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ABSTRACT In vivo magnetic resonance (MR) spectra are typically obtained from voxels whose spatial dimensions far exceed
those of the cells they contain. This study was designed to evaluate the potential of localized MR spectroscopy to investigate
subcellular phenomena. Using a high magnetic field and a home-built microscopy probe with large gradient field strengths, we
achieved voxel sizes of (180 mm)3. In the large oocytes of the frog Xenopus laevis, this was small enough to allow the recording
of the first compartment-selective in vivo MR spectra from the animal and vegetal cytoplasm as well as the nucleus. The two
cytoplasmic regions differed in their lipid contents and NMR lineshape characteristics—differences that are not detectable with
whole-cell NMR techniques. In the nucleus, the signal appeared to be dominated by water, whereas other contributions were
negligible. We also used localized spectroscopy to monitor the uptake of diminazene acturate, an antitrypanosomal agent, into
compartments of a single living oocyte. The resulting spectra from the nucleus and cytoplasm revealed different uptake kinetics
for the two components of the drug and demonstrate that MR technology is on the verge of becoming a tool for cell biology.

INTRODUCTION

NMR allows detailed insights into molecular properties of

liquids or solids, including, for instance, chemical structures

and dynamics (1). Several NMR variants additionally provide

spatial information (2,3): Spatial maps of water protons, re-

laxation properties, diffusion or flow inside an animal or

human body can be obtained with magnetic resonance

imaging (MRI), and in vivo localized magnetic resonance

spectroscopy (MRS) delivers chemical spectra at predefined

regions of such samples. The spatial resolution of MRI typ-

ically ranges between millimeters and hundreds of microns

(4,5), whereas MRS—which generates signal from nonwater

protons whose concentrations fall far below those of the

water protons used in MRI—requires voxel sizes of tens of

millimeters for humans to a few millimeters for smaller ani-

mals like rodents (6,7). This is far from the lower micrometer

range typical of cellular dimensions. However, Aguayo et al.

(8) achieved magnetic resonance (MR) microscopic imaging

of a large single cell, the Xenopus laevis oocyte whose di-

ameter is ;1.2 mm. Since then, Xenopus oocytes and other

large single cells like Aplysia californica neurons (300 mm in

diameter) have been used in numerous quantitative water

MRI studies that mapped the apparent diffusion coefficients

or spin-spin and spin-lattice relaxation times of intracellular

water (9–13). With localized MRS, in contrast, only limited

success has been reported on a cellular scale: Posse and Aue

(14) reported lipid peaks from 250 mmMR slices of Xenopus
oocytes, but the peaks were unresolved with respect to the

different intracellular contributions. The spectrum of the slice

through the nucleus hence contained cytoplasmic signal.

Grant et al. (15) recorded an MR spectrum from a (220 mm)3

voxel within an A. californica neuron. Nonetheless, as the

voxel barely fit inside the cell, intracellular structures could

not be distinguished.

Minard and Wind (16) used chemical shift imaging and

reported spectra from multiple voxels positioned in a Xenopus
globule, a translucent sphere of;100 mm diameter obtained

from a juvenile’s ovary. The different voxels, however, de-

livered indistinguishable spectra. Besides, as these globules

have no germinal vesicle and do not stain for DNA, they

cannot be considered realistic model cells. Thus, in contrast

to subcellular MRI, we are not aware of any report of sub-

cellular MRS.

Intracellular molecules have smaller diffusion coefficients

than extracellular molecules because intracellular and com-

partmental boundaries restrict diffusion. This has been ex-

ploited in diffusion-weighted MRS to differentiate between

intracellular and extracellular signal contributions of non-

water molecules (17,18). Different intracelluar regions, how-

ever, cannot be distinguished this way. Some nuclei, e.g.,
133Cs and 31P, exhibit chemical shift differences in different

environments which can serve to discriminate between an

intra- and extracellular location (19,20). Using 31P chemical

shift differences or lineshape analysis of 14N ammonium,
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cytoplasmic and vacuolar regions in maize root tissue could

be distinguished (21,22). Neither of these methods, though,

is voxel selective, nor do they employ 1H, the dominant

nucleus in cellular biochemistry.

To achieve subcellular nonwater 1H MRS, the MR setup

has to be highly sensitive, invoking the need for a strong static

magnetic field, strong gradients, and micro radio frequency

(rf ) coils. We have previously reported (2 mm)2 in-plane reso-

lution in 1H MR images of 50 mm thickness from cylindrical

plant cells that have a planar diameter of tens of microns

(23). But MRS voxels can currently not be that small because

the 1H signal from nonwater metabolites naturally is very

low and because a reduction in MRS voxel size brings about

increasing eddy currents that effectively block the MR signal

recording. Because the signal/noise ratio (SNR) in NMR

increases inversely proportional to the micro rf coil diameter

(16) and since intracellular structures scale with cell size, the

dimensions of the rf coil and the biological cell size have to

be precisely balanced for optimal subcellular signals.

Thus, we confined our study to a cell system with intra-

cellular compartments larger than the smallest voxel dimen-

sion we could realistically obtain. Prophase I-arrested stage

VI X. laevis oocytes fit this condition. The correspondingly

large rf coil means SNR loss with respect to smaller possible

rf coil dimensions, but this effect was compensated for by the

relatively high magnetic field (14.1 T). This approach was

aimed at acquiring compartment-specific spectra of an oocyte

and at monitoring drug uptake into its subcellular compart-

ments. The drug we selected is an antitrypanosomal agent:

diminazene aceturate (also referred to as berenil), the

diminazene component of which is known to strongly bind

to nucleic acid duplexes by forming hydrogen bonds

(24). Consequently, MR spectra obtained with sufficient

SNR from the nucleus can be expected to reflect both the

transport into the nucleus and the DNA binding of the drug.

MATERIALS AND METHODS

Voxel selection and gradient fields

In strong magnetic fields, chemical shifts can cause a significant displace-

ment error in MRS (25). Table 1 shows the displacement errors at different rf

pulse bandwidths and static magnetic field strengths for the chemical shift

span of 5 ppm, the range which covers most of the signals relevant for in

vivo 1HMRS. They were calculated by dividing 5 ppm by the chemical shift

span corresponding to the specified rf bandwith and the magnetic field. The

displacement error increases with magnetic field strength and decreases with

rf pulse bandwidth. We thus did our experiments with a much higher rf

bandwidth (11 kHz) and a shorter rf pulse (0.5 ms) than usually used in MRI.

Even under these conditions, the theoretical displacement error is 27.3% at

14.1 T. The large bandwidth, in turn, requires a large magnetic field gradient.

Table 2 shows the required gradient field strengths for the respective voxel

size and rf bandwidth. They increase with rf pulse bandwidth and decrease

with voxel size. At (180 mm)3, our voxel size, a gradient field strength of

1.5 T/m is required. Our gradient coil capacity allows still higher gradient

strengths, but these cause larger eddy currents and possibly also signal dis-

tortions in MRS experiments.

Oocyte preparation

Sexually mature X. laevis frogs were purchased from Xenopus I (Dexter,

MI). Prophase I-arrested stage VI oocytes surgically harvested from ice-

anesthetized females were defolliculated by treatment with 0.2% collagenase

(Sigma, type I, St. Louis, MO) in 0.333 MR buffer (33 mM NaCl, 0.6 mM

KCl, 0.66mMCaCl2, 0.33mMMgCl2, 1.7mMHEPES, pH7.4) and stored in

OR2 buffer (82.5 mMNaCl, 2.5 mMKCl, 1 mMCaCl2, 1 mMMgCl2, 1 mM

Na2HPO4, 5 mM HEPES, pH 7.6). For the drug uptake experiments, the

oocyte was then immersed in an aqueous solution of 250 mM diminaze

aceturate (Sigma) and inserted into the MR tube loaded with the same solu-

tion. The relatively high drug concentration resulted in noticeable osmotic

swelling (up to 6% in diameter, corresponding to a fractional volume change

of;20%) but did not seem to affect the overall state of the oocytes. All frogs

used were healthy, and all experimental procedures involving animals were

performed in accordance with the institutional ethical guidelines.

MRI and MRS

A homemade MR microscopy probe with a maximum gradient of 10 T/m

(23) has been used on a Bruker DMX 600 spectrometer with microimaging

system. The radio frequency coil was prepared by winding six turns of

enamel-coated copper wire of 0.5 mm outer diameter (received from Bruker

Biospin, Karlsruhe, Germany) around a capillary MR tube of 1.7 mm outer

and 1.3 mm inner diameter (Wilmad-LabGlass, Buena, NJ). MR images

were acquired using a spin-echo sequence with simultaneous suppression of

the lipid peaks between 0 and 3 ppm using three successive sinc3 pulses of

3 ms length and 2070 Hz bandwidth centered at 1.5 ppm. The methine peak

at 5.3 ppm, however, could not be reached this way. Lipid suppression has

been especially important for selecting regions for localized spectroscopy,

since at this high magnetic field strength, the lipid image of the lipid-rich

oocyte significantly affects the water image, thus hampering correct voxel

positioning. The imaging parameters were as follows: field of view ¼ 2.3

mm, pixel size¼ 18mm3 18mm, slice thickness¼ 200mm,matrix (MTX)¼
128 3 128, spectral bandwidth (SW) ¼ 25 kHz, repetition time (TR) ¼
2000 ms, echo time (TE) ¼ 10 ms, number of excitations (NEX) ¼ 8,

acquisition time (Tacq) ¼ 26 min. For the single voxel spectroscopy, one 90�
pulse of 0.5 ms and two 180� pulses of 0.4 ms were applied in a point

resolved spectroscopy sequence (PRESS) (26), along with spoiling gradients

of 1 ms and 100 mT/m between pulses, which led to a minimum echo time of

6.5 ms. For water suppression, three successive sinc3 pulses of 19 ms were

applied along with spoiling gradients of 6 ms and 120 mT/m. To minimize

localization errors, an rf bandwidth of 11 kHz was chosen, which required

gradients of up to 1.5 T/m for a voxel of 180 mm unit length (cf. Table 1).

The acquisition parameters were TR ¼ 2000 ms, SW ¼ 10 kHz, acquisitionTABLE 1 Displacement errors at magnetic field strengths

and rf pulse bandwidths

1.5 T 9.4 T 14.1 T 18.8 T

2.75 kHz (2 ms)* 11.8% 72.9% 109.1% 146.3%

5.5 kHz (1 ms) 5.9% 36.4% 54.5% 73.2%

11 kHz (0.5 ms) 2.9% 18.2% 27.3% 36.6%

*The values in brackets represent the length of the respective sinc3 pulses

(Bruker Biospin).

TABLE 2 Gradient fields required by rf bandwidth

and voxel size

180 mm 100 mm 50 mm

5.5 kHz (1 ms) 0.75 T/m 1.35 T/m 2.7 T/m

11 kHz (0.5 ms) 1.5 T/m 2.7 T/m 5.4 T/m
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size ¼ 4096, NEX ¼ 256, Tacq ¼ 8.5 min, exponential filter width ¼ 20 Hz,

temperature ¼ 18�C. TE ¼ 8.4 ms was used for (180 mm)3 voxel spectra,

and TE ¼ 6.5 ms for (200 mm)3 voxel spectra. For lipid T2 measurements in

the cytoplasm, localized spectroscopy with (200 mm)3 voxels was employed

with 10 different echo times in intervals of 4 ms, starting at 6.5 ms. The

measurement was repeated on five individual oocytes. For magic angle

spinning (MAS) experiments, an indirect detection pulsed field gradient

nano H{X} probe (4 mm) was used in a Varian (Palo Alto, CA) UNITY

INOVA 500 NMR Spectrometer. Four stage VI oocytes were placed in the

40 ml MAS sample tube with 90% H2O/10% D2O, and spun at 2.8 kHz. For

acquisition, a simple pulse-and-collect method was used. Water suppression

was achieved by a weak presaturation pulse of 2.0 s. A 90� flip angle of 14.3
ms and a repetition time of 2.05 s were employed.

Partition coefficient calculation

The partition coefficients were calculated with the ClogP program (available

at http://www.biobyte.com, developed by BioByte, Claremont, CA) for the

method of Hansch and Leo (27) and with the help of the KOWWIN program

(available at http://www.syrres.com/esc/kowwin.htm, developed by Syr-

acuse Research, Syracuse, NY) for the method of Meylan and Howard (28).

RESULTS

Fig. 1 A shows the 1H MR image of a single cell, a stage VI

X. laevis oocyte arrested in prophase I. It comprises three

major compartments—nucleus, animal cytoplasm, and veg-

etal cytoplasm—which are clearly distinguished by intrinsic

MRI contrast arising from the compartment-specific spin-

spin relaxation times (T2) of water, concordant with previ-

ously recorded water T2 maps (12). The three cubes in the

image indicate the actual position and width selected for the

recording of localized spectra from isotropic voxels of (180

mm)3 in each compartment. Fig. 1 B shows 1H MR spectra

obtained from these voxels, exhibiting notable differences:

In the nucleus, the nonwater signal was very small, whereas

large peaks typical of triglycerides could be observed in the

animal and vegetal cytoplasm—they represent methine, the

glycerol backbone, methylene, and methyl residues, as indi-

cated in the figure. The MR characteristics in the animal and

vegetal cytoplasm also differed from each other: At identical

voxel size, the integral of the triglyceride peaks in the vegetal

cytoplasm was two to three times the value found in the ani-

mal cytoplasm, with the actual ratio varying between indi-

vidual oocytes. The linewidths of the vegetal peaks were

twice those of the animal peaks. To examine the reason for

this factor, we compared T2, the spin-spin relaxation times,

of the methylene peak at 1.1 ppm in both compartments.

Values of 14 6 1 ms and 12 6 0.2 ms were obtained for the

animal and vegetal cytoplasm, respectively—well in agree-

ment with previously gathered data (12,29). Our in vivo 1H

spectra did not reveal metabolites other than triglycerides. To

obtain a more resolved spectrum, we subjected several fresh

prophase I-arrested stage VI Xenopus oocytes to a MAS

experiment. Although subcellular variations could not be

determined with this whole-cell technique, it yielded spectra

with increased resolution and sensitivity, since dipolar broad-

ening and susceptibility variation within the sample are being

reduced (30). The triglyceride peaks were better resolved,

and small additional peaks—creatine, choline, and phospha-

tidylcholine at 2.9–3.2 ppm (30)—could be detected (Fig. 2).

Taking advantage of the subcellular resolution now achieved

with MRS, we examined, upon drug delivery, the spectro-

scopic changes in the three subcellular compartments of the

Xenopus oocyte over time. Fig. 3 A depicts the chemical

structure of diminazene aceturate, with its MR signaling

proton sites labeled (a–e). Fig. 3 B shows an MR spectrum of

the medium, together with a spectral time series from the

three oocyte compartments. The diminazene peaks (b and c)
appear at 6.7 and 7.1 ppm, and the aceturate peaks (a, d, and
e) at 1.8, 3.4, and 7.8 ppm. In the nucleus, diminazene and

aceturate peaks showed differing kinetics: The aceturate

peaks reached levels equivalent to those in the medium by 1 h

after immersion, whereas the diminazene peaks were notably

smaller at that time and, after 6 h, reached only half the

intensity of those in the medium. In the cytoplasm, the drug

FIGURE 1 In vivo MR spectra from intracellular compartments of a X.

laevis oocyte. (A) High-resolution image of a stage VI (prophase I-arrested)

oocyte. Scale bar, 1 mm. Isotropic voxels of (180 mm)3 were selected for

localized spectroscopy of the nucleus as well as the animal and vegetal

cytoplasm and are indicated by location and size of the boxes. (B) Localized

spectra of the voxels indicated in A. Tracylglycerol resonances and con-

tributing protons are indicated (assigned after Szczepaniak et al. (51)). Water

peak is referenced to 4.7 ppm. Note the absence of bleed over from the

strong cytosolic lipid signals into the nucleus.
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signal was superimposed with the natural triglyceride peaks.

Diminazene peaks were not observed within 6 h, whereas

aceturate peaks slowly grew with time.

DISCUSSION

Subcellular spectroscopy

The negligible lipid signal in the spectrum obtained from the

voxel in the nucleus demonstrates that although localization

errors are not entirely evitable in high-field MRS, there is no

significant signal spillover from the surrounding lipid-rich

cytoplasm. Localization errors in our experiments can hence

be considered to be confined within each compartment.

Besides, the lack of lipid signal in the nucleus is consistent

with the lack of yolk platelets in the nucleus (31,32) and with

a previous lipid 1H MRI study of the Xenopus oocyte (12).

The observed differences in the lipid peak integrals in the

cytoplasm also affirm earlier studies of yolk distribution

within the oocyte (31) and agree well with triglycerides

being the major neutral lipid component of many types of

cells (33).

The similar T2 values of the animal and vegetal methylene

peaks imply that molecular motion occurs at the same time-

scale in both compartments and cannot account for the

linewidth difference. Instead, the broad linewidth in the

vegetal cytoplasm may stem from magnetic inhomogeneity

in that region. We conclude that yolk platelets—lipoprotein

assemblies of different sizes (34)—have caused the inho-

mogeneities in the vegetal cytoplasm, perhaps along with

mitochondria and other organelles with paramagnetic compo-

nents. In line with this interpretation, previous studies found an

apparent mitochondrial asymmetry along the animal-vegetal

axis of the Xenopus egg (35,36).

The whole-cell MAS spectrum being dominated by lipids

is in apparent contrast with previous whole-cell experiments

in another large single cell, an A. californica neuron (15),

which brought about a negligible lipid signal and large

amounts of other metabolites, including the neurotransmitter

FIGURE 2 1H MAS MR spectrum of X. laevis oocytes. Four oocytes

were spun at 2.8 kHz. Arrows indicate phospholipids (28): (1) phosphati-

dylcholine, (2) choline, and (3) creatine. Water peak is referenced to

4.7 ppm.

FIGURE 3 Drug uptake into cellular compartments. (A) Chemical

structure of diminazene aceturate, with MR-visible protons labeled as a–e.

Diminazene is labeled with an asterisk, and aceturate with inverted solid

triangles. (B) Localized spectra of the external medium, the nucleus, the

animal, and the vegetal cytosolic region of a prophase I-arrested stage VI

oocyte in vivo, taken at different times after immersion in diminazene

aceturate. Water peak referenced to 4.7 ppm. Intensity scale applies to all

spectra. (a, d, and e) Aceturate (;); (b and c) diminazene (*). The peak

intensities of the diminazene peak c at 6.85 ppm and of the aceturate peak d at

3.55 ppm have been calculated for each compartment and after 1, 3, or 6 h, as

the percentage of the respective peak intensity in the medium: nucleus, 15,

24, and 51 for peak c and 81, 84, and 95 for peak d; animal, peak c not

detectable, and 18, 36, and 38 for peak d; vegetal, peak c not detectable, peak

d at 1 h not detectable, and 3.2 and 6.2 at 3 h and 6 h, respectively.
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choline. Considering, though, that the Aplysia neuron is an

already fully differentiated somatic cell whereas the Xenopus
oocyte is a germinal cell containing large fat stores to fuel

quick embryonic development, these spectroscopically ob-

served differences in lipid contents turn out to simply reflect,

in both cases, physiological adaptations to the function of the

respective cell type.

Alterations in 1H NMR peak levels from intracellular

lipids have been reported in various cell biological processes,

such as cell activation, proliferation, and apoptosis (31). Based

on our observation that fertilized X. laevis oocytes can un-

dergo complete embryogenesis in a NMR tube during in vivo

acquisition of MR images (S. C. Lee, D. Mietchen, J.-H. Cho,

Y.-S. Kim, C. Kim, K. S. Hong, C. Lee, D. Kang, W. Lee,

and C. Cheong, unpublished), applications of localized MRS

to the above-mentioned processes would make embryonic

development accessible to noninvasive in vivo investiga-

tions. Given that early stage X. laevis embryos are;1 mm in

diameter, oocytes up to the 8-cell or 16-cell stages would,

under optimal conditions, be observable at single-cell

resolution with our (180 mm)3 voxel size. In the later stages,

the voxels no more provide single cell resolution, but the

variation of lipids or other metabolites within a particular

region of the developing embryo could still be studied

noninvasively and in real time. Alternatively, as the size of X.
laevis embryos does not change significantly until neurula-

tion (32), a voxel that contains a whole oocyte would allow

one to follow total lipid changes during cell division and

embryonic development at real time, and the time for

localized shimming at each voxel position could be saved.

Drug delivery

The apparent spatial and temporal dissimilarities between

diminazene and aceturate signals in the cellular compartments

can be explained in terms of membrane permeability and

binding strength. The molecular weight of aceturate is 117.1

g/mol and that of diminazene is 281.3 g/mol. Since small

molecules cross the cell membrane by passive diffusion at a

rate mainly determined by the molecule’s hydrophobicity,

which is commonly expressed in terms of the partition co-

efficient P between n-octanol and water (37,38), the perme-

ability of the molecules can be estimated from calculations

of the partition coefficients of the drug’s components. The

method of Hansch and Leo (27) predicts log(P) to be 0.91 for
diminazene and �0.91 for aceturate, which agrees well with

the respective values of 1.5 and �1.02 that were obtained

following Meylan and Howard (28). These calculations indi-

cate that the membrane is ;2 orders of magnitude more

permeable to diminazene than to aceturate. Thus, the low am-

plitude of the diminazene signal in the nucleus must reflect

binding effects. This view is supported by both the signal

amplitude and linewidth in the nucleus with time: Depending

on the binding strength, bound molecules would give broad

NMR peaks or no signal at all, and the diminazene signal is

initially (after 1 h) much smaller than that of aceturate but,

after 6 h, reaches ;½ of the aceturate amplitude. The line-

width of the diminazene peak in the nucleus is initially about

twice as broad as that of aceturate and approaches the latter

over time, whereas the linewidths of both molecules in the

medium are nearly identical. We interpret these results such

that although diminazene penetrates the cell membrane earlier

than aceturate due to higher permeability, a large portion of it

is strongly bound, and only a small portion of diminazene

molecules weakly bound to nuclear macromolecules gives

the initial signal. When the binding reaches saturation, non-

bound molecules dominate the diminazene signal in the nu-

cleus. The aceturate signal after 1 h being nearly equivalent

to that in the medium suggests that aceturate in the nucleus

has already approached equilibrium with the medium at that

time. The aceturate linewidth in the nucleus does not change,

which we attribute to the constant lack of macromolecule

binding.

To understand the absence of diminazene signal in both

cytoplasmic compartments, macromolecule binding has to

be considered once more. The mitochondrial DNA quantity

varies with species and cell type, and for a mature X. laevis
oocyte, it is several hundred times that of nuclear DNA (39).

Furthermore, since transcription levels will remain low until

the midblastula stage when development speeds up, the

cytoplasm is stuffed with high amounts of maternal RNA (40).

Finally, proteins—which represent one-third of the oocyte’s

dry mass, far exceeding the contribution of ribonucleic acids

(41)—have been shown to bind large quantities of diminazene

in other systems (see Mamman et al. (42) and references

therein). So our spectra are consistent with the assumption that

all of the cytoplasmic diminazene would have been bound to

macromolecules and thus give no MR signal.

The aceturate signal in the animal cytoplasm is much

lower than that in the nucleus and increases only slowly. The

linewidth, in turn, is broader in the animal cytoplasm than in

the nucleus, but remains constant over time. We interpret this

such that aceturate experiences faster diffusion in the nucleus

than in the macromolecule-rich animal cytoplasm and that,

although there is no strong macromolecule-binding of aceturate

molecules, they are nonetheless restricted in their transla-

tional and rotational motions, which would result in a short

spin-spin relaxation time and a correspondingly large line-

width. In the vegetal cytoplasm, the aceturate peaks are still

smaller than in the animal cytoplasm, concordant with the

vegetal cytoplasm being even more stuffed with maternal

macromolecules (31,39,40).

Delivery of drugs across cellular membranes is one of the

main goals of current pharmaceutical research (43), includ-

ing MRI contrast agent development for biological applica-

tions (44). It should be noted that the diminazene aceturate

concentration we used for the cellular uptake experiment is

relatively high (250 mM) but still not even half a percent of

the concentration of water which dominates the MR signal.

Furthermore, the spectroscopically investigated volume is to

Subcellular In Vivo MR Spectroscopy 1801
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be taken into account—it is just (200 mm)3 or 8 nl. As the

maximum size of a voxel that allows for intracellular spec-

troscopy in a Xenopus oocyte would be about (600 mm)3, the

same SNR as in our experiments could be achieved if the

drug concentration were to be reduced by a factor of 27 (i.e.,

down to;7 mM). Hence, with reasonable SNR, even one or

two millimolar concentrations appear to be detectable non-

invasively on a cellular level, rendering localized spectros-

copy with Xenopus oocytes an attractive methodology to

noninvasively determine the permeability of a cell for specific

drugs, especially since the membrane of amphibian oocytes

frequently serves as a broader membrane model (45–49).

Macromolecular binding, however, prevents an exact quan-

tification of the drug concentration—especially at or near the

lower detection limit—in the different cellular compartments,

which would be required for a detailed kinetic analysis of drug

uptake. Further localized MRS studies probing membrane

permeability of drugs should thus seek to calibrate the indi-

vidual intracellular spectra against data obtained in model mem-

brane systems with known macromolecule concentrations.

As the SNR of NMR experiments increases with magnetic

field strength, localized spectroscopy experiments at higher

strengths could be promising because they could reduce the

minimum detectable drug concentration in the cell. Accord-

ing to the simple v7/4 law proposed by Hoult (50), a SNR

increase by 50% is expected between 14.1 T and 18.8 T. This

can lower the detection limit of berenil to submillimolar if a

whole cell is selected. The achievable voxel dimension is

then mainly limited by the gradient eddy current character-

istics—as described above; for an identical voxel size, higher

gradients are necessary in a higher magnetic field, inducing

larger eddy currents.

CONCLUSION

In vivo localized MR spectra were recorded from subcellular

regions within X. laevis oocytes. The MR signals in the

nucleus, animal, and vegetal cytoplasms were compared at

the same voxel size, yielding compartment-specific molec-

ular signatures. Furthermore, the localized spectra revealed

different uptake kinetics of an externally applied drug into

the individual subcellular compartments. Our experiments

demonstrate that in vivo localized MRS allows subcellular

distinction in large cells noninvasively, evoking some legiti-

mate hope for future applications to cellular systems of more

typical dimensions. The availability of intracellular spectra

opens a new window for the investigation of intracellular

processes, since the spatial and temporal fingerprints of non-

water molecules, be they physiological cellular components

or external substances, can directly be followed on a sub-

cellular scale.
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