Glutamine Synthetase Activity in

Rat Epididymis 3772

MARNI D. KVIDERA AND GALE B. CAREY!

Department of Animal & Nutritional Sciences, University of New Hampshire, Durham, New Hampshire 03824

Abstract. Glutamine synthetase (GS) activity was measured in the caput and cauda
regions of rat epididymis. Specific GS activity in the caput was 27-fold higher than that
in the cauda. To compare GS activity within the epididymis to that within other tissues,
specific and total GS activities were measured in the brain, liver, testes, kidney, and
striated muscle. Caput epididymal specific GS activity was from 4- to 38-fold higher
than GS activity in any other tissue; caput total GS activity was equal to that in brain.
Epididymal GS activity was rapidly and completely inhibited by preincubation with
methionine sulfoximine, a known inhibitor of GS. These results suggest that the high
concentrations of GS activity in the caput epididymis may have functional signifi-
cance in maintaining an optimal microenvironment for sperm maturation, perhaps by
restoring luminal acid-base balance, removing ammonium and/or glutamate from the

lumen, or supplying glutamine for the production of nucleic acids.

[P.S.E.B.M. 1994, Vol 206]

lutamine synthetase (GS) is present in a vari-

ety of tissues including brain, liver, kidney,

spleen, adipose, testes, skeletal muscle, and
stomach (1-7). It is a mitochondrial enzyme responsi-
ble for the production of glutamine from glutamate,
ammonium, ATP, and either magnesium, manganese,
or cobalt (4). In brain and liver, GS is thought to be
important in ammonium detoxification (8); its role in
other tissues is unknown, and its existence in epidid-
ymal tissue has not been reported.

The functions of the epididymis in the male repro-
ductive system are thought to include maturation and
storage of sperm, but few investigations have been
conducted into the metabolic processes within the ep-
ididymis that contribute to these functions. A recent
study revealed that total luminal amino acid concen-
tration in the proximal or caput epididymis was 60
mM, whereas that in the distal or cauda epididymis
was 5 mM (9). This difference was due primarily to a
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decrease in glutamate concentration. The existence of
glutamate-removing enzymes such as GS in the epi-
didymal epithelium have not been established.

This study measured GS activity in caput and
cauda regions of rat epididymis, compared this to ac-
tivity in other rat organs, and determined the sensitiv-
ity of epididymal GS to methionine sulfoximine, a
known inhibitor of cerebral GS (10).

Materials and Methods

Animals. Male, Sprague-Dawley rats (Charles
River Breeding Co., Wilmington, MA) weighing 275-
325 g were used for all experiments. Rats were housed
in stainless steel wire mesh cages in an environmen-
tally-controlled room with a 12:12-hr light:dark cycle
and had free access to food (Agway rat chow, Syra-
cuse, NY) and water. Rats were sacrificed between 12
pM and 2 PM by ip injection of barbiturate. All proce-
dures were approved by the Animal Care and Use
Committee of the University of New Hampshire.

Tissue Preparation. Following euthanasia, six
tissues were quickly excised from each rat and rinsed
in cold homogenization buffer (Krebs-Ringer bicar-
bonate buffer containing 0.1% Triton X 100, pH 7.4):
brain, liver, testes, kidney, biceps femoris muscle, and
epididymis. The epididymis was sectioned into caput
and cauda. Each tissue was then quickly blotted,
weighed, and homogenized in four volumes of ice-cold
homogenization buffer using three to five 10-sec bursts



of a Polytron at full speed. Epididymal tissues were
pooled from two rats if tissue weight was less than 0.3
g. Homogenates were filtered through 500 p nylon
mesh and centrifuged at 4°C, 12,000g for 15 min. Ali-
quots of the supernatant to be assayed were further
clarified by centrifugation at 4°C, 15,000¢ for 10 min
and samples were diluted 10-fold before assay.

Protein content was determined using a modified
Lowry method (11) after extraction of fat in 20 vol-
umes of water-saturated ether followed by a 15-min
centrifugation at 12,000g. Samples were diluted 20-
fold before assay.

Glutamine Synthetase Assay. GS was mea-
sured spectrophotometrically using the glutamine-y-
glutamyltransferase assay of Rowe et al. (12) with mi-
nor modifications. Final reagent concentrations were
150 mM glutamine, 50 mM imidazole buffer (pH 6.8),
1 mM magnesium chloride, 100 mM hydroxylamine
HCI, 37.5 mM potassium arsenate, and 0.1 mM diso-
dium ADP. The reaction was initiated with 0.05 ml
supernatant; tubes were incubated at 37.5°C for 15
min, during which time the reaction was linear. Blanks
included all reagents except ADP and potassium ar-
senate. Ferric chloride-gamma-glutamylhydroxamate
complex formation was measured by absorbance at
535 nm in a Bausch-Lomb spectrophotometer and
pmoles product formed was calculated using the molar
extinction coefficient of 340.

Methionine Sulfoximine Inhibition. Undiluted
homogenate (0.1 ml) was preincubated with 10 mM
ATP, 20 mM magnesium chloride, 10 mM 2-mercap-
toethanol, 150 mM potassium chloride, 100 mM imid-
azole buffer (pH 6.8) and either 83.25 mM L-methio-
nine sulfoximine or buffer in a final volume of 2 ml at
37°C as described by Ronzio et al. (10). At various
times, 0.05 ml of the preincubated homogenate was
removed and assayed for GS activity as described
above.

Statistics. Data were analyzed using Tukey HSD
multiple comparison test and P value set at 0.05 (SYS-
TAT: The System for Statistics; SYSTAT, Inc., Evan-
ston, IL, 1988).

Results

Glutamine synthetase specific and total activities
spanned a 38- and 494-fold range, respectively, de-
pending upon the tissue source of the enzyme (Table
I). The highest specific activity was measured in caput
epididymis (9.57 + 0.96 pmol/min/mg protein), and
this was significantly greater than GS activity mea-
sured in all other tissues. Specific activity was similar
(P > 0.05) among testis, kidney and brain tissue sam-
ples (range of 2.35 to 2.73 pmol/min/mg protein) and
greater than that of muscle. Interestingly, specific GS
activity in the caput epididymis was 27-fold greater
than that in the cauda.

Total GS activity of caput epididymis, 109 pmol/
min/organ, was not statistically different from that of
brain, cauda epididymis, testis, and kidney (Table I).
It was approximately one-tenth of liver and muscle,
which were 1127 and 1068 pmol/min/organ, respec-
tively.

In order to determine if epididymal tissue GS is
similar in nature to brain GS, epididymal tissue ho-
mogenate was preincubated with L-methionine sulfox-
imine, an irreversible inhibitor of GS activity in brain.
After 10 sec of preincubation, GS activity was reduced
to 37% of control; by 1 min, activity was reduced to
nearly zero (Fig. 1). A Lineweaver-Burke plot of GS
activity as a function of substrate concentration with
or without MSO preincubation (Fig. 2) suggests com-
petitive inhibition.

To determine if the GS activity originated from
sperm or from epithelial cells of the epididymis, rat
sperm were assayed for GS activity. This was done by
mincing testes and epididymal tissue in four volumes
of buffer, filtering through nylon mesh, and centrifug-
ing the filtrate at 15,000g for 15 min. The pellet con-
taining sperm was resuspended in buffer, homoge-
nized, centrifuged for 15 min, and the supernatant was
assayed. No GS activity was detected.

Discussion

This study demonstrates that of six tissues in the
rat known to contain glutamine synthetase activity,

Table I. Glutamine Synthetase Activity in Various Rat Tissues®

Tissue

Specific activity
(mwmol/min/mg protein)

Total activity®
(wmol/min/organ)

Caput epididymis® 9.57 = 0.96" 108.72 = 20.01"
Cauda epididymis® 0.35 + 0.24*5 2.28 = 0.74"
Testis 2.40 = 0.74%3 289.67 + 97.5212
Kidney 2.35 + 0.75%3 306.86 + 25.33"
Brain 2.73 = 0.69° 108.68 + 29.27"
Liver 1.47 + 0.43%4 1126.55 * 495.57°
Muscle 0.25 + 0.20° 1068.30 + 865.24%3

2 Values are mean = SD, n = 7, unless otherwise indicated. Values within a column with different superscripts are significantly

different, P < 0.05.
bn =4

¢ Total activity calculations were based on organ weights calculated for a Sprague-Dawley rat weighing 328 g (34, 35).
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Figure 1. Epididymal tissue homogenate was preincubated with 10 mM ATP, 20 mM MGCl,, 10 mM 2-mercaptoethanol, 150 mM KClI,
100 mM imidazole buffer, and either buffer or 83.25 mM L-methionine sulfoximine at pH 6.8 and 37°C for up to 15 min (final volume
= 2 ml). Aliquots were removed at 10 sec, 1 min, 5 min, 10 min, and 15 min, and assayed for GS activity using the glutamine-y-

glutamyltransferase assay of Rowe et al. (12).

the highest specific activity is contained in a tissue
never reportedly assayed for this enzyme—the caput
epididymis. Brain and liver, heretofore considered to
be richest in specific GS activity, have 29% and 15% of
the activity present in epididymis, respectively. The
swift and sharp inhibition of epididymal GS activity by
L-methionine sulfoximine, similar to that observed by
Ronzio et al. for purified sheep brain GS (10), suggests
the epididymal and brain isoforms of GS may have
similar catalytic natures. This involves the ability of
brain GS to form an enzyme-bound ~y-glutamyl phos-
phate intermediate, leading to the phosphorylation of
methionine sulfoximine which, in turn, tightly binds to
GS and irreversibly inhibits it.

The dramatic drop in specific activity from caput
to cauda regions of the epididymis could reflect an
important role for GS in this tissue. Immature sperma-
tozoa emerge from the seminiferous tubules of the tes-
tis and are exposed to an ever-changing milieu of fluids
as they migrate through the excurrent duct of the rete
testis on their way to the most distal end of the epi-
didymis. The luminal fluid that bathes spermatozoa as
they travel through the epididymis contains a variety
of ions, organic solutes, and amino acids which are
constantly being absorbed and secreted by the epidid-
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ymal epithelium (13). Studies show that association
and dissociation of certain proteins from sperm cell
membranes also occurs (14-21). The metabolic regu-
lation of this complex microenvironment, and the bio-
chemical signaling that exists between the testis, the
epididymis, and the surface of the spermatozoa, has
not been fully elucidated.

Studies have shown that glutamate exists in high
concentration in the caput region of the epididymis (9,
22). Some investigators attribute this to the reabsorp-
tion of testicular fluid as it leaves the rete testis and
enters the caput region of the epididymis (23). As wa-
ter is reabsorbed, the impermeable acidic amino acid
glutamate would become more concentrated. How-
ever, a recent micropuncture study revealed that wa-
ter reabsorption alone could not account for the high
concentration of glutamate found in the lumen of the
caput epididymis (9), and the author suggests that ei-
ther the caput epithelium or spermatozoa are respon-
sible for generating high levels of glutamate.

The precursor for glutamate is unknown, but one
candidate is glutathione secreted by the testis or the
epididymis into the epididymal lumen (9). y-Glutamyl
transpeptidase (GGT), which hydrolyzes this tripep-
tide to glutamate, cysteine, and glycine, has very high
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Figure 2. Epididymal tissue homogenate was preincubated with either buffer (uninhibited) or 83.25 mM L-methionine sulfoximine
(inhibited) for 15 min, as described in Figure 1, then assayed for GS activity at up to four concentrations of substrate. Units for 1/s

and 1/v are (M) ' and (wmol/min/mg protein) ', respectively.

activity in the caput region but negligible activity in the
cauda (24, 25). The results of the present study suggest
that the glutamate may be removed by the high activity
of GS in the caput. Transport of glutamate into the
epithelial cells of the epididymis may be via a neutral
amino acid transport system on the apical surface of
the cell (26).

The luminal pH of the epididymis changes from
one section to another. While water, sodium, potas-
sium, and chloride are removed from the caput lumen,
hydrogen ions, lactic acid, and glutamate are secreted
or formed therein. This results in an acidic caput lu-
men (pH 6.48) which becomes increasingly more alka-
line in the cauda (pH 7.5) (27). Entrance and dissoci-
ation of weak organic acids with pHs lower than the
seminal plasma’s pH would suggest an environment in
which GS is necessary for acid-base homeostasis.

Glutamate is one of the amino acids necessary for
the immobilization and storage of spermatozoa in the
epididymis (22, 28). Glutamate constitutes the highest
concentration of the free amino acids, making up 20%
of all intraluminal osmolytes (29, 30). As a nonperturb-
ing solute, glutamate could be essential for osmoreg-
ulation due to its compatibility with macromolecular
structures (9, 31). Therefore, removal of glutamate by
conversion to glutamine may allow for enhanced
sperm mobility as the sperm mature.

The fact that glutamine is not detected in the epi-
didymal lumen until reaching the caudal section (9)
indicates that the glutamine produced is either being
utilized by spermatozoa or epithelial cells, or is re-
moved by the blood stream. However, spermatozoa
do not use glutamine as a significant source of energy
(28, 32). Therefore, it is more probable that glutamine
is being used for a separate function such as removal
of glutamate or synthesis of purine and pyrimidine
bases. Glutamine and GS activity have been impli-
cated in cell differentiation: in vitro, glutamine added
to media enhances differentiation of male chick em-
bryonal gonads and initiates conversion of gonocytes
into pachytene spermatocytes (33), while in vivo, GS
activity correlates with differentiation of embryonic
chick retina (32). Whether or not glutamine serves a
similar function in the epididymis is unclear.

In summary, this study compared GS activity in a
variety of male rat tissues. The exceedingly high spe-
cific GS activity in the caput section of the epididymis,
4- to 38-fold higher than any other tissue measured,
suggests a vital role for this enzyme in male rat repro-
ductive physiology. Although the significance of GS
activity can only be revealed through further study, it
can be hypothesized that this high GS activity may be
responsible for enhancing spermatozoan development
by restoring proper acid-base balance, removing glu-
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tamate from the epididymal lumen, or providing a pre-
cursor for nucleic acid synthesis.
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