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Abstract The testis is the principal organ of male fertility,
responsible for the production of spermatozoa and their
maturation into sperm. However, the underlying biochemistry
of the testis is relatively understudied. The fluidic and
homogeneous nature of the testis makes it an ideal organ for
high resolution magic angle spinning (MAS) 'H NMR spectros-
copy. In this study we have catalogued the low molecular weight
metabolites. The testis contains large amounts of creatine, of
which a substantial proportion was shown to be extracellular
using bipolar gradients to measure apparent diffusion coeffi-
cients. The tissue also contained relatively high amounts of
uridine. © 2000 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

High resolution magic angle spinning (HRMAS) 'H NMR
spectroscopy is a powerful analytical tool for biological tis-
sues, potentially bridging the divide between 'H NMR spec-
troscopy of tissue extracts and magnetic resonance spectros-
copy (MRY) in vivo [1-4]. The study of tissue using extraction
procedures and conventional liquid state NMR is complicated
by the need for multiple extraction methods to study both
lipophobic and lipophilic phases, and in addition it does not
address the composition of cell membrane constituents. Fur-
thermore, it is principally destructive in nature. On the other
hand, MRS obtains spectra in vivo, but peak resolution is low
mainly caused by the lower fields used by in vivo systems,
compounded by chemical shift anisotropy, inter- and intra-
molecular dipole—dipole coupling and spatially varying bulk
magnetic susceptibilities also broadening resonances. This lat-
er effect is further compounded by diffusion of molecules
through strong susceptibility fields within the tissue. However,
by spinning tissue at the magic angle (54.7° to the By field)
and at speeds comparable to the dipole—dipole couplings high
resolution spectra can be obtained [5], with HRMAS being
particularly adept at averaging large local gradient changes.
This is especially true for biological tissues where cytosolic
metabolites still have a high degree of translational freedom
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and so modest rotation speeds can be used so that tissue
structures are not destroyed [6,7].

Despite its salient role in male fertility, the testis has been
relatively understudied in terms of metabolic composition.
Here we report the first high resolution MAS '"H NMR spec-
tra from rat testes and catalogue the major metabolites found
within this tissue. Furthermore, using diffusion weighted
HRMAS '"H NMR spectroscopy of intact tissue, the cellular
environment of a number of key metabolites, including crea-
tine, was investigated.

2. Materials and methods

Rats (n=6; Sprague Dawley) were maintained on standard labora-
tory feed (RMI1, Special Dietary Services; Witham, UK) prior to
killing, and housed in a constant environment room (15.5 h light,
8.5 h dark, 22°C). Animals were killed by cervical dislocation, imme-
diately the testes were excised and 20 mg samples were taken and
frozen in liquid nitrogen for HRMAS 'H spectroscopy.

HRMAS 'H NMR spectroscopy was performed at 14.1 Tesla
(600 MHz) on a Bruker DRX spectrometer using both a conventional
solvent suppression pulse sequence and a Carr—Purcell-Meiboom-Gill
spin echo pulse sequence [90-(7-180-17),-acquisition], as a 7> filter to
attenuate the resonances from lipids and large macromolecules [7,8]
(typically n=20 with a total 7> filter (2 nt) of 40 ms). Spectral assign-
ments were confirmed by 2-dimensional 'H-'H correlation spectros-
copy (COSY) together with values obtained from literature [1-4,6,7].
Samples were spun at 5000 Hz at a constant temperature of 4°C for
one-dimensional spectra and at 27°C for two-dimensional spectra (this
was for practical reasons as the cooler unit could not be used for
overnight acquisitions).

To allow the calculation of apparent diffusion coefficients (ADCs),
diffusion weighted spectra were acquired using the bipolar LED pulse
sequence with a 100 Gauss/cm (1000 mT m~") magnetic field gradient
applied along the magic angle axis to attenuate metabolite resonances.
Diffusion weighted spectra were collected at 27°C. Gradient calibra-
tion was confirmed by measuring the ADC of free water
(2.3£0.2x107° cm? s~!) in a non-spinning rotor. Spectra were ac-
quired for 32 fractional increments of the gradient field (first gra-
dient=21 mT m~! with subsequent increments of 31.6 mT m™!)
with a 50 ms diffusion period (4), gradient pulse length of 1 ms ()
and a 100 ps gradient recovery time (7). ADCs were calculated ac-
cording to the Stejskal-Tanner equation as modified by Wu and col-
leagues [9]; Ln(4,) = Ln(4o)—g>y D(A—83—1/2) for a one component
system where g is the gradient strength, 4, and 4, are the resonance
height at gradient strength g and during no gradient attenuation,
respectively. ADCs were estimated for the slowest diffusing environ-
ment for water, creatine and choline resonances using a monoexpo-
nential fit for the plot of Ln(A4,) and (gradient strength)? for the final
16 gradient field strength increments. This estimates the attenuation
curve as being monoexponential in nature and is valid for multicom-
ponent systems where the ADC to be measured is markedly slower
(and so is only effected by the final gradients) than the ADCs of the
other environments. Linear least square fits were performed with
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R?>>0.95 taken as the limit whereby the attenuation of the final
gradients could be modelled using a one component system. For water
the attenuation curve was also modelled to a biexponential and a
triexponential fit to investigate the possible effects of metabolic com-
partmentation. This approach was compared with subtracting a
monoexponential fit to the final data points and subtracting this con-
tribution from the signal attenuation and then refitting the remaining
signal attenuation to another exponential. To justify the level of ex-
ponential fit, the least number of components was used with R> >0.95
for a plot of Ln(4,) and (gradient strength)* for each individual
component.
Results are presented as means + standard error of the mean.

3. Results

Spectra obtained from testicular tissue were of comparable
resolution to those obtained using conventional liquid state
NMR of extracts. Line widths of low molecular weight mol-
ecules were ~1 Hz in line width for both conventional sol-
vent presaturation and CPMG pulse sequences (Fig. 1). Tes-
ticular tissue had high concentrations of lactate, alanine and
in particular creatine and phosphatidylcholine. To assist in
assignment of 'H NMR resonances, COSY spectra were
also acquired (Fig. 2; Table 1).

The high concentration of creatine was particularly intrigu-
ing as the metabolite is also found in high concentrations in
seminal fluid. To examine the cellular environment of creatine,
a series of diffusion weighted spectra was acquired. A linear fit
was applied to the natural log of signal intensity against in-
creasing gradient strength squared for water, creatine and
choline for the final 16 gradient increments. While both water

Table 1
List of metabolites identified in one- and two-dimensional 'H spectra
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Fig. 1. High resolution MAS 'H NMR spectra of ~10 mg of rat
testicular tissue. One-dimensional spectra were acquired using both
a conventional solvent presaturation pulse sequence (Upper panel)
and a CPMG T, weighted pulse sequence (Lower panel) to attenu-
ate macromolecular resonances. For both pulse sequences resolution
was comparable with that of conventional liquid state NMR with
metabolite line widths of ~1 Hz. See Table 1 for key to figure.

and choline had low ADCs consistent with an intracellular
environment the ADC for creatine was comparable with
that of free water (ADCs/X107¢ cm? s™!: water=5.8+1.4;
choline=4.7 £ 1.1; creatine = 14.1 £ 3.4; free water 23 +0.2).
Examining the attenuation of the water resonance, and sub-
tracting successive monoexponential fits from the curve three

Metabolite Resonance

Key to figures

Lipid triglycerides

0.93 (a) CH3, 1.30 (b) CH,, 1.57 (¢) CH,CH,CO, 1.69 (d) CH,CH,C=C, 2.0 () 1

CH,C=C, 2.8 (f) =CH-CH,-CH=, 5.20 (g) =CH

Leucine 095d,097d, 1.71 m 2
Isoleucine 0931t 1.00 d, 1.96 m 3
Valine 097d, 1.02d, 224 m 4
Lactate 1.33d,4.10 q 5
Threonine 1.32d, 424 m 6
Alanine 1.44 d, 3.76 q 7
Lysine 1.69 m, 1.91 m, 2.9, 2.96 8
Acetate 1.92s 9
Glutamine 2.08 m, 2.41 m 10
Glutamate 2.14 m, 2.36 m 11
Aspartate 2.63 dd, 2.81 dd 12
Citrate 2.52d,2.62d 13
Sarcosine 2.54 14
Creatine 3.04's,393 s 15
Taurine 326t, 346t 16
Choline 320 s 17
Phosphocholine 324 s 18
Phosphatidylcholine 328 s 19
Phosphoethanolamine 3.15, 3.85 20
Glycine 3.6ls 21
Glucose 340t, 3.42t, 3.47 ddd, 3.54 dd, 3.71 t, 3.76 m, 3.84 m, 4.64 d, 5.23 d 22
Myo-inositol 3.28 t, 3.56 dd, 3.63 dd, 4.06 t 23
N-methyl nicotinate 4.52 s 24
Glutathione 4.58 m 25
Tyrosine 6.87d,7.17d 26
Uridine 432 m, 5.82d, 5.87d, 7.90 d 27
Artifacts (N-type COSY peaks) 28
CH-NH peptide linkages 3.83, 3.91, 4.22, 8.10, 8.23 29
Methionine 2.14s,2.16 m 30
N-acetyl 2.16 s 31

The resonances used to identify the metabolites are listed along with resonance multiplicities (s, singlet; d, doublet; t, triplet; m, multiplet).

Numbers refer to key used in figures. Resonances listed in ppm.
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Fig. 2. Metabolite assignments were confirmed using COSY 'H-'H
experiments. A number of low molecular weight metabolites were

clearly visible as well as cross correlations from lipids (1). See Table
1 for key to figure.

distinct water environments described the shape of the curve
(ADCs/X107¢ cm? s7!: 82+9, 16.2+ 4.1 and 4.9+0.6). Ap-
plying bi- and triexponential curve fits to the attenuation, a
three component model fitted the data best. A biexponential
fit was also used to fit the attenuation of the H>O resonance in
a spinning rotor containing water and D,O only (ADCs/
x107% cm? s~': 158 and 20.2).

To examine further the cellular environment, the one-di-
mensional NMR spectra that contribute to the pseudo-two-
dimensional spectrum were examined. At the maximum gra-
dient strength, the intensities of the phosphatidylcholine sin-
glet (6=3.28) and lipid resonances at §=0.93 and 1.30 were
comparable suggesting that the majority of testicular lipid was
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Fig. 3. One-dimensional spectra from the pseudo-two-dimensional
diffusion weighted spectra used to obtain diffusion coefficients. The
gradient strength was increased from 5% (A) to 100% (B) during
the experiment. Spectra are not to scale and relative peak heights
should be judged assuming noise levels are constant. For key see
Table 1.
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Fig. 4. Degradation of tissue induced by time (~ 14 h) and spinning
at 6000 Hz. A: CPMG spectrum immediately acquired. B: CPMG
acquired after 14 h of spinning at 27°C. The CHj alanine resonance
(7) increased in intensity while that of CHj lactate decreased indica-
tive of prolonged anoxia within the tissue. Degradation caused in-
creases in resonance intensities for a number of amino acids includ-
ing leucine (2), isoleucine (3), valine (4), glutamate and glutamine
(10, 11) as well as acetate (8). Prolonged spinning also reduced the
intensity of the CH, lipid resonance (1). For key see Table 1.

in the form of phosphatidylcholine (Fig. 3). No triglyceride
backbone resonances were detected at high gradient field
strength further confirming this assignment.

To assess the dual effects of spinning rate and tissue deg-
radation with time on testicular tissue, one-dimensional spec-
tra were acquired after the COSY spectra. After 14 h of spin-
ning, the resonances of the glycolytic products lactate and
alanine were increased as were those associated with non-po-
lar amino acids in the 6=0.90-1.10 region of the spectra (Fig.
4). The CH; (6=0.93) lipid resonance decreased in intensity
with respect to both the amino acids and the CHj3 (6= 1.30)
lipid resonance.

4. Discussion

The testis is an ‘ideal’ organ for study by HRMAS 'H
NMR spectroscopy as the tissue has little interfering connec-
tive tissue. The organ largely consists of seminiferous tubules
with four main different cell types. Loops of seminiferous
tubules occur in close proximity to Sertoli cells, where germ
cells mature into spermatozoa. There are also interstitial cells
of Leydig, responsible for producing and secreting androgenic
steroids. This loose collection of cells ensures that B, effects
are limited to across the cell rather than across the tissue as a
whole. This, combined with the improvements caused by
HRMAS 'H NMR, produced spectra of a resolution compa-
rable to tissue extracts.

Creatine dominated the spectra obtained. Sperm cells are
unusual in that they appear to require large extracellular con-
centrations of creatine to maintain cell viability and function.
Lee and co-workers [10] observed in seminal vesicles a con-
centration of creatine 65 and 100 times more concentrated
than in the blood plasma of the mouse and rat, respectively,
and stated that testicular sperm cells are exposed to the high-
est concentration of creatine in any mammalian tissue. Fur-
thermore, using 3'P NMR, they demonstrated that a quarter
of the extracellular creatine was phosphorylated in seminal
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vesicle fluid [10], finding no evidence that the creatine was
from lysed cells and instead suggesting that phosphocreatine
was actively secreted for sperm metabolism.

Our HRMAS 'H NMR spectroscopy study agrees with
these findings, with developing spermatozoa exposed to a
large pool of extracellular creatine, accounting for the major-
ity of the creatine detected using 'H NMR spectroscopy. Us-
ing a ‘magic angle’ gradient, we estimated the ADCs for the
slowest diffusing pools of choline, creatine and water. While
choline possessed an ADC comparable to that found for in-
tracellular water, the ADC for creatine was greatly in excess
of these values, indicating the signal attenuations across the
last (strongest) 16 gradients were from intracellular choline,
but extracellular creatine. This does not preclude intracellular
creatine/phosphocreatine within testicular cells, although it
does indicate that this creatine pool would have low NMR
visibility. This demonstrates the versatility of ADC measure-
ments using a high resolution MAS probe, as the molecular
environment in intact tissue for relatively low concentration
metabolites can be probed, just as in cell cultures [11-13] and
red blood cell suspensions [14-16]. Modelling changes in
ADCs using such a high resolution system may also aid the
interpretation of magnetic resonance images as diffusion is
commonly used as a means of contrast.

Examination of the attenuation curves of water suggested
that there are three environments detected during MAS 'H
NMR spectroscopy. Ignoring exchange of water, the data
were best fitted to three exponentials which appear to be
caused by intra- and extracellular water along with a third
pool with an ADC four-fold faster than free water. In a spin-
ning rotor containing only water and D,O a proportion of
water also possessed an ADC greater than that of free water.
While subtle rotor fluctuations in spin speed can cause an
artificial term that appears diffusive in nature, our ADC mea-
surements were made along the magic angle axis and should
not be effected by fluctuations. We suggest this artifactual
term arises from convective heating within the rotor (a pro-
portion of which will be resolved along the magic angle axis).
For the gradient strengths used this most effected the first five
gradients and these were ignored in calculations of ADCs. To
simplify calculations the effects of varying susceptibility fields
within the tissue (expected to be small across tissues) and
exchange of metabolites across the cell membrane (largely
restricted to specific transporters in this example) were
ignored, both expected to modify the true ADC values [12].
However, our simplified ADC calculations can be used to
probe the environment of metabolites using diffusion weighted
spectra.

The high resolution spectra that were obtained using
HRMAS '"H NMR are ideal for assessing the metabolic status
of the tissue. The CHj resonance of lactate was readily ob-
servable and not obscured by the CH,CH, resonance of lipid
triglycerides, as occurs in MAS 'H spectra of more fatty tissue
[2,7,11,13]. This is particularly relevant to a number of disor-
ders that result in atrophy of the testes as this is usually
induced by a reduction in blood flow into the tissue. For
example, chronic alcoholism can induce testicular atrophy
and is also known to reduce Leydig cells production of tes-
tosterone [17], possibly by altering the NAD/NADH ratio via
testicular alcohol dehydrogenase. By measuring the ratio of
alanine to lactate one can infer changes in the cytosolic redox
potential with alanine rising during severe hypoxia in cerebral
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tissue [18]. Following the acquisition of 2D data sets the ratio
of lactate to alanine decreased suggesting that as in the brain,
this ratio may be a good indicator of hypoxia/ischemia. Fur-
thermore, Sertoli cells are known to export lactate specifically
for pachytene spermatocyte and spermatid metabolism, and
so the concentration of testicular lactate may be highly indi-
cative of sperm cell viability [19].

Hypo-taurine has been detected in goat epididymis and is
thought to be an important compound in maintaining sperm
viability by acting as an anti-oxidant [20]. However, no hypo-
taurine was detected in the testes. Instead, taurine, the oxida-
tion product, was detected alongside glutathione, suggesting
that in the testes glutathione is the prevalent anti-oxidant.
Patel and co-workers [20] have also suggested that myo-ino-
sitol may be important for sperm cell maturation, as in the
epididymis the concentration of myo-inositol decreases while
that of scyllo-inositol increases across the structure as the
sperms mature. Only myo-inositol was detected in the testes
in this study.

Uridine was also detected in the testicular tissue and is
known to be found in high concentration in human seminal
fluid [21]. However, seminal fluid uridine is thought to origi-
nate from seminal vesicles as UMP, being rapidly converted
to uridine at ejaculation by prostatic phosphatase activity [21].
Intracellular uridine kinase activity decreases during sperm
cell development, suggesting that activity is related to cellular
RNA synthesis [22]. Thus, the detection of a relatively large
concentration of this pyrimidine both in the testes and in
seminal fluid is indicative of a rapidly dividing cellular envi-
ronment, as is known to occur in the testes.

Unsurprisingly, a number of degradation products were de-
tected in testicular tissue left at room temperature for over 12 h.
The mechanical damage caused by prolonged spinning may
have improved the visibility of a number of other amino acids
as well. However, the reduction in the CH, lipid resonance at
6=1.30 is curious. Fats are only oxidatively metabolized and
any mechanical damage to lipid pools would have made the
fats more soluble and hence increased their ‘NMR visibility’
rather than cause the decrease detected. A number of enzymes
are known to be secreted by the prostate gland and seminal
vesicles to modify the fluidity of ejaculated semen in a time
dependent manner [21]. It is possible that some of the changes
detected may be caused by peptidases secreted within the
testes and this warrants further investigation.

In conclusion, HRMAS 'H NMR spectroscopy is an ideal
technique to study soft tissue organs such as the testis. Spectra
obtained are of a resolution comparable to conventional lig-
uid state NMR, but the technique has the advantage of ob-
serving lipid soluble and cell membrane metabolites. This is
particularly relevant for investigations into testicular cancer
where cell proliferation results in cell membrane turnover
and a resultant rise in lipophilic compounds such as phospha-
tidylcholine. Furthermore, using gradients one can investigate
directly the microenvironments that a metabolite exists as
exemplified by creatine in the testes.
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