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Expression of multiple glutamate transporter splice
variants in the rodent testis

Aven Lee, Ashley R Anderson, Amanda C Barnett, Anthony Chan and David V Pow

Glutamate is a regulated molecule in the mammalian testis. Extracellular regulation of glutamate in the body is determined largely by

the expression of plasmalemmal glutamate transporters. We have examined by PCR, western blotting and immunocytochemistry the

expression of a panel of sodium-dependent plasmalemmal glutamate transporters in the rat testis. Proteins examined included:

glutamate aspartate transporter (GLAST), glutamate transporter 1 (GLT1), excitatory amino acid carrier 1 (EAAC1), excitatory amino

acid transporter 4 (EAAT4) and EAAT5. We demonstrate that many of the glutamate transporters in the testis are alternately spliced.

GLAST is present as exon-3- and exon-9-skipping forms. GLT1 was similarly present as the alternately spliced forms GLT1b and GLT1c,

whereas the abundant brain form (GLT1a) was detectable only at the mRNA level. EAAT5 was also strongly expressed, whereas EAAC1

and EAAT4 were absent. These patterns of expression were compared with the patterns of endogenous glutamate localization and with

patterns of D-aspartate accumulation, as assessed by immunocytochemistry. The presence of multiple glutamate transporters in the

testis, including unusually spliced forms, suggests that glutamate homeostasis may be critical in this organ. The apparent presence of

many of these transporters in the testis and sperm may indicate a need for glutamate transport by such cells.
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INTRODUCTION

The role of glutamate and the homeostasis of such in the testis has been

the subject of interest for at least 40 years.1,2 However, much remains

to be determined as to the mechanisms by which glutamate, which is

abundant in the testis1,3–5 and testicular fluids,6 might be compart-

mentalized in the mammalian testis. Glutamate does not penetrate the

blood–testis barrier,2 but does appear to be synthesized locally.7 The

need for glutamate homeostasis in the testis derives from the dem-

onstrable roles for this molecule, both as an osmolyte and as an agonist

at both N-methyl-D-aspartate and non-N-methyl-D-aspartate-type

glutamate receptors.8,9 Glutamate is the principal free amino acid in

the testis, epididymis and semen of most mammalian species; in

semen, glutamate is mainly found in the seminal plasma rather than

in the spermatozoa.1 Within the testis itself there is limited evidence

for roles for glutamate, though it has been shown that both glutamate

and an analog of glutamate (D-aspartate) may modify steroidogenic

activity.10 In epididymal plasma, a variety of molecules including glu-

tamate are thought to aid in the conversion of gametes into compet-

ent, functional cells. Accordingly, glutamate transporters are thought

to direct glutamate into the epididymal lumen.11,12 This transport of

glutamate into the lumen is thought to be critical, since transgenic

mice that fail to express the glutamate transporter excitatory amino

acid carrier 1 (EAAC1; also referred to as excitatory amino acid trans-

porter 3 (EAAT3)) in the epididymis exhibit poor sperm motility. This

poor motility has been attributed to anomalous osmolyte balance in

the proximal epididymal lumen, which is thought to compromise

sperm maturation, including the development of sperm volume-reg-

ulatory mechanisms.

Once sperm have exited, the testis glutamate may have a role in

directly regulating motility; sperm motion analysis has demonstrated

that glutamate in seminal plasma acts to promote motility, this action

being mediated via glutamate receptors including N-methyl-D-aspar-

tate receptors.13 Other glutamate receptor classes including metabo-

tropic types8,14 are also present on sperm and germinal cells and may

thus exert biological effects on the sperm if glutamate levels change.

Two key parameters that will influence glutamate homeostasis in a

tissue are the (i) presence of a barrier that restricts influx of glutamate

from the blood; and (ii) transporters on plasma membranes of cells

that remove glutamate from the extracellular space. The current study

was initiated because the testis shares clear homologies to the mam-

malian brain, in the possession of a blood–testis barrier15 that is

homologous to, but structurally distinct from, the blood–brain bar-

rier. The blood–testis barrier is predominantly formed by tight junc-

tions between Sertoli cells;16 however, Leydig cells in the interstitial

tissues that share antigenic homologies to astrocytes16,17 may also

influence barrier properties. The blood–brain barrier is induced by

astrocytes and is constituted by tight junctions between endothelial

cells. Astrocytes are the key regulators of extracellular glutamate in the

brain due to their expression of plasmalemmal glutamate transpor-

ters.18,19
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This study aimed to determine which glutamate transporters were

expressed in testis, and whether they were predominantly associated

with cells such as Leydig cells that exhibit some glia-like features, or

with other cell types. The prior literature in this area is limited; the

expression of glutamate transporters in the testis (as opposed to assoc-

iated structures such as the vas deferens) has been studied by two

groups that we are aware of. Thus, Takarada et al.20 have demonstrated

the presence of mRNA for the glutamate transporters glutamate aspar-

tate transporter (GLAST; also called EAAT1), glutamate transporter 1

(GLT1; also called EAAT2), EAAC1, EAAT4 and EAAT5 in testis.

However, in their study, mRNA species for GLAST and GLT1 were

reported (in Northern blots) as being smaller than expected, suggest-

ing that any translated protein would be smaller than the normal full-

length form. Takarada et al.20 also demonstrated, using immunocy-

tochemistry, some labeling for GLAST protein in interstitial cells, but

labeling was absent in Western blotting, a disparity attributed to dif-

ferential methodological sensitivities. Conversely, both immunolabel-

ing and western blotting revealed the presence of GLT1, but again it

was at a lower molecular weight than the predicted size for full-length

GLT1, and EAAT4 was not detectable. The presence or absence of

EAAC1 and EAAT5 protein was not investigated. These data accord

with the findings of Hu et al.,9 who reported both the presence of

mRNA for GLT1 and EAAC1 in testis, and that some glutamate trans-

port in the testis could be inhibited by dihydrokainate, which is a

GLT1-selective inhibitor. Using immunocytochemistry, Hu et al.14

also demonstrated the presence of a GLT1 protein in sperm from

mouse and humans. Collectively these data would suggest a wider

distribution of glutamate transporters in the testis beyond an ‘astro-

cyte-like’ expression in Leydig cells, with the caveat that many of the

proteins detected may not be typical full-length versions of the glu-

tamate transporters normally found in astrocytes in the brain, suggest-

ing that they might be exon-skipping or cleaved forms.

In this study we have used PCR analysis of mRNA in conjunction

with western blotting and immunocytochemistry to examine glutam-

ate transporter expression in the rat testis. We have used an extensive

panel of well-characterized antibodies against the majority of the

known plasmalemmal glutamate transporters (including carboxyl-

terminal splice variants and exon-skipping forms) for which antibod-

ies are currently available. The distribution of endogenous glutamate,

as well as possible endogenous pools of D-aspartate (a substrate for all

known functional glutamate transporters) and exogenously supplied

D-aspartate, was also studied.

MATERIALS AND METHODS

Testes were obtained from 10 adult male dark Agouti rats that had

been killed by an overdose of sodium pentobarbital (100 mg kg21).

Tissues were rapidly dissected out and used for different experimental

methods as indicated below. Fourteen testes were hemisected and one

half of each fixed by immersion with 4% paraformaldehyde in

0.1 mol l21 phosphate buffer, pH 7.2, for 3 h, while the other half of

each was prepared for either western blotting or PCR analysis. The

remaining testes were used for D-aspartate uptake experiments and

immunocytochemistry for glutamate as detailed below. Brain tissues

and retinae from all the animals were also prepared for western blot-

ting analysis and PCR, to act as internal comparisons for results with

the testes.

Total RNA isolation

Dissected rat brain, testis or retinal tissues were washed twice in sterile

phosphate-buffered saline (PBS), placed into 10 volumes of Trizol

reagent and homogenized using a power homogenizer for 3 min. To

allow complete dissociation of nucleoprotein complexes, homoge-

nates were incubated on ice for 5 min. To every 1 ml of homogenate,

0.2 ml chloroform was added followed by vigorous mixing for ,2 min,

and then incubation on ice for 5 min. Samples were centrifuged at

14 000g (4 uC) for 20 min and the upper aqueous phase was removed

and transferred to a fresh microcentrifuge tube. To precipitate the

RNA, an equal volume of isopropanol was added, followed by incuba-

tion at 220 uC for 24 h. Samples were centrifuged at 17 000g for 1 h

and the supernatant removed. The RNA pellet was washed twice with

ice-cold 75% ethanol and resuspended in sterile RNAase free water.

Reverse transcription (RT)-PCR

Total RNA (5 mg) of each sample was reverse-transcribed into

complementary DNA using SuperScript III (Invitrogen, Mulgrave,

Victoria, Australia), followed by digestion with ribonuclease H

(Invitrogen), according to the manufacturer’s instructions. An aliquot

of the RT reaction mixture (1 ml) was then used in PCR (final volume

50 ml) consisting of 2 mmol l21 dNTP, 0.2 mmol l21 sense and anti-

sense primers, 1.5 mmol l21 MgCl2, and 2.5 U BIOTAQ DNA poly-

merase in 13 PCR buffer.

The mRNA expression of GLAST, GLT1a, EAAC1, EAAT4 and

EAAT5 in adult rat testis was assessed by RT-PCR analysis using sense

and antisense primers (Table 1) that amplified the entire coding region

of each glutamate transporter member.

Previous studies have reported the existence of several splice var-

iants for GLAST (GLAST1a and GLAST1b) and GLT1 (GLT1b and

GLT1c) in the mammalian brain.21–23 To study the expression of

GLAST1a, GLAST1b, GLT1b and GLT1c in testis, PCR primers spe-

cific for each splice variant were synthesized (Table 1).

For amplification of GLAST1a, GLAST1b, GLT1b and GLT1c pro-

ducts, initial denaturation was 95 uC for 2 min followed by 35 cycles of

amplification (95 uC for 30 s, 62 uC for 30 s and 72 uC for 1 min). All

other PCRs were performed using the following conditions: initial

Table 1 Primers used for identification of EAATs in the testis

EAAT member GenBank accession Forward oligo sequence Reverse oligo sequence Product size (bp)

GLAST NM_019225.1 TGACAAAAAGCAACGGAGAAGAGC TATCAGAGTAGGGAGGAAAGAGGA 1743

GLAST1a AF265360 CATTGTGGGAATGGCGGC TATCAGAGTAGGGAGGAAAGAGGA 1432

GLAST1b AY954110 ATGGAGACTCTGACCCGGATC GGAGGCGGTCCCTTATTGTTAT 629

GLT1a X67857.1 GCTCGTCGCCACTGTCTCCA CATAAGATACGCTGGGGAGTT 1824

GLT1b AF465909.1 ACTTTGCCTGTCACCTTCCGTTGC ATGCAGGTCTCGATATCCAGG 594

GLT1c AY578981.1 ACTTTGCCTGTCACCTTCCGTTGC TAAACCCACGATTGATATTCCACA 591

EAAC1 NM_013032.3 CGCTCCCCGATTCCTCACAAA CTTCACAGTCCCAGGCATCTA 1638

EAAT4 NM_032065.1 CGCTGACCCGAGGCTGAG CCGCCCTGGACAAAGAGCTA 1736

EAAT5 NM_001108973.1 ACAACCTACAGTGCATGGAAT ACTCCTACGCTTAGCCCAAAC 1763

Abbreviations: EAAC, excitatory amino acid carrier; EAAT, excitatory amino acid transporter; GLAST, glutamate aspartate transporter; GLT, glutamate transporter.
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denaturation at 95 uC for 2 min followed by 35 cycles of amplification

(95 uC for 30 s, 60 uC for 30 s and 72 uC for 2 min). The reaction

products were separated on 1 or 1.5% agarose gels and visualized by

staining with 0.5 mg ml21 ethidium bromide. Sequences of sense and

antisense EAAT primers are provided in Table 1.

Total lysate isolation and western blotting

Brain, testis and retina extracts were prepared by homogenization in

lysis buffer containing 50 mmol l21 Tris-HCl (pH 7.4), 150 mmol l21

NaCl, 1% Nonidet P-40 and protease inhibitor cocktail (Roche

Diagnostics, Castle Hill, NSW, Australia). After gentle rotation for

3 h at 4 uC, homogenates were centrifuged at 50 000g for 60 min at

4 uC and the supernatant were collected. Protein lysate (50–100 mg)

was dissolved in SDS sample buffer, separated on a 7% SDS polyacry-

lamide gel and then transferred to nitrocellulose membrane (Pal) by

electroblotting. Blots were incubated in blocking buffer (5% non-fat

milk, 20 mmol l21 Tris (pH 7.5), 150 mmol l21 NaCl and 0.1% Tween-

20) for 2 h and then incubated in fresh blocking buffer containing

primary antibodies overnight at 4 uC. Following four washes with

Tris–NaCl–Tween buffer, blots were incubated for 1 h with horserad-

ish peroxidase-conjugated anti-rabbit immunoglobulin G and washed

again. Immunoreactive proteins were detected by enhanced chemi-

luminescence using the SuperSignal West Dura Extended Duration

Substrate Kit (Pierce: Quantum Scientific, Brisbane, Qld, Australia).

Samples were always run alongside samples from brain or retinal

tissues to ensure the presence of positive controls. Preabsorption of

antisera (,50 mg of antigen peptide per milliliter of diluted antiserum)

was used to confirm the specificity of each antiserum (data not

shown).

Immunocytochemistry

Immunoperoxidase labeling for the glutamate transporters was per-

formed as previously described using standard methods.22,24 Briefly,

testes were fixed with 4% paraformaldehyde in 0.1 mol l21 sodium

phosphate buffer, then dehydrated through a graded series of water/

ethanol solutions, cleared in xylene and embedded in paraffin wax.19

Serial sections (8 mm in thickness) were cut on a Leica rotary micro-

tome and mounted onto silanated microscope slides. Sections were

dewaxed with xylene and rehydrated through a graded series of eth-

anol/water solutions and antigen recovery was performed using

Revealit-Ag antigen recovery solution (ImmunoSolution, Newcastle,

NSW, Australia). Sections were pre-treated with 3% hydrogen per-

oxide in methanol for 10 min (during the rehydration process) to

inhibit any endogenous peroxidase activity. All sections were blocked

in 0.5% bovine serum albumin/0.05% saponin/0.05% sodium azide in

0.1 mol l21 sodium phosphate buffer for 30 min before primary anti-

bodies were applied. Biotinylated secondary antibodies and streptavi-

din–biotin–horseradish peroxidase conjugates were subsequently

Figure 2 Schematic diagram of the various splice variant forms of GLT1. The

sequences that each antibody detects and the region where each epitope is

located (circles) are indicated. GLT, glutamate transporter.

Figure 3 RT-PCR cDNAs prepared from rat whole brain (b), cerebellum (c), retina

(r) and testis (t) were used as templates for PCR to amplify the entire coding region of

GLAST, GLT1a, EAAC1, EAAT4 and EAAT5 (a). An aliquot of each PCR product was

electrophoresed on 1% agarose gel and visualized with ethidium bromide staining.

Amplification products of the correct size corresponding to GLAST, GLT1a and

EAAT5 (but not EAAC1 and EAAT4) were detected for testis. PCR using primers

specific for the transporter splice variants GLAST1a (b), GLAST1b (c) GLT1b (d) and

GLT1c (e) produced amplification products of the correct sizes in both brain and

testis. EAAC, excitatory amino acid carrier; EAAT, excitatory amino acid transporter;

GLAST, glutamate aspartate transporter; GLT, glutamate transporter.

Figure 1 Schematic diagram of the various splice variant forms of GLAST. The

sequences that each antibody detects and the region where each epitope is

located (circles) are indicated. GLAST, glutamate aspartate transporter.
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applied at a dilution of 1 : 300. Labeling of sections was revealed using

3,39-diaminobenzidine as a chromogen, and sections were mounted

using DePex. Pre-absorption of antisera (50 mg of peptide 1 per milli-

liter of diluted antiserum) was always used to confirm the specificity of

each antiserum (data not shown).

Sperm isolation and immunocytochemistry

Additional labeling was performed on sperm isolated by gentle trit-

uration of the rete testis, to confirm the localization of those proteins

initially identified in sperm in histological sections. Sperm were

rapidly isolated from ,10 small (1–2 mm3) portions of the rete testis

that were prepared by crude chopping of the rete testis using a scalpel

blade in a petri dish in 0.5 ml of PBS (0.9% sodium chloride in

0.1 mol l21 phosphate buffer, pH 7.2). The tissues were gently tritu-

rated using a standard glass Pasteur pipette, the rete testis fragments

being triturated for 20–30 s, until the trituration solution became

cloudy due to the release of sperm from the rete testis. The cloudy

suspension containing sperm was gently centrifuged at room temper-

ature in a 1.5-ml Eppendorf tube at 500g for 30 s using an Eppendorf

benchtop microfuge operating at room temperature, to gently pellet

the sperm. The pellet containing the sperm was resuspended into

100 ml PBS and 10 ml droplets immediately applied to silanated micro-

scope slides at room temperature for 10–20 min to allow time for the

sperm to settle on to, and adhere to the silanated slides. The slides were

then quickly washed in PBS for 30 s to remove non-attached sperm

and the slides were then fixed with 4% paraformaldehyde for 10 min.

Immunocytochemistry was then performed as above.

Glutamate labeling

Immunocytochemical detection of endogenous glutamate was carried

out as previously described using well-characterized antibodies

against glutamate,25–27 the tissues being fixed with 2.5% glutaralde-

hyde in 0.1 mol l21 sodium cacodylate buffer and then processed for

embedding in araldite resin. Semithin (0.5 mm) sections were subse-

quently cut and immunostained as previously described.

Transport studies

To evaluate which cellular compartments expressed functional glu-

tamate transporters, uptake of the non-metabolizable glutamate ana-

log D-aspartate was examined. D-aspartate is widely presumed to be a

ligand for all functional glutamate transporters. Detection of D-aspar-

tate uptake was carried out according to our standard methods.28–30

Briefly, testes were removed from rats as described and immediately

dissected to remove the capsule around the testis. Small (,2 mm

diameter) pieces of tissue were then dissected from each testis and

placed into oxygenated physiological media (Ames media; Sigma,

Castle Hill, NSW, Australia) or Ames media containing 20 mmol l21

D-aspartate, at 35 uC for 30 min. Tissues were then removed, washed

for 1 min in oxygenated Ames media at 35 uC to remove any free D-

aspartate, and then fixed with 2.5% glutaraldehyde in 0.1 mol l21

phosphate buffer, pH 7.2 for 1 h. Tissues were subsequently dehy-

drated, embedded in Araldite resin and immunocytochemistry per-

formed for D-aspartate using a specific antibody to D-aspartate, as

previously described. Control sections that had not been exposed to

D-aspartate (exposed to normal Ames media alone prior to fixation or

fixed immediately after removal from the animal) were also evaluated

to determine if any endogenous D-aspartate could be detected.

Primary antibodies against transporters

The primary antibodies used in this study were all raised in this

laboratory and have been extensively characterized in prior publica-

tions.31–38 Figure 1 schematically illustrates the locations of antibody

epitopes for normally spliced GLAST and the exon-skipping forms of

GLAST (GLAST1a and GLAST1b). Multiple GLT1 antisera were used

in this study (Figure 2). They included antisera directed against the

alternate splicings of the extreme carboxyl-terminal region of the

GLT1 protein (denoted as GLT1a, GLT1b and GLT1c).36 Antisera

against an amino-terminal epitope (residues 12–26) and an internal

epitope (residues 497–508), both of which should be present in all

known forms of GLT1, were also investigated. The EAAC1 antibody

was directed against the carboxyl-terminal region of the protein

(KSYVNGGFAVDKSDTISFTQTSQF), as was the antibody against

EAAT4 (KGASRGRGGNESAM). The EAAT5 antibodies were raised

against the amino-terminal region (MVPHTILARGRDVCRRNGLLILSV)

or the carboxyl-terminal region (RDEELPAASLNHCTIQISELETNV).

RESULTS

EAAT mRNA expression in rat testis

Expression of mRNA for GLAST, GLT1a, EAAC1, EAAT4 and EAAT5

in adult rat testis was assessed by RT-PCR analysis using sense and

antisense primers (Table 1) that amplified the entire coding region of

each glutamate transporter. This analysis produced amplification pro-

ducts for GLAST, GLT1a and EAAT5 but not EAAC1 nor EAAT4 in rat

testis (Figure 3a). In control tissues from brain and retina, appropri-

ately sized PCR products for all of the glutamate transporters were

present (predicted from the corresponding cDNA sequences), con-

firming that any lack of PCR product in testis was not due to meth-

odological failure. To examine possible splice variant expression in the

Figure 4 Western blots for the various GLAST epitopes studied. Lane A was from

brain; lanes B–E were testis, labeled for N-terminal GLAST (lane 1, 2), C-terminal

GLAST (lane 3), exon-3-skipping GLAST1a (lane 4) and exon-9-skipping

GLAST1b (lane 5). N-terminal GLAST labeling was present in the brain (running

as a broad monomer band of 50–60 kDa and as a broad dimer band at around

100–150 kDa, but was absent in the testis). C-terminal GLAST labeling was

present in the testis (,55 kDa); GLAST1a was abundant and ran at the expected

size (,55 kDa) and as an ,110-kDa band, which is thought to represent

GLAST1a dimers. A single band of about 55–60 kDa was detected using

GLAST1b antibodies. GLAST, glutamate aspartate transporter.
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testis, PCR was also performed using primers specific for individual

splice variants (Figure 3b–e). PCR results were reproducible (three

independent experiments using material sourced from three different

animals), and indicated that mRNA of GLAST, GLT1a and EAAT5, as

well as the splice variants GLAST1a (Figure 3b) GLAST1b (Figure 3c),

GLT1b (Figure 3d) and GLT1c (Figure 3e), could be reliably detected

by our primers.

Western blotting for GLAST

Initial studies using our N-terminal-directed GLAST antibody revealed,

in testis, a complete lack of labeling in western blotting (Figure 4)

despite the presence of strong signals in blots of rat brain at molecular

weights corresponding to the monomer (about 55–65 kDa) and dimer

(,130 kDa) of GLAST (Figure 4). By contrast, a modest signal was

obtained in western blotting of testis using an antibody directed against

the carboxyl-terminal region of GLAST (Figure 4), the apparent mass

being typical of monomeric GLAST. The monomeric form of GLAST1a

was detected in testis at ,55 kDa as was the dimer, running at

,110 kDa. GLAST1b was similarly expressed in both testes, as evinced

by a single band at about 55–60 kDa.

Immunocytochemistry for GLAST

Immunolabeling for N-terminal GLAST resulted in an absence of

specific signals in the testis (Figure 5a). In contrast, a clear signal

was obtained in the testis with the C-terminal GLAST antibody

(Figure 5b and c), labeling being associated with interstitial cells rather

than with the seminiferous tubules. This pattern of labeling was almost

indistinguishable from that observed with the GLAST1b antibody

(Figure 5d). Immunocytochemistry for GLAST1a (Figure 5e and f)

revealed abundant labeling in both the interstitial cells (similar to the

labeling pattern for the C-terminal epitope of GLAST) and (in those

tubules with mature sperm) intense labeling in small rounded com-

partments that we interpret as being the heads of sperm (Figure 5f).

Western blotting for GLT1

Initial studies using our pan-GLT antibody Ab12, which is thought to

detect all forms of GLT1, revealed in western blots the presence in testis

of at least three forms of GLT1, each migrating at slightly differing

relative masses, suggesting three different splice forms (Figure 6).

These compare well with the wide smear (Figure 6) centered around

60–65 kDa, which is typical of the monomeric form of brain GLT1. By

contrast, GLT1a (the predominant brain form of GLT1) was not

detected in testis. The band detected by the GLT1b antibody in testis

was of a higher molecular weight than expected (,120 kDa), suggest-

ing that it represented the dimeric form of GLT1b. By contrast, the

GLT1c antiserum predominantly detected a band around 55–60 kDa

in testis, suggesting that it detected the monomeric form of this

protein.

Figure 5 Immunolabeling for various forms of GLAST in the testis. Immunostaining for N-terminal GLAST was absent (a), whereas labeling for C-terminal GLAST (b, c)

was present in interstitial cells (I). Labeling for GLAST1b (d) was similarly present in interstitial cells, while labeling for GLAST1a (e, f) was present both in interstitial cells

and in a subset of seminiferous tubules (T), where it appeared to be associated with the heads of sperm (arrowheads). Scale bars: a b, d, e5200 mm; c, f5100 mm.

GLAST, glutamate aspartate transporter.
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Immunolabeling for GLT1

Immunolabeling using both our amino-terminal (Ab12) and internal

epitope (Ab497) pan-GLT1 antibodies revealed essentially the same

staining patterns (Figure 7), with some strongly labeled seminiferous

tubules, and others more weakly labeled. The weak staining was predo-

minantly associated with radial-oriented structures (Figure 7c), which

appeared, as per anatomical criteria, to represent the plasma membranes

of Sertoli cells that are known to extend long radial processes through

the tubules. The more intense but variable staining was attributable to

Figure 7 GLT1 immunolabeling using antibodies against the common epitopes including the amino terminus (Ab12; a, c) and an internal epitope (Ab497; b, d).

Labeling patterns for the two antisera were indistinguishable (a, b), being variably associated with seminiferous tubules (T), the pattern of labeling appearing to vary with

the maturational state of the sperm in individual tubules. The immunolabeling was evident both in radially oriented structures (probably Sertoli cell processes; arrows)

and more intensely (d) in elongate puncta (arrowheads), which we interpret as being the anterior portions of sperm. Other diffusely distributed puncta are also present.

Scale bars: a, b5200 mm; c, d550 mm. GLT, glutamate transporter.

Figure 6 GLT1 western blots. Lane 1 is from the brain; lanes 2–5 are testis, labeled

for N-terminal GLT1 (Ab12 common epitope) (lanes 1 and 2), GLT1a (lane 3), GLT1b

(lane 4) and GLT1c (lane 5). The common epitope GLT1 antibody labeled two main

bands in the brain, at around 60–65 kDa, corresponding to the GLT1 monomer and

at around 120–130 kDa, which corresponds to the dimer. In the testis, the antibody

revealed three distinct bands at around or slightly smaller than the predicted mass for

generic GLT1, suggesting that three possible splice variants might be present. GLT1a

was absent in the testis, while GLT1b was present in the testis but at a mass

suggestive of it existing as a dimer. GLT1c was present in the testis, with the pre-

dominant labeled band at around 55–60 kDa. GLT, glutamate transporter.

Figure 8 Immunolabeling for GLT1a (a), GLT1b (b) and GLT1c (c, d). GLT1a

labeling was absent, but the other GLT1 variants exhibited similar staining patterns.

The intense staining in the tubules (T) was in each case associated with tube-like

elongate structures (arrows) that appeared to represent anterior parts of the sperm

other than the head region. Scale bars5200 mm. GLT, glutamate transporter.
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the variable state of sperm maturation in individual tubules, tubules with

mature sperm labeling strongly. Dense labeling (Figure 7d) appeared to

be associated with anterior compartments of the sperm. Other diffusely

distributed puncta were also present in tubules with mature sperm. The

pattern of labeling with pan-GLT1 antibodies was compared with that

produced by antibodies against GLT1 splice variants. GLT1a (Figure 8a)

was not detectable in the testis, but antibodies to GLT1b (Figure 8b) and

GLT1c (Figure 8c and d) produced very similar results; each antiserum

produced strong labeling of anterior portions of the sperm.

EAAC1 and EAAT4

In accord with the lack of a PCR product for EAAC1, EAAC1 protein

was not detectable in the testis by western blotting or immunocyto-

chemistry (data not shown). Similarly, EAAT4 (which was undetect-

able by PCR in testis) was not detectable in western blots of testis and

no immunolabeling was detected (data not shown).

EAAT5 labeling

Western blotting for EAAT5 using our antibody against the C-ter-

minal regions of EAAT5 detected an appropriately sized protein in

both retina (where EAAT5 is known to be abundant) and testis

(Figure 9). Immunolabeling with either the C-terminal antiserum

(Figure 10a and b) or an additional N-terminal antiserum

(Figure 10c and d) revealed the same labeling pattern, with conspicu-

ous labeling of small rounded structures that we interpret as being the

head regions of sperm (Figure 10b), while weaker but overt labeling

was evident in the tails of sperm and in radial processes (Figure 10d),

which we interpret as representing processes of Sertoli cells.

Immunolabeling of isolated sperm

Immunolabeling for each EAAT in sections of testis revealed that some

tubules displayed little labeling, while others displayed intense label-

ing, due at least in part to the differing maturational stages of the

sperm. Accordingly, isolated sperm were evaluated to determine the

distribution of glutamate transporters in more mature isolated sperm

(Figure 11a–g).

Each of the glutamate transporters detected in sperm in sections of

testis was again present in the isolated sperm. However, differences in

distribution, which we interpret as representing further maturation of

the sperm as they exit the testis, were evident. Curiously, each glutam-

ate transporter exhibited a unique pattern of distribution within each

individual sperm, which is summarized graphically in Figure 11h;

thus, GLAST1a antibodies, which label the heads of sperm in the

sectioned material, also labeled the principal piece and tail regions

of the isolated sperm (Figure11a–c). By contrast, GLT1B antibodies

labeled the middle and principal piece of the sperm (Figure 11d),

GLT1C antibodies predominantly labeled the head and principal piece

(Figure 11e), while EAAT5 antibodies labeled only the heads of the

sperm (Figure 11f and g). Control experiments for each antibody

revealed no labeling (data not shown).

Distribution of endogenous glutamate

Immunocytochemistry on glutaraldehyde-fixed specimens of testis

revealed a heterogeneous pattern of staining for glutamate

(Figure 12a and b) with little or no labeling in most interstitial cells,

or in spermatogonia at the outer surface of the tubules. Conversely,

labeling was intense in many cells in deeper layers of the tubules,

though unlabeled radial processes of what we believe to be Sertoli cells

were weakly labeled or unlabeled. In the central parts of the tubules, an

unlabeled zone was present. In the luminal regions of the tubules, parts

of the sperm were strongly labeled (Figure 12c). Amorphous deposits

seen in the luminal regions of some tubules (Figure 12c) were inter-

preted as representing the localization of glutamate in seminal fluids

that has become immobilized during the fixation process.

Immunolabeling for D-aspartate

Uptake of D-aspartate into interstitial cells was readily demonstrated

(Figure 12d). Surprisingly, however, no uptake into tubules was

observed despite the presence of many glutamate transporters.

Labeling for D-aspartate in testes that had been fixed without prior

exposure to exogenous D-aspartate resulted in no specific signals,

suggesting that if any D-aspartate was present it was at levels below

our detection threshold (Figure 12e). Careful scrutiny of the prepara-

tions that were being exposed to D-aspartate revealed the reason for the

lack of uptake; we had assumed that the blood–testis barrier at the

surface of the tubules would prevent D-aspartate uptake and this

appeared to be correct. Conversely, entry of D-aspartate into the

tubules via the lumen (where the blood–testis barrier does not exist)

was anticipated. However, we observed (Figure 12f) that the tubules

contracted within 1–5 s of being cut open, effectively sealing the lumen

of the tubule, thus preventing D-aspartate entry.

Figure 9 Western blotting for EAAT5 using an antibody to the carboxyl-terminal

region of EAAT5 (lanes a and b) using samples from retina (lane a) and testis (lane

b). Immunoreactive EAAT5 protein was detected at an appropriate molecular

weight in both tissues. EAAT, excitatory amino acid transporter.
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DISCUSSION

This study demonstrates that multiple forms of glutamate transporters

are expressed in the rat testis at both the mRNA and protein level. The

study strongly supports the prior studies and conclusions of Takarada

et al.,20 who showed that GLAST and GLT1 were detectable but that

these proteins were typically smaller than those in brain. Similarly, our

study supports the prior finding of functional GLT1 in testis.9,14 The

current study demonstrates that multiple splice variants of these two

transporters are present and that some of these splicings result in

smaller proteins of a size commensurate with those detected by

Takarada et al.20 A more fine-grained comparison of results is unfor-

tunately difficult because of limited information as to the precise

epitopes being detected by commercial antibodies used in prior stud-

ies. Thus, the GLT1 antibody from Chemicon (Temecula, CA, USA),

used by Takarada et al.,20 is directed against an undisclosed epitope in

the last 30 amino acids of the carboxyl-terminal region, rendering it

potentially able to detect GLT1a, GLT1b and/or GLT1c. The

Chemicon antibody has been shown, in western blotting, to detect

brain proteins varying between 42 and 71 kDa,39,40 a size range that

precludes immediate distinction of the forms of GLT1 protein

detected. Similarly, the Santa Cruz GLT1 antibody used by Hu

et al.14 detects an undisclosed internal epitope, suggesting that it

may have the potential to detect multiple different splice variants.

We suggest that the forms of GLT1 present in testis, and detected by

earlier studies, would predominantly include GLT1b and GLT1c and

possibly a C-terminal cleaved form of GLT1a.

The commercial GLAST antibody used by Takarada et al.20 is directed

against the sequence QLIAQDNEPEKPVADSETKM, which corre-

sponds to the extreme carboxyl-terminal region of rat GLAST (informa-

tion kindly communicated to the authors by Millipore, Billerica, MA,

USA). Thus, the results would accord with our data, which shows a

small pool of C-terminal-immunoreactive GLAST. Our finding that

this pool of C-terminal-immunoreactive GLAST migrates in western

blots at comparable size to GLAST1a and GLAST1b suggests that the

C-terminal GLAST we detect is also potentially alternately spliced at

exon-3 or exon-9. The limited amount of C-terminal-immunoreactive

GLAST that we describe in the testis might explain why it was apparently

not detected in western blots by Takarada et al..20 Our ability to detect

uptake of D-aspartate into interstitial cells that express immuno-

reactivity for C-terminal GLAST/GLAST1a/GLAST1b suggests that

these proteins may be functional transporters. The lack of detectable

amino-terminal GLAST in the tissue, despite being consistently

detected in brain tissues in our hands,19,24,40,41 suggests that the

amino-terminus may be modified or cleaved in the testis. Susarla

et al.42 have noted that increased transport activity by GLAST can be

associated with a paradoxical loss of immunoreactivity for N- and

C-terminal epitopes of GLAST, a phenomenon previously noted as

indicating the modification or cleavage of these regions. Similarly,

our previous studies have shown that the amino-terminal region of

GLAST1b is typically absent.23 We conclude that much of the GLAST

in the testis is the exon-3- and exon-9-skipping forms, but with the

additional caveat that these splice variants also lack the amino-terminal

region, and mostly lack the carboxyl-terminal region.

The lack of EAAC1 detected in this study at the mRNA and protein

level contrasts with the prior observations of Takarada et al.,20 who

detected a PCR product. The reasons for this disparity are unclear but

cannot represent methodological failure, as we are readily able to

detect appropriate PCR products from brain tissues as shown in this

study, and can similarly detect protein in the brain.43 There may be

several reasons for this disparity; thus, Jin et al.44 have previously

described an alternate promoter for EAAC1, which yields a smaller

EAAC1 protein. The involvement of multiple promoters in driving

transcription of EAAC1 may occur in different tissue types and pro-

duce transcripts that display demonstrable heterogeneity at the 59

UTR. This suggestion is based on a substantial number of reports

linking multiplicity of promoters with heterogeneity at the 59

UTR.45–47 In the current study, the PCR was conducted using primers

designed in the 59 and 39 UTR of EAAC1; it is plausible that use of an

Figure 10 EAAT5 immunolabeling using a C-terminal directed antiserum (a, b) or one directed against the N-terminal (c, d). The pattern of labeling varied with the

maturational state of the sperm in individual tubules (T), the most intense labeling (b) being in puncta (arrowheads), which we interpreted as being the head regions of

the sperm, and less intensely (d) in radially oriented structures (probably Sertoli cell processes; arrows). Scale bars: a, c5200 mm; b5100 mm; d525 mm. EAAT,

excitatory amino acid transporter; T, tubules.
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alternate promoter might generate an alternate UTR region that would

therefore not be complementary to our primer sequences. This pos-

sibility remains the subject of future investigations.

In this study, PCR products for EAAT4 were not detected and

EAAT4 protein was not detected in western blotting or by immuno-

cytochemistry. This accords with the lack of protein found by

Takarada et al.20 and lack of signals in their in situ hybridization

experiments, but is again in contrast to their finding of a PCR product.

Similar reasons to those advanced with respect to lack of signal for

EAAC1 PCR may be applicable. Other variables such as numbers of

amplification cycles (35 in this study versus 40 cycles in the Takarada et

al.’s study) or other factors remains to be determined, but even if very

limited amounts of mRNA encoding EAAC1 or EAAT4 are present,

such mRNA is unlikely to play subsequent biological roles. We suggest

that the lack of detectable EAAC1 and EAAT4 protein in the Takarada

et al.’s20 study and in this study strongly indicates that these two

proteins are absent.

By contrast, the abundance of EAAT5 protein that we detect by both

of our antibodies at the appropriate molecular weight and the detec-

tion of abundant mRNA by PCR strongly suggest that this transporter

is important in the testis, for reasons that are discussed later.

Are the glutamate transporters that we detect functional?

In any immunocytochemical analysis of the expression of transpor-

ters, there is always room for doubt as to whether they are functional.37

In this study, we have demonstrated that at the cellular level, cells

expressing GLAST/GLAST1a are capable of transporting D-aspartate,

which is a non-metabolizable analog of glutamate. Thus, this trans-

porter is by inference, capable of transporting glutamate. The contrac-

tion of the myoid cells48 precluded entry of D-aspartate into the lumen

of the seminal tubules, preventing an examination of the transport

properties of cells within the tubules. However, the lack of labeling did

allow us to confirm that the Sertoli cells (which form the blood–testis

barrier) did not express functional transporters at least on their outer

surface, and that the blood–testis barrier was impermeable to D-aspar-

tate. This accords with the earlier observations of Setchell et al.,2 who

described the barrier as being impermeable to glutamate.

To bypass the barriers presented by the Sertoli cells and the rapid

sealing of the tubules when cut, it would be technically simple to

disassociate the tubules, but such an approach would then reduce

the probability that we could resolve transport properties at the iden-

tified cell level. Accordingly, we have not adopted this approach.

Full-length glutamate transporters including carboxyl-terminal

splice variants such as GLT1b and GLT1c are undoubtedly capable

of transporting glutamate in the brain, and at least some of the GLT1

in the testis can transport glutamate as assessed biochemically.9 It has

been reported that GLAST1a is a functional transporter in bone,49 and

so, in accord with our prior comments, is probably also functional in

the testis. The role of GLAST1b is unclear, since although it is abund-

ant in the brain, especially after insults,23 there are suggestions that it is

not a functional glutamate transporter, but may interfere with traf-

ficking of glutamate by normally spliced forms of GLAST.50

Maturation of glutamate transporter expression

An overt feature of our immunocytochemical studies was the presence

of maturational differences in immunolabeling characteristics

between sperm in different tubules, and a further maturation of this

in more mature sperm isolated from the rete testis. The mechanisms

for this shift in expression patterns are unclear as is its significance, but

it is noteworthy that each transporter ultimately adopts a distinct

distribution pattern in the sperm, possibly suggestive of regional vari-

ation in the significance and characteristics of glutamate transport

within individual compartments of the sperm. The differential com-

partmentation of glutamate transporters within very small domains of

sperm is comparable to the microcompartmentation of such proteins

in the brain and retina.21,38

Roles of glutamate and possible functional consequences of

glutamate transporter expression

It has previously been shown that mice which lack EAAC1 in the epi-

didymis (due to the knockout of c-ros)11 exhibit swollen spermatozoa.12

This has been interpreted as an example of the role of glutamate as an

osmolyte, which in this instance would be dys-regulated due to impaired

epididymal supply of the osmolyte (glutamate) or its premature loss.51

Figure 11 Immunolabeling of isolated sperm for GLAST1a (a–c), GLT1b (d),

GLT1c (e) and EAAT5 (f, g). The abrupt change in labeling for GLAST1a between

the head and the mid-piece, and between the mid-piece and tail is depicted at

high magnification (b, c). Similarly, the localization of EAAT5 in the head is

depicted at high magnification (g). (h) Schematic summary of localizations.

Scale bars: a, d, e, f525 mm; b, c, g510 mm. EAAT, excitatory amino acid

transporter; GLAST, glutamate aspartate transporter; GLT, glutamate transporter.
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Other less overt roles for glutamate transporters are also possible;

thus, EAAT5, which is present in the sperm, exhibits a large chloride

conductance that is co-associated with glutamate transport. Evoking

such a conductance by exposing sperm to glutamate would have the

effect of hyperpolarizing the sperm and could thus contribute to the

hyperpolarization-mediated activation of sperm.52 Moreover, it is

known that extracellular glutamate concentration rises in a prox-

imal–distal manner in the epididymis,53 as does sperm motility.54

Accordingly, it is possible that glutamate-evoked EAAT5-mediated

chloride fluxes may have a role in modifying sperm motility.

Distribution and possible roles of glutamate in the testis

Endogenous glutamate was present in a large number of cells in the

testis; notable exceptions included the interstitial cells that accumulate

D-aspartate and express GLAST1a but contain little detectable glutam-

ate. This may be attributable to the glia-like phenotype of these cells,

since they express high levels of glutamine synthetase, an enzyme that

rapidly metabolizes any available glutamate to glutamine.16,55 We do

not believe that this disparity is attributable to delays in fixation of the

testis, since such delays in fixation normally cause a rise in glutamate

levels in tissues that express glutamine synthetase.26 It might be

expected that other cells that express the glutamate-synthesizing enzyme

glutamate dehydrogenase, such as the Sertoli cells,56 might contain

detectable pools of glutamate. The conspicuous lack of glutamate that

was observed in the Sertoli cells is readily explainable; the data suggest

that the glutamate is either rapidly metabolized to other compounds,

or, plausibly (since glutamate dehydrogenase is reversible), may be

driving the catabolism of glutamate back to a-ketoglutarate.

The roles of endogenous glutamate pools in the testis remain unclear.

Multiple roles for glutamate have been proposed in addition to putative

actions as a ‘neurotransmitter’ and as an osmolyte. These roles include

the production of gamma-aminobutyric acid and glutathione. Since

gamma-aminobutyric acid appears to be synthesized in both sperm57

and interstitial glia-like Leylig cells,58 this would be compatible with the

view that GLAST1a and GLAST1b might supply some glutamate for this

synthetic process in Leydig cells, while multiple glutamate transporters

might contribute to substrate provision in sperm. Similarly, high levels of

glutathione and the synthetic machinery to produce it are present in the

testis,59 particularly in cells such as spermatogonia, spermatocytes and

Sertoli cells. Other glutamate-like compounds such as citryl-L-glutamic

acid are known to be highly enriched in the testis,60 but it is unclear

where they are localized and how they relate metabolically to glutamate.

Figure 12 Immunocytochemistries for endogenous glutamate and for D-aspartate. Glutamate immunoreactivity (a–c) was associated with somata in the outer two-

thirds of the tubules (T), though the most superficial cells (arrows), presumed to be spermatogonia, tended to be weakly labeled. Radially oriented Sertoli cells (S) were

frequently unlabeled or very weakly labeled. Strong labeling of the lumen of the tubules suggested that high levels of glutamate were present in the sperm and in

amorphous deposits (*), which we interpret as representing glutamate that was fixed in the luminal fluid. Very little glutamate labeling was present in interstitial cells (I).

D-aspartate uptake (d) was evident in interstitial cells (I) but not in the tubules (T). Conversely, in control sections (e) not exposed to D-aspartate, the interstitial cells were

unlabeled. Panel f demonstrates that the cut ends of the isolated tubules were typically sealed (arrowhead) due to constriction of the tubules, thereby preventing

ingress of D-aspartate. Scale bars: a, d, e, f5100 mm; b, c525 mm.
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CONCLUSIONS

A surprisingly wide range of glutamate transporters are present in the

testis and many are probably functional. The prior evidence for syn-

thesis of glutamate in the testis,7 the possession of a blood–testis

barrier and the evidence for multiple transporters in the testis indicate

that glutamate homeostasis in the testis is a complex phenomenon.

Determining if co-expressed glutamate transporters have discrete or

overlapping roles remains the subject for future investigations.
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