signal S(s):

MNUES IM o{r)expliw(r)t)or [1.9]

Fourier transformation of S(f) yields the different frequencies present, and thereby the spatial
localisation of local magnetisation My(7) in the sample. By applying three different gradients
in all three directions, each position in the sample is uniquely encoded.

Mp is proportional to the total amount of protons present in the sample. To be able to detect
the magnetisation M, the magnetisation is rotated by 90° into the transverse plane (xy).
Immediately following this 90° pulse, the initial magnetisation level can be detected. In time,
the thermal equilibrium is restored, and the magnetisation vector returns to the z-axis. The
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characteristic time involved in this process is called the spin relaxation time. It can be
separated into two different components, the longitudinal relaxation time 7 for the restoration
of the M vector along the z-axis, and the transverse relaxation time 7> for the decay of this
vector in the xy-plane (Fig. 1.3).

The protons in water molecules experience an iniramolecular dipolar interaction between
both protons within the one and the same molecule, as well as an intermolecular interaction
with protons of neighbouring water molecules. Both interactions fluctuate when the molecules
rotate or translate. When the rotation correlation time of the molecules is short, as is the case
for free water molecules (7, ~ 107 s), 7; and T are approximately equal and relatively long
(~ 2 sec). Water close to macromolecules or to solid surfaces generally has slower tumbling
rates (7. ~ 1072 - 107'° 5), which leads to a reduction in both relaxation times. For very slow
motion (7 >107° s}, the transverse relaxation time T continues to decrease while the
longitudinal relaxation time 7 increases again. Exchange of protons between water and other
molecules such as sugars and proteins also influences the relaxation times. In biological tissue
these principles determine the bulk relaxation times within compartments with different
properties, such as the vacuole, the protoplasm and the cell wall. At low magnetic field
strengths, the influence of chemical exchange is usually small as compared to the effect of
rotational correlation times.

In addition to these bulk processes, the transverse magnetisation is perturbed by small local
magnetic field differences, due to inhomogeneities in the main magnetic field, or due to the
presence of (paramagnetic} molecules that cause a local disturbance of the magnetic field.
This results in a different (local) Larmor precession frequency of the spins under observation
and thus in a loss of phase coherence of the individual spins. In turn, this results in a faster
decay of the Ay vector in the xy-plane. The corresponding apparent relaxation time is called
I5* to distinguish it from the real relaxation time T: The loss of phase coherence can be
reversed by the application of a 180° pulse following the initial 90° radiofrequency pulse. The
restoration of the sample magnetisation is called an echo. The amplitude of this echo is only
attenuated by the intrinsic transverse relaxation process.
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i M

Figure 1.3. Schematic representation of the nuclear resonance principle. The sample magnetisation M, arises
firom the uneven distribution of the spins (the sinal arrows) between two different states, either pavallel or anti-
parallel to the main magnetic field By, The spins precess around the main magnetic field direction with the
Larmor frequency @ After the application of a 90° pulse, the original disiribution is shifled into the horizontal
plane and phase coherence is established (the spins are all aligned along the same axis). The result is a sample
magnelisation My, The spins return to the original distribution through T, relaxation. The loss of phase
coherence is colled T relaxation. Both processes occwr simultancously but are depicted separately in the
picture.

DIFFUSION

Up to now, the individual molecules were considered as stationary molecules. However, all
molecules in a fluid are subject to Brownian motion. The extent of this motion depends on the
temperature and the viscosity of the fluid. When an ensemble of molecules is followed in
time, the mean displacement (x, m) shows a Jt dependence:

x =~2dDs [1.10]

where D is the bulk diffusion coefficient of the fluid (m* s™), ¢ is the displacement time (s)
and d (= 1, 2, or 3) is the dimensionality of the diffusion displacement. The displacement
distribution of all spins shows a Gaussian behaviour. The mean displacement distance
increases with increasing displacement times as long as no boundaries are encountered. If
water experiences a barrier to diffusion, for example a cell menibrane, the cell dimensions

determine the maximum displacement.
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These boundary restrictions imply that the displacement distribution may no longer be
Gaussian and is going to depend on the diffusion time. Consequently the experiments result in

an apparent diffusion coefficient (D), which is smaller than the intrinsic D.

Dypp can be measured using a so-called pulsed field gradient (PFG) experiment. In this
experiment a sequence of two pulsed magnetic field gradients of equal magnitude but
opposite sign, separated by an interval A temporarily change the resonance frequency of the
observed spins as a function of the position of the spins (Egn. 1.8). If the spins remain at
exactly the same position during this interval A, the effects of the gradient pulses compensate
each other. However, as soon as translational motion occurs, the gradients do not exactly
compensate each other anymore and a phase shift occurs. Because diffusion is random in all
directions, no net phase shift results but the phase coherence is partially lost, resulting in
attenuation of the echo amplitude. The amount of this attenuation is determined by the length
and amplitude of the gradient pulses, and by the mean translational distance travelled during
the interval A. The distance travelled depends on the bulk diffusion coefficient of the fluid in

the compartment and its dimensions.

NMR IMAGING OF HETEROGENEOUS SYSTEMS

In addition to the bulk properties mentioned in the previous paragraphs, exchange of
molecules between different compartments may take place, which affects all relaxation rates
and apparent diffusion coefficients. The mean time it takes for a proton to diffuse to the next
compartment is determined by the molecular diffusion rate and by the size of the
compartment. Exchange can be labelled as slow when this diffusion time is slow compared to
the relaxation rate in that compartment and fast if the opposite is true. In the first case, the
total magnetisation decay is multi-exponential and consists of the sum of the decay curves for
the individual compartments. In the latter case, a common single relaxation curve is observed
for the whole system. In the intermediate case, some form of multi-exponential behaviour is
found, but the different components reflect both the properties of the original compartments
and the exchange between them.”™ ™' The water exchange rate is determined by the
permeability of the membranes separating the compartments. This Thesis treats the relation

between the properties of the individual compartments and the resulting NMR parameters.




Introduction 11

MAIN RESEARCH QUESTIONS

1. How can we obtain correct parameters from the NMR data?

Chapter 2 of this Thesis describes several fitting procedures for relaxation decays.
Subsequently, in Chapters 5-7, the transverse relaxation times (7)) are used to extract
quantitative information about cell dimensions and membrane permeabilities. Therefore,
correct data fitting is crucial. The effect of absolute data fitting is discussed and systernatic
errors are evaluated for different S/N ratios. In addition, some more elaborate routines such as
the use of squared data and phase correction schemes are discussed and recommendations are

made for optimal processing of the imaging data.

2. Whai is the theoretical relation between the properties of the individual compartments in a
multi-compartment system and the NMR results for the system as a whole?

In Chapter 3 a numerical model is introduced with which both relaxation and diffusion can
be modelled for cylindrical geometries. Several cases are presented, using this model,
demonstrating how the combination of relaxation and diffusion enhances the separation of
different fractions and enables a better understanding of the simulated system.

Chapter 4 is an extension of Chapter 3. Here the same cylindrical model is used to evaluate
the effect of exchange between compartments in a model plant cell with several cell
compartments on the observed 7, and D,,,. Different systems with increasing complexity are
investigated to verify whether the original properties of the system, such as radius, bulk
diffusivity and membrane permeability, can be retrieved. Finally, this Chapter discusses the
optimal strategy to obtain useful physiological information from real heterogeneous systems.

3. Is it possible to interpret NMR studies of drought stress in plants in terms of the properties
of (sub-}cellular compartments, in particular the membrane permeability and cell size?

In Chapter 5 the effect of moderate drought stress on the stem growth and on the water
uptake is discussed. Furthermore, a linear relation between the relaxation rate and cell
dimensions is presented and verified experimentally. The proportionality coefficient is related
to the membrane permeability.

Chapter 6 further elaborates on the causes of the changes in relaxation rates during drought
stress in pearl millet. Additional techniques, such as Scanning Electron Microscopy, are used
to conclude that changes in relaxation rates are caused by an increase of the membrane
permeability during stress.

Chapter 7 reports the results of MRI experiments of maize and pearl millet plants during
severe drought siress. 7, measurements are used to interpret the stress response in terms of

cell size and water re-allocation between tissues.
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Finally, in Chapter 8 the results from the previous Chapters are combined and general

discussion points and conclusions are given.
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EVALUATION OF ALGORITHMS
FOR THE ANALYSIS OF
NMR RELAXATION DECAY CURVES

Quantitative processing of NMR relaxation images depends on the characteristics of the
used fitting algorithm. Therefore several common fitting algorithms are compared for decay
curves with low signal-to-noise ratios. The use of magnitude data yields a non-zero base line,
and is shown to result in an overestimation of the decay time. A simple base line correction is
no solution since this vields an equally large underestimation due fo overcorrection of the
Jirst part of the curve. The use of squared data does vield reliable results, but only in the case
of monoexponential decays. The best fitting algorithm under all experimentally occurring
conditions turns out to be using real data afier phase correction. A phase correction scheme
is proposed, which applies to all imaging experiments for which the phase of the pixels is

constant over the echo train. This scheme is validated for a phantom and for a tulip bulh.

INTRODUCTION

Most biological tissues exhibit multiple 7> components in the range from | to over 1000
milliseconds, which can be measured in a single T imaging experiment.u Depending on the
relaxation time within a pixel, the sampling of the decay curve will vary considerably, and
will not be optimal in all cases. The actual contrast in the image can be severely reduced due
to the data processing routine, especially in the case of low signal-to-noise (S/N) ratios, which
occur often in NMR imaging experiments. Moreover, the need for quantitative 7> values

1 as well as

increases now that quantitative relaxation times have been used in plant science™
in medical applications, e.g. to measure the degree of myelination in nerves,” to calculate the
effective dose in radiotherapy® or to monitor the progression of muscular dystrophy,”

Raw NMR relaxation data, obtained by quadrature detection, consist of a real and an
imaginary part, which are corrupted by uncomelated Gaussian distributed noise. After Fourier
transformation, the complex data still have a Gaussian noise component because of the
orthogonality of the Fourier transform. However, in MRI commonly the magnitude image is
calculated from the real and imaginary part, resulting in a noise distribution that is no longer
Gaussian, but Rician.® As a result, the type of data processing routine influences the results of
decay curve fits from the echo intensities obtained in a 7 measurement.

This paper compares a number of published data processing routines using the magnitude of
the echoes, only the real part of the data,” or methods to reduce the bias caused by Rician
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noise, e.g. baseline correction,” or power analysis.'™'" Maximum likelihood methods are not
taken into account in this paper, but similar problems with low signal-to-noise echoes have
been reported for these algorithms.'>!*

Using real data for the analysis, the image has to be phase-corrected first to transfer the
signal to the real channel. A simple linear phase correction is not always satisfying; therefore
we introduce a new approach, i.e. pixel-by-pixel phase correction of the echoes.

The various methods are used to fit amificially generated decay curves as well as
experimental NMR imaging data. A comparison is made between the methods for various
decay times and 8/N ratios, both for single exponential and multiexponential behaviour. The
importance of using a correct algorithm is demonstrated for T, images of a phantom and for a

tulip bulb.

THEORY

For NMR imaging relaxation time measurements, a data set is acquired which consists of a
complex, decaying signal for every pixel in the image. The number of echoes that can be
acquired determines the number of data points in the decay curve. The true signal is corrupted
by noise, causing a variation around both the real and the imaginary parts of the decay curves.
According to Henkelman'* and Miller and Joseph,'® in the ideal case of Gaussian noise in
both the real and imaginary channel, the complex signal after Fourier transformation can be
described by

§=[(4: + &(0,6)) + i(4; + &(0,6))], [2.1]

where § is the total signal, 4, and 4; are the real and imaginary components of the true signal
respectively, and &.0,0) is the Gaussian distributed noise with zero mean and standard
deviation c."

In the case of phase-coherent measurements of the echo train,? it is possible to adjust the
phase variation over the image mathematically by applying zero- and first-order phase
corrections over the image for even and odd echoes separately, thus storing the true signal
intensity and noise in the real channel, leaving only noise in the imaginary channel. Then the

signal in the real and imaginary channel, respectively, can be written as

S,=4+40,0) and S = 40,0). [2.2]
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In this case, the average signal over a region of interest is given by
<S> =4 and <S> =0, [2.3]

implying that the imaginary component can be discarded in the decay analysis.

However, it is common practice to use the magnitude signal to analyse the decay curves,
because of severe phase distortions, or non-coherent phase variation in the echo train, or
simply out of convenience. By doing so, the phase information is discarded and a Rician noise
level is introduced with a non-zero average.

The magnitude signal |S] can be described as

151 = [(4, + &(0,0)) + (4 + &(0,0)71"7
= [4% + 24,£(0,6) + 24:5(0,6) + 25,(0,6)]"? [2.4]

and the corresponding average magnitude signal is
<IS)> = 4 + 2<40,0)>1" [25]

When no true signal is present (4 is zero), the noise distribution tends to a Rayleigh
distribution with an average value of [2<g0,0)*>]'? that is linearly related to the noise
standard deviation by ovni2 = 1.2530,'° resulting in a non-zero base line in the decay
curve. Though the noise is Rician distributed, Gudbjartsson and Patz® showed that the
distribution of noise is nearly Gaussian for §/N ratios larger than 2.

Sometimes a simple baseline subtraction of 1.2536 is used to compensate for this bias.®
Because of the non-linear magnitude calculation, however, (see Egn. 2.3), this subtraction
causes an overcompensation of the noise for high S/N levels.

Another method to overcome biases due to a non-zero base line, ie. the use of power data,
was suggested by Miller and Joseph'” and McGibney and Smith'' independently. According
to Eqn. 2.5, the average power signal is

<|$P> = 42 + 2<40,6)> [2.6)

Now the noise is simply additive to the power signal and can be comected by a subtraction
of the average noise level.

The signal for every echo point in the 7% decay can be described as a function of the echo
time by
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S () = So exp(-+/Ty), [2.7]

where 7 is #*TE, # is the echo number and TE is the inter-echo time. When using power data
the signal becomes

S% (1) = Sy* exp(-26/Ty), [2.8]

implying that the fitted 7 value for power data is half the input 7> value and the fitted
amplitude is the power of the true value.

However, this power routine is only valid for monoexponential relaxation. Most biological
samples are heterogeneous even within a single pixel, implying multi-exponential or non-
exponential behaviour of the decay. In this case the resulting decay can be considered to
consist of a number of decays with different relaxation times 75,

Sult) = 38, exp(—t/T,,). [2.9]

The results for real data and magnitude data (Eqn. 2.3 and 2.5) apply to multiexponential
decays as well. When using squared data however, the fitted 7> values can deviate
considerably due to the non-linear power operation, yielding an S;,,(¥) that consists not only of
the » squared input exponentials but also of a number of cross terms, thus introducing n!/2

new exponentials.

The theory above already showed that using only the real part of the signal yields the most
correct input data for fitting in the case of helerogeneous samples. However, in practice a
simple linear phase correction of the echo images is not always possible. Therefore, we
developed a new processing algorithm for experiments where the phase over the echoes is
severely distorted. In this case, zero and first order phase corrections do not suffice to correct
the phase deviations over the image plane. Because these phase problems are often caused by
systematic errors as susceptibility artefacts or gradient and/or RF inhomogeneities, the phase
deviations are constant over the entire echo train, although they may be different for odd and
even echoes, Therefore, our algorithm is based on calculation of the phase of every pixel for
the first and second echo images. These phase surfaces are used to correct all the following
odd and even echoes in the echo train as follows:

Ocor(2n) = atan[(A4(2n} + £(0,0)) / (A42n) + &{0,0))]
- atan[(4,0) + £(0,6)} / (40) + 5(0,0))]
(a2n) + £40,6)) — (A0) + £40,5)), [2.10a]
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and

Georr(2n+1) = atan[(4{2n+1) + £(0,0)) / (4(2n+1) + 5(0,6))]
- atan[{4(1) + £(0,0)) / (4:(1) + &(0,0))]
= (of2n+]) + £40,6)) — (1) + £4(0,0)), [2.10b]

where o,{#) is the corrected phase of a pixel in the #™ echo image and e(0) that of the same
pixel in the first echo image. £,(0,0) is the Gaussian distributed noise over the phase angle.
The complex signal for every echo in the echo train can then be caleulated per pixel by

Scard1t) = [{cos(@eordr)) « |S1) + i(sir Georrr)) - 1SD)] [2.11]

By using this pixel-by-pixel phase correction, the first and second echo are in fact magnitude
images, but the rest of the echoes show a normal Gaussian noise distribution, with zero mean.
To improve the phase correction for low S/N pixels in the image, a Gaussian smoothing can
be applied to the calculated phase image to eliminate phase variance due to noise.

METHODS

To evaluate the performance of the processing algorithms, complex data sets were generated
consisting of decay curves of 128 points with 1 ms echo spacing in the real channel, with 16
different decay times varying from 3.3 ms to 1 s, resulting in a series of decays with varying

amounts of baseline sampled (Fig. 2.1).

0.6

s(1)

¢.2

0 0.02 0.04 0.06 0.08 9.1 0.12
time (s)

Figure 2.1. The simulated decay curves that were used for fitting.
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To both the real and the imaginary components of each decay curve random Gaussian noise
with 16 different amplitudes was added, resulting in a series of complex decay curves with a
reot mean square {RMS) noise level of 0 to 7.5% of Sy, the signal intensity at 7 = 0, in both
channels. For all conditions a Monte Carlo simulation was performed with 64 trials, from
which the average and the standard deviation of the fit results for Sp and T were determined.

For the T, fit a least square fit routine without weighting factors was performed using
Interactive Data Language (RSL, Boulder, Colorado, USA), based on the Marquardt-
Levenberg algorithm.'* The magnitude and power data were computed in accordance with the
theory described above. The baseline correction was done by calculating the standard
deviation o for the last part of the shortest decay for every noise level and using this value for
all decay curves of the corresponding noise level. For our pixel-by-pixel phase correction
scheme first a linear phase correction was done in the frequency domain in order to get most
of the signal in the real channel. Next a broad (10 x signal width) Gaussian convolution was
done in the time domain to smooth the phase data to obtain a correct phase adjustment for low
S/N pixels as well. After Fourier transformation back into the frequency domain, the phase
per pixel was calculated for phase correction of the entire echo train.

The chi-square for each individual curve was determined from

=128

3, -5)/e,)

= [2.12]
x 128

where S, is the fit result for point 7, S; is the input data peint and i is the standard deviation
for that point.

To simulate a biological system, curves were generated which consisted of the sum of three
exponential components. The values for the exponentials were chosen in accordance with
earlier results for multi-exponential relaxation in apple tissue that yielded 3 relaxation times
of 330, 100 and 20 ms, which could be assigned to water in the vacuole, the cytoplasm and
the cell wall / extra cellular space respectively.’ The relative amplitudes of these three
fractions were (.75, 0.18 and 0.07.

A phantom and a tulip bulb were used to demonstrate the effect of the procedures on a real
experiment. For all measurements a 0.5 T S.M.L.8. imaging system (S.M.LS., Guildford, UK)
was used with a Doty probe (Doty Scientific Inc., Columbia, South Carolina, USA). A
modified CPMG experiment was used to obtain the data.” The phantom consisted of six tubes
filled with different MnCl, solutions, which varied in /T values from 185 s to less than
0.62 5. The data were acquired with TR = 1500 ms and TE = 4.6 ms. A 128 x 128 image

matrix was obtained with a 55 mm field of view and a slice thickness of 3 mm. For every
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pixel 46 echoes were acquired. To compare images with different S/N ratios, a noisy image of
the phantom was obtained by decreasing the slice thickness to 0.75 mm, yielding an average
noise level over the image of approximately 20%, compared to about 5% noise for the S/N
image of a 3 mm slice. For the tulip bulb the average noise level was 10% noise for the first

echo.

RESULTS AND DISCUSSION

First the monoexponential decay curves were analysed using the four algorithms described
previously. To visualise the accuracy of the algorithms, the results are presented as the fitted
values for the amplitude and /7, divided by the input values A, and /75 ;.

As can be seen in Figs. 2.2A and 2.3A, using the real data yields no bias for either the
amplitude or the //T; of the decay curves. As an additional treat, the signal in the imaginary
channel can be discarded. Thus, the S/N ratio of the data points near the noise level is
significantly improved compared to the magnitude data, resulting in more accurate fits.

For the magnitude data a consistent error is made for input decay curves that are sampled
until the base line (Figs. 2.2B and 2.3B). The lower the $/N ratio and the more base line is
sampled, the larger the bias is. For the two longest 1/7> decay curves, which have only a few
data points containing signal, the fit results show very large deviations because the base line is
fitted for the lower S/N ratios. For completely sampled decay curves with a reasonable
amount of signal-containing data points, a rule of the thumb is that the negative bias of the
fitted 1/, value is about 3% per percent noise for the first echo (Fig. 2.3B, curves 7-14).

Using a simple base line correction does not solve the problem. As can be seen in Fig. 2.2C,
the underestimation of the amplitude is almost linear with the noise level and independent of
the relaxation time, a deviation that is caused by the subtraction of the base line of the initial
part of the decay curve. In this case the fitted I/7> is too high (Fig. 2.3C), and the curves
without base line also deviate from the true values. The maximum error in /7> for completely
relaxed decays with 7.5% noise is 25%. In general, the bias made using this algorithm is just
as large as for the magnitude data, only in this case the //T; values are overestimated.

In contrast to the previous two algorithms, the power algorithm yields unbiased results for
both the //T; and the amplitude (Figs. 2.2D and 2.3D).

The average chi-square values for both the real and the power fit were 1.0 for all curves and
all noise levels {Fig. 2.4), indicating a perfect fit. Both the magnitude fit and the base-line
corrected magnitude fit show an increased chi-square value, though the deviations for the first
are far worse because in this case the curve is no longer mono-exponential due to the base
line. For all fit procedures, the standard deviation over the 64 curves per noise level increased

with increasing noise level.
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Figure 2.2, Amplitude fits for different algorithms.
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The numbers along the horizontal axis indicate the 16 decay curves that were used, with increasing 1/T, values
Srom left to right. The 16 data poinis shown for each decay curve are the different noise levels, increasing from
left to right from 0 to 7.3% RMS noise for the first echo of the decay. Every data point is the mean of 64 fiis. A.
real data; B. magnitude data; C. magnitude data with base line correction; D. power data.
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Figure 2.4. The average chi-square values for the I/T; fits in Fig. 2.3. The numbers along the horizontal axis
indicate the 16 decay curves that were used, with increasing I/T, values from lefi to right. The 16 data points
shown for each decay curve are the different noise levels, increasing from left to right from 0 to 7.5% RMS noise
Jor the first echo of the decay. Every data point is the mean of 64 curves. A. real data; B. magnitude data; C.
magnitude data with base line correction; D. power data.

Between the fit procedures, however, the standard deviation for the same dataset did not differ
more than 10%, again indicating that the biases are systematic. In general, the standard
deviation for the real fits of completely sampled curves was slightly (< 10%) lower, due to the
improved S/N ratio for data point close to the noise level.

Of course the use of monoexponential decays is a rather academic approach. In the case of
multiexponential behaviour additional problems arise with respect to fitting the decay curve.
This paper deals with the case of T; decays with a $/N ratio too poor to get meaningful results
from a multiexponential fit. This implies that a monoexponential non-linear least square fit
yields a T, value which has no physical meaning and which is dependent on the part of the
decay curve used for the analysis. It is obvious that the calculated decay time becomes smaller
when only the first part of the curve is used for analysis. When the signal used is completely
relaxed at the end of the curve, the fit results remain constant. This indicates that a
comparison of fit results is only valid when all decay curves used are measured completely,
Le. until the signal intensity becomes comparable to the noise level. The question whether a
monoexponential analysis is the best procedure to evaluate these signals is beyond the scope
of this paper.
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Fig. 2.5 shows that the real, the magnitude and the base line corrected magnitude data
analysis yield similar results as for monoexponential decays. The power algorithm, however,
yields much higher /7 values, even in the ideal case when no noise is present. As mentioned
in the theory, this deviation is due to the cross-terms that are generated by squaring multiple
exponents, resuliing in extra decay terms with a much shorter T, value that cause a decrease
of the calculated relaxation time. This bias increases when the different exponentials of which
the decay is composed contribute more equally to the signal.

R (s

noise level (%)

Fipure 2.5, The I/T, fit of a multi-exponential decay as a function of the RMS noise level. Every data point is the
mean of 64 fits. & real data; ® magnitude data; A magrnitude data with base line correction; » power data.

magnitude phased

5% RMS 20% RMS 5% RMS 20% RMS
Tube 1 174.9 3.041 185.5 194.1
Tube 2 99.77 14.47 124.0 167.3
Tube 3 33.17 26.19 34.12 33.85
Tube 4 16.41 15.30 16.68 16.74
Tube 5 8.169 8.042 8411 8.198
Tube 6 0.6154 0.6416 0.6270 0.6960

Table 2.1. The I/T; resulis for magnitude and pixel-by-pixel phase corrected data of a phantom, for two different
S/N ratios.




Evaluation of algorithms for the analysis of NMR relaxation decay curves 25

As a demonstration of the errors that can occur, images of six phantom tubes containing
different MnCl; solutions were obtained with both high and low S/N ratios. The data were
analysed using either the magnitude data or the pixel-by-pixel phase-corrected data. As
expected, for the long //T values the magnitude fit was systematically lower for the 5% noise
data, and yielded completely erroneous results when the noise level increased to 20% (Table
2.1). The decays of the tubes 5 and 6 were not sampled into the baseline, which explains the
correct values for the magnitude fit in these cases,

As a final test the echo images of a tulip bulb were used. As can be seen in Fig. 2.6, the phase
of the first echo image varies strongly over the image, showing the largest deviations in the
pit and at the outer skirt of the bulb. For the data analysis three algorithins were used: the
magnitude images, the real data afier a linear phase correction and the real images obtained by
our pixel-by-pixel phase correction scheme. Using the magnitude data yield pit 1/7% values
that are 23% smaller than those obtained for the pixel-by-pixel phase-corrected data (Fig.
2.74). The outer skirts show a less severe deviation (12%) due to the smaller /7> values in
the skirts. Using a linear phase correction does not cause significant /7% errors, because a
consistent phase deviation over the echo train does not alter the decay shape. The signal
amplitude, however, is decreased, because part of the signal intensity remains in the
imaginary channel. In this example, this effect can be observed most clearly in the top left

corner of the amplitude image (see arrow in Fig. 2.7B).

Figure 2.6, Phase image of a tulip Figure 2.7, Fitted signal amplitudes and 1/T; values for a tlip
bulb. The image is the first echo out bulb. A. magnitude dara; B. linear phase correction, C. pixel-
of a CPMG echo train of 46 echoes. by-pixel phase correction.
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CONCLUSIONS

The use of magnitude data yields an overestimation of decay times, especially for low S/N
ratios, because of the non-zero noise level. The bias increases with decreasing S/N ratio and
can be as large as three times the relative noise level. A simple linear base line correction is
no solution, for this algorithm resulis in too low T values and amplitudes with comparable
errors as the magnitude algorithm. To avoid biases for magnitude data, it is suggested to chop
off the decay curve when the S/N ratio becomes less than 2." However, by doing this the
accuracy of the fit is decreased as well, as less data points are used for fitting. Moreover, for
multiexponential decays other errors are introduced because the decay curve is not completely
sampled. The use of power data can be a solution 1o the noise problem, but this method is
only valid for monoexponential relaxation curves.

Since the magnitude and base line corrected magnitude algorithms are S/N ratio dependent,
these algorithms should be interpreted with special care. A theoretical illustration of the
implications of this fact is a biological sample where a calculated change in decay times can
be caused either by physiological changes or by changes in the S/N ratio, e.g. due to a probe
tuning drift in time. Another example is the use of amplitude and 7; images to select
homogeneous regions for further analysis. In the case of varying S/N ratios between regions,
the amplitudes and 7 values per pixel will show a different bias when magnitude data are
used, resulting in imperfect selections.

Whenever possible it is recommended to use real data for decay analysis, for this method
yields the best T; values independent of the noise level and the number of exponentials of
which the decay is composed. Even when the phase correction is not perfect, the fitted
relaxation times will be correct, although in this case the signal amplitudes are
underestimated. When comparing data from literature one should be aware of the algorithm
nsed. Therefore, it is necessary to mention the analysis algorithm and the S/N ratio in every
paper. Once the analysis algorithm, the S/N ratio and the curve sampling are known, at least

an estimation of the bias can be made from the simulations presented here.
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MODELLING OF SELF-DIFFUSION AND RELAXATION
TIME NMR IN MULTI-COMPARTMENT SYSTEMS
WITH CYLINDRICAL GEOMETRY

A numerical model of restricted diffusion and magnetisation relaxation behaviour in PFG-
CPMG NMR experiments, based on Fick's second law of diffusion, has been extended for
two-dimensional diffusion in systems with concentric cylindrical compariments separated by
permeable walls. This model is applicable to a wide range of (cellular) systems and allows
the exploration of temporal and spatial behaviour of the magnetisation with and without the
influence of gradient pulses. Numerical experiments have been performed to show the
correspondence between the obtained results and previously reported studies and to
investigate the behaviour of the apparent diffusion coefficients for the multi-compartment
systems with planar and cvlindrical geometry. The results clearly demonstrate the importance
of modelling two-dimensional diffusion in relation to the effect of restrictions, permeability of
the membranes and the bulk relaxation within the compartmenis.

INTRODUCTION

Both pulsed field gradient NMR and relaxation time measurements are widely used to probe
the melecular displacements of liquid molecules and the geometry of the microstructures
containing them in porous and biological media.'® ln such systems the measured
displacements and observed relaxation times contain information about the diffusivity within
the compartments, the dimensions of the compartments, and the exchange between these
compartments through semi-permeable membranes.”'* If diffusion takes place in
compartments separated by permeable membranes, as is the situation for most biological
cells, the membrane permeability and differences in (bulk) relaxation times within the
compartments strongly affect the shape of the signal attenuation plot (SAP) or the g-space
spectrum and thus the apparent diffusion coefficient D*. Especially the effect of differences in
bulk relaxation on D* has hardly been taken into consideration in literature, but clearly cannot
be ignored 2114

Combining diffusion and relaxation time measurements and analysis, also called Diffusion
Analysis by Relaxation Time Separation (DARTS),*" yiclds more detailed insight in the
behaviour of the different liquid ensembles and the microstructure.'®'>'*'® However, for
further improvement of the experimental set-up and analysis, and for a better understanding of
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the complex molecular behaviour, we require adequate mathematical models to evaluate the
effect of diffusion and relaxation on the observed NMR signal.

Among the broad spectrum of the reported modelling approaches, three ways are clearly
distinguishable. The first approach is an analytical solution of the given partial differential
equation for a certain combination of the initial and boundary conditions.'"""® Despite the fact
that in this way solutions in a closed form are obtained, the number of analyticatly treated
configurations is limited. Another approach consists of the detailed reproduction of every
molecular movement and transformation using simulation methods.”®*' The position and
orientation of every spin should be calculated for every time step, thus allowing the most
extraordinary system configurations, but software implementation of such procedures may be
very time-consuming even for simple configurations on powerful workstations. The
compromise way of action is based on the numerical solution of the partial differential
equation with respect to spin magnetisation.>*'* This approach ensures, on the one hand,
reasonable speed of calculations and, on the other hand, the possibility to investigate rather
complicated configurations. These models are generally based on the different evaluations of
Fick's second law of diffusion.”” In this way, a variety of systems with complicated
configurations can be modelled by simply defining appropriate initial and boundary
conditions, combined with a proper description of the shape of the pulsed magnetic field
gradients.'"'

Previously, we reported a numerical model to simulate the combined diffusion and
magnetisation relaxation behaviour in NMR experiments for planar geometries.” However,
more realistic models should, of course, take into account the (concentric) cylindrical
symmetry of many biological objects. In this paper, an attempt to expand that model to
incorporate two-dimensional diffusion is undertaken. Doing so, the effect of restricted
diffusion and the possibility to circumvent a diffusion barrier by two-dimensional diffusion
can be investigated. The approach is based on the numerical solution of Fick's diffusion
equation in cylindrical coordinates. We also demonstrate the agreement of the obtained results
with results that were reported previously for cylindrical geometries.

THEORY

A two-dimensional system is considered that consists of a set of concentric cylindrical
compartments, each surrounded by a membrane (Fig. 3.1). The i-th compartment is
characterised by an intrinsic relaxation time 7; and diffusion constant D; as well as by a radius
R; and permeabilities pr.; and p; for the inner and outer membrane, except for the innermost
compartment where only an outer membrane is present.
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Figure 3.1. Structure of multicompartment systems with cylindrical and planar geometries.

The two-dimensional spin magnetisation density S(r.@.f) can be described in cylindrical
coordinates by the following differential equation based on Fick’s second law of diffusion,
including the effect of relaxation:*

aS(rp.t)_ & {rD(r,¢)aS(;;¢,t)}+ 22 {D(r’was(;f,r)}_Slfz;wq;;) [3.1]
rog >

ot ror
where D(r, @) and T(r,¢) are the diffusion coefficient and relaxation time, respectively, as a
function of the radius and angle. Diffusion and relaxation are assumed to be constant within a
particular compartment, but may differ for different compartments. Eqn. 3.1 should be
supplemented by a proper set of initial and boundary conditions. Magnetisation at time £ =0
takes the form:

St 0.) = flr.0) [3.2]

where f{r, @) is the spin magnetisation density at time ¢ = (. The permeability p of the
membranes is accounted for by boundary conditions in two dimensions and is formulated
analogously to the one-dimensional case.” For the internal and external membranes of the j-th
compartment, one can then write:
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Pia [S; (R;—l a¢=r)_ S (Rj-l ,.p,t)] = D(Rf'l ,¢,]"—(a";]ﬂ

as, (R;’("”)
or

3

p,[8,u{R.0.0)-5,(R,.0.4)]= D(R,.0) [3.3]
where S; (r, @) = S (v, @¢), when r€[R,. 1, R]], j=L,...,n, Ry=0 and » is the number of compart-
ments. The outer border of the system is characterised by:

Spu(R,.0.0)=F(t) [3.4]

where F(£) is the outer spin magnetisation at time-step .
The numerical solution of Eqn. 3.1 with the initial condition Eqn. 3.2 and boundary
conditions Egn. 3.3 is based on the transformation of Egn. 3.1 to an equation in finite

differences according to an implicit scheme:

ALS™H
25, )-—2

Sm+}/z L (¢rSm+}/ ¢ P4q R
P.q 2 p.e 2Tp,q
NS"H]
mt m+}/ m+y; m g
Spa ‘= Spa t- 9 (tprSpq ¢wSp ql) ZT—: 3.5]

where S7 = S(rp,gaq,tm ), and the indexes m, p and g denote time step, radius step and angle

step, respectively; ¢’ and ¢; are the finite differences of the second order with respect to

radins and angle, respectively. The finite difference scheme of Eqn. 3.5 shows how spin
magnetisation density at the next time step 5,7 N (r Pprly + At) is calculated from the spin
magnetisation density at the previous time step S( 2 @Pol m) via spin magnetisation
density at the half of the next time step S;';y = S(rp,(pq I+ At 2).

Assuming that the diffusion coefficient is independent on the angle (D(r,)= D{r)), the

radial finite difference ¢°S” e can be expressed as:

q

" 1 m m ni m
S5y = {DW{H - ]( o Sp,q)w,,_%{l = J( . SM)} [3.6]
To Fe

and for the angle finite difference gz'r S, »one obtains:

¢2Sm =DPS:4{+| 2DPS:"'?+DPS::‘I'] [3-7]
© pg ; AQD

where D, = D(r,), and Ar and Ag are the radius and angle steps, respectively. The relaxation
time 7(r, @) is assumed to be independent of the angle @: T(r, @) = T{(#), T, = T(r,).
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Substituting Eqns. 3.6 and 3.7 in Eqn. 3.1 according to the numerical scheme of Eqn. 3.5
yields after some transformations two sets of tridiagonal linear algebraic equations:

AD AD,, AD D,
e e B R L S L L
w7 | 2 w2, | 7, 27 I,

I3 P P

&b, MD, ” aD,
—-Z"ZAQDZ p.a-1 + r—2A¢2 - p,q 2,- A¢2 S q+l [38]
and:
AIDP% A | qmey AtDw ¥ Ar AIDpf y Ar e NDp+}§ A eme
oAt TN Spil - 2 o oA =0 |- 1S | I+ Spﬂq
2Ar 2r, 4 2AF 2r, IAr 2, Ex 2Ar 2,
AD, .. [ AD, a.,., &D
— QP‘ZA;Z Sp,ql—| +(_r2AgD +1+ ET_JS""?] - zrlA;z Sp.qll [3.9]

The solutions of the tridiagonal sets 3.8 and 3.9 can be obtained by the Gauss elimination
method. > Normally, it is supposed that the diffusion coefficient D, and the intrinsic
relaxation time 7, is constant within one compartment D, . = Dpvy = D, = D(rp) = Dy, T, =
T(rp) = T; when r €[R;.;, R}], j=1. ..., and each membrane is treated as additional compartment
of the length Ar with the diffusion coefficient gAr."

To account for the influence of magnetic field gradient pulses as used in PFG measurements,
differential equation 3.1 takes the form:™

as(r.e.1) go,r) {D( \6S(r,gu,t)}+ & {D(r ) 6S(r,(0,t)}+
ror rop ’

ot or or
[3.10]

[r‘y g(i)r cos(q;)f ﬁ] S(r,go,t)

where g(#) describes the sequence of magnetic field gradient pulses as a function of time, and
¥1s the gyromagnetic ratio. In our case, g{f) is a pair of magnetic field gradient pulses with the
identical amplitude (, duration & and opposite polarity; the distance between the leading
edges of the gradient pulses is A. The gradient pulses are applied along the polar axis
direction (i.e., across a diameter).

The finite difference scheme can be directly applied for the numerical solution of the
differential equation.?> However, when the strength of the gradient pulses is high, the phase
difference between adjacent positions can be very large and in that case it is impossible to get
sufficient accuracy with reasonable values for the time and space steps. In this case it is
practicable to solve linear sets 3.8 and 3.9, assuming that there are no gradient pulses, and
then perform the correction for the influence of the gradient pulses, multiplying the obtained
solution § (¥p.9.t) by a factor, characterising the influence of the gradient pulses:'
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S(rp, @ysl )= s’ (rp Pyotm )exp(i;rg(tm )rp cos(cpq )) [3.11]

SOFTWARE IMPLEMENTATION

The presented two-dimensional numerical model was implemented in C++ as an extension
of the one-dimensional model’ and inherits all advantages of that model. The time of
modelling for particular two-dimensional configurations as given in Results are based on
calculations on a Pentium II1 550 MHz. The simulations typically yield an array of
magnetisation spin density as it develops in time and space for a given value of the pulsed
field gradient amplitude. Several of these arrays can be compressed into a two-dimensional
data set, containing the PFG and relaxation development of the entire system. Random noise
was generated during the simulations to avoid fitting problems, so that in all simulations a
S/N of 10,000 was reached.

RESULTS AND DISCUSSION

COMPARISON WITH OTHER MODELS

Several computations have been performed to show the correspondence between the
presented numerical model and a number of analytically solved models that were published
earlier. Although spatial information is available as output of the model, all results shown
here are based on the overall decay curves,

We started with a simulation of multi-exponential relaxation behaviour in the well-known
Brownstein-Tarr model® for a planar and a cylindrical system, without gradient pulses.
According to their theory, multi-exponential relaxation arises as a consequence of an
cigenvalue problem associated with the size and shape of a cell with biologically relevant
dimensions; the intensity and decay times of these exponentials can be calcutated from the
analytical equations. To model the Brownstein-Tarr system, we simulated a single planar or
cylindrical compartment with a radius R,=25 pm, a diffusion coefficient D,=2 x 10° m? s~
and an intrinsic relaxation time of 2 s. The relative permeability M = pRi/D; of the
boundaries was varied between M = 0.001 and M = 1000. The data were fitted with
SPLMOD, using five discrete exponentials, of which the largest three are plotted in Figure
3.2 (symbols). Modelling using 3000 time steps, 500 space steps and 90 angle steps took
approximately 12 minutes. The results show an excellent agreement between the Brownstein-
Tarr theory (lines) and our first exponential (I, To). The second and third components
correspond well to the theory for higher intensitics. For very low intensities of these
components (A < 0.53), the relaxation times show some deviations due to fitting errors.

The results of the PFG part of the simulations were verified by comparing them with the
Callaghan model,"”® which describes spin behaviour within a confined compartment with
closed or permeable boundaries. This model uses a narrow pulse approximation, which was
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approached by using a very short gradient pulse (6= 0.1 ms) with a high gradient strength.
The simulated system was again a single compariment with a closed or partially permeable
boundary (D; = 2 x 10° m* s, R, = 20 pm and p; = 0 or p; = 2R,/D;). Relaxation was
eliminated by defining infinitely large intrinsic 7> values. Echo attenuation plots obtained by
the Callaghan model (solid line) and the present one (symbols) are shown in Fig. 3.3, for
planar (A, B) and cylindrical geometries (C, D) and open (A, C) or closed boundaries (B, D).
The echo attenuation is plotted as a function of (2m" %8R, Expressed in multiples of
R} /Dl , the observation time A is respectively 0.2, 0.5, 1.0 or 2.0. The resulis clearly show
that our model corresponds excellently to the Callaghan model. Calculation time was 9
minutes when using 64 gradient steps, 400 space steps and 36 angle steps.
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Figure 3.2, A, Relative intensity of the first three modes of relaxation as a function of the relative membrane
permeability M = p\R\/D, . The Brownstein-Tarr results are depicted as lines (striped for the planar and solid
Jor the cylindrical geomeiry), whereas our results are plotted with square symbals for the planar geomerry, and
open circles for the cylindrical geometry. Note the change of scale for the I; and I, curves. B. Decay time of the
first three modes of relaxation.
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Figure 3.3. Signal attenuasion plots of the Callaghan model (lines) and the present model (symbaols) for a one-
compariment system Expressed in multiples of R} / D, , the observation time A is respectively 0.2, 0.5, 1.0 or 2.0
from bottom to top. A. Planar geometry and filly reflective membranes. B. Planar geometry and partially
permeable membranes (mR,/ D\ = 2). C. Cylindrical geometry and fully reflective membranes. D. Cylindrical
geometry and partially permeable membranes (; R/ D) = 2).
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Figure 3.4. A. Cylindrical and planar geomeiries of the examined system. B. Apparent diffusion coefficient D*
as a function of the relative length of the outer compartment r* for cylindrical (solid line) and planar (dashed
line) geomelries (membranes are fully reflecting).

EFFECT OF CYLINDRICAL GEOMETRY

Molecular motion within multi-compartment systems (Fig. 3.4A) as (plant) cells or porous
media will not only depend on the radius of these compartments, but in the cylindrical case
also on the probability to circumvent a diffusion barrier by two-dimensional diffusion. Hence,
it is useful to have an understanding of the impact of the geometry on the diffusion and
relaxation properties of the system. Therefore, restricted diffusion in a two-dimensional
model consisting of concentric cylinders is compared with a one-dimensional system
consisting of plan parallel barriers. The simulation of the echo attenuation was done in 16
PFG steps, a typical number for an experimental experiment.

First, we compared two systems with cylindrical and planar geometries as shown in Fig.
3.4A. Both of them consist of two compartments with fully reflective walls. The inner
compartment contains no initial magnetisation. The diffusion coefficient of the outer
compartment is D; =1 x 10 m® s and its width R;=R,, where R, is the radius of the inner
compartment. For the moment it was assumed that no relaxation occurred in either
compartment. The resulting data set was fitted with a single exponential. The dependence of
the apparent diffusion coefficient D* in the planar and cylindrical configurations on the
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relative length of the outer compartment r” = R, / (2 2D,(A-5/3 ) is presented in Fig. 3.4B

for A= 18 ms and &= 5 ms. It is clear that especially for small values of r*, the cylindrical
configuration provides a less restricted geometry for diffusion than the planar one. The reason
for this is that spin-bearing molecules can freely move along the angle axis, and the maximum
displacement is only determined by the outer wall at an effective radius 2R, When the
relative length »* increases and diffusion in planar compartment becomes less resiricted, the
difference between the apparent diffusion coefficients for both geometries gradually
disappears and D* approaches the intrinsic diffusion coefficient.

When the internal membranes of these two-compartment systems become semi-permeable,
the properties of the ‘empty’ compartment start to play a role as well. We simulated the
configurations where either the inner compartment (Fig. 3.5A(I)) or the outer compartment
{Fig. 3.5A(ID) contains magnetisation. For both configurations the ratio r* equals 1.05, with
Ri=R;=12 um, The diffusion coefficients are for the inner compartment D; = 2 x 109 m? s,
and for the outer compartment D, = 1 x 10” m? 5. All these values are reasonable for a plant
cell. In Figure 3.5B, the dependencies of the apparent diffusion coefficient D* on the relative
membrane permeability M are shown, for the planar (dashed line) and cylindrical (solid line)
geometry. When the outer compartment contains magnetisation, an increase in relative
permeability causes an increase of both apparent diffusion coefficients, though for the planar
case this phenomenon is more pronounced. This is because the restriction effects are stronger
in the planar system when M is small, as was already shown in Figure 3.4B. When the inner
membrane becomes more permeable, the differences between the two systems almost
disappear.

For the second configuration (Fig. 3.5A(I)), the parameters remain the same, only now the
inner compartment contains magnetisation. In this case the apparent diffusion coefficient D*
increases for both cylindrical and planar geometries (Fig. 3.5B), but the plateau value for high
M is lower for the cylindrical geometry. In this case complete exchange between the two
compartments occurs, resulting in a lower D* for the cylinder due to the larger volume of the
outer compartment.

In experimental multi-compartment geometries, as for example plant cells, usually all spins
are excited, so all compartments contain magnetisation. Such a system is the superposition of
the two configurations examined above (Fig. 3.6A). Now clearly the resulting diffusion
attenuation decay shows multi-exponential behaviour. Hence, a bi-exponential fit was used to
analyse the data."® It should be mentioned that a comparison of cylindrical and planar
geometries for such a system is not absolutely correct, because the contribution of the
magnetisation from each compartment to the whole magnetisation is not identical for different
geometries, i.e. the ratio of the contributions from the outer and inner compartments equals 1
in the planar case and 3 in the cylindrical case.




Modelling of self-diffusion and relaxation time NMR in multi-compartment systems with cylindrical geometry 39

A n
2.0E-0%
B .
plane, in
f’d--
1.5E-09 K
cyl, in
= [
"z 1.0E-09 F cyl, out
s v
" I _.=—" plane, cut
5QE-10 | ____ - -
G.CE+0Q L_A_A_A_LLLH_A_A_UJJJAJ_A_A_‘_AA_MAJ_A_A_A_AJA_LU__A_A_AJ_AJLL
0.001 0.01 0.1 1 10 100

Figure 3.5. A. Cylindrical and planar geomeiries of two examined systems B. Apparent diffusion coefficient D*
as a function of the relative membrane permeability M for cylindrical (solid line} and planar (dashed ling)
geometries. The subscripts ‘in” and ‘out’ are used ro distinguish the inner and outer compartment respectively.

For a closed membrane (M=0) the two fitted components for the combined system should
correspond to the separate apparent diffusion coefficients in Fig. 3.5B. As one can see from
Figs. 3.6B and 3.6C, neither the diffusion coefficients nor the amplitude of these components
agree to what is expected from Fig. 3.5B. The reason is that the diffusion attenuation is not
strictly bi-exponential, but multi-exponential, as the diffusion behaviour of the spins is not the
same for all positions within the compartments. Therefore, the results in Fig. 3.6 correspond
to the best fit of the diffusion attenuation, but the values no longer correspond to the true
intensities and apparent diffusion coefficients in the system. The consequence for
experimental data is that multi-exponential analysis of diffusion behaviour can not freely be
related to the geometrical parameters of the system.
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Figure 3.6. A. Cylindrical and planar geometries of the examined system B. Amplitude of the fractions divided
by the input value as a function of the relative membrane permeability M for cylindrical (solid line) and planar
(dashed line). C. Apparent diffusion coefficiemt D* as a function of the relative membrane permeability M for
cyvlindrical (solid line) and planar (dashed line) geometries.

Experimentally, additional parameters as 7> can be used to provide extra contrast to extract
physiologically relevant paran‘u;tters.13 This was simulated for these two-compartment systems
by introducing an intrinsic relaxation time of 2 s for the inner compartment, and 0.2 s for the
outer one, which are reasonable values for a plant cell.” The parameters for these simulations
were chosen as in an experimental PFG-CPMG experiment (DARTS)," i.¢. a PFG part of 16
gradient steps, combined with an echo train of 1000 echoes with an inter-echo time of 5 ms.
Calculations took 15 minutes for 120 space steps, 36 angle steps, 16 gradient steps and 1000
time steps. The resulting two-dimensional data sets were fitted with a coupled fitting routine;
first a bi-exponential fit was done on the relaxation part with SPLMOD, and next the fitted
intensities were used to fit the corresponding diffusion fractions.
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Figure 3.7. The same system was used as in Figure 3.6, but with relaxation behaviour. A. Amplitude of the
Jractions divided by the input value as a function of the relative membrane permeability M for cylindrical (solid
lineg) and pianar (dashed line) for simulations with an diffusion observation time A = 18 ms. The resulis for the
simulations with A = 90 ms are overplotted with symbols (squares for the planar geometry, and circles for the
cvlindrical geometry). B. Relaxation time of the fractions. Linestyles and symbols correspond to those in Fig.
3.74. C. Apparent diffusion coefficient D* for an observation time A of 18 ms. D, Apparent diffusion coefficient

D* for an observation time A of 90 ms.
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For very small M values, the fractions of the two components and the corresponding 7, are

equal to the input parameters (7= 2 s and 0.2 s; amplitude = 1:1 for the planar and 1:3 for the
cylindrical case) and D'* corresponds to the diffusion coefficients for the separated systems in
Fig. 3.5 (lines in Figs. 3.7A, B, C), in contrast to those in Fig. 3.6. This clearly shows that the
use of T, information is advantageous for discriminating different fractions in a multi-
compartment system. When the membrane permeability increased, the relaxation behaviour
evolved to an almost mono-exponential decay, due to complete averaging of the two
compartments. The corresponding diffusion coefficients first decrease due to averaging of the
two fractions, but start to increase as soon as the relaxation decay becomes mono-exponential,
and, as expected, the increase is more pronounced for planar geometries. It should be noted
that though a multi-parameter approach is useful to discriminate compartments separated by a
membrane, the fitted parameters amplitude, 7> and D*, are no longer uniquely reflecting the
properties of the different compartments when the membrane becomes reasonably permeable
(M >0.01). For instance the value of the longest T» component, originating from the central
compartment of the model, becomes strongly dependent on those of the second compartment
and the actual membrane permeability.
Fig. 3.7D shows the effect of a longer observation time A (90 ms). The amplitude and 7> fits
yield exactly the same results as those for A= 18 ms (symbols in Figs. 3.7A,B). The
restriction effects on D* on the contrary, become much more pronounced. For small M, all
values are decreased, though only slightly in the cylindrical outer compartment (solid line).
This is a prominent illustration of the effect of circumventional motion to overcome diffusion
restriction, and for M < 1 such data sets with varying observation time A can be very useful
for discrimination between planar and cylindrical geometries.

CONCLUSIONS

A numerical model for diffusion and magnetisation relaxation behaviour in PFG-CPMG
NMR experiments has been extended to a two-dimensional system with concentric cylindrical
geometry. The results of this model show excellent agreement with published analytical
results. As an example of the relevance of a two-dimensional model, the behaviour of the
apparent diffusion coefficients and relaxation times in a multi-compartment system with the
properties of a plant cell has been modelled for both a planar and a cylindrical geometry.
When the difference in diffusion coefficients is relatively small, supplementary contrast
parameters as T are needed to unravel the different fractions present. The difference between
the obtained values of the apparent diffusion coefficients and the true ones can be explained
by the influence of non- or semi-permeable membranes (restricted diffusion). This restriction
effect is more pronounced for planar systems than for cylindrical ones. Furthermore, the
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differences in diffusion coefficients between the two geometries become larger for longer
observation times. Together, this clearly demonstrates the need for a two-dimensional system
to be able to understand experimental results in term of geometry.
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SIMULATION OF RELAXATION,
DIFFUSION AND EXCHANGE IN
MULTI-COMPARTMENT SYSTEMS

A finite difference model has been applied to investigate the effects of diffusive exchange on
the transverse spin relaxation times, apparent diffusion coefficients and the NMR signal
amplitudes of water in multi-compartment systems, in particular biological cells. For
different multi-compartment model systems a PFG-CPMG experiment was simulated, and
intrinsic physiological parameters such as the bulk diffusion constant, the cell radius and the
membrane permeability were afterwards extracted using common theorefical models. The
true membrane permeability values are compared with those calculated using the relaxation
models of Conlon-Outhred and Brownstein-Tarr. Generally, the Brownstein-Tarr formalism
turns out to predict the true permeability more reliably.

The effect of the bulk spin relaxation and the diffusion properties of water in the different
compartments on the observed Ty and Dy, is discussed for several systems that do not
completely satisfy the requirements of the ideal relaxation models, as is the case for most
biological systems. Furthermore, the effect of these unfulfilled conditions on the calculated
intrinsic parameters as the membrane permeability and the cell radius are evaluated

Finally, the effect of cell-to-cell transport on the long-term diffusion behaviour is assessed.

INTRODUCTION

'H NMR relaxometry and diffusometry are commonly used to investigate the physical
properties of water in biological tissues.'* Most of these studies attempt to assign the
experimentally observed diffusion or relaxation components to different (sub-)cellular
compartments within such tissue. From these parameters one can exiract valuable information
on the diffusion constant in the compartments, the (relative) water fractions, the compartment
dimensions, and the water membrane permeability of the membranes separating the
compartments.

Chemical exchange of protons between water and macromolecules may significantly
contribute to the longitudinal relaxation time (7) and the transversal relaxation time (1) of
bulk water in the cells. This results in different relaxation times for the various compartments,
which we call the intrinsic or bulk relaxation times.™® In addition, water or protons may
exchange through semi-permeable membranes between compartments with different intrinsic
relaxation times. This process results in averaging of the relaxation times and water fractions,’
which hampers a direct assignment of relaxation times and fractions to particular compart-



46 Chapier 4

ments. The extent of the averaging depends on the difference between the intrinsic relaxation
rates of the compartments and on the exchange rates between them. The latter are determined
by the permeabilitics of the membranes separating the compartments, and by the diffusion
path length of water to the membrane. This path length depends on the dimensions of the
compartments and the diffusion coefficient of the fluid. By accounting for all the above
mentioned effects, relaxometry of biological systems with a rather simple geometry can
provide valuable physiological information such as the membrane permeabilitics and the cell
dimensions.*"’

Diffusion measurements of biological tissue can also reflect multiple subcompartments, each
with a characteristic diffusion coefficient and relaxation time.'"™" At very short diffusion
times, separate fractions can often be discriminated based on the different bulk diffusion
coefficients. For longer diffusion times, however, restriction of diffusion by inter-
compartmental membranes is going to dominate the diffusion attenuation, which will then
reflect the compartment dimensions. For a better understanding of the cellular physiology,
both the diffusion coefficient of the cellular water and the compartment dimensions yield very
valuable information.' In addition to the cell dimensions, diffusive exchange and differences
in relaxation in the compartments will also influence the apparent diffusion coefficients
(Dogp). 31516

In general, the differences in 7> relaxation times between the compartments are larger than
those in diffusion coefficients. Experimentally, Diffusion Analysis by Relaxation Time
Separation, DARTS,'""" has been proven 1o result in a better parameter determination
compared to separate diffusion and relaxation experiments.'®?? Taking nerve tissue as an
example, measurements limited to either diffusion- or spin relaxation result in completely
different interpretations of the subcompartments present in the tissue. Generally, diffusion
measurements yield mono-exponential decay curves that yield no information on the number
or nature of the sub-compartments® Sometimes, under conditions of high diffusion
weighting, large deviations from mono-exponential behaviour occur due to restricted
diffusion. However, a multi-exponential fit of the NMR diffusion attenuation plot does not

reflect the sub-compartments,'*>*

Relaxation decays of the same tissue yield three different
components, which are attributed to inter-axonal, axonal and myelin domains. Using these T}
components, the diffusion attenuation can be resolved yielding the apparent diffusion
coefficients (D) for the different <:ompm‘tmf.ents.11=25

Clearly, exchange of water between these compartments and/or diffusive restriction within
these structures may easily complicate such assignment. Therefore, a model that combines
diffusion and relaxation behaviour in combination with membrane permeabilities could be of
great help to interpret the experimental results. Numerous theories and models have been
developed to interpret the NMR results for heterogeneous biological tissues such as occur in

blood, nerves, brain, and plants. Usually, these models explain the results in terms of internal
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and external water fractions and cell size***”

and the exchange of water between
compartments."**2*® Most of the models for the interpretation of diffusometry do not include
the effect of (differences in) relaxation behaviour in the compartments, although this effect
can not be ignored."*"!

Clearly, an unambiguous interpretation of experimental non-exponential decay curves in
terms of water fractions for every compartment and exchange rates between them is far from
straightforward. Therefore the effects of diffusive exchange on the observed relaxation times,
diffusion coefficients and fractional amplitudes have been modelled numerically using a two-
dimensional finite difference solution of Fick’s second law of diffusion.” We used simple
models of (i) an isolated cylindrical compartment with a perfect extracellular sink and (ii) the
same isolated cylindrical compartment, with a partial extracellular sink. Next (iii) an isolated
plant cell was modelled, consisting of three concentric cylindrical compartments, ie. the
vacuole, the cytoplasm and the cell wall / extracellular space, separated by permeable

% was used to

membranes. Furthermore, a simple one-dimensional model of parallel planes’
simulate the effect of cell-to-cell transport (iv). We used a broad range of membrane
permeabilities (P) to evaluate their effect on the relaxation time and diffusion behaviour. All
chosen input parameters for the different compartments complied with experimentally
realistic values.

For all model systems, we extracted the physiclogical parameters of interest, ie. the
membrane permeability, the compartment size and the bulk diffusion coefficients by an
analysis based on common theoretical models, and we compared these parameters with the
input values of the model. Thus we evaluated whether these theories are useful for such
complicated biological systems, even when these systems do not meet all conditions of the

theories.

THEORY

RELAXATION THEORY

The origin of multi-expenential relaxation is generally accepted to be mainly due to a spatial
compartmentation of water in spaces with different relaxation and diffusion properties.
Exchange between these compartments causes a change in the relaxation properties of the
observed magnetization in these spaces. In some specific cases these changes can be used to
calculate the membrane permeability for water (P, m s™).*%** However, the results depend on
the used NMR method. The NMR technique to measure P was introduced for the first time
already three decades ago by Conlon and Outhred.”

This C-O technique is valid when the spin relaxation outside the cell compartment under
consideration is much faster than the exchange over the membrane, so that back flux of
magnetisation to the cell can be ignored. Experimentally this condition is fulfilled by doping
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the extracellular space with paramagnetic ions such as manganese. The observed iniracellular
relaxation rate 1/75 .4, is then given by

1/ T, 2,005 1/ Tz,inelk + l/ 3 [4.-1]

where 7/ is the exchange rate of intracellular water across the membrane; 7. is the
intrinsic T of the cell. The (effective) exchange rate across the membrane depends on the
surface-to-volume ratio of the compartment and on the effectiveness of magnetisation loss
due to exchange with the external volume sink (Hco).

l/r =(SH, )/V i4.2]

where V and S are the volume and surface of the cell respectively. For a cylindrical cell with
radius r, Hgo = /27 If the extracellular magnetisation sink is perfect and the membrane
permeability determines the exchange rate, Hoo equals the true membrane permeability P.

Brownstein and Tarr developed a more advanced model to calculate the surface sink
strength from the diffusivity and relaxation time of bulk water by incorporating the geometry
of the compartments.® Similar to the C-O model, back flux of magnetisation to the cell should
be negligible to fit the assumptions of the Brownstein-Tarr (B-T) model. Brownstein and Tarr
assume that afl relaxation is due to magnetisation sinks within an active surface, which is
reached by diffusion. The net rate of magnetisation loss at the boundary is then defined by a
sink strength parameter, denoted Hzr (m s7), to be distinguished from Hqo as calculated by
Conlon and Quthred. In many biological systems, it is assumed that the membrane itself does
not act as the most important relaxation sink, but that magnetisation loss occurs primarily due
to a volume sink outside the compartment that can be reached by exchange over the
membrane. For a plant cell, for example, the cytoplasm acts as a magnetisation sink for the
vacuole due to its much shorter relaxation time, and the exchange rate between vacuole and
cytoplasm is determined by the membrane permeability. The overall sink strength is then
determined by a combination of the membrane permeability and the effecliveness of the
volume sink.

In addition to the relaxation at the boundary, there is also relaxation due to the active volume
itself, the intrinsic relaxation of the bulk solution. For a cylindrical cell, surrounded by a
membrane with a constant sink strength over the entire surface, the B-T model results in a

multiexponential relaxation decay, composed of a number of decay times T» "

given by:
YT, =D /1 + YT, [4.3]

with relative intensities

1, =47, Y02 [, + 72 ()] (44]
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Hpr is determined by the positive root 7, (m =0,1,2,...) of u/i(11}/Jo(1h) = Her/Dye. and
Jo and J; are Bessel functions of the zero and first order, respectively. All relaxation
components 7, and the corresponding intensities I, can be determined from Eqns. 4.3 and
4.4. When the membrane permeability P is the rate-limiting step (»P/D <1), the intensity of
the higher relaxation modes can be neglected (Eqn. 4.4) and the relaxation decay becomes
mono-exponential. Since 77 = 2rHar /D for n <<land 1/z = D’/ ¥, Har becomes /27 and
thus equals P. The condition rFHer /D <1 implies 77 < 0.4z and 7, > r*i1.58D. Hgr becomes
smaller than P as soon as the surface relaxation is no longer the rate-limiting step, or the

membrane permeability no longer controls the water-exchange time.

DIFFUSION THEORY

Biological tissues are characterised by multiple barriers between compartments that can
hinder Brownian motion. For a cylindrical cell, the motion of water molecules in a closed
cylindrical cell is restricted by the membrane, and therefore the maximum displacement
depends on the cell dimensions."***** With increasing diffusion time, the apparent diffusion
coefticient (Dyy,,) decreases due to the restricted displacement. On a time scale long compared
to the time necessary to diffuse a distance » (A >> #* / 2Dy), the diffusion attenuation E(A)

remains constant despite of an increasing diffusion time.'>"%**%

E(A)=exp|- (2my aD,, ] [4.5]

where Dy, = r* / 4A. The wave vector g = 38/ 27 in Eqn. 4.5 is a function of the gradient
amplitude g, the pulse duration & and the gyromagnetic ratio » This implies that from a
diffusion measurement at long time scale, the compartment radius can be calculated. Dy,
should be determined from the initial slope of the diffusion attenuation plot, since at long
diffusion times the diffusion profile is no longer Gaussian due to restriction effects.”*¢

If the cell is not closed, but has a (partially) permeable membrane, the effective diffusion
distance is going to deviate from the cell radius, but to which extent depends on the

extracellular parameters.

On a short diffusion time scale (A << #* / 2Dy), only spins within a diffusion length 2D, A

from the wall sense the presence of the compartment boundary. Therefore the apparent
diffusion coefficient D,,, shows a dependence on VAP For a single cylindrical

compartment this relation can approximately be described by:

Dapp (A) = Dbuﬁt [1 - (4/3r)\' Dbu!kA/ﬂ'-] [46]

By extrapolation to A = 0, the bulk diffusion coefficient Dy, can be determined.
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METHODS

A numerical model of multi-compartment systems with cylindrical geometry was used that
was based on a numerical finite difference solution of Fick’s second law of diffusion.’* Using
this model, the NMR signal amplitude and phase can be calculated for any combination of
intrinsic compartment parameters at any given time during the gradient pulses and diffusion
time and during the decay time following the PFG part of a PFG-CPMG experiment. Random
noise (S/N 10000) was penerated to avoid fitting problems. The statistical error of the
parameters was determined by generating several data sets with synthetic noise and applying
statistics on the fit results (Monte Carlo simulation).

For all presented cases, a typical PFG-CPMG experiment was simulated, with 16 gradient
steps and 500-2000 echoes at a 5 ms interecho time. The resulting two-dimensional data sets
were analysed according the DARTS method.'"” A coupled fitting routine was used, first a
multi-exponential fit was done on the relaxation part with SPLMOD,'!"'#® and next the fitted
intensities were used to fit the comresponding diffusion fractions. The overall value of Dy,

was calculated from the initial slope of the diffusion attenuation plot.**

RESULTS AND DISCUSSION

A series of geometries with increasing complexity was modelled to evaluate the discussed
theoretical approaches to exiract intrinsic parameters for a biological cell system. The model
was inspired by plant cells, but the conclusions apply to any biological, multi-compartment
system,

SINGLE COMPARTMENT WITH A PERFECT EXTRACELLULAR VOLUME SINK (i)

To compare the B-T and C-0O models, a single cylindrical compartment was simulated, with
a radius of 20 pm and a bulk relaxation time of 2 s. The extracellular space was assumed to
have an infinitely short relaxation decay time, as would be the case for a Mn-doped
extracellular solution. The bulk diffusion constant for both compartments was 2 x 10 m® s,
close to that of free water. The membrane permeability was varied between 0 and 2 x 102 m
s, to cover the entire range from the fast (rP/D <<1) to the slow diffusion regime (»P/D >>1).

The obtained relaxation curves were fitted either mono- or bi-exponentially (Fig. 4.1A). The
resulting 7 values were used 1o calculate Hep and Hgr from Eqns. 4.1 and 4.3 respectively
(Fig. 4.1B). For a bi-exponential fit, the longest 7> component corresponds to the zero order
relaxation time 7. Though a multi-exponential fit is the most correct approach for the B-T
model, the contribution of the higher order decays is usually so small that an extremely high
S/N ratio is needed to distinguish them. Therefore, a mono-exponential fit was evaluated as
well. For the fast diffusion regime (rP/D <1), both models yiclded a sink strength equal to the
membrane permeability P. In the intermediate and the slow diffusion regime however, Hep is
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significantly lower than P. For »P/D} > 10, the Hep sink strength even becomes independent of
the actual input permeability and levels off to a value #D/2r while now 1/z, is given by
#D/r. For these regimes, the B-T model offers a more reliable approach. The B-T model
predicts multi-exponential behaviour for the slow diffusion regime, which is why the obtained
Hay is most accurate using a bi-exponential fit.

However, in experimental situations there will be some practical problems with the B-T
approach. Firstly, for these large values of rP/D the solutions for the Bessel functions in Eqn.
4.4 are very sensitive for the input relaxation time; comparison of Fig. 4.1A and 4.1B shows
that though the difference in the mono-exponential 7> and the longest 7 component of the bi-
exponential fit is only about 2%, the difference in the calculated Hgr is as large as 85%.
Therefore, the obtained sink strengths for #»P/D>10 will be very inaccurate in an experimental
situation where the error of the experiments can easily be above 1%. Secondly, the B-T model
requires values for both the compartment radius and the bulk diffusion coefficient, whereas
the C-O model only requires the radius. Therefore, additional diffusion measurements for
both short and long diffusion time scales are needed to determine these parameters.
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Figure 4.1. A. I/T; values for a single compartment with a perfect external sink vs. the membrane permeability
H. The data were fitted either mono- or bi-exponentially and the largest 1/T; value was displayed in the figure.
The parameter rP/D contains the vacuolar radius v, the diffusion coefficient D and the tonoplast permeability P.
The standard deviation of the simulations was less than 0.01% for the mono-exponential fits, and less thar 0.1%
Jor the bi-exponential fits. B. Calculated membrane permeability using the C-O (P, Egn. 4.1} or B-T model (H,
Eqn. 4.3} for either the mono- or the bi-exponential fit value of 1/T,.
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Fig. 4.2A shows the short-time diffusion behaviour for different values of r£/D. According
to Eqn. 4.6, there should be a linear relationship between Dy, and VA, and this is indeed
approximately true for rP/D < 1. Dy, can then be determined by extrapolation to A= 0. For
rP/D = 10, this relationship is no longer linear, and the obtained Dj,;; will be about 10% too
high. The long-term diffusion behaviour is solely determined by restriction due to the finite
compartment size. Fig. 4.2B shows the compartment radius as calculated from Eqn. 4.5. As
long as the membrane is closed, the compartment radius reflects the true compartment size.
When the membrane becomes fairly permeable (#P/D >5), the calculated radius decreases
because molecules that cross the membrane hardly contribute to the signal, and only the
remaining molecules from the ‘inner’ part of the compartment, which do not reach the
membrane, give rise to the observed diffusion effect.
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Figure 4.2. A. The apparent diffusion coefficient (Dgy) for a single compartment with infinite external sink as a
Sunction of observation time for different membrane permeabilities. B. The apparent compartment radius (¥app)
calculated from Dy, The standard deviation of the simulations was less than 0.1%.

SINGLE COMPARTMENT WITH A PARTIAL EXTRACELLULAR VOLUME SINK (ii)
Since we already found that the B-T theory is wider applicable, this method will be used to
extract the sink strength parameter # for all other model systems treated in this paper. In most
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biological systems, the extracellular magnetisation sink is not perfect. For a vacuolised plant
cell, the main compartment (vacuole) is surrounded by a thin cytoplasmatic layer; the intrinsic
relaxation rate of this layer is about ten times higher than that of the vacuole. To mimic the
effect of such a partially relaxing sink, the same compartment as before was simulated, but
now the extracellular space had a 7> value of 0.2 s. The B-T theory does not account for this
situation, however we used these formulas from this model to determmine how far H deviates
from P because of the presence of a partial sink. The relaxation curves were fitted mono-
exponentially, which is reasonable because the ratio of vacuole volume to that of the
cytoplasm/cell wall is about 20 to 1. From the resulting 7, values Hyo and Hpr were
calculated using Eqns. 4.1 and 4.3,

Fig. 4.3 shows the resulting sink strength parameters vs. rP/D. At a given input permeability
the observed relaxation time T’ 4, is larger than for a perfect extracellular volume sink, with
the result that the true membrane permeability is underestimated. For a perfect sink, every
molecule that crosses the membrane to the extracellular space instantaneously loses its
magnetisation, For a partial sink however, the magnetisation contributes to the signal during
the lifetime of the molecules in the extracellular space, resulting in a slower signal decay.

Fig. 4.4 shows the short-term (A) and long-term diffusion behaviour (B). For a perfect sink
(Fig. 4.2), and »P/D <1, i.e. the fast diffusion regime, D, was independent of the membrane
permeability. Therefore, the short-term diffusion coefficients for the present model should be
comparable to those in Fig. 4.2, as is found indeed. When the membrane becomes more
permeable, molecules close to the boundary will not always be reflected, but sometimes cross
the membrane. This causes the effective diffusion length to increase, resulting in a higher
apparent diffusion coefficient (#P/D = 1). For the long-term diffusion behaviour, a radius will
be calculated that is larger than the actual compartment size (Fig. 4.4B). The extent of this
deviation depends on both the membrane permeability and the effectiveness of the
extracellular volume relaxation sink.
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Figure 4.3. The calculated membrane permeability using the C-O (P, Eqn. 4.1) or B-T model (Hyr, Eqn. 4.3) for
a single compartment with a finite external magnetisation sink (T: e = 0.2 5), using a mono-exponential fit. The
parameter ¥P/D contains the vacuolar vadius v, the diffusion coefficiens D and the tonoplast permeability P. The
standard deviation of the simulations was less than 0.01%.
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Figure 4.4. A. The appovent diffusion coefficient (D) for a single compariment with finite external sink (T oy
= (0.2 s) vs. the observation time for different membrane permeabilities. B. The apparent compartment radius
(rape? calculated from D, The standard deviation of the simulations was less than 0.1%.

MULTI-COMPARTMENT SYSTEM (iii)

As a next step, a more realistic model of a plant cell was simulated. The cell is considered to
be a system consisting of three concentric spherical compartments corresponding to the
vacuole, cytoplasm, and the cell wall/extracellular space, respectively (Fig. 4.5A). The
vacuole and the cytoplasm are separated by a semi-permeable membrane, the tonoplast, with a
permeability coefficient Py,,. The plasmalemma, with a permeability coefficient P, is located
between the cytoplasm and the cell wall/extracellular space. The cell is considered to be an
isolated system, so the outer boundary is fully reflective (Po, = 0 m s'). As a starting-point a
set of intrinsic parameters has been used which is reasonable for a true plant cell (Fig. 4.5A)°
The relaxation time 7., is expected to be close to that of water (ca. 2 s) and data on tissue
with cells lacking large vacuoles suggest a 75, value of about 0.2 s or shorter. The 7, value
ranges from 5 to 30 ms or even larger, depending on the degree of hydration of the cell
wall.>* Because of the cell wall obstruction, the diffusion coefficient D, is expected to be
quite low, in the order of 10™'° m® 5. The membrane permeabilities were varied over a larpe
range, but the ratio P,../P,; was kept constant at a value of 10, which is considered reasonable

for a plant cell.*
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Figure 4.5. A. Schematic representation of the modelled cylindrical geomerry. The inner compariment is the
vacuole, surrounded by the cytoplasm and cell wall, respectively. For the meaning of the symbols, see text. B.
Dependence of the calculated relative signal amplitudes amp,,. /amp;, , amp,,, /amp,,, and amp,,, /amp;, of the
vacuole, the cytoplasm, and the cell wall, respectively, on the tonoplast and plasmalemma permeabilities (H,,, =
T0*H,). Amp,, is the input signal amplitude for the different compartments. The parameter rP/D contains the
vacuolar radius v, the diffusion coefficient D and the tonoplast permeability P. C. The calculated relaxation
times corresponding to the three fractions in B. The siandard deviation of the fits was less than 0.1% for the

longest compornent, and 1-2% for the shorter component.
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Typical permeabilities of plant cells vary over several orders of magnitude, from ~ 1 x 10°*
to 1 x 10* m s for the plasmalemma.****

Fig. 4.5 shows the effect of the membrane permeability on the observed amplitudes (B) and
relaxation times (C) of the observed water fractions as a function of P,,. For low
permeabilities (rP, /D < 0.001) the relaxation times and fractions approach the input values
of the three compartments. For very high permeabilities (rP/D > 10) complete exchange
between the different fractions is found. In principle, this should result in mono-exponential
relaxation behaviour; in fact, the small remaining fraction that is attributed to the cell wall
mainly consists of the higher order relaxation components of the vacuolar fraction in the B-T
theory. For intermediate values of rP,./D, the cytoplasmic component disappears due to
exchange, whereas the extracellular component still remains constant because P is a factor
10 lower than P,. The longest 7; value is used to calculate Hgy (Eqn. 4.3) resulting in an
almost linear relation ship between //7> and the membrane permeability (Fig. 4.6). However,
Hpr is not equai to the tonoplast permeability Py, since the cytoplasm and cell wall are
imperfect volume sinks. The actual relation between 7., and the calculated permeability
depends on the permeabilities of the tonoplast as well as of the plasmalemma and on the
effectiveness of the sink, i.e. on the relaxation times and dimensions of the cytoplasm and cell
wall/exiracellular space. T.n becomes independent of the permeability in the ‘diffusion
limited’ regime (#P/D > 10) and is then determined by the vacuolar radius, the intrinsic
relaxation times and the diffusion coefficients of the different compartments.

10
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Figure 4.6. The calculated membrane permeability using the B-T model (Hgy, Eqn. 4.3) for the model sysiem
presented in Fig. 4.54 derived from a mono-exponeniial fit or the largest T, fraction in a bi-exponential fit. The
standard deviation of the simulations was less than 0.01% for the mono-exponential fits, and less than 0.1% for
the bi-exponential fits.
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Figure 4.7. A. The apparent diffusion coefficient (Dyy} for the model system in Fig. 4.54 vs. the observation
time for different membrane permeabilities. B. The apparent compartment radius (v,y;) calculaied from Do, The
standard deviation of the simulations was less than 0.1%.

Both the short-time and long-time diffusion behaviour show very little effect of increasing
the membrane permeabilities (Fig. 4.7). We ascribe this to the small thickness of the
cytoplasmic and cell wall layer, in contrast to Figs. 4.2 and 4.4, where the extracellular space
is infinitely large. D can be obtained by linearly extrapolating the curves in Fig. 4.7A to
A= 0, and reflects the average bulk diffusion coefficient for all compartments (1.74 x 10° m?
s'). Because the cell is considered a closed system, the maximum diffusion distance is 22 pum,
and this distance is indeed obtained for large values of »P/D (Fig. 4.7B).

In an experimental situation, the error of the measurements is often too large to be able to
distinguish the curves in Fig, 4.7, and the obtained parameters Dy, and » can be considered
reliable within the experimental error. The calculated membrane permeability is a
superposition of all factors composing the relaxation sink, but it is linearly correlated with the
actual membrane permeability and can thus be used to monitor this parameter.
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CELL-TO-CELL TRANSPORT (iv}

Biological tissue does not consist of isolated cells; cell-to-cell transport significantly
contributes to the water movement in tissues. Therefore, we considered the effect of this
transport on diffusion and relaxation. A cylindrical model is not suited o model multiple
cells; we therefore used a planar model consisting of four planar cells with a thin cell wall
layer on each side of the large vacuolar compartment (Fig. 4.8A)."° The vacuole cross-section
was 30 pm, which is the average diffusion distance in one direction for the previously used
cylindrical cell with a diameter of 40 pm. All intrinsic parameters were the same as for the
isolated plant cell; only the cytoplasmic layer was omitted. The tonoplast permeability was
1 x 10* m? s, so rPuw/'D = 1. The cell-to-cell permeability, P,., was varied between zero and
infinite, to cover the entire range from four isolated cells to maximum contact between all
cells.

The apparent cell radius was calculated from the long-term diffusion coefficient (Fig. 4.8B).
When the cell-to-cell exchange increases, the apparent radius is no longer constant in time,
but is again linearly related to A , because molecules that cross the membrane to the next
cell continue to contribute to the maximum displacement. The slope however is not the same
as for free diffusion, as the tonoplast membrane still imposes a barrier. The low T’ of the cell
wall causes relaxation of most of the molecules that pass the cell wall to the next cell. To
illustrate this effect, 175, was increased to 0.2 s (Fig. 4.8B), and obviously now the effect of
cell-to-cell connections becomes more pronounced.

In practice this means that the cell radius can safely be calculated from the r,,, plot when the
curve levels off to a steady state. If this is not the case, one has to realise that the calculated
radius is influenced by celi-to-cell transport. This is however a trade-off, since those transport
processes are also of great interest, e.g. for overall tissue hydraulics.
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Figure 4.8. A. Schematic representation of the modelled geometry. The tissue is considered as an array of
pPlanar compartments. The “permeability” of the boundary layer between the cell walls of adjocent cells
regulates the celi-to-cell transport. B. The apparent compartment radius (vqy) calculated from Dy, for a cell
wall with T; = 20 ms. C. The appavent compartment radius calculated from Doy, for a cell wall with T; = 0.2 5.
The standard deviation of the simulations was less than 0.1%.
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CONCLUSIONS

The results of simulations of different biological systems of increasing complexity show that
the sink strength parameter H can best be calculated by the B-T theory, especially in the slow
diffusion regime (rP/D > 1). For multi-compartment systems, the calculated H reflects the
combined effect of all permeability coefficients and the effectiveness of the sinks in the
different compartments.

The short-term diffusion coefficient is governed by the amount of spins near the surface,
which is determined by the surface to volume ratio of the compartments, and can be used to
extract the bulk diffusion coefficient. The calculated value of Dy for a complex multi-
compartmental cell reflects the average bulk diffusion coefficient of all compartments. When
this value is used to calculate Hgr according to the B-T model, the membrane permeability is
underestimated, but still linearly correlated to the actual membrane permeability. In practice
this means that changes in membrane permeability can be observed and quantified, though the
obtained values do not necessarily correspond to the permeability of a single membrane.

The cell radius can be calculated from the long-term diffusion coefficient. However,
exchange effects can obscure the results. Since the shape of the ro, plot (see Figs. 4.7 and 4.8)
reflects the influence of cell-to-cell transport, the results of measurements over a large range
of diffusion observation times can be used to estimate whether this kind of transport has to be
taken into account.
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QUANTITATIVE NMR MICROSCOPY
OF OSMOTIC STRESS RESPONSES
IN MAIZE AND PEARL MILLET

The effect of osmotic stress (—0.35 MPa) on the cell water balance and apical growth was
studied non-invasively for maize (Zea mays L., cv LG 11) and pear! millet (Pennisetum
americanum L., cv MH 179) by '"H NMR microscopy in combination with water uptake
measurements. Single parameter images of the water content and the transverse relaxation
time (T3} were used to discriminate between the different tissues and to follow the water status
of the apical region during osmotic stress. The Ty values of non-stressed stem tissue turned
out to be correlated to the cell dimensions as determined by optical microscopy. Growth was
Jound to be strongly inhibited by mild stress in both species, whereas the water uptake was far
less affected. During the experiment hardly any changes in water content or T; in the stem
region of maize were observed In contrast, the apical tissue of pear! millet showed a
decrease in T within 48 hours of stress. This decrease in T is interpreted as an increase in
the membrane permeability for water.

INTRODUCTION

Drought stress considerably reduces crop yields world wide compared to the maximum
attainable yields."? Therefore, plant responses to water deficits are of great interest in plant
research, from the cellular up to the whole plant level.

One of the processes in plants the most sensitive to water deficits is growth,’ making this
process an excellent parameter for studies of drought tolerance mechanisms in plants and the
differences between species. Though many groups reported on the stress response of growth
for roots,* leaves™® and stems,”® monitoring the growth of the shoot apex has always been
complicated by the use of invasive methods, which impede the measurement of the apex
response to processes as drought stress at a physiologically relevant time scale.

Other drought stress responses on all organisational levels have been widely studied.*!"
However, up to now litile attention has been paid to the integration of drought stress
responses at the cell, organ, and whole plant level. This is scarcely surprising since non-
invasive methods for studying whole plants on the organ or even cell level have only recently
become available by means of Nuclear Magnetic Resonance imaging (NMR or MRI).

During the past few decades NMR has been applied in a number of plant studies.!’
Different from light microscopy, NMR images of plants display the physical status and the
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spatial distribution of water within plant tissues in addition to anatomical information.
Examples are flow images, representing quantitative flow velocities of xylem and phloem
water®'® and 77, diffusion and amplitude images.'>™?' The amplitude, or the initial NMR
signal intensity, is directly related to the number of protons in the observed part of the system.
Since in plant tissue the proton signal is dominated by water protons, the NMR signal
amplitude is proportional to the tissue density x tissue water content per voxel.”*

According to Brownstein and Tan,n’23 the observed T, of water in a confined compartment
can be described as a function of the bulk 75 (7,5}, the radii of the compartment along the x,

y and z direction (R, ,:) and the rate of wall relaxation or surface sink strength density (H):

YT, = H(l/Rx + I/Ry +1/R, )"' YT, i [5.1]

This model can in principle be applied to plant cells, with the vacuole as the main (largest)
compartment with a relatively long bulk relaxation time. The cytoplasm and apoplast have a
much shorter relaxation time and act therefore as a sink for the vacuole, whereas the tonoplast
and plasmalemma membranes determine the exchange rates between these compartments.
This relation between 7> and permeability was also demonstrated in the diffusion simulations
of Hills and Snaar®® The sink strength density (H) is defined as the rate of net loss of
magnetisation at the corpartment surface, and will thus reflect the membrane permeabilities
for water and the relaxation parameters of the cytoplasm. This model has been applied

previously to spherical and cylindrical cell volumes,***

and here it is expanded to an
ellipsoid volume, where all three radii R., R, and R: can be different.

In this paper the spin-spin relaxation time T> and the signal amplitude are used to monitor
changes in the water balance of the plant stem, which should reflect adaptation processes
between tissues during osmotic stress, such as membrane permeability changes and
redistribution of water. Maize and pearl millet are compared, of which the latter is more
drought tolerant. The results of our study demonstrate that many aspects of plant responses to
drought stress can be revealed non-invasively by applying NMR imaging to the shoot apical
growth and water balance in maize and pearl millet as they respond to osmotic stress. The
NMR results are combined with those of water uptake measurements, thus correlating the
stress response of the apex and its surrounding tissues with the water intake and possible

dehydration of the whole plant.
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MATERIALS AND METHODS

PLANT MATERIAL

Maize (Zea mays L., cv LG 11) and pearl millet (Pennisetum americanum L., cv MH 179)
seeds were germinated in wet sand in the dark. After one week the seedlings were transferred
to water culture with half Hoagland nutrient solution,”® which was refreshed every week. All
plants were grown in separate vessels, which were designed to it in the NMR imager directly,
to prevent root damage when the plants were transferred. The plants were grown in a
phytotron at 25 °C and 70% relative humidity with a photoperiod of 16 hours and a light
intensity of 40 W m? (mercury vapour lamp). When used, the plants were 4 or 6 weeks old,
with 6 or 9 fully emerged leaves respectively.

EXPERIMENTAL SET-UP

Fig. 5.1 shows the experimental set-up for the water uptake measurements and NMR
imaging. The roots of the plant were grown in a glass vessel, containing continuously aerated
nutrient solution. The medium was pumped into the vessel from below while excess medium
was removed at the top to maintain a constant medium volume in the vessel. The stem was
fixed in the vessel to prevent plant movement during the measurements. The weight of the
root medium vessel was measured using a balance (Ohaus GT 8000, Germany or Sartorius
LP3200D, Germany). Osmotic stress was applied by replacing the normal root medium by a
—0.35 MPa solution of Polyethylene Glycol (PEG 6000, 162.3 g kg") in nutrient medium. The
shoot of the plant was housed in a climate chamber with an air temperature of 26 + 1 °C and a
relative humidity of 50 = 2% with a photoperiod of 16 hours and a light intensity of 70 W m>,

A VAN A Y E— - halogen lamps

................. climate chamber

Figure 5.1. Schematic representation of
the experimental sef-up.
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MRI EXPERIMENTS

Three types of experiments were carried out;

(i) Non-stress conditions. The shoot apical region of maize was imaged using NMR
microscopy under non-stress conditions (N=2). Water uptake was recorded to monitor the
recovery or adaptation of the plant to the new environment after insertion into the NMR
imager.

(ii) 77 and cell size. The stems of maize (N=4) and pear] millet (N=5) were imaged from the
shoot apex down over a length of about 20 ¢m under normal non-stress conditions. The same
plants were used for light microscopy in order to determine the parenchyma cell dirnensions
in the different internodes.

(iit) Stress conditions. NMR microscopy of the shoot apical region of maize (N=2) and pearl
millet (N=2) was combined with water uptake measurements. The plants were followed for
six days: the first two days under normal conditions, the second two days during osmotic
stress and the third two days during recovery. For pearl millet the experiment was partially
repeated (N=2), recording NMR imaging data under the initial, normal conditions and after 48
hours of osmotic stress.

The NMR spectrometer was a 20.35 MHz imager consisting of a 047 T Bruker
electromagnet (Karlsruhe, Germany) controlled by a S.M.LS. console (S.M.1.S., Guildford,
England). In contrast to most NMR imagers, this machine has an open access in two
directions, and plants can be measured in the normal, vertical, position. A shielded gradient
probe with an open cylindrical access of 45 mm was used (Doty Scientific Inc., Columbia,
South Carolina, USA). 77 values were measured using a muiti-spin-echo imaging pulse
sequence with slice selection,”” a repetition time {TR) of 1800 ms, a spin-echo time (TE) of
4.3 ms and a spectral bandwidth of 50 kHz. A 128 x 128 matrix of complex data points was
acquired per echo, and typically 48 or 64 echoes were acquired per echo train. For each image
four acquisitions were averaged to improve the image quality, resulting in a total scan time of
15 minutes per image. For experiment {i) transverse images and for experiment (ii)
longitudinal images were obtained, whereas for experiment (iii) both transverse and
longitudinal images were acquired. The in-plane resolution was 235 pm for the transverse
images and 390 pum for the longitudinal images, both with a slice thickness of 3.0 mm.

The acquired NMR data sets were analysed by home-written calculation routines in IDL
{Research Systems Inc., Boulder, Colorado, USA). The multi-echo images were fitted on a
pixel-by-pixel base using a mono-exponential decay function, yielding quantitative amplitude

and 1/T; images?®*"*® After phase correction, the rcal part of the signal was used for
analysis.””
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LIGHT MICROSCOFY AND CRYQO-SEM MICROSCOPY

The same plants as used for MRI (ii) were also used to determine the cell dimensions. Fresh
longitudinal sections of the internodes were prepared using a hand microtome and fixed on a
microscope slide using Kayser’s glycerol gelatine (Merck 9242, Darmstadt, Germany). The
slices were several cell layers thick; average cell sizes for the individual plants were
determined by focussing the microscope on a central cell layer and measuring 60 randomly
selected cells in two dimensions for every internode by hand. The length and position of each
section was measured to correlate the results to the NMR images.

Fresh longitudinal and transverse slices of the middle part of a 1-cm-length stem internode
of both plants were cut with a sledge microtome and embedded in Kayser’s glycerol gelatine.
Digital images (768 x 592 pixels} were made with a Sony 3CCD camera mounted on a light
microscope.

For the Cryo Scanning Electron Microscopy, internodes of 1 cm length of both plants were
cut into longitudinal slices with a razor blade and plunged in liquid propane and stored in
liquid nitrogen. The slices were fractured at —88 °C and freeze-etched for three minutes in an
Oxford CT 1500 HF cryo transfer unit and sputter coated with 10 nm platinum. The cut
surface was studied with a JEOL 6300F field emission scanning electron microscope at
194 °C at 2.5kV.

RESULTS

NOCN-STRESS CONDITIONS (i)

The water uptake was measured for a six-week-old maize plant after transfer to the imager
(Fig. 5.2). During the first hours after transfer, the uptake rate was clearly reduced with
respect to the stabilised uptake rate after a few days of adaptation. These measurements
showed that the recovery of a plant after transfer took about one day. The adaptation of the
plant following the transfer was also observable in the growth rate of the plants, which was
almost zero during the first hours of the experiment and gradually increased during the first
day (see Fig. 5.11).

Comparison of the uptake data after adaptation (Fig. 3.2) with similar data acquired on
plants outside the apparatus shows no effect of the NMR measurements on water uptake (data
not shown). Apical growth cannot be measured non-invasively on such a short time scale
outside the NMR system, but the stabilisation of the growth rate after adaptation in the NMR
system and the agreement with the rates for internodial growth measured by monitoring the
displacement of externally visible nodes every day’" indicate that the plants are not noticeably
influenced by the experiments, Though long-term effects of placing the plants in the apparatus
seem to be minimal, inhibition of water uptake and growth does occur as a result of the
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transfer for about one day (Figs. 5.2 and 5.1 1). This indicates that the results of these kinds of
MRI studies on intact plants during the first day after setting up the experiment should be
interpreted with great care.
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Figure 5.2, Water uptake rate of a six-week-old maize plant afier wansfer 1o the NMR apparatus. The black bars
mark the dark periods.

Figure 5.3. Optical and scanning electron micrographs of a maize stem. A. iransverse section of an infernode of
about 10 wmm length B, Longitudinal section of the same internode. C. Cryo-SEM section of a single
parenchyma cell. p = parenchyma, ph = phioem, x = xylem, v = vacuole, t = tonoplast membrane, pec =
plasmalemma and cell wall, n = nucleus.




Quantitative NMR microscopy of osmolic stress responses in maize and pearl millet 71

ANATOMY

Maize. The size of the parenchyma cells in the inner part of a stem internode is fairly
homogeneous (Fig. 5.3A), as can be observed in the longitudinal section as well (Fig. 5.3B).
The vascular bundles are scattered throughout the ground tissue and consist for this internode
mainly of protoxylem and primary phloem. The SEM picture clearly shows that the
parenchyma cells are completely vacuolised (Fig. 5.3C).

Longitudinal and transverse NMR images for one of the plants are shown in the Figs. 5.4
and 5.5. In the longitudinal /7> images (Figs. 5.4 and 5.5A) the apex is clearly visible (a).
Below the shoot apex the youngest internodes can be seen (b), separated by the nodes, which
appear as bright regions (c). Within the immature internodes, the 7, gradually increases from
the bottom to the top. On either side of the apex, the leaves that surround the stem are visible
{d). The young ear is situated directly above the apex (¢), and can be seen as a grainy, brighter
region (Fig. 5.4, e). The transverse images (Fig. 5.5B) clearly show the leaves (d), vascular
bundles (f) and the onset of a cob (g). Note that the amplitude images show far less contrast,
as expected because of a fairly uniform water content and tissue density for different plant

tissues as expected on basis of difference in water content and tissue density.

0 16 s

Figure 5.4. Selection of 1/T, images acquired of a maize plant before osmotic stress (1=0 to 1=38), during —0.35
MPa osmotic stress (1=41 to 1=90) and during recovery (t=96 to 1=112). The light was on for 16 howrs daily (70
W ). After 1=38 the stem position was altered in order to position the apex in the middle of the image plane.
The dotted lines mark the beginning and the end of the siress period.
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Figure 3.5. Longitudinal and transverse amplitude Figure 5.7. Longitudinal and transverse amplitude
and I/T; images acquired of a maize plant before and I/T, images acquired of a millet plant before
and after 48 hours of —0.35 MPa osmotic siress. and afier 48 hours of —0.35 MPa osmotic stress.

Pearl millet. As in maize, the parenchyma cells in the inner part of a stem internode are
fairly homogeneous (Figs. 5.6A, 5.6B) and are completely vacuolised {Fig. 5.6C). Towards
the edge of the stem, the cells become smaller. The vascular bundles are scattered throughout
the ground tissue.

Though the millet stem has a similar nodular structure as maize, the anatomy as seen by
NMR differs (Figs. 5.7 and 5.8), Most of the nodes consist of two sections (a, see Fig. 5.8),
which have a higher T, value than the internodes. Furthermore, the larger nodes are not as
homogeneous as in maize and there appears to be some variety in 7> over the length of the
nodes.

Figure 5.6, Oprical and scanning electron micrographs of a millet stem. A. transverse section of an infernode of
about 10 mm length. B. Longitudinal section of the same internode. C. Cryo-SEM section of a single
parenchyma cell. p = parenchyma, ph = phloem, x = xylem, v = vacucle, 1 = tonoplast membrane, pc =
plasmalemma and cell wall, n = mucleus..
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=1 165!

Figure 5.8, Selection of a number of longitudinal 1/T, images acquired of a pearl millet plant before osmotic
stress (t=0 to 1=44), during -0.35 MPa osmotic stress (i=45 to t=92) and during recovery (=96 to t=112). The
light was on for 16 hours daily (70 W mi°). Afler (=44 the stem position was altered in order to position the apex
in the middle of the image plane. The dotied lines mark the beginning and the end of the stress periad,

T> AND CELL SIZE (ii}

According to Egn. 5.1, the observed relaxation rate 1/, is expected to depend on the
dimensions of the vacuole. The Figs. 5.4 and 5.5 indeed show a large variation in T; between
the various intemodes, which could be contributed to the different cell dimensicns in these
tissues. To verify whether this theoretical relation also holds for intact plants, maize and pearl
millet plants were imaged from the shoot apex down to the roots. In Fig. 5.9, the //T; values
of the various internodes of a number of non-stressed plants (obtained from NMR images as
shown in Fig. 5.5) are presented as a function of the cell size, which was determined
afterwards by optical microscopy of the same plants. Clearly a linear correlation between cell
dimensions and /T, is demonstrated, that holds for a large range of cell sizes. The intercept
of the fitted line in Fig, 5.9 corresponds to the T4, of the vacuole, which is in this case
around 2 s, as expected close to the 75 of free water.”® According to Eqn. 5.1, the slope of the
line cotresponds to the sink strength parameter H, yielding H = (2.8 + 0.52) x 10° m s for
maize and H = (4.0 £ 0.44) x 10° m 5™ for millet.
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Figure 5.9. Relation between relaxation time and cell dimensions for maize (n=4) and pearl millet (n=3). The
data points are taken from different internodes in the NMR images. After the NMR measurements, the same
plants were used for microscopic sections to determine the cell dimensions.

MAIZE AND PEARL MILLET DURING STRESS (iii}

The stem apical region of approximately six-week-old maize plants was imaged to measure
the growth rate of the shoot apex. //T; images were obtained in both the longitudinal and
transverse direction (Figs. 5.4 and 5.5). Simultaneously with the NMR experiments, the water
uptake by the roots was monitored.

Water uptake. After osmotic stress was applied, the uptake rate during the day decreased to
about 75% of the normal rate (Fig. 5.10). Besides, the uptake kinetics show a remarkable
difference with those before and after osmotic stress. After the PEG solution had been
replaced by normal root medium, the uptake rate increased, especially during the second day
to 119% of the rate before stress was applied.

Growth. Elongation growth 1s presented in Fig. 5.11 by plotting the displacement of one
particular internode versus time. Because the measured plants are not of exactly the same age,
the node displacement is given in arbitrary units; the curves were scaled to have the same
slope during 24 hours before stress. Though the water uptake during PEG stress was only
reduced by 25%, growth was almost completely inhibited during the light periods, while
during the dark periods growth occurred at a very reduced rate (5-8% of the normal rate
during dark). During recovery the growth rate increased to 150% of the normal growth rate.
These high rates remained unchanged for at least 24 hours.

Amplitude and T,. Before and after stress, the 77 values for the various internodes increased
in time because the cell size increased due to growth. During osmotic stress neither the 75
values nor the water density in the stem noticeably changed (Figs. 54 and 5.5, Table 5.1).
The T values and the water density of the leaves (see amplitude images) showed a small
decrease in time, caused by desiccation of the leaves,
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Figure 5.10. Water uptake vate of two maize plants, represented in black and grey, during —0.35 MPa osmotic
stress. The dark periods are presented as black bars in the figure.
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Figure 5.11. Relative growth of moaize (%), represented in black and grey for two different plants, and pear!
millet (A), during —0.35 MPa osmotic stress. The dark periods are presented as black bars in the figure.

Maize Pearl Millet
PEG Amplitude IT, H Amplitude T H
(h) (aw) " (10%ms™) (a.n.) s (10%m s
0 1 5724028 2.8 1 429+0.13 4.0
24 0.99+003 5574024 2.7 +0.09 098002  493£0.19 4.7+0.18
48 097+004  543+0.18 2.7 £0.08 1L02£0.03 5324028 511026

Table 5.1. Changes in amplitude ond T; of the central part of the I-cm internode before stress, and after 24 and
48 hours of —0.35 MPa osmotic stress. The presented values are the mean of nine voxels taken from the
longitudinal images as shown in Figure 5.5 and 5.7.
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Identical experiments were done with pearl millet.

Water uptake. During PEG stress the rate decreased to about 86% of the normal rate, which
is a less severe decline than in the case of maize (Fig. 5.12). No differences in uptake kinetics
were observed either. During recovery the uptake rate slowly increased to the normal rate, but
no increased uptake compared to normal was found,

Growth. During stress, growth was strongly inhibited, but not as much as in the maize plants
(Fig. 5.11). During the day, the rate dropped to 2-3% of the normal value, whereas during the
nights the rate was 12% of the normal rate. During recovery, the growth rate returned slowly
to the normal rate in about 14 hours, but no increased rates as compared to those before stress
were observed, as were found for maize.

T, Just as for maize, the T values for a particular internode increased before stress due o
growth. During PEG stress however, the T; decreased significantly in all nodes of the stem
apical region to 77% of its initial value (Figs. 5.7 and 5.8, Table 5.1). Despite this decline
during stress, the water density images neither showed any decrease in water density nor in
stem diameter, indicating that the stem tissue did not dehydrate or shrink noticeably. The
initial sink strength parameter /{ and the corresponding cell dimensions can estimated from
Fig. 5.9, using the 7, values from Table 5.1, yielding H= 4.0 x 10° m s and (/Riongiudinat +
2/Ryadiad) = 0.095 um’' respectively for pearl millet. For maize these values are H=2.8 x 10”
m s and (//Rungumai + 2/Rradiat) = 0.186 pm™. Assuming that the cell dimensions are
constant since the water density and stem diameter did not change, the calculated radii can be

used to estimate the corresponding increase in H during osmotic stress (Table 5.1).
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Figure 5,12, Water uptake rate of two millet plants, represented in black and grey, during —0.35 MPa osmotic
stress. The dark periods are prasented as black bars in the figure.




Quantitative NMR microscopy of osmotic siress responses in maize and pearl millet 77

DISCUSSION

NMR MICROSCOPY

The experimental results clearly demonstrate that low field NMR imaging is an attractive
tool to study stress responses in the different tissues of intact plants, By combining NMR
imaging with water uptake measurements, the effects of drought stress can be monitored from
the tissue vp to the whole plant level. The results of the non-stress experiments indicate that
as long as plants are allowed to recover from transfer to the imager, the technique itself does
not influence the plant response.

The reported NMR experiments took 15 minutes per measurement. Though this is slow
compared to growth measurements with for example an electronic transducer,’’ this time
scale is sufficient to monitor the changes in relaxation times that occur during stress. When
necessary, the time resolution can be further improved by decreasing the number of averages
and the repetition time at the expense of the signal-to-noise ratio. Presently, the time
resolution of an imaging experiment is limited to a few minuies for relaxation measurements
and to less than a minute for a single-shot image. The considerations that apply for the time
resolution are also valid for the spatial resolution, i.e. improvement of the resolution can be
achieved at the expense of the signal-to-noise ratio and/or temporal resolution.

In our case we do not obtain resolution at the cellular level, but because the tissue is very
homogeneous in the internodes, we can assume that in these tissues the signal within one
pixel originates mainly from cells of similar dimensions, justifying an interpretation of the
obtained information in terms of cell water balance. This is especially true for the transversal
images, where an optimal resolution is obtained in the axial direction (235 x 235 um). The
slice thickness is 3 mm, but since the longitudinal structure is very well preserved over the
entire internode, every pixel consists mainly of the same tissue. The resolution of the
longitudinal images is 390 x 390 um, and here the slice thickness does result in sampling a
mix of tissues per pixel (e.g parenchyma and vascular tissue). However, all conclusions
drawn in this paper apply for both transverse and longitudinal images, i.e. observed changes
in NMR parameter occur in both types of measurements.

GROWTH AND WATER UPTAKE

The response of maize shoot growth to osmotic stress as observed by NMR is consistent
with the inhibition of maize leaf and root elongation by water deficits as was observed
previously.*5*? 1t has been suggested that the duration of the period of increased growth after
stress is dependent on the duration of the preceding stress period, as has been observed for
stress periods of 1 hour and 4 hours.® This could account for the high growth rates for at least
43 hours after recovery started.
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The applied osmotic solute (-0.35 MPa PEG solution) causes only mild osmotic stress
considering the relatively small change in water uptake and the constant water density in the
shoot for both maize and millet. However, for both species the expansion of the shoot apical
cells is strongly inhibited (Figs. 5.11).

T, AND AMPLITUDE

Though the ability to measure stem growth is valuable in itself, the major advantage of
NMR lies in the additional information that can be obtained from the images. The signal
amplitude is in principle equal to the amount of protons per voxel. However, the relaxation
time of proteins and water in the cell wall matrix is too short to be observed by conventional
MRI experiments, which implies that usually only intracellular water is observed.?' Thus, the
signal amplitude corresponds to the tissue water content times the tissue density.”® The tissue
water content is fairly homogencous for the various organs, but appears to be the lowest in the
leaves. The amplitude of the selected parenchyma tissue was constant during stress for both
maize and pearl miltet (Table 5.1), as well as the stem diameter, indicating that no noticeable
dehydration nor cell shrinkage occurred under these conditions.

The relation between T and compartment size (vacuole), based on the theory of Brownstein
and Tarr, can indeed be observed in intact plants as well. Since there is a large variation in
cell and vacuole size, this explains the large contrast in 7> between the different plant tissues.
When the relation between 7> and cell size is known, the obtained T values can be nor-
malised on cell dimensions, thus revealing the role of the magnetisation sink, which is
determined by the permeability of the tonoplast and plasmalemma, and the cytoplasm. On the
other hand, knowing that 7> increases with increasing cell size, allows to distinguish growth
due to cell elongation from growth by cell division.

In the case of pearl millet, the observed increase in /T, in vacuolised cells during stress is
related to such a change in magnetisation sink, since the cell dimensions are constant. The
sink strength density H could be calculated from Fig. 5.9 and cotresponds to the transport of
pratons over the tonoplast, i.e. the tonoplast permeability for protons (free or in various mole-
cules, mostly water), assuming a perfect relaxation sink outside the tonoplast membrane. In
this /n vive situation, the relaxation sink outside the vacuole is clearly not infinite, since the
relaxation rate in the cytoplasm is indeed much higher than in the vacuole, but not infinitely
high. In practice this means that /7 will not only reflect the tonoplast permeability (for water
and protons both), but also the relaxation properties of the cytoplasm and the plasmalerama
permeability. The found increase in the relaxation sink for the vacuole of pearl millet can
therefore be explained by either an increase in the tonoplast and/or plasmalemma permeability
for water, or by changes in the cytoplasm as a decreased T> value in the cytoplasm due to
accumulation of sugars or a thinner cytoplasmatic layer. However, we deem a change in
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membrane permeability more likely than the other explanations, because most likely a
decrease in cytoplasmatic 7, for our low-field NMR measurements would require
unrealistically large changes in solute concentrations.” At a magnetic field strength of 2 T,
they measured the T of kiwifruits in different stages of ripening. The observed relaxation
remained unaltered, thongh the soluble solids content and the free sugar content increased by
68% and 200% respectively. At the lower magnetic field strength we used (0.5 T), the
possible effect of solute concentrations will be even smaller.

A relation between T and membrane permeability was found earlier in a heat stress s’tudy.34
During drought stress, an increase in membrane permeability, especially in the plasmalemma,
of the elongating internodes could be advantageous, because a higher hydraulic conductivity
of the internodial tissue would facilitate water transport from other plant tissues to these
young, growing parls, as was suggested in an earlier report.”® One can wonder if aquaporins
play an important role in this change in membrane transport properties, as they are thought to
contribute to drought tolerance by facilitating water mobilisation towards critical cells and
organs.***" Recently mRNA expression of a tonoplast aquaporin was found to increase during
osmotic stress in cauliflower cells.*®

If so, a combination of different NMR approaches, would be useful to unravel the role of
membrane transport properties in the hydraulics of the system at a higher scale (tissues and
organs). By relating the parameters 7> and amplitude, which provide information on the
cellular level, with xylem and phloem flow measurements and with diffusion tensor imaging,
to dissolve diffusion rates in all directions, in vivo information on water transport on different

organisational levels is at hand.

In conclusion, maize and pear] millet differ significantly in the response to osmotic stress.
Though the PEG stress the growth rate and water uptake of pearl millet are less affected than
those of maize, the effect of stress on the cell water balance of millet is more pronounced. For
the interpretation of the relaxation times, a model was used, which describes the relation
between relaxation, compartment size and the relaxation sink. In this whole plant approach,
the 75 is indeed linearly related to compartment size. Since for this mild stress no changes in
cell dimensions are observed, the observed decreases in 77 in this plant point to an increase of
the membrane permeability.
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NMR IMAGING OF
MEMBRANE PERMEABILITY CHANGES
IN PLANTS DURING OSMOTIC STRESS

The cell water balance of maize (Zea mays L., cv LG 11} and pearl millet (Pennisetum
americanum L., ev MH 179) during osmotic stress has been studied non-invasively using g
NMR microscopy. Single NMR parameter images of (i) the water content, (ii) the transverse
relaxation time (1) and (iii) the apparent diffusion coefficient (D) were used to follow the
water status of the stem apical region during osmotic stress. During stress there are hardly
any changes in water conternt or T of the stem region of maize. In contrast, the apical tissue
of pear! millet showed a ~30% decrease of T; within 48 hours of stress, whereas the water
content and Dy, did not change. These changes can be explained by an increase of the
membrane permeability for water. This conclusion is supported by results from scarming
electron microscopy, relaxation measurements of sugar solutions and numerical simulations
of a plant cell.

INTRODUCTION

One of the intriguing questions in agricultural research is how plants handle drought stress.
Plants show numerous adaptive responses to water deficits: inhibited growth, stomatal
closure, osmotic adjustment and changes in hydraulic tissue conductance.'® All these
processes are connected to water transport across cellular barriers. Water permeability of
ceflular membranes is therefore of fundamental importance to understand the physiological
response of plants to drought.

There are currently two opposite views on the role of membrane permeability during
drought stress. The first predicts a higher membrane permeability and facilitated water
transport e.g. to maintain expansion growth during stress or to facilitate rehydration of
tissues.*’” The second is exactly the opposite, ie. drought stress induces a decreased
membrane permeability to preserve cellular water within the tissues.>°

Most research on membrane permeability is focused on the role of aquaporins, or membrane
water channels. During drought stress both upregulation and downregulation of agquaporin
gene expression seem to occur, depending on which kind of plant and organ is involved.’
Some reports claim to have found an even more complicated regulation mechanism in which
some aquaporin genes show enhanced expression whereas others are downregulated in the
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same organ.’ However, the effect of those gene regulations on the actual membrane
permeability and the hydraulic tissue conductance is not known in detail.

The recent discovery of aquaporin and non-aquaporin water channels has triggered the
development of instrumental methods to measure water permeability, e.g. light scattering,
fluorescence and gravimetric methods (for a review see Verkman '*). These techniques are
limited to a few cell layers at the periphery of the tissue. The frequently used cell pressure
probe does not have this drawback, but its application is limited to a single cell and to a
limited time span.' In contrast, Nuclear Magnetic Resonance (NMR) imaging uniquely
depicts the internal anatomical details for the entire tissue of interest. In addition, the spatial
distribution of water, and physical properties such as mobility within the plant tissue are
obtained.

Membrane permeability is frequently determined using the NMR relaxation times of
intracellular water protons.”'® According to the Brownstein and Tarr (B-T) model,'*"’ the
observed transverse relaxation time T; of water in a confined compartment can be described
as a function of the bulk T (734.4), the radii of the compartment along the x, vy and z
directions (R,,,,.) and the rate of wall relaxation or surface sink strength density (f):

I/Tz,obs = H(I/Rx +1/'Ry +1/Rz )+ I/Tz‘bulk [61]

In principle, the B-T model can be applied to vacuolised plant cells, with the vacuole as the
main (largest) compartment with a relatively long bulk relaxation time. The cytoplasm and
apoplast have a much shorter relaxation time and act therefore as a magnetisation sink for the
vacuole. The water permeabilities of the tonoplast (P,,) and the plasmalemma (Fp)
membranes determine the exchange rates of water between these compartments. The
combination of the extra-vacuolar magnetisation sink and the membrane permeabilities
determine the final sink strength density H in Eqn. 6.1.

This paper reports the application of NMR imaging to maize and pearl millet plants during
drought stress. Maize and pearl millet were chosen because of their different physiological
response to drought stress.'"®!® In our experiments the transverse relaxation time 7, was
combined with the apparent diffusion coefficient (D) in stem parenchyma tissue to
elucidate the influence of drought stress on the membrane permeability as described in
Chapter 5.
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MATERIALS AND METHODS

PLANT MATERIAL

Maize (Zea mays L., cv LG 11) and pearl millet (Pennisetum americanum L., cv MH 179)
seeds were germinated in wet sand in the dark. After one week the seedlings were transferred
to water culture with half Hoagland nutrient solution,”® which was refreshed every week. All
plants were grown in separate vessels, designed to fit in the NMR imager to prevent root
damage when the plants were transferred. The plants were grown in a phytotron at 25 °C and
70% relative humidity with a photoperiod of 16 hours and a light intensity of 40 W m™
(mercury vapour lamp). When used, the plants were 4 or 6 weeks old, with 6 or 9 fully
emerged leaves, respectively.

NMR IMAGING EXPERIMENTS

(i) 7> and cell size. The stems of maize (N=4} and pearl millet (N=5) were imaged from the
shoot apex down over a length of about 20 ¢cm under normal, non-stress conditions. The same
plants were used for light microscopy to determine the parenchyma cell dimensions in the
different internodes.

(ii) Stress conditions. NMR imaging of the shoot apical region of maize (N=2) and pearl
millet (N=3} was combined with water uptake measurements. The plants were followed for
six days: the first two days under normal conditions, the second two days during osmotic
stress and the third two days during recovery. For pearl millet part of the experiment was
repeated (N=2), recording NMR imaging data under the initial, normal conditions and after 48
hours of osmotic stress. Osmotic stress was applied by replacing the normal root medium by a
—0.35 MPa solution of Polyethylene Glycol (PEG 6000, 162.3 g kg'') in nutrient medium,
The shoot of the plant was housed in a climate chamber with an air temperature of 26 + 1 °C
and a relative humidity of 50 + 2% with a photoperiod of 16 hours and a light intensity of
70 W m?

The NMR spectrometer was a 20.35 MHz imager consisting of a 047 T Bruker
electromagnet (Karlsruhe, Germany) controlled by a S.M.LS. console (S.M.LS., Guildford,
England). A shielded gradient probe with a vertical open cylindrical access of 45 mm was
used (Doty Scientific Inc., Columbia, South Carolina, USA). T values were measured every
hour using a multi-spin-echo imaging pulse sequence with slice selection,”'** a repetition
time (TR) of 1800 ms, a spin-echo time (TE) of 4.3 ms and a spectral bandwidth of 50 kHz. A
128 x 128 matrix of complex data points was acquired per echo, and typically 64 echoes were
acquired per echo train. For each image four acquisitions were averaged to improve the image
quality, resulting in a total scan time of 15 minutes per image. The field-of-view was 50 mm,

and the slice thickness 3.0 mm. A PFG TSE sequence was used to obtain the apparent
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diffusion coefficient (D[,M,).23 The displacement encoding parameters were 8 = 3 ms, A = 24
ms, and a maximum gradient strength of 0.38 Tm™.

The NMR data sets were analysed by home-written calculation routines in IDL (Research
Systems Inc., Boulder, Colorado, USA). The multi-echo images were fitted on a pixel-by-
pixel base using a mono-exponential decay function, yielding quantitative amplitude and #/T;
images.m‘22 After phase correction, the real part of the signal was used for analysis.”* Mean
tissue parameters were obtained by averaging 9 adjacent pixels in the centre of an internode.

LIGHT MICROSCOPY AND CRYC -SEM MICROSCOPY

The same plants as used for NMR imaging (i) were also used to determine the cell
dimensions. Fresh longitudinal sections of the internodes were prepared using a hand
microtome and fixed on a microscope slide using Kayser’s glycerol gelatine (Merck 9242,
Darmstadt, Germany). The slices were several cell layers thick; average cell sizes for the
individual plants were determined by focussing the microscope on a central cell layer and
measuring 60 randomly selected cells in two dimensions for every internode by hand. The
length and position of each section was measured to correlate the results to the NMR images.
In addition, longitudinal sections were made of three other millet plants, which had been
under stress conditions for two days. Cell dimensions were determined of internodes of 1-cm
length and compared with comparable internodes of non-stressed plants.

For Cryo Scanning Electron Microscopy, internodes of 1-cm length of both plants were cut
into longitudinal slices with a razor blade, subsequently plunged in liguid propane and then
stored in liquid nitrogen. The slices were fractured at —88 °C and freeze-etched for three
minutes in an Oxford CT 1500 HF cryo transfer unit and sputter coated with 10 nm platinum.
The cut surface was studied with a JEOL 6300F field emission scanning electron microscope
at-194 °Cat 2.5 kV.

OSMOTIC POTENTIAL

Frozen-thawed samples of 3 millet internodes before and 3 internodes after 48 hours osmotic
stress were squeezed. The fluid was collected and analysed with an osmometer (Vogel
Roebling).

SUGAR SOLUTIONS

To evaluate the effect of increasing solute concentrations on the observed I5, solutions
containing sugars typically found in plants were prepared in distilled water. The following
solutions were prepared: glucose 5% and 10% (w/v) at pH 6; sucrose 5% and 10% (w/v} at
pH 6; sucrose 10% (w/v) at pH 4; 100mM NaCl + 1% (w/v) sucrose at pH 6; 200mM NaCl +
2% (w/v) sucrose at pH 6. The transversal relaxation was measured using a CPMG pulse
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sequence on a MARAN system (Resonance Instruments), with an interecho time of 4 ms. The
T, for each sample was determined using SPLMOD software.”

NUMERICAL SIMULATIONS

A finite difference numerical model of multi-compartment systems with cylindrical
geometry was used that was based on the evaluation of Fick’s second diffusion law.”® Using
this model, the signal amplitude and phase can be calculated for any combination of intrinsic
compartment parameters at any time point during the gradient pulses and diffusion time, and
during the decay time following the PFG part of a PFG-CPMG experiment. Random noise
(S/N 10000) was generated to avoid fitting problems.

A typical PFG-CPMG experiment was simulated, with 16 gradient steps, 200 echoes and 5
ms interecho time. The resulting two-dimensional data sets were fitted with a coupled fitting
routine; first a mono-exponential fit was applied to the relaxation part using SPLMOD,” and
subsequently the fitted intensity was used to fit the corresponding diffusion fraction.”’

RESULTS

Maize and pearl millet plants are well known to have different drought stress responses. The
maize variety used in our experiments is not very drought tolerant, but we observe almost no
response to osmotic stress. The only visible reactions to osmotic stress all occur in the leaves,
which start to roll and become necrotic. A more severe osmotic stress (—0.9 MPa PEG 6000)
causes the leaves to become necrotic and irreversibly damaged after two days (Chapter 7).
Pearl millet, an important African and Asian food crop, shows wilting leaves and stem
shrinkage after severe stress, but recovers completely when normal conditions are restored.”®
In our experiments the application of low osmotic stress (—0.35 MPa) does not result in such
obvious visible changes, but is severe enough to stop stem elongation almost completely
during the stress period.’®

NMR IMAGING OF THE STEM APICAL REGION

Maize and pearl millet plants were continuously imaged during the cycle: 2 days under
normal conditions — 2 days under osmotic stress — 2 days under normal conditions. A
selection of the amplitude and //T; images of the results of these measurements is shown in
Figs. 6.1 and 6.2. For both plants the apex is clearly visible (a) as are the youngest internodes
below the shoot apex (b), separated by the nodes (¢). The leaves that surround the stemn are
visible on both sides of the shoot (d). The amplitude images show far less contrast, because of
a fairly uniform water content and tissue density for different plant tissues. More details on
the anatomy and growth of the apical region can be found in a previous paper.16
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amp I/T, amp UT, ADCy,, ADCq,

no stress
no stress

48 h PEG 6000

48 h PEG 6000

Figure 6.1. Amplitude and 1/T, images of a Figure 6.2. Amplitude, D,,, and I/T; images of a
maize plant recorded before and afier 48 millet plani recorded before and afier 48 hours
hours of —0.35 MPa osmotic stress; a-d mark of —0.35 MPa osmotic stress: a-d mark different
different internode regions, discussed in the internode regions, discussed in the text.

text,

The parenchyma cells within the central part of the internodes are fairly homogeneous in
cell size and completely vacuolised; the cell dimensions increase per internode from top to
bottom.'® D,,, is dependent on both the bulk diffusion coefficients and the compartment
dimensions, which explains the different values obtained for the different internodes: the
larger the cells, the higher D, will be. The two different D,p,, images reflect the diffusion
coefficients in the longitudinal and transversal plane, respectively. Since the plant cells can
often approximately cylindrical, the cell radius depends on the direction, and so does the
diffusion coefficient as observed by the NMR method. This can be seen most clearly in the
long, thin fibrous cells at the edge of the internodes, which have a very high diffusion
coefficient along the long axis of the cells, and a very short D, in the transversal plane
According to Eqn. 6.1, the observed transverse relaxation rate I/7; 4, is expected to depend
on the dimensions of the vacuole. Figs. 6.1 and 6.2 indeed show a large variation in 7
between the various internodes, which could be contributed to the different cell dimensions in
these tissues. To verify whether this theoretical relation also holds for intact plants, maize and
pear]l millet plants were imaged from the shoot apex down to the roots. In Fig, 6.3, the [/T;
values of the various internodes of a number of non-stressed plants (obtained from NMR
irages as shown in Figs. 6.1 and 6.2) are presented as they vary with the cell size, determined
afterwards by optical microscopy of the same plants. Clearly a linear correlation between cell
dimensions and /T is demonsirated, that holds for a large range of cell sizes. The intercept
of the fitted line in Figure 6.3 corresponds to the 7z . of the vacuole, which is in this case
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around 2 s, as expected close to the 75 of free water." According to Eqn. 6.1, the slope of the
line corresponds to the sink strength parameter H, yielding H = (2.8 £ 0.52) x 10° m 5™ for
maize and (4.0 £ 0.44) x 10° m s™ for millet.
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Figure 6.3. Relation between reloxation time T; and the cell dimensions for maize (n=4, A) and pear! millet
(n=5, 0). The data points are taken from different internodes in the NMR images. Following the NMR
measurenients, the same plants were used for nicroscopic sections to determine the cell dimensions.

NMR IMAGING DURING OSMOTIC STRESS

The stemn apical region was measured continuously during the six-day experiment, and
average tissue parameters were calculated for the central part of the 1-cm length internode of
each of the plants. The /T values for one maize and one pearl millet plant are shown in Fig.
6.4; the other plants showed similar trends. Clearly, the internodial stem tissue of the maize
plant does not show any changes in relaxation rate. Moreover, the signal amplitude and
apparent diffusion coefficient remain constant during the entire stress period (Table 6.1).
Pearl millet on the other hand shows a response within hours of the onset of stress. After
about 10 hours of stress the transverse relaxation rate starts to increase, up to 130% of the
initial value after two days of osmotic stress (Fig. 6.4). Despite this increase of 1/, the
amplitude images did not show any decrease in water density or in stem diameter (Table 6.1),
indicating that the stem tissue did not noticeably dehydrate.

According to Eqn. 6.1, the relaxation rate depends on several parameters, ie. the cell
dimensions, the tonoplast and plasmalemma permeability, and the bulk relaxation properties
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in the different compartments. The initial cell dimensions in the selected tissue can be
calculated from Fig. 6.3; using H=4.0 x 10° m s™ for pearl millet, the inverse of the cell size
R for the millet plant in Fig. 6.4 is found to be 0.22 pm™, using /R = (I/Rionguudinat = 2/Rradial).
The cell dimensions of the other plants varied depending on the length of the used internode.
Assuming that the cell dimensions did not change during stress (see next section), the
calculated dimensions were used to determine the sink strength parameter A during the stress
period for all maize and millet plants (Fig. 6.5). During the two-day stress period all pearl
millet plants showed the same pattern: a constant or slightly decreasing ff value during the
Tirst hours of stress, after which it starts to increase to about 130% + 9% of the original value

after two days.
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Figure 6.4. Relaxation rates for maize (&) and peari millet (0) of stem parenclyma tissue before and during
—0.35 Mpa osmotic stress. The data shown are the mean of nine voxels taken from longiudinal images shown in
Figs 6.1 and 6.2.

Maize Pearl Millet
PEG Amplitude T Amplitude T, Dogpions Dppires
(h) (a.n) =" {au) (s 1’ m’sh  (10°m’sH
0 1 572+£028 1 429+0.13 LI8£0.12  0.99440.10
48 0974004  543+0.18 1024003 5324028 1094009  1.08+0.013

Table 6.1. NMR amplitude, I/T; and Dy, before and after 48 hours of —0.35 Mpa osmotic stress. The presented
values are the mean of nine voxels taken from the longitudinal images as shown in Figs. 6.1 and 6.2,
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Figure 6.5, The sink strength parameter H for five different millet plants during osmotic stress. The variouy
symbols (W, x, +, A, ®) depict different individual planes, H is caleulated using Eqn. 6.1, I/T; was used as shown
in Fig. 6.4, and the cell dimensions were determined from the data in Fig. 6.3.

SEM

Several assumplions were made for the calculation of H from Eqn. 6.1. The first is that the
cell dimensions remain constant during the entire stress period. From the amplitude images
we already concluded that the amount of water and the diameter of the stem do not change.
Some additional experiments were done to look at the cell size in millet plants in greater
detail. Longitudinal slices of the 1-cm-length internode of three millet plants were used for
Scanning Electron Microscopy (SEM) to determine the volume fraction of the vacuole within
the cell (Fig. 6.6, Table 6.2). From this Figure it is clear that the cells are completely
vacuolised, and the vacuole comprises by far the largest volume in the cell. Furthermore, the
parenchyrna tissue appears to be very homogeneous. Since the slices are cut through different
planes of the approximately cylindrical cells, the cell cross-sectional area cannot be
determined quantitatively. However if cell shrinkage occurs a change in the vacuole/
cytoplasin volume ratio is expected, since the vacuole acts as a buffer compartment to
compensate water losses from the cytosol. Plants that were subjected to two days of —0.35
MPa PEG stress before freezing the internodial tissue showed no differences in appearance or
in vacuole volume fractions. Optical microscopy of stressed plants showed no significant
difference in cell dimensions with respect to non-stressed plants (Table 6.2).
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Figure 6.6. Cryo-SEM section of millet parenchyma cells before and afier 48 howrs of —0.35 MPa osmotic
sivess. v = vacuole, { = tonoplast menibrane, pc = plasmalemma and cell wall, n = nucleus.

PEG Vacuole area Cross-sectional Osmotic potential
(h) (%) cell area (pm®) (mOsm kg™

0 93+28 917+ 138 290+ 4

48 92428 869 + 123 323+2

Table 6.2, Vacuolar area relative 1o the total cell area, cross-sectional cell area and osmotic potential of peari
millet before and after 48 hours of —0.35 MPa osmetic stress.

BULK RELAXATION

Apart from the cell dimensions, the observed transverse relaxation time is also influenced by
the bulk 7 of the different compartments, which determines 7% g, of the vacuole (Eqn. 6.1),
and the efficiency of the cytoplasmatic and extracellular relaxation sinks. The bulk relaxation
rate within the different compartments is determined by the presence of paramagnetic ions
and by the proximity of solid surfaces or slowly moving macromolecules.>**! In plant tissue
the vacuole mainly accumulates sugars and ions, but contains no macromolecules and usually
only very limited amounts of paramagnetic ions, such as Fe’*, Cu®*, Mn®*.¥ Therefore, the
bulk 75 of this compartment will be close to that of free water, around 2 s.'*'® This can also
be seen in Fig. 6.3, where the axis intercept corresponds to 1/ g, i.¢. 0.5 87

We determined the osmotic potential of stressed and non-stressed parenchyma tissue of
millet to see if solute concentrations changed during stress, thereby possibly causing a change
in bulk relaxation properties (Table 6.2). During stress the osmotic potential of millet
parenchyma tissue increased by 11%, a significant osmotic adjustment, which corresponds to
a (.1 £ 0.002 MPa increase in osmotic pressure,
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Clark and MacFall already showed that increases of 200% in free sugar concentrations in
kiwi fruit did not result in any changes in the observed relaxation times in ripening kiwifruit
at a 2 T imaging system. At the lower magnetic field strength of 0.5 T in our experiments, the
influence of sugars on relaxation times due to proton exchange is expected to be even less
than at high magnetic field strengths; therefore a possible osmotic solute accumulation during
stress will not cause a significant change in the bulk relaxation properties. To verify this,
transverse relaxation times were detenmined for 5% and 10% glucose and sucrose solutions at
pH 6. In plants grown on nutrient medium, sugars account for about 28% of the total
osmolality of the vacuole (around 300 mOsm kg'), which is much lower than for a 10%
solution.”? A 10% sucrose solution was also measured at pH 4, to observe the effect of fast
proton exchange.*” Furthermore, more realistic solutions of {100 mM NaCl + 1% sucrose) and
(200 mM NaCl + 2% sucrose) were measured at pH 6 to determine the effects of non-
paramagnetic ions on . The resulting relaxation times only show a very weak dependence
on concentration and pH (Fig. 6.7), indicating that changes in 7> due to osmotic adjustment
can be safely ruled out.

0.7
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Figure 6.7, 1/T values jor different sugar solfutions. Unless stated otherwise all measurements were done af
pHE.

FREEZING

To demonstrate that the membranes indeed control the exchange of water between
compartments and therefore the relaxation rate, we excised small pieces of internodial tissue
and measured both 7> and the apparent diffusion coefficient £, for the entire sample. Next,
the samples were frozen in liquid nitrogen, thawed and measured again. The results were
analysed with two exponentials reflecting different compartments or tissue inhomogeneity.
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T 2,1 iT. 22 Dlmm.l Dmms.z
Fresh 276 £0.017 7.17+0.093 1.13 £ 0.024 0.575+ 0016
Frozen 4,86 £ 0.031 2.68+0.123 1.70 £0.031 1.56 £0.022

Table 6.3. Relaxation rates and D, of excised millet internodial tissue, fresh and after freeze thawing. The
decay curve of the sample was fitted bi-exponentially.

Both relaxation rates (//75} increased after freeze thawing, due to membrane damage (Table
6.3). as was expected from the theory described above. D, increased as well, because the
maximum diffusion distance increased when the membranes separating the compartments

were damaged.

NUMERICAL SIMULATICNS

A numerical model of a cylindrical plant cell was used to simulate the experimental results
(Fig. 6.8). The vacuole diameter was chosen in accordance with the results from optical
microscopy and SEM. The thickness of the cytoplasmatic and cell wall layers is much smaller
than that of the vacuoles. T2 and Dy, for every compartment were chosen in accordance
with literature.'**’
the plasmalemma permeability (Py), as is reasonable for a plant cel

The tonoplast permeability (£,,,) was set at a ten times higher value than
11133

We considered an individual celt in the simulations, so the outer boundary was closed. It
should be noted that though the quantitative values for the output 7> and D,,, depend on the
chosen variables, the qualitative trends we present here are found to be insensitive to the
chosen set of parameters. Using the set of input parameters as in Fig. 6.8, a typical two-
dimensional PFG-CPMG data set was gencrated and analysed using a mono-exponential
coupled fit to extract the relaxation time and D, values (Table 6.4, Start). D.,, corresponds
well to the experimentally found value (Table 6.1). The relaxation rate calculated using our
model system is lower than in the experiment, which can be explained by the cylindrical
shape of the cells in the model system, as compared to the ellipsoid-like shape of the
parenchyma cells. This discrepancy does not invalidate the interpretation of the observed
trends of the mode! calculations, however.

During osmotic stress, several events may occur at the cellular level. First, the vacuolar
radins may decrease due to dehydration. This results indeed in an increase in 1/7> as
experimentally observed, but the simulation shows that the decreased cell dimensions also
causes a lower Dy, due to increased restriction and a large decrease in the signal amplitude,
since the amount of water in the cell diminished (Table 6.4). Therefore, the predicted effects
of cell shrinkage do not correspond to the actual experimental results. Alternatively, there
may be an increase of either the tonoplast or the plasmalemma membrane permeability.®’
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The simulated relaxation rate is indeed sensitive for both permeabilities, but the effect of
increased plasmalemma permeability is much larger. The apparent diffusion coefficient D,
and the NMR signal amplitude however are predicted to remain approximately constant
{Table 6.4), which is exactly what is observed experimentally (Table 6.1).

vacuole cytoplasm  cell wall
R (um) Ry =15 R,=1¢ R, =10
T, (s) Ty =20 Tpee=01 T, =001

D (10°m?s!) D, =20 D,=1.0 D,=01
P (10*ms!) P, =15 P;=03 P, =0

Figure 6.8. Schematic representation of the numerical model of a plant cell. All bulk parameters for the different
compartments are shown below. Ry, and R, are defined as the intermembrane distance.

W (5" Do (10°m* 57" Amplitude (% of inpuy)
Start 3.61 1.08 90.5
Py X 3.3 3.95 1.10 9l.1
P, %22 4.63 LOY 916
P % 0.8 451 0.966 62.0

Table 6.4. Amplitude, relaxation rates and apparent diffusion coefficients (D) of numerically simulated data
sets. An isolated plant cell was modeiled as in Fig. 6.8 and the different parameters were varied to evaluate the
effect of osmotic stress.
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DISCUSSION

IMAGING

The experimental results clearly show that NMR imaging is an attractive tool for in vive
plant studies. The resolution of the NMR images here is not high enough to distinguish
individual cells, but the internodial tissue is very homogeneous. Therefore we can assume that
the signal within a single pixel originates from cells of similar dimensions, which allows us to
interpret the changes in terms of cell water balance.'® Previous experiments already showed
that during osmotic stress no dehydration of apical stem tissue occurred for moderate osmotic
stress, though stem elongation growth stopped almost completely.'® Therefore the cell
dimensions do not increase due to growth during the stress period, which simplifies the
interpretation of the results.

In principle, the sighal amplitude equals the amount of protons present per voxel. Because
the protons in plant tissue originate mainly from water molecules, the amplitude represents
the tissue density multiplied by its water content, which is approximately equal to the amount
of intracellular water.?! Since the amplitude images of maize and millet (Figs. 6.1 and 6.2) did
not show any changes in intensity or in the stem diameter during the stress period we may
safely conclude that the cell volume did not decrease by more than 3-4% (or 1.5% radius),
which is the accuracy of the amplitude measurements, The SEM pictures of millet, which did
not show any changes in vacuolar volume during stress, support this conclusion. In principle
this means that very snall volume changes may occur, which we are not able to resolve with
the current techniques. However, to explain the found increase in I/T% in terms of a decrease
in vacuole dimansions, the cell radius would need to change by about 25% (Egn. 6.1),
implying a volume change of a factor 2, which is clearly not the case.

Furthermore, the results of the measured sugar solutions imply that osmotic adjustment does
not result in large changes in 77 g,%. From Fig. 6.7 we conclude from the results of the NaCl +
sucrose solutions (which is the closed to the in vivo vacuole solution) that 755, should not be
expected to reduce to values lower than 1.8 s. In the actual situation 77 s, only contributes for
5 - 10% to the observed T (Fig. 6.4). Therefore, according to Eqn. 6.1, the observed increase
in 1/T> should be caused by an increase in H. Numerical simulations of a plant cell confirm
this conclusion.

MEMBRANE PERMEABILITY

The linear relation between 75, permeability and compartment size is in agreement with
common relaxation theories'>!® and should hold for rP/Dyu < 10. For cells of the 1-cm-
length internode, with a radius of approximately 15 um and a bulk diffusion coefficient of 2 x
10° m® s, rP/D < 10 for a tonoplast permeability < 1.3 x 107 m s, which generally applies
to such tissue®® The general B-T theory assumes an infinite volume outside the main
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compartment, acting as a sink, i.e. the Ty, of the cytoplasm should be infinitely short. Of
course this is not correct for plant tissue. Therefore, H reflects the net magnetisation loss at
the tonoplast, including the membrane permeability for water, the effective relaxation within
the cytoplasm and the partial backflux of magnetisation from the cytoplasm into the vacuole.
Consequently, the apparent magnitude of A (f{,,,) underestimates the tonoplast permeability;
however, Hyy, is still linearly related to the actual membrane permeability (Chapter 4). The
effective cytoplasmatic relaxation also includes the probability for (water)proton spins to
reach the plasmalemma, spin-exchange over the plasmalemma, and spin-relaxation within the
cell wall. The probability to reach the plasmalemma is given by the ratio between the
diffusion time to cross the cytoplasmatic layer {(z, = R*/2D) and the bulk transverse relaxation
time in the cytoplasm: (Ru’/2Dy;) / T24: . Using the same values as in the numerical
sirnulations this ratio approximately equals 200. This means that the majority of the spin
bearing molecules that cross the tonoplast also reach the plasmalemma before losing their
magnetisation. Therefore, the quantitative value of the sink strength parameter H reflects both
the tonoplast and plasmalemma permeabilities. This leads to two important conclusions.
Firstly, it implies that relative changes in the membrane permeability can indeed be
determined from changes in 7,. Secondly the linear relation shown in Fig. 6.3 can be used to
compare different plants of a particular variety, irrespective of the exact cell dimensions, since
the known H value for non-stressed plants can be used to calculate the cell dimensions.

Measurement of the diffusional membrane permeability with most conventional techniques
is based on the determination of concentration gradients and therefore is usually complicated
by the presence of unstitred layers.'™"' This is indeed true if molecules as those of heavy
water or ions are used as a tracer, because the concentrations of those molecules on either side
of the membrane greatly depend on the diffustonal characteristics of the water layers close to
the membrane surface (for a review, see Barry & Diamond **). For intact plants, pure
Brownian motion determines diffusion, since both intra- and extracellular water act as an
unstirrable region. In this respect NMR has the distinct advantage that the motion of water
molecules bearing nuclear spins is followed directly and not via the motion of a tracer
molecule. Since the concentration of water on both sides of the membrane is always
approximately equal, the movement of water over the membrane is only determined by the
permeability of that membrane to water molecules, if the tissue shows no net de- or
rehydration,

Because no changes in tissue hydration are observed over two days of stress, the plant water
balance can be considered to be in a semi-steady state condition. Therefore unstirred layers do
not affect the membrane permeability observed in our NMR measurements,
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In conclusion, the transverse relaxation rate /7> shows a decrease during osmotic stress in
pear]l millet, which can be interpreted as dve to a change of either the tonoplast or
plasmalemma permeability, or both, We speculate that aquaporins play a crucial role in this
change of the membrane transport properties, as these membrane proteins are thought to
contribute to drought tolerance by facilitating water mobilisation towards critical cells. This is
in accordance with the observed up- or downregulation of mRNA expression in several other
plant species.''”** The plasmalemma permeability may play an important role in tissue
hydraulics, thereby facilitating the relocation of water to tissues with a relatively high osmotic
water potential. The tonoplast permeability, on the other hand, is likely to control the water
balance between the vacuole and the cytoplasm.'’ The combination of spin relaxation and
diffusion as in our NMR experiments is useful to unravel the role of membrane transport in
the hydraulics of a plant. The interpretation of the experimental NMR results is greatly
facilitated by multi-compartment numerical modelling of such systems,
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NMR MICROSCOPY OF THE WATER STATUS
IN MAIZE AND PEARL MILLET
DURING OSMOTIC STRESS

The stem water balance of maize (Zea mays L.) and pearl millet (Pennisetum americanum
L) was studied during —0.9 MPa osmotic stress by NMR imaging. The water content, stem
area and transverse relaxation time (1) were used to monitor the stem and secondary shoots.
During stress, no significant changes occurred in the maize siem, though the leaves wilted,
and the plant died after 2 days of stress. Pearl millet showed shrinking stem tissue and large
changes in Ty, especially in the secondary shoots. These plants recovered once stress was
relieved. The decreasing T is inferpreted within a plant cell model as caused by a
combination of decreasing cell size and increasing membrane permeability, The latter could
be useful to increase tissue conductance, thereby facilitating water re-allocation to young,
expanding tissues.

INTRODUCTION

Water transport and water content are important parameters regulating growth and
reproduction in plants. The plant stem acts both as a water thronghput to the leaves via the
conducting vessels, and as a water reservoir to supply growing tissues during water deficit.
Water stress is the most important causc of reduced crop yields and crop failure worldwide.'?
Therefore, an understanding of the plant water balance and of possible drought tolerance
mechanisms is vital to improve plant production,

In this paper, we present a study of two important plant species, which differ in drought
tolerance. The first is pearl millet (Pennisetum americanum L.}, a crop growing in shallow
soil regions of Asia and Africa with a mean annual rainfall of 200-800 mm and high
temperatures. This crop is able to grow and mature at a very low water level, and can survive
prolonged periods of drought.® The second crop, maize (Zea mays L.), grows ideally in
climates with moderate temperatures and 400-600 mm of rain, and is much more sensitive to
water deficits than millet.*

To study the cell water status in the stem, we used Nuclear Magnetic Resonance (NMR)
imaging, which is a non-invasive technique to depict water in tissues. This technique can be
nsed to obtain information on the physical properties of water in the tissue, as for example the
measurement of cell dimensions,” membrane damage due to freezing,6’7 or water flow and
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cavitation in xylem vessels.®® A recent review about NMR imaging in plant science has been
written by Ishida ez al.'

In this paper, details about the stem water content during drought stress are presented for
both maize and pearl miliet. Furthermore, differences in the NMR relaxation time 7 for the
two plants are shown, and these parameters are interpreted within a model of cellular
compartmentation and exchange between these compartments.'™'? Other studies already
showed that this model can be applied to a plant cell, with the vacuole, the cytoplasm, and the
cell wall as the main compartments; the exchange between these compartments is determined
by the tonoplast and plasmalemma membranes. Thus the water status of the plant stem is

evaluated, both at the organ and at the cellular level.

MATERIALS AND METHODS

PLANT MATERIAL

Maize (Zea mays L., cv LG 11) and pearl millet (Pennisetum americanum L., cv MH 179)
seeds were germinated in wet sand in the dark. After one week the seedlings were transferred
10 a tank with half Hoagland nutrient solution,” which was refreshed every week. The plants
wete grown in a phytotron at 25 °C and 70% relative humidity with a photoperiod of 16 hours
and a light intensity of 40 W m™ (mercury vapour lamp). Before the measurements the plants
were transferred to separate vessels, which were designed to fit in the NMR imager. The
plants were 4 weeks old, with 6 fully emerged leaves, at the time of the measurements.

The maize and pearl millet plants (N=2 for both species) were placed in the NMR machine
and control measurements were obtained for several hours. Next the nutrient medium was
replaced by a —-0.9 MPa PEG 6000 solution in nutrient medium without disturbing the
position of the plant in the magnet.

MRI EXPERIMENTS

The NMR spectrometer was a 20.35 MHz imager consisting of a 0.47 T Bruker
electromagnet (Karlsruhe, Germany) controlled by a SM.LS. console (S.MLS., Guildford,
England). A shielded gradient probe with a vertical open cylindrical access of 30 mm
diameter was used (Doty Scientific Inc., Columbia, South Carolina, USA). 7 values were
measured using a multi-spin-echo imaging pulse sequence with slice selection,'*!* a repetition
time (TR) of 1800 ms, a spin-echo time (TE) of 4.6 ms and a spectral bandwidth of 50 kHz. A
128 x 128 matrix of complex data points was acquired per echo, and 48 echoes were acquired
per echo train. For each image four acquisitions were averaged to improve the image quality,
resulting in a total scan time of 15 minutes per image. The field-of-view was 30 mm, and the
slice thickness 2.5 mm.
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The acquired NMR data sets were analysed by home-written calculation routines in IDL
(Research Systems Inc., Boulder, Colorado, USA). The multi-echo images were fitted on a
pixel-by-pixel base using a mono-exponential decay function, yielding quantitative amplitude
and I/T, images."*'® After phase correction, the real part of the signal was used for analysis."®

To determine the stem area, all pixels containing signal above the noise level were
summated. The total water content in the slice was calculated by summation of all amplitude

values within this selected stem area.

RESULTS AND DISCUSSION

ANATOMY

The stem images were taken 2 cm above the roots, where the stem consists of mature, fully
clongated tissue. In this tissue the vascular bundles are scattered in the stem tissue, with the
smaller bundles arranged near the periphery and the larger bundles situated in the middle. The
tissue between the vascular bundles is called the pith or parenchyma, and consists of large
vacuolised cells.'”” Cross-sectional images of one of the maize and pearl millet plants are
shown in Figs. 7.1 and 7.2 respectively. The vascular bundles can clearly been seen in the
millet tissue (a). Around the stem, the leaves are visible (b). Millet is a species that forms
multiple shoots. Two of those are visible in this specific plant (c). The amplitude images do
not show much contrast, which means that the amount of water per pixel is fairly
homogeneous. Earlier reports already showed that the relaxation rate (J/7%) is linearly related
to the cell dimensions in vacuolised cells.'” The contrast in the /T, images in Figs. 7.1 and
7.2 can mostly be explained by differences in cell size, e.g. the cells of the stem periphery and
the secondary shoots are smaller than those of the central parenchyma tissue.

OSMOTIC STRESS

Osmotic stress was applied by replacing the normal root medium by a —0.9 MPa PEG 6000
solution. The maize plants were wilted after 20 hours of stress and after 2 days the leaves
became necrotic. When a pormal root medium was supplied again the plants failed to recover.
During the stress period, slight changes occurred in the relaxation rate of the stem tissue (Fig,
7.1). The amplitude images did not show any differences in water content or stem area during
the stress period (Figs. 7.1, 7.3 and 7.4).
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Figure 7.1. Amplitude and I/T, images of a maize
plant during 0.9 MPa PEG 6000 stress. The
amplitude images reflect the proton density of the
lissue; 1Ty (0-3 5') indicates the minimum and
maximum values of /T depicied in the image.
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Flgure 7.2. Amplitude, 1/T; and T, images of a
pearl millet plant during —0.9 MPa PEG 6000
stress, The marks a-c denote different tissues
discussed in the text. For further explanation see
Fig 7.1,

The marks a-b denote different tissues discussed
in the text.

Pear] millet on the other hand did not show wilting symptoms until 70 hours of stress. Even
then, the plants survived once the stress was relieved. The stem images show several
remarkable affects, which are summarised in Table 7.1. Firstly, the stem tissue shrinks
significantly (Figs. 7.2 and 7.3), about 16% after 36 hours of stress. The total amount of water
in the stem slice decreases even more (Fig. 7.4). A closer look at the amplitude images reveals
that this decrease with water content is not uniform over the plant stem; the secondary shoots
shrink less than the mature stem, and the amount of water per pixel in these shoots even
increases (Fig. 7.2).

The relaxation images show even more effects. The relaxation time T in the central part of
the stem, around the large xylem vessels, decreases during the stress period. The effect of
stress on the secondary shoots is much larger; the T decreases by as much as 50% within 30
hours of stress (Table 7.1).
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and pear! millet (&, @} during stress. The different symbols mark different plants. —0.9 MPa PEG 6000 was

applied at time = 0 hours.
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Generally speaking, the maize plant is dehydrating mostly in the leaves, where the water
level becomes so low that the cells are damaged. At that moment, the stem tissue is still intact,
but because the leaves are essential for energy production, the whole plant does not survive
the stress period.

Pearl millet showed a completely different response. Both the leaves and the stem shrink and
loose water, but the water level in the cells remains high enough to ensure survival. The
amount of water in secondary shoots decreases less than in the mature parts of the plant,
which may indicate that these young tissues are favoured above the mature tissue. The 75
decreases slightly in the parenchyma of the main stem, especially around the vascular
bundles. The secondary shoots show a much larger 7> decrease, which can be explained with
a model that describes the relation between the observed 77 of the cell water, the dimensions
of the cells and the magnetisation sink strength density 77 (m s™):

I/Tz.obs = H(I/Rx + ]/Ry + I/Rz )+ I/T.’,bulk [7.1]

where Ry, are the average radii in three directions of the vacuole.'? H indicates the rate of
magnetisation loss at the vacuolar membrane due to exchange with the water in the cyloplasm
and the extracellular space, which have a much shorter intrinsic relaxation time.'® The
exchange rate is determined by the permeability of the tonoplast and plasmalemma
membranes for water. The decrease in stem diameter probably results in a decrease in cell
size, which in turn causes a decrease in the relaxation time 73 (Eqn. 7.1). However, cell
shrinkage cannot completely explain the found 7 shortening; the observed volume decrease
of 20% results in a 7% change of the vacuolar radius for a spherical cell, which would affect
the T for about the same amount, This corresponds nicely to the found decrease in T for the
mature stem. The secondary shoot however shows much larger changes in 75 Therefore, an
additional effect must be present. Changes in the T are not likely (see Chapter 6). The
only variable that can be responsible for the large 7, decrease is H.

The increase in A indicates an increase in exchange rate of water between the vacuole and
the cytoplasm / cell wall. Most likely, this means that the tonoplast and plasmalemma
permeabilities for water increase. This would result in a higher tissue conductance, which
facilitates water transport between tissues, in this case from the main shoot to the young
tissue, providing that the necessary water potential gradient is present due to osmotic
adjustment of the young shoot. This water redistribution is a well-known process in several

species to secure reproduction during stress.>!’
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GENERAL DISCUSSION

Food production for the earth’s fast growing population increasingly has to make use of
(semi)arid regions. Agriculture in these regions demands suitable drought-tolerant crops. A
better understanding of drought tolerance in plants is of crucial importance to set up efficient
breeding programs for such crops.

New in vivo methods to study individual plants and crops are essential to monitor the
temporal effects of drought stress. NMR is a non-invasive technique to study the plant water
status down to the cellular level. The relaxation time 7> of water in cells is known to decrease
by the presence of extracellular magnetisation sinks.' Therefore, changes in the cell water
balance due to drought stress are expected to be reflected in T, D,y and signal amplitude
(research question 2, Chapter 1). Secondly, since the theory of relaxation and diffusion in
model systems such as cylinders and spheres is fairly well established, these NMR parameters
conceivably would be quantitatively related to physioclogically relevant information. This
information concems the cellular water balance, and its relation with the cell dimensions and
the membrane permeability for water (research question 3, Chapter 1). In particular the
membrane permeability is of great importance to understand drought tolerance, because
permeability is one of the factors that regulate tissue hydraulics.

The focus of our research was to understand the relation between the cell water balance and
the NMR parameters T, Dy, and the signal amplitude during drought.

This research lead to the following results:

() Drought stress indeed affects 7>, Dy, and the NMR signal amplitude in pearl millet. A
distinctive difference in the changes of the above-mentioned NMR parameters was
observed for maize and pearl millet during drought stress.

(ii) A numerical model has been developed to interpret the experimental data,

(iii} A qualitative relation has been established by numerical modelling between T, and the
membrane permeability.

(iv) A linear experimental relation has been found between T and cell size.

(v) A T> decrease in pear]l millet during stress has been found. This decrease can be
interpreted as an increase in membrane permeability for water.

In the remaining part of this Chapter, these results will be discussed and a concept for the
water balance in pearl millet is proposed.
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SINK STRENGTH AND PERMEABILITY

One of the most important research questions at the start of this project was: is it possible to
measure membrane permeabilities in intact plants? Earlier studies already have shown that
magnetisation loss in compartmentalised systems due to relaxing boundaries could be treated
analogously to heat dissipation from solid bodies. From these existing theories, equations
were derived for the relaxation rate and the surface sink strength H.' For biological cells, the
most important relaxation sink is not the membrane itself, but the extracellular fluid, which
acts as a volume sink. If the relaxation time of this fluid is short compared to the exchange
time over the membrane, the relaxation rate is solely determined by the membrane
permeability for water (P); the sink strength H is then equal to the permeability P.

Most research in this area concemned special situations where this prerequisite was indeed
met, e.g. red blood cells, protoplasts in Mn”*-doped water, or Mn”*-infiltrated plant tissue 2
In many cases, however, the extracellular fluid acts as a partial sink, but not a perfect one.
Decreasing the extracellular relaxation time by infiltration with paramagnetic ions greatly
disturbs the plant. Therefore infiltration was not used in this project, but a numerical model
was developed to simuiate the effects of partial relaxation sinks on the NMR parameters
{Chapter 4).

To a great extent, a simple common sense approach is sufficient to explain the effect of
compartment properties on relaxation and diffusion. In isolated plant cells for example, the
intermembrane distances (v) and the bulk diffusion coefficients (D) determine the average
diffusion time of a water molecule to cross a compartment (f4 = 2Dr%). The relaxation rate in
that compartment determines the chance that the molecule still bears magnetisation once it
reaches the membrane. If that is the case (2D# < 1/T;), the membrane permeability
determines the exchange rate to the next compartment, and thereby influences the relaxation
rate; if the above condition does not apply, the membrane permeability is of no consequence
for the NMR signal. This means that the effective sink strength depends on the
intermembrane distances, the bulk 7> and D values for every compartment, the membrane
permeability and even on transcellular transport. Clearly, this is a far too complicated
situation to justify a quantitative determination of the tonoplast and plasmalemma
permeabilities. Fortunately, the sink strength A and the membrane permeability P are often
linearly related, which means that changes in P can be observed as equally large changes in
H, and thus changes in membrane permeability can be quantified {Chapter 4).

Though other methods are available to determine the membrane permeability quantitatively,
these methods are limited to single cells and a time span of about one hour.*’ Furthermore,
some experiments suggest that the membrane permeability can vary greatly (as much as a
factor 1000) between individual cells, which means that numerous replications are needed for
a statistically justified interpretation. (Chrispeels, personal communication). Therefore NMR
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imaging is of interest becanse of its non-invasive nature, overview of the entire tissue and the

possibility to follow a single plant during long time spans.

CELL-TO-CELL TRANSPORT

Most theoretical cases in this Thesis consider a single plant cell with a reflecting outer
boundary. Of course this is not a complete picture of the water balance in plant tissues; cell-
to-cell connections play an important role in the overall tissue hydraulics. Three different
pathways exist for this cell-to-cell transport (see Chapter 1): the apoplastic pathway and the
symplastic one, which can be divided into transmembrane transport and transport via the
plasmodesmata. Each of these pathways has different effects on the NMR results. From an
NMR point of view, the apoplast pathway is the simplest. This transport takes place via the
extracellular space, which has a very short refaxation time, Therefore, water molecules in this
space mostly lose magnetisation before moving over long distances and thus the effect of this
transport on D, and T is negligible.

Transmembrane transport is somewhat different. The relative importance of this pathway

depends on the tonoplast and plasmalemma permeabilities for water. These permeabilities
also influence 7%, as was established in Chapter 4. However, here only magnetisation loss due
to intracellular volume sinks was considered. In the case of cell-to-cell transport, water
molecules move through the membranes from one cell to the next via the extracellular space,
a situation comparable to that in Fig. 4.8A. The loss of magnetisation thenr depends on the
time spent in this extracellular volume. If this time is reasonably short, molecules that move
into the next cell still bear magnetisation. This does not affect the relaxation times, if we
assume that there is no fundamental difference between the properties of the different cells;
theoretically there is no difference in relaxation between spins that are reflected at the outer
boundary and diffuse back into the cell, or spins that cross the outer boundary and diffuse into
the next cell. The diffusion attenuation, however, is affected, since the maximum diffusion
distance becomes larger (Fig. 4.8B).
The third pathway is that of cell-to-cell transport via the plasmodesmata. Now there are no
membranes present between adjacent cells. Assuming that the relaxation rate within the
plasmodesmata is comparable to that of the cytoplasm, the magnetisation loss during transport
from one cell to another will be much less than in the two previous cases. Therefore the
diffusion attenuation will be most sensitive for this pathway (Fig. 4.8C). Using long-time
diffusion measurements for intact plant studies may therefore provide useful additional
information on tissue hydraulics.
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RESOLUTION

The information present in a pixel within an NMR image depends on several parameters.
Firstly, the accuracy of the NMR signal depends on the signal-to-noise ratio (SNR), which
depends on the amount of spins in that pixel. The larger the pixel, the higher the SNR will be.
Signal averaging also increases the SNR, but also the total measuring time. Therefore one
always compromises between the spatial resolution and the SNR within the available
measurement time. In the case of the growth experiments (Chapter 5), the measurement time
was limited to about 20 minutes, because the plant movements through the image plane would
cause blurring for longer experiments.

The resolution of the images presented here is not large enough to provide (sub-)cellular
details. However, this does not hamper the extraction of sub-cellular information. For one, the
parenchyma tissue of both maize and pearl millet is very homogeneous, with a narrow cell
size distribution (Figs. 5.3 and 3.6); therefore, cellular changes within a pixel will still be
visible in the overall NMR parameters. Secondly, the tissue is completely vacuolised, and the
vacuole comprises about 95 % of the total volume, which means that the relaxation decay can
be approximated by a mono-exponential fit. To provide even more detail, one can summate
the signal from pixels within the same tissue to increase the SNR so that a multi-exponential
fit is possible. This results in two or more fractions, which can be assigned to subcellular
compartments such as the vacuole and the cytoplasm, thus yielding a sub-celtular resolution

in a pixel larger than a single cell.**

Quantitative 7> measurements can even be severely distorted by a high spatial resolution. At
pixel sizes smaller than ~ 100 um for relaxation rates of about a second, signal attenuation
due to self-diffusion of molecules in the read gradient is obscuring the relaxation decay.
Ultimately, at very small pixel sizes, uniform short T, values result because the decays are no

longer governed by T relaxation, but by the diffusion of the water molecules.™'

' PLANT WATER BALANCE

At first sight, it is rather strange that the drought-sensitive maize does not show any changes
in the NMR images during stress, whereas the drought-tolerant pearl millet does. To
understand this, the whole plant siress response has to be considered. Maize shows [eaf rolling
and, after two days of severe osmotic stress (-0.9 MPa), the leaves become necrotic. When the
stress is relteved, the plant does not recover again (Chapter 7). So, though the plant stem does
not dehydrate noticeably, the leaves are irreversibly damaged, whereby the plant looses its
ability to bind CO5 and generate energy.
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Pearl millet on the other hand shows wilting leaves but the leaves do not become necrotic
and the plant recovers, even after four days of severe osmotic stress (Chapter 7). The leaf
parenchyma cells are not the only ones to dehydrate; the stem tissue is also shrinking during
stress (Fig. 7.3). Secondary shoots and the growing apical tissue however, loose significantly
less water (Figs. 6.2, 6.6, 7.2, Table 7.1). In general, it may be that the older stem parenchyma
is loosing water in favour of younger shoots and growing tissue, in order to secure
reproduction. This is a well-known process in several plants.'"'> Though most tissues are
loosing water during stress, the organs do not dehydrate enough to cause cell damage.

The observed increase in membrane permeability (Fig. 6.5) may result in increased tissue
conductance for water. This promotes a rapid water movement between tissues; osmotic
adjustment of the young tissues would provide the necessary potential gradient (Table 6.2).
During the fist 8-10 hours of osmotic stress, the permeability remained constant, or even
declined slightly (Fig. 6.5). Possibly, this period is used to build up an osmotic potential
gradient from older to younger tissues. If aquaporins are indeed involved in the permeability
increase, the time scale of this first period would be right for the necessary mRNA

transcription and protein synthesis.

FUTURE

This study clearly shows that NMR can be used to visualise membrane permeability
changes. The next step is correlating these changes to tissue hydraulics, which is actually
determining the rate of water flow between different parts of the plant. Therefore, it would be
interesting to combine these NMR measurements with hydraulic conductivity measurements,
e.g. with a high-pressure flow meter."

On the other hand, changes in membrane permeability are regulated on the molecular and/or
the genetic level. Recent reports already showed that mRNA levels for aquaporins vary
enormously during stress. However, very little is known about the actual protein levels or
functionality. Therefore, the gap between gene expression and their effect on plant function
still remains. Overexpression plants, knock-out plants or anti-sense plants show different
aquaporin gene expression patterns compared to wildtype plants and may be of great help to
understand the relation between aquaporin gene expression and function. NMR imaging can
elucidate in vivo gene functionality and thereby bridge the gap between gene expression and
function.
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SUMMARY

This Thesis presents an approach for the study of plant water balance during drought stress,
using a combination of in vivo NMR experiments and computer simulations. The ultimate
aim is the interpretation of the NMR parameters in terms of physiologically relevant
characteristics, such as cell dimensions and membrane permeability. Especially the latter has
raised a growing interest in plant science, and up to now the measurement of this parameter in
vivo was limited to single cells and short experiment time spans.

NMR microscopy of plants yields information on various levels of organisation. The NMR
images provide clear anatomical details, which have been used to monitor the response of
stem growth rates to osmotic stress. On the tissue and cell levels, the NMR. parameters T
(transverse spin retaxation time) and D, {apparent diftusion coefficient) provide information
on the physical and chemical properties. Correct quantitative values for 7> and D, are
crucial for a useful interpretation. Therefore, Chapter 2 evaluates the accuracy of different
fitting procedures.

The physical and chemical properties can vary considerably between and within different
tissues, cells, and intracellular compartments, resulting in distinctly different relaxation and
diffusion characteristics for these compartments. The interpretation of these parameters is not
straightforward. A numerical model of restricted diffusion and relaxation behaviour was
therefore developed, based on Fick’s second law of diffusion (Chapter 3). This model
expands previous one-dimensional models to a two-dimensional space, consisting of multiple
concentric cylindrical compartments, separated by membranes. Numerical simulation
experiments using this model demonstrate the importance of modelling two-dimensional
diffusion in relation to the effects of spatial restrictions, and spin exchange between the
different compartments.

This model has been applied to investigate the effects of diffusive exchange on the
transverse spin relaxation times, the apparent diffusion coefficients, and the NMR signal
amplitudes of water in plant cells (Chapter 4). For different multi-compartment model
systems a Pulsed Field Gradient Multiple Spin Echo (PFG-MSE) experiment was simulated,
and intrinsic physiological parameters, i.e. the bulk diffusion constant, the cell radius and the
membrane permeability were afterwards extracted using common theoretical models. The
results justify the use of these models to interpret the in vivo experiments, since meaningful
diffusion constants, cell radii and membrane permeabilities can be extracted for a large range
of conditions. This is still true if not all conditions of the theory are known or met, e.g. for
intact plants.

Chapters 5 and 6 study the effect of mild osmotic stress on maize and pearl millet by in vivo
'H NMR microscopy, and water uptake measurements. Single NMR parameter images of (i)
the water content, (ii) the transverse relaxation time (73) and (iii) the apparent diffusion
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coefficient (D,,;) were used to follow the water status of the stem apical region during
osmotic stress. The results are interpreted using the multi-compartment model (Chapter 4),
tailored to suit plant cells. For this particular case, an equation was derived to describe the
relation between the observed 75, the cell dimensions, the bulk 7, and the membrane
permeability, based on the Brownstein & Tarr theory. Experimentally determined T; values of
non-stressed stem tissue are indeed correlated to the cell dimensions, which is in agreement
with the derived equation. The T: of maize cells is higher than the 7, of equally sized millet
cells, implying that the membrane permeability of the latter is higher.

The growth rate was strongly inhibited by mild stress in both species, even though the water
uptake was only mildly affected. During stress, there are hardly any changes in water content
or T of the stem region of maize. In contrast, the apical tissue of pear]l millet showed a ~30%
decrease of T within 48 hours of stress, whereas the water content and D, hardly changed.
This decrease in 7> can be caused by a decreasing cell radius, a decreasing bulk 75, and/or an
increasing membrane permeability for water. To distinguish between these contributions,
additional scanning electron microscopy was used, showing no apparent changes in cell size.
Transverse spin relaxation measurements of a wide range of sugar solutions showed only very
small effects of osmotic adjustment on the bulk 7. Together, these results point to an increase
in membrane permeability during stress. This conclusion is confirmed by numerical
simulations of the plant cell model, which showed that only an increasing membrane
permeability yields a similar combination of water content, T», and £, values during stress.

Under severe osmotic stress, the effects on the plant water balance are naturally larger
{Chapter 7). During stress, no significant changes occurred in the maize stem, though the
leaves wilted, and the plant died after two days of stress. Pearl millet showed again changes in
T, especially in the secondary shoots, which were more pronounced than during mild stress.
Furthermore, the stem tissue shrunk, implying that the cell dimensions changed; the
secondary shoots showed far less decrease in water content, however. Despite these changes,
the plants recovered once stress was relieved. In the framework of the plant cell model, the
decreasing T, is interpreted as the result of a combination of decreasing cell size and
increasing membrane permeability. The latter can result in a higher tissue conductance,
thereby facilitating water re-allocation to young, expanding tissues to prevent irreparable
damage.

The combination of experimental data and simulations as presented in this Thesis has proven
to be an effective tool to link NMR information to physiclogy (Chapter 8). This approach
promises to be of great use to plant science, and to NMR microscopy in general.
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Dit proefschrift behandelt een manier om de water balans in planten te bestuderen tijdens
droogte, met behulp van een combinatie van Jn vivo NMR-experimenten en
computersimulaties. Het uiteindelijke doel is de interpretatic van de NMR-parameters in
relatie tot fysiologisch relevante eigenschappen, zoals celgrootte en membraanpermeabiliteit.
De laatste eigenschap krijgt steeds meer aandacht van de plantwetenschappen, maar kon tot
nu toe in vivo alleen bepaald worden in individuele cellen en gedurende korte periodes.

NMR microscopie levert informatic over verschillende organisatorische niveaus in een
plant. NMR-afbeeldingen laten duidelijk de anatomische structuur zien, waardoor het
mogelijk was de stengelgroei tijdens osmotische stress te volgen. Informatie over de
chemische en fysische eigenschappen op weefsel- en celniveau kan verkregen worden vanuit
de NMR parameters 7, (transversale spin relaxatictijd) en Dg,, (schijnbare diffusie
coefficient). Een goede interpretatie van deze parameters is afhankelijk van correcte
kwantitatieve gegevens. Daarom behandelt Hoofdstuk 2 de kwaliteit van verschillende
methodes om de NMR gegevens te analyseren.

De chemische en fysische eigenschappen tussen en zelfs binnen verschillende weefsels,
cellen en intracellulaire compartimenten kunnen aanzienlijk varieren, wat resulteert in een
duidelijk verschil in relaxatie- en diffusie-eigenschappen. De interpretatie van deze
verschillen is echter gecompliceerd en daarom werd een numeriek model voor diffusie en
relaxatie ontwikkeld. Dit model is gebaseerd op de tweede diffusiewet van Fick (Hoofdstuk
3). Het model breidt eerdere een-dimensionale modelien uit naar een twee-dimensionale
ruimte, bestaande uit meerdere concentrische cylindrische compartimenten, gescheiden door
membranen. De numerieke simulaties met dit model tonen het effect van de twee-
dimensionale aanpak op ruimtelijke beperkingen, en uitwisseling tussen de verschillende
compartimenten.

Dit model is toegepast om het effect van vitwisseling op 7>, Dy, en de amplitude van het
NMR signaal van water in plantencellen te bestuderen (Hoofdstuk 4). Daartoe zijn Gepulst
Veld Gradient Multi Spin Echo (PFG-MSE) experimenten gesimuleerd voor verschillende
modelsystemen met meerdere compartimenten. De intrinsieke fysiologische grootheden, zoals
de bulk diffusiecoefficient, de straal van de cel en de membraanpermeabiliteit werden achteraf
berekend met bekende theoretische modellen, De resultaten rechivaardigen het gebruik van
deze modellen om in vive experimenten te interpreteren, omdat zinvolle waarden voor
diffusiecoefficienten, celdiameters en membraanpermeabiliteiten verkregen werden voor een
uitgebreid spectrum van verschillende fysiologische condities. Dit geldt zelfs wanneer niet
volledig aan alle voorwaarden van de theorie is voldaan, zoals het geval is in plantencellen.

De effecten van milde osmotische stresss op mais en gierst worden in de Hoofdstukken 5 en
6 bestudeerd met behulp van in vive 'H NMR en water opname studies. NMR afbeeldingen
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van (i) het watergehalte, (ii) de transversale relaxatietijd, en (iii) de schijnbare
diffusiecoefticient (I,;,) worden gebruikt om water in de stengel te volgen. Het meerdere-
compartimenten-model (Hoofdstuk 4) werd toegepast op plantencellen om de resultaten te
verklaren. Voor dit specifieke geval is een vergelijking afgeleid om de relatie tussen de
waargenomen 75, de celdimensies, de bulk T; en de membraanpermeabiliteit te beschrijven,
gebaseerd is op de theorie van Brownstein & Tarr. De experimenteel bepaalde T;-waarden
van parenchymcellen zonder stress kunnen worden gecorreleerd aan de celgrootte, wat
inderdaad vit de afgeleide vergelijking volgt. De T, voor maiscellen is hoger dan de 7> voor
gierstcellen met eenzelfde grootte, wat inhoudt dat de membraanpermeabiliteit van de laatste
hoger is.

De milde stress, die de groeisnelheid voor beide soorten sterk reduceert, heeft slechts een
geringe invloed op de wateropname. Het watergehalte en de 7> in de stengel van mais
veranderen nauwelijks gedurende de stress. De 77 in het stengelweefsel van gierst nam echter
~30% al, terwijl het watergehalte en D, nagenoeg gelijk bleven. Deze afname in 7' kan het
resultaat zijn van een verminderde celgrootte, een kortere bulk 7, of cen hogere
membraanpermeabiliteit. Extra SEM (Scanning Electron Microscopie) metingen lieten echter
zien dat de cellgroottes niet veranderen. Ook een eventucle verhoging van de
suikerconcentratie door osmotische aanpassing heeft nauwelijks invloed op de bulk T, zoals
werd aangetoond met behulp van relaxatiemetingen aan verschillende suikeroplossingen. De
afname wvan de 1> lijkt dus te worden wveroorzaakt door een toenemende
membraanpermeabiliteit. Deze conclusic wordt bevestigd door numerieke simulaties die
lieten zien dat gedurende stress alleen een toename in de membraanpermeabiliteit een
vergelijkbare combinatie van watergehalte, T> en D,,, oplevert.

Wanneer een zwaardere osmotische stress gebruikt wordt, zijn de gevolgen op the
waterbalans van de plant viteraard ook groter (Hoofdstuk 7). In mais, de stress had nauwelijks
zichtbare gevolgen voor de stengel, terwijl de bladeren duidelijk slap hingen; na twee dagen
stress herstelde de plant echter niet meer. De T, veranderingen in gierst waren nog groter dan
gedurende milde stress, vooral in de secondaire scheuten. Het stengelweefsel kromp, wat
inhoudt dat de celgroottes veranderden. Het watergehalte van de secondaire scheuten
veranderde daarentegen slechts weinig. De plant herstelde zodra de stress werd opgeheven,
Vanuit het model kan de vermindering van de T verklaard worden door een combinatie van
krimpende cellen en een toenemende membraanpermeabiliteit. Deze laatste kan leiden tot een
lagere weerstand voor watertransport in de weefsels en kan zo schade aan jonge, groeiende
scheuten voorkomen door een herverdeling van water.

De combinatie van experimentele gegevens en computersimulaties, zoals gepresenteerd in
dit proefschrift, is een goed hulpmiddel gebleken om NMR gegevens te interpreteren
{Hoofdstuk 8). Deze aanpak is veelbelovend voor zowel de plantenwetenschappen als andere
NMR-toepassingen.
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