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 Mammalian spermatogenesis is an extraordinary cell 
transformation process. It includes asymmetric division of 
spermatogonia, rapid proliferation and differentiation 
into primary spermatocytes, a meiotic phase in which the 
genetic material in spermatocytes is recombined and seg-
regated to produce haploid cells, a postmeiotic phase in 
which secondary spermatocytes develop into round sper-
matids, and differentiation of the latter into late sperma-
tids and spermatozoa ( 1 ). During this last stage, known as 
spermiogenesis, spermatids undergo relevant cytological 
transformations, with changes in nuclear shape, chroma-
tin condensation, formation of acrosome and fl agellum, 
and disposal of surplus organelles and materials by pro-
duction and release of membrane-enclosed remnants 
known as “residual bodies” ( 2, 3 ). These minute, densely 
packed particles are then engulfed by Sertoli cells ( 4 ). 

 The sphingomyelin (SM) ( 5 ) and ceramide (Cer) ( 6 ) of 
cells located in mammalian seminiferous tubules are rich 
in very long chain (C24 to C34) polyunsaturated fatty ac-
ids (VLCPUFA) of the n-6 or the n-3 series, the main ones 
being 28:4n-6 and 30:5n-6, followed by 32:5n-6 in the rat. 
These lipids belong to spermatogenic cells, as indicated by 
the facts that i) in the prepubertal rat testis, VLCPUFA-
containing species of SM and Cer are not detected; ii) in 
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 In addition to membrane lipids, a group of intracellular 
neutral lipids is produced in cells located in rat seminifer-
ous tubules that contain 22:5n-6 and VLCPUFA of diverse 
lengths: triacylglycerols (TAG), alkyl-diacylglycerols (ADG), 
and cholesterol esters (CE) ( 16 ). In vivo, after a single 
exposure to X rays, species of CE with 22:5n-6 steadily 
accumulate in the testis as it loses its germ cells, whereas 
22:5n-6-rich TAG are virtually unchanged as long as sper-
matids continue to develop into spermatozoa ( 10 ). This 
observation suggested an association of CE with Sertoli 
cells and TAG with germ cells. By including in the present 
study the CE and TAG of pachytene spermatocytes, round 
spermatids, and residual bodies, the different cellular ori-
gin and, therefore, the different function of these two 
main neutral lipids are confi rmed. 

 Thus, from a primary interest in the PUFA- and VLCP-
UFA-containing lipids of developing germ cells, investiga-
tion of the same lipids in residual bodies revealed several 
biologically relevant peculiarities of the spermatogenic cy-
cle. The known function of these particles is to transport 
superfl uous materials that are compacted and shed from 
differentiating spermatids, destined to be phagocytized 
and then utilized by Sertoli cells. The peculiarities of their 
PUFA- and VLCPUFA-rich lipids open new questions to 
solve in the dynamic picture of lipid involvement in germ 
cell differentiation. The inclusion of mature spermatozoa 
in this study further surprised us with additional differen-
tiation-related changes in SM and Cer. 

 MATERIALS AND METHODS 

 Seminiferous tubules and cell fractions 
 Preparation of rat spermatogenic cells.   Sixty day-old Wistar rats 

were employed. The animals were sacrifi ced by cervical dislocation 
after a brief exposure to CO 2  and used immediately. Seminiferous 
tubules were isolated from testes in a Krebs-Henseleit (KH) me-
dium supplemented with 0.5 mM of CaCl 2  and 10 mM of DL (+) -
Lactate (KHs) and type I collagenase (0.5 mg/ml) and DNase (20 
µg/ml) (KHs medium) to separate tubules from interstitial cells. 
Two major cellular fractions were separated in bulk from the tu-
bules ( 17 ). Pachytene spermatocytes and round spermatids frac-
tions were identifi ed by size and the typical aspect of their nuclei 
stained with H33342 ( 18 ) (supplementary Fig. I). Owing to the 
large size of pachytene spermatocytes (cell diameter 17 ± 2 µm; 
range, 15–20 µm), their volume was calculated to be nearly 95% of 
the total cell volume in this fraction (88 ± 4% purity). The 12% 
cells contaminating this preparation were smaller cells (9.6% Ser-
toli cells; 1.8% round spermatids; and 0.6% leptotene and zygo-
tene spermatocytes). The round spermatid fraction (cell diameter 
11 ± 2 µm; range, 8–13 µm) had a calculated volume of round 
spermatids corresponding to approximately 98% of the total cell 
volume in this fraction (96 ± 2% purity). Contaminants were 0.8% 
late spermatids and 3.2% residual bodies. Additonally, a fraction 
enriched in residual bodies was obtained (size range, 3–5 µm, 77 ± 
5% purity). The main contaminating cells and cell parts in this 
fraction were round spermatids (7%), condensed spermatids 
(13%), and sperm heads (13%). 

 The integrity of cell and residual body membranes was esti-
mated by incubating suspensions containing 5 µM ethidium bro-
mide and examining the cells under a fl uorescence microscope. 
The cell membrane integrity was >95% under all conditions 

conditions like cryptorchidism, administration of specifi c 
antitumoral drugs, and X-ray irradiation, which result in 
the selective death of spermatogenic cells from the testes 
of adult fertile rats, these species are lost ( 6 ); and iii) SM 
( 7 ) and Cer ( 8 ) with VLCPUFA are quantitatively major 
components of mature spermatozoa in several species. 

 In addition to the “normal” (nonhydroxylated) VLCP-
UFA (n-VLCPUFA), the SM ( 9 ) and, more recently, the 
Cer (S. R. Zanetti, M. I. Aveldaño et al., unpublished ob-
servations) of rat testis and spermatozoa were shown to 
contain 2-hydroxylated versions of these unique fatty acids 
(2-OH VLCPUFA). In vivo exposure of the adult rat testis 
to a single dose of X rays damages germ cell precursors, 
leading to interruption of spermatogenesis. Those germ 
cells that survive irradiation are able to complete their dif-
ferentiation and gradually leave the testis as spermatozoa, 
until only Sertoli cells remain in seminiferous tubules. 
This continuing germ cell depletion, taking a number of 
weeks, is concomitant to the exhaustion of SM and Cer 
species with both types of VLCPUFA ( 10 ). Species with 
n-VLCPUFA and with 2-OH VLCPUFA disappeared from 
the testis four and six weeks after irradiation, respectively, 
the former with the last spermatocytes, the latter with the 
last spermatids and spermatozoa. These in vivo transfor-
mations suggested an association between germ cell differ-
entiation and SM and Cer species with each type of 
VLCPUFA. In the present study, rat pachytene spermato-
cytes and round spermatids were isolated to directly assess 
this possibility. 

 In isolated cells from rat ( 11 ) and mouse ( 12 ) testes, the 
proportion of 22:5n-6 increases, while that of 20:4n-6 de-
creases in glycerophospholipids (GPL) from spermatogo-
nia to spermatids. Whereas the amount of 22:5n-6 in GPL 
progressively increases in the testis with spermatogenic cell 
growth and differentiation ( 13 ), it falls with the involution 
the mature organ undergoes as it gradually loses its germ 
cells as a long-term consequence of damaging stem sper-
matogonia after treatment with a single dose of X-ray irra-
diation ( 10 ). In the present study, the main GPL classes and 
subclasses that contribute to these differentiation-related 
changes were analyzed in pachytene spermatocytes, round 
spermatids, and residual bodies to contrast them as germ 
cell products with the VLCPUFA-containing SM and Cer. 

 Whether developing germ cells synthesize their own 
22:5n-6 or depend on Sertoli cells for this matter has not 
been established. The biosynthesis of 22:5n-6 in cells has 
been shown to occur through a complex mechanism that 
requires i ) the formation of 24:4n-6 in the endoplasmic 
reticulum; ii ) transport of this product to peroxisomes; 
and iii )  � -6 desaturation to 24:5n-6, followed by one 
round of  � -oxidation of the latter to 22:5n-6 ( 14 ). The two 
key elongation steps, namely 20:4n-6  →  22:4n-6 and 
22:4n-6  →  24:4n-6 are catalyzed by the products of the 
 Elovl2  and  Elovl5  genes, respectively, which have been lo-
cated in the human and mouse genomes and found to be 
actively expressed in the testis ( 15 ). In the present study, 
the mRNA produced from these genes was evaluated in rat 
pachytene spermatocytes and round spermatids. 
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(90:10:2 by vol) was run up to the middle of the plates to separate 
the ceramides. The plates were removed, the solvents were evap-
orated, and a mixture of n-hexane:diethyl ether (80:20 by vol) 
was allowed to run up to near the top of the plates to resolve free 
and esterifi ed cholesterol, ether-linked triglycerides, and triacyl-
glycerols. The total polar lipid fraction was recovered from the 
origin of these plates and subjected to further separations and 
analyses. Aliquots were taken to study total GPL fatty acid compo-
sition. Part of the rest was used to preparatively isolate the GPL, 
on the one hand, and SM, on the other. 

 The GPL classes of germ cells and residual bodies were re-
solved using two-dimensional TLC ( 21 ). The major spots, cho-
line GPL (CGP) and ethanolamine GPL (EGP), were recovered 
and further separated into their phosphatidyl- and plasmenyl- 
subclasses. Tubes with the eluted, dried GPC and EGP samples 
were briefl y (1 min) agitated with a solution of 0.5 N HCl in ace-
tonitrile, rapidly evaporating this solvent. The resulting lipids 
were immediately subjected to TLC (chloroform:methanol:water; 
65:25:4 by vol) to separate 1) the fatty aldehydes running at the 
solvent front; 2) the small band of 2-acyl-GPL (formed from plas-
malogens losing their fatty aldehydes at sn-1); and 3) a major 
fraction containing the most abundant 1,2-diacyl-GPL  plus  the 
minor 1-alkyl-2-acyl-GPL subclasses. The separated alkyl chains 
were not analyzed in the present samples of germ cell plasmalo-
gens, but they were identifi ed as fatty aldehydes by leaving room 
in the plates to run hexane:ether (95:5 by vol) up to the top of 
the plates and locating them with the aid of a commercial stan-
dard of 18:0 aldehyde. After elution, phosphorus and fatty acid 
analysis were performed on the polar moiety of the GPL. 

 In two dimensional TLC separations of phospholipids, SM was 
observed to separate neatly into two spots (SM1 and SM2). As 
shown in supplementary Fig. III, these two bands were made up 
of groups of molecular species that differed in the type of fatty 
acids amide-bound to sphingosine. 

 A large part of the polar lipid fraction recovered after isolating 
the neutral lipids was used to preparatively isolate the total sphin-
gomyelin (SM) from the cell fractions under study by using 
chloroform:methanol:acetic acid:0.15 mol/l NaCl (50:25:8:2.5 by 
vol) as solvent. 

 After recovery of Cer and SM from the corresponding neutral 
and polar lipid separations, a mild alkali treatment was routinely 
performed to remove any potential lipid contaminant containing 
ester-bound fatty acids ( 6 ). After this alkaline treatment, SM and 
Cer were recovered again by TLC. 

 After TLC, all lipid bands were located under UV light after 
spraying with 2′,7′-dichlorofl uorescein, and the zones containing 
the lipids were scraped into tubes for elution. This was performed 
by three successive extractions with chloroform:methanol:water 
(5:5:1 by vol), thoroughly mixing, centrifuging, collecting the sol-
vents, and partitioning with 4 vol of water to recover the lipids in 
the chloroform phase. After elution, free cholesterol was measured 
using an enzymatic standard method. 

 Fatty acid analysis 
 The fatty acid composition of all lipid classes was determined by 

gas-chromatography (GC) after conversion of the eluted, dried 
lipids into fatty acid methyl esters (FAME). These were prepared 
by transesterifi cation with 0.5N H 2 SO 4  in anhydrous methanol 
under N 2  (overnight at 45°C) in Tefl on ® -lined, screw-capped tubes 
( 22 ). Before GC, FAME were routinely purifi ed by TLC on silica 
gel G plates that had been prewashed with methanol:ethyl ether 
(75:25 by vol) and dried. Hexane:ether (95:5 by vol) was used to 
separate FAME, which were located with 2′,7′-dichlorofl uorescein 
as described for other lipids. To elute FAME from the silica, this 
support was transferred to tubes and thoroughly agitated with 
water:methanol:hexane (1:1:1 by vol), followed by centrifugation 

tested in this study. Protein content was determined in suspen-
sions of cells and residual bodies using Bradford’s reagents. 

 Rat epididymal spermatozoa 
 Cauda epididymi were excised, freed of their visible fat and 

blood vessels, and transferred to small dishes containing PBS. To 
allow release and diffusion of spermatozoa, a few incisions were 
made with a scalpel blade in the epididymal cauda, which were 
gently incubated in PBS under a 95% O 2 –5% CO 2  atmosphere 
for 15 min at 34°C in a shaking water bath operated a 70 cycles 
per min. Sperm cells were recovered from supernatants by centri-
fugation at 600  g . They were then resuspended in 65% (w/v) su-
crose at 4°C and purifi ed in a discontinuous sucrose density 
gradient. As previously described ( 8 ), all media contained 2.5 
mM EDTA to inhibit bivalent cation-dependent reactions, in-
cluding the acrosomal reaction, which could affect spermatozoal 
lipids. 

 Lipid droplet detection 
 Rat testes were dissected, immersed in fi xative, rinsed in PBS 

containing 30% sucrose overnight at 4°C for cryoprotection, and 
placed in a small amount of OCT (optimal cutting temperature) 
compound (Crioplast®, Biopack) on plastic stubs. The prepara-
tions were frozen, cut into 5–7 µm sections using a cryostat, and 
processed for Nile red staining as previously described ( 10 ). To 
stain lipid droplets in isolated cell fractions, suspensions were 
placed in small dishes with KHs medium and incubated for 5 min 
in the presence of Nile red. All samples were observed in a Nikon 
fl uorescence microscope equipped with 40× NA 1.0 objective. 

  Elovl2  and  Elovl5  expression 
 Total RNA was extracted from enriched fractions of pachytene 

spermatocytes and round spermatids using Trizol (Invitrogen, 
Carlsbad, CA). Equal amounts of RNA (2 µg) were reverse-tran-
scribed with Ready-To-Go You-Prime First-Strand Beads kit (GE 
Healthcare, Piscataway, NJ) using oligo-dT as primers. For PCR, 
paired primers were designed for rat  Elovl2  5 ′ -CAG CAC ACA 
GGC ACC AGG-3 ′ / 5 ′ -GAC TTC AGT GGC TCT CAC GG-3 ′  (568 
base pair), rat  Elovl5  5 ′ -ACC ACC ATG CCA CTA TGC T-3 ′ / 5 ′ -
GTG TCC ATT GAC GGC AGT-3 ′  (407 base pair), and  � -actin 
5 ′ -ATG GAT GAC GAT ATC GCT G-3 ′ / 5 ′ -ATG AGG TAG TCT 
GTC AGG-3 ′  (569 base pair). Samples were denatured at 94°C 
for 5 min, followed by amplifi cation rounds consisting of dena-
turing at 94°C for 30 s, annealing at 60°C for 30 s and extension 
at 72°C for 30 s for 30 cycles and 72°C for 10 min. 

 Lipid separation and analysis 
 After collecting germ cells, residual bodies and spermatozoa 

by centrifugation, lipid extracts were prepared and partitioned 
according to Bligh and Dyer ( 19 ). After lipid extraction, the or-
ganic solvents were evaporated under N 2  and the samples dis-
solved in chloroform-methanol (2:1 v/v). Aliquots were taken for 
total lipid phosphorus, phospholipid composition, and total lipid 
fatty acid analyses. 

 For phospholipid class composition, aliquots of the extracts 
were spotted on HPTLC plates (Merck, Germany), along with com-
mercial standards, and resolved with chloroform:methanol:acetic 
acid:water (50:37.5:3.5:2 by vol) ( 20 ). Phospholipids were located 
with iodine vapors; the silica gel containing the lipid spots was 
carefully transferred to tubes, and phosphorus was measured after 
digestion with perchloric acid ( 21 ). 

 Most of the rest of the lipid extracts was spotted on preparative 
TLC plates (500 µm, silica gel G) under N 2 , along with commer-
cial standards (Sigma Chemical, MO). The neutral lipids were 
resolved in two steps. Chloroform:methanol:aqueous ammonia 
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cell volume. Other neutral lipids (diacylglycerols, choles-
terol esters, triglycerides with an ether bond), represented 
not more than 2% of the total lipid in the three prepara-
tions, with residual bodies showing a signifi cantly larger 
proportion of diacylglycerols than germ cells. 

 Phospholipid classes, subclasses, and main PUFA 
 The two cell types of this study had the same PL compo-

sition, with choline glycerophospholipid (CGP) and etha-
nolamine glycerophospholipid (EGP) being the main 
lipid classes (55% and 30% of the total PL, respectively), 
followed by nearly 4% each of SM, PI, and PS, and the re-
maining 2.5% the sum of diphosphatidylglycerol, lyso-
phospholipids, and other minor lipids (  Fig. 1  ). The total 
seminiferous tubules had more SM (7%) than each germ 
cell type or residual bodies, which may be attributed to 
Sertoli cells, as the latter contain twice as much SM as germ 
cells ( 23 ). One interesting peculiarity of residual bodies 
was that, compared with germ cells, they had more than 
twice the proportion of PS (8.5%). 

 Within CGP, phosphatidylcholine (1,2-diacyl- sn -glycero-3-
phosphorylcholine) was the main subclass of germ cells with 
a small percentage (2%) of plasmenylcholine (the 1-alk-
1′enyl,2-acyl- sn -glycero- subclass) ( Fig. 1 ). Within EGP, phos-
phatidylethanolamine was the main subclass with a higher, 
but similar, proportion (13%) of plasmenyl-ethanolamine in 
the cells. Interestingly, residual bodies were almost twice as 
rich as germ cells in choline and ethanolamine plamalogens 
(4% and 24% of the total CGP and EGP, respectively). 

 The percentages with respect to the total fatty acids of 
20:4n-6 and 22:5n-6 in the subclasses of CGP and EGP 
( Fig. 1 ) showed that both fatty acids were more abundant 
in the lipids of germ cells than in those of whole semi-
niferous tubules. Both were major PUFA of the major 
phosphatidylcholines and phosphatidylethanolamines of 
pachytene spermatocytes. The proportion of 20:4n-6 de-
creased while that of 22:5n-6 increased with the progression 

to recover the upper hexane layer, repeating three times the 
hexane extraction, combining the upper phases, and drying 
under N 2 . 

 The methyl esters of n-VLCPUFA and 2-OH VLCPUFA derived 
from SM and Cer were separated by running hexane:ether (80:20 
v/v) up to the middle of the plates, followed by hexane/ether 
(95:5 v/v) up to near the top, after methyl heneicosanoate and 
methyl 2-OH lignocerate had been added as internal standards 
(S. R. Zanetti, M. I. Aveldaño et al., unpublished observations). 

 The ordinary nonhydroxy FAME from all lipids, including 
n-VLCPUFA from SM and Cer, were directly analyzed by GC. The 
2-OH FAME from SM and Cer were converted into O-trimethyls-
ilyl (O-TMS) derivatives before GC by dissolving the samples in 
50 µl hexane and adding 100 µl of a mixture of N,O-bis (trimeth-
ylsilyl)trifl uoroacetamide (BSTFA) and 5% trimethylchlorosilane 
(TMCS) (Sigma-Aldrich, Fluka reagent). The samples were kept 
overnight in small conical silanized tubes with Tefl on-lined caps 
at 45°C under N 2  with the reactants. The latter were evaporated 
and the O-TMS ethers, taken up into hexane, were subjected to 
GC. The VLCPUFA of SM and Cer were identifi ed by procedures 
and criteria described in detail in previous work, including mass 
spectrometry of major 2-OH VLCPUFA ( 10 ). 

 For fatty acid analyses, a Varian 3700 gas chromatograph 
equipped with two (2 m × 2 m) glass columns packed with 10% 
SP 2330 on Chromosorb WAW 100/120 (Supelco) was used. The 
column oven temperature was programmed from 150°C to 230°C 
at a rate of 5°C/min for (nonhydroxy) FAME of all lipids and 
from 180° to 230°C for the  O -TMS of 2-OH FAME (S .R. Zanetti, 
M. I. Aveldaño et al., unpublished observations), and then kept 
at the upper temperature as required to elute the components 
with the longest chains. Injector and detector temperatures were 
set at 220°C and 230°C, respectively, and N 2  (30 ml/min) was the 
carrier gas. The fatty acid peaks were detected with fl ame ioniza-
tion detectors operated in the dual-differential mode and quanti-
fi ed using the software provided by a Varian Workstation. 

 Statistical analyses 
 One-way ANOVA was used to determine differences among 

mean values, which were compared using Tukey’s multiple com-
parison test. All fi gures are mean values ± standard deviation, 
from four different samples obtained in independent isolations 
of seminiferous tubules, germ cells, and spermatozoa. 

 RESULTS 

 The amounts of protein, phospholipids (PL), free cho-
lesterol, and other neutral lipids per cell (or particle) in 
the pachytene spermatocyte, round spermatid, and resid-
ual body preparations employed in this study are com-
pared in   Table 1  . Although average cell size disparity was 
mostly responsible for these differences, the preparations 
showed interesting variations in main lipid concentrations 
and ratios. The PL/protein ratio (mg/mg) was higher in 
pachytene spermatocytes (0.25) than in round spermatids 
(0.19) and highest in residual bodies (0.40). Similarly, the 
free cholesterol/protein ratio (mg/mg) (× 10  � 1 ) was 0.21, 
0.18, and 0.45, and the TAG/protein ratio (on the same 
basis) was 0.12, 0.11, and 0.62, respectively. Total PL, free 
cholesterol, and TAG were the main lipid classes in the 
three preparations, with a similar ratio among them in the 
two types of germ cells (87:7:4) but with a higher propor-
tion of cholesterol and, notably, TAG in residual bodies 
(77:9:12), as estimated per mg of protein or per unit of 

 TABLE 1. Main components of cellular fractions 

Pachythene 
Spermatocytes Round Spermatids Residual Bodies

 mg per 10 9  cells 
or particles 

Proteins 199 ± 22  a  110 ± 17  b  25 ± 4  c  
Phospholipids 51 ± 3  a  21 ± 1  b  10 ± 0.5  c  
Free cholesterol 4.2 ± 0.1  a  1.9 ± 0.1  b  1.2 ± 0.1  c  
Cholesterol esters 0.15 ± 0.02  a  0.03 ± 0.01  b  0.02 ± 0.004  b  
Ether-linked 

triglycerides
0.41 ± 0.03  a  0.08 ± 0.003  b  0.03 ± 0.004  c  

Diacylglycerols 0.33 ± 0.02  a  0.20 ± 0.01  b  0.16 ± 0.01  b  
Triacylglycerols 2.46 ± 0.24  a  1.25 ± 0.11  b  1.56 ± 0.08  c  
TAG/PL (mg/mg) 0.05 ± 0.01  a  0.06 ± 0.01  a  0.16 ± 0.01  b  
Chol/PL (mol/mol) 0.18 ± 0.01  a  0.20 ± 0.01  a  0.25 ± 0.002  b  

The amounts of protein, phospholipids, free cholesterol, and 
other neutral lipids (mg) are compared among pachytene spermatocytes, 
round spermatids, and residual bodies. The content of cholesterol 
esters, triacylglycerols, diacylglycerols, and ether-linked triglycerides 
was estimated from their fatty acids. ANOVA and Tukey’s multiple 
comparison test was used for statistical analysis. Chol, cholesterol 
(free);   PL, phospholipid; TAG, triacylglycerol. Row values with different 
superscript letters (  a,b,c  ) point to signifi cantly different values ( P  < 0.05).
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amounts of 22:5n-6, low amounts of 20:4n-6, dissimilar 
proportions of C 24  polyenes (24:4n-6 and 24:5n-6), and a 
collection of C 26 -C 32  VLCPUFA (  Fig. 3  ), the rest accounted 
for by ordinary saturated, monoenoic, and other PUFA 
(e.g., 18:2n-6). The individual PUFA constituents are 
shown in supplementary Fig. II. In CE, species with C 26 -
C 32  VLCPUFA predominated, followed by species with 
22:5n-6. In ADG, the amount of 22:5n-6 was greater than 
the amount of C 24  polyenes, and the amount of C 24  poly-
enes was greater than the amount of C 26 -C 32  polyenes. In 
TAG, there was a net predominance of 22:5n-6 over the 
other polyenes. 

of differentiation to spermatids in the phosphatidyl- and 
especially in the plasmenyl- subclasses of both GPL. The 
22:5n-6/20:4n-6 ratio in pachytene spermatocytes, round 
spermatids, and residual bodies, respectively, was 0.5, 1.0, 
and 4.0 in phosphatidylcholines; 2, 4, and 8 in plasmenyl-
cholines; 0.8, 1.0, and 1.2 in phosphatidylethanolamines; 
and 4.0, 10, and 60 in plasmenylethanolamines, respec-
tively. The residual body fraction displayed the largest 
plasmenyl/phosphatidyl subclass ratio in both GPL classes 
and the largest 22:5n-6/20:4 ratio in the four subclasses. 

  Elovl2  and  Elovl5  expression in germ cells 
 The results point out that 22:5n-6 is the major PUFA of 

rat testis because it abounds in the major GPL of both pre-
meiotic and postmeiotic germ cells as well as residual bod-
ies, collectively much more numerous than Sertoli cells. 
The biosynthesis of 22:5n-6 has been shown to require 
elongations of 20 and 22 carbon tetraenoic fatty acids to 
form 24:4n-6 in the endoplasmic reticulum; this product is 
then  � -6 desaturated to 24:5n-6, which is in turn  � -oxidized 
to 22:5n-6, in peroxisomes ( 14 ). The (microsomal) elon-
gation steps involved in such reactions are catalyzed by the 
products of the  Elovl2  and  Elovl5  genes. In rat pachytene 
spermatocytes and round spermatids, as isolated in the 
present study, the mRNA transcripts of both elongases 
were evidently expressed (  Fig. 2  ). 

 Neutral lipids and their fatty acids 
 The three main neutral lipids present in rat semini-

ferous tubules—CE, ADG, and TAG—contained large 

  Fig.   1.  Upper and middle panel: Phospholipids of 
germ cells and residual bodies and their main PUFA. 
Pachytene spermatocytes (PtS), round spermatids 
(RS), and residual bodies (RB) (white, hatched, and 
black bars, respectively) are compared with each and 
with seminiferous tubules (ST, gray bars) from which 
they were obtained. Lower panel: Proportions of 
20:4n-6 and 22:5n-6 in different CGP and EGP species 
(Ptd and Plsm) of germ cells and ST are compared. 
Values with different letters (a-d) are signifi cantly dif-
ferent,  P  < 0.05. Abbreviations: CGP, choline glycero-
phospholipid; DPG, diphosphatidylglycerol; EGP, 
ethanolamine glycerophospholipid; LPC, lysophos-
phatidylcholine; PI, phosphatidylinositol; Plsm-Cho, 
plasmenylcholine (choline plasmalogen); Plsm-Et, 
plasmenylethanolamine (ethanol amine plasmalo-
gen); PS, phosphatidylserine; SM, sphingomyelin.   

  Fig.   2.   Elovl  mRNA expressions in pachytene spermatocytes and 
round spermatids. RNA was obtained from round spermatid- and 
pachytene spermatocyte-enriched fractions. After reverse transcrip-
tion using Oligo-dTs, the cDNA was amplifi ed using specifi c prim-
ers for rat Elovl5 (407 bp predicted size), Elovl2 (568 bp predicted 
size) and  � -actin (569 predicted size). 100 bp DNA ladder are 
shown on the left lane. Results are representative of at least three 
separate experiments giving similar results. Abbreviation:  Elovl ; 
fatty acid elongase.   
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pacted into residual bodies in the form of TAG and mem-
brane-bound GPL, is destined to be eventually incorporated 
into Sertoli cells. 

 Neutral lipid droplets 
 The use of Nile red as a fl uorophore pointed to the 

existence of two populations of lipid inclusions in rat 
seminiferous ephitelium (  Fig. 4  ). One was a collection of 
small lipid droplets facing the luminal duct in nearly 70% 
of the tubules. These lipid inclusions abounded at stages 
with elongated spermatids in differentiation to spermato-
zoa, and the fl uorescent dye evidently marked the lipid-
laden residual bodies. The other was a population of 
larger lipid droplets appearing in about 30% of the tu-
bules, accumulating in Sertoli cells in cytoplasmic areas 
close to their nuclei and proximal to the basal mem-
brane. In different sections of the seminiferous tubules, 
there were mostly one or the other type of lipid droplets, 
suggesting association with specifi c stages of the sper-
matogenic cycle. 

 When Nile red was employed in isolated germ cells, no 
lipid droplets were detected in pachytene spermatocytes 
or round spermatids ( Fig. 4 ). These cells stained faintly 
with the fl uorophore, in contrast to the intense dot-shaped 
fl uorescence displayed by residual bodies. Because the lat-
ter were extremely rich in TAG whereas they had barely 
detectable amounts of CE and ADG ( Fig. 3 ), it is apparent 
that TAG are the main components of the neutral lipid 
inclusions present in these particles. 

 In fractions that contained Sertoli cells, large and small 
lipid droplets were observed, in some cases coexisting ( Fig. 
4 ). One may infer that the larger and the smaller type of 
droplets may contain mostly CE and TAG, respectively. 
The larger ones were observed concomitantly with the 
highest concentrations of CE in seminiferous tubules hav-
ing only Sertoli cells (germ-cell deprived) from rat testis 
( 10 ). Considering their size, the smaller ones may repre-
sent (TAG-rich) residual bodies recently endocytosed by 
Sertoli cells. 

 Germ cell sphingomyelins, ceramides, and their 
VLCPUFA 

 As observed in relative terms from the phospholipid 
composition ( Fig. 1 ), the concentration of SM was similar 
in pachytene spermatocytes, round spermatids, and resid-
ual bodies (  Fig. 5  ), but it was signifi cantly higher in semi-
niferous tubules. This is attributable to the fact that Sertoli 
cells are about four times as rich in SM as germ cells. In 
clear contrast with SM, the bulk of Cer present in seminif-
erous tubules was mostly contributed by germ cells. The 
Cer content and the Cer/SM ratio increased in the order 
pachytene spermatocytes  →  round spermatids. 

 In seminiferous tubule SM, species with saturated fatty 
acids predominated ( Fig. 5 ), revealing a characteristic of 
Sertoli cell SM, followed by species with VLCPUFA, mostly 
contributed by germ cells. Thus, in pachytene spermato-
cytes and round spermatids, SM species with VLCPUFA 
strongly predominated over the rest (65% and 70% of the 
SM fatty acids, respectively). The proportion of species of 

 As shown by their total and individual fatty acids ( Fig. 
3 ), the concentrations of CE and ADG were considerably 
higher in STs than in the two germ cell types isolated from 
STs and residual bodies, suggesting that these two neutral 
lipids may be mainly products of Sertoli cells. At least for 
CE, this interpretation agrees with the observation that, in 
vivo, lipid droplets and CE accumulate in these cells after 
the testis is deprived of germ cells by X-ray irradiation 
( 10 ). 

 Regarding TAG, although their concentration was also 
higher in STs than in the two germ cell types, in this case, 
residual bodies ( Fig. 3 ) were major contributors to the to-
tal TAG found in STs. 

 From pachytene spermatocytes to round spermatids to 
residual bodies, the concentration of species of TAG with 
20:4n-6 was unchanged, whereas that of species with 
22:5n-6 increased signifi cantly. The 22:5n-6/20:4n-6 ratio 
increased in TAG in the same direction as in GPL. Thus, a 
considerable amount of fatty acids from germ cells, com-

  Fig.   3.  Concentrations of three neutral lipids on the basis of their 
fatty acids in germ cells and residual bodies. Pachytene spermato-
cytes (PtS), round spermatids (RS), and residual bodies (RB) 
(white, hatched, and black bars, respectively) are compared with 
each and with seminiferous tubules (ST, gray bars). The lipids were 
quantifi ed by their fatty acids, and their concentrations are ex-
pressed on the basis of a fi xed amount of lipid phosphorus (note 
the ten times larger scale for TAG concentration). “C 24  V” refers to 
the sum of 24:4n-6 + 24:5n-6; “C 26 –C 32  V“ refers to the sum of all 
very long chain tetraenoic and pentaenoic fatty acids having this 
chain length range. Values with different letters (a-d) are signifi -
cantly different,  P  < 0.05. Abbreviations: ADG, triglyceride with an 
ether bond; CE, cholesterol ester; TAG, triacylglycerol; V, very long 
chain polyenes.   
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(90% and 80% of the total VLCPUFA of SM and Cer, re-
spectively). Their proportion was several-fold smaller in 
round spermatids and barely detectable in residual bod-
ies. Conversely, while minor in the SM and Cer of pachytene 
spermatocytes, species with 2-OH VLCPUFA prevailed in 
round spermatids (65% and 80% of the total VLCPUFA of 

Cer with VLCPUFA was even higher (about 80% of the 
Cer fatty acids in both germ cell types). 

 The most dramatic change associated with germ cell dif-
ferentiation on membrane-associated lipids was observed 
in SM and Cer VLCPUFA ( Fig. 5 ). Species with n-VLCP-
UFA predominated extremely in pachytene spermatocytes 

  Fig.   4.  Fluorescence microscopy of testicular lipid droplets, as revealed by Nile red. (A) Frozen section of a rat testis, showing the intense 
concentration of small lipid droplets near the lumen (L) of some seminiferous tubules and the more disperse and larger lipid droplets 
located near the basal (b) membrane of other tubules (bar = 100 µm). Fractions prepared from seminiferous tubules: Sertoli cells (B), 
pachytene spermatocytes (C), round spermatids (D), and residual bodies (E) (bar = 20 µm). Note the faint staining of the two germ cell 
fractions in contrast with the bright lipid droplets of Sertoli cells and especially of residual bodies.   

  Fig.   5.  Sphingomyelin and ceramide fatty acids in germ cells. Pachytene spermatocytes (PtS), round spermatids (RS), and residual bodies 
(RB) (white, hatched, and black bars, respectively) are compared with each and with the seminiferous tubules (ST, gray bars) from which 
they were derived. The lipids were quantifi ed by their fatty acids and expressed as µg per a fi xed amount of total lipid phosphorus (TLP). 
Left panels: amounts of total fatty acids; middle panels, amounts of main fatty acids, grouped into saturated (S), monoenoic (M), dienoic 
(D), and total VLCPUFA (V); right panels: percentage (%) contribution of nonhydroxy (n-V) and 2-hydroxy (2-OH V) VLCPUFA to the 
total fatty acids present in the VLCPUFA (V) fraction. Values with different letters (a-d) are signifi cantly different,  P  < 0.05.   
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 In contrast to the described reduction per cell in the 
content of SM, mature spermatozoa retained a similar 
concentration of Cer with 2-OH VLCPUFA as was in their 
round spermatid predecessors. Consistently, virtually no 
Cer was disposed of in residual bodies. 

 It must be pointed out that in this study spermatozoa 
were isolated from cauda epididymi in the presence of a 
bivalent ion chelator to minimize the possibility that part 
of their SM would hydrolyze to Cer during their prepara-
tion ( 8 ). The gametes did thus contain a high endogenous 
amount of Cer with 2-OH VLCPUFA. 

   Figure 7   depicts how the described changes affect the 
main individual species with VLCPUFA of SM and Cer. 
The three major n-VLCPUFA of both lipids, 28:4n-6, 30:5n-
6, and 32:5n-6, were highest in pachytene spermatocytes 
and tended to decrease almost proportionally to the in-
creased proportions of 2-OH 28:4n-6, 2-OH 30:5n-6, and 
2-OH 32:4n-6 with differentiation to round spermatids. 
Eventually, virtually no species of Cer with n-VLCPUFA re-
mained in mature spermatozoa, which had SM species 
with 28:4n-6 as the main, and virtually the only, n-VLCPUFA 
( Fig. 7 ). In contrast, species with 2-OH VLCPUFA clearly 
predominated in both sperm lipids but remarkably in Cer 
( Fig. 6 ), with 2-OH 30:5n-6, 2-OH 28:4n-6, and 2-OH 
32:5n-6 being the main sperm Cer fatty acids ( Fig. 7 ). 

 DISCUSSION 

 The presented results show that, concomitantly with cell 
size reduction and increased number associated with sper-
matogenesis, germ cell differentiation implies a reduction 
in the amount per cell of membrane phospholipids, with a 
marked increase in the proportion of 22:5n-6 in GPL and 
of 2-OH VLCPUFA in SM. The virtually exclusive presence 
of n-VLCPUFA in the SM and Cer of pachytene spermato-
cytes and the net preponderance of species with 2-OH VL-
CPUFA in spermatids and spermatozoa pinpoint a novel 
hallmark of germ cell differentiation, even more radical 
than the increase of 22:5n-6 at the expense of 20:4n-6 ob-
served in GPL. Several biologically relevant peculiarities in 
the lipids of residual bodies were disclosed: a higher pro-
portion than germ cells of cholesterol; 22:5n-6-rich GPL; 
certain phospholipid classes, like phosphatidylserine and 
ethanolamine plasmalogens; an over-abundance of TAG 
as the only neutral lipid class present in their lipid inclu-
sions; and a predominance of species with 2-OH VLCP-
UFA in their SM. Purifi ed spermatozoa from the epididymis 
exhibited further cell differentiation-related changes, such 
as the presence of SM with both n-VLCPUFA and 2-OH 
VLCPUFA and abundant ceramides with only 2-OH VL-
CPUFA. Because residual bodies are engulfed by Sertoli 
cells as they are formed from condensing spermatids dur-
ing spermiogenesis, the present results, showing that these 
tiny but numerous particles carry with them a lot of 22:5n-
6-rich GPL and TAG, as well as 2-OH VLCPUFA-rich SM 
species, call attention to the fact that the next steps in the 
metabolism of these lipids and fatty acids must take place 
in Sertoli cells. 

SM and Cer, respectively). This trend continued with dif-
ferentiation, as inferred from the fact that 2-OH VLCPUFA 
were virtually the only VLCPUFA present in the SM of re-
sidual bodies. 

 Data in  Fig. 5 and  Fig. 6   indicate that the 2-OH 
VLCPUFA/n-VLCPUFA ratio increased several fold in SM 
and Cer with germ cell differentiation. In addition, the 
value attained for this ratio in the SM of round spermatids 
was virtually the same as that present in the SM of sperma-
tozoa isolated from the epididymal cauda. 

 An interesting quantitative aspect was that the amount 
 per cell  of n- and 2-OH VLCPUFA-containing species in 
SM decreased roughly 4-fold in the progression between 
round spermatids and spermatozoa ( Fig. 6 ). As one sper-
matid gives rise to one spermatozoa, this change in SM 
fatty acids occurred concomitantly with the relevant 
changes in shape and size the gametes undergo during the 
last phases of spermiogenesis, which entail an intense 
remodeling of their membranes, ending up with the con-
centration and expulsion of no longer necessary materi-
als in the form of residual bodies. The amount of 2-OH 
VLCPUFA-containing SM species per residual body parti-
cle roughly accounted for the difference in content be-
tween the amount per cell present in round spermatid 
and spermatozoa ( Fig. 6 ). 

  Fig.   6.  Content of n-VLCPUFA (n-V, white bars) and 2-OH VL-
CPUFA (2-OH V, black bars) in SM and Cer of pachytene sper-
matocytes (PtS), round spermatids (RS), and residual bodies (RB) 
in comparison with epididymal spermatozoa (SPZ). With the pro-
gression of germ cell differentiation, the content of species of SM 
and Cer with both types of VLCPUFA  per cell  decreased (as did 
size), and the 2-OH VLCPUFA/N-VLCPUFA ratio increased sev-
eral fold in both lipids. From RS to SPZ there was a loss of 2-OH SM 
that was mostly accounted for by 2-OH SM recovered in RB. These 
particles transported abundant SM but little Cer to Sertoli cells. 
Notably, differentiation entailed an increase of 2-OH VLCPUFA-
rich ceramides as normal components of RS and Spz. Abbrevia-
tions: Cer, ceramide; SM, sphingomyelin.   
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tion of peroxisomes, with a strong heterogeneity in peroxi-
somal protein type and content, in accordance to the 
multiple biosynthetic and catabolic functions located to 
these organelles. In mice with a knockout in the  Gnpat  gene, 
a spermatogenic arrest ensues, with apoptosis of pachytene 
spermatocytes and complete absence of elongated sperma-
tids and mature spermatozoa ( 28 ), emphasizing the impor-
tance of ether-linked lipids for spermatogenesis. 

 Because residual bodies are formed from a portion of 
the membrane that buds from condensing spermatids that 
are ready to be released as spermatozoa, the signifi cantly 
higher proportion of 22:5n-6-rich phospholipids, includ-
ing plasmalogens, found in these remnant particles may 
refl ect a general characteristic of the membranes of these 
late spermatids. Alternatively, it may be speculated that a 
clustering of specifi c phospholipids and free cholesterol 
may occur in the particular area of these spermatids where 
residual bodies are formed, favoring their detachment 
from ready-to-emerge spermatozoa. 

 The present observation that residual bodies are far 
richer in phosphatidylserine (PS) than are germ cells is a 
biologically relevant fact. Sertoli cells phagocytize apop-
totic bodies from germ cells (hundreds of these cells 
normally die daily by apoptosis in the course of sper mato-
genesis) by recognizing, through their scavenger receptor 
type I (SR-I), the PS located on the surface of apoptotic 
fragments ( 29 ). The SR-I is expressed on both the lateral 
and the apical surfaces of Sertoli cells, such expression 
changing with the phases of the spermatogenic cycle ( 30 ). 
Sertoli cells could thus use the same mechanism for phago-
cytizing PS-exposing, germ cell-derived apoptotic bodies 
and residual bodies. 

 Regarding the specifi c and major PUFA of the major rat 
germ cell GPL, we showed that isolated pachytene sper-
matocytes and round spermatids expressed the  Elovl2  and 
 Elovl 5 genes. This fi nding supports the notion that germ 
cells may be capable of synthesizing their quantitatively 
major PUFA, 22:5n-6, as concluded in previous work ( 25, 
26 ) showing that both germ cell types are able to trans-

 Germ cell membrane glycerophospholipids 
 As germ cells differentiate from the premeiotic pachytene 

spermatocytes to the postmeiotic round spermatids, the 
number of cells increases while their size (volume) de-
creases, with the amount  per cell  of total phospholipids de-
creasing in this maturational passage. In this process, part 
of the membrane phospholipids of the smaller daughter 
cells are “inherited” from their larger predecessors. Most of 
the de novo lipid biosynthetic activity probably occurs dur-
ing the several days the cells stay as pachytene spermato-
cytes. In addition, a dynamic replacement of lipid molecules, 
or their parts, probably occurs with differentiation. The in-
creased proportions of plasmalogens in spermatids with 
respect to spermatocytes may be due to these phospholip-
ids decreasing less than others with differentiation. The 
increased proportion of 22:5n-6 in all GPL in the same di-
rection may be contributed by spermatids synthesizing an 
extra amount of 22:5n-6 (from 20:4n-6) while conserving 
part of the original 22:5n-6. As differentiation progresses, 
GPL may be actively modifi ed at their sn-2 positions by acyl-
transferases that introduce newly synthesized 22:5n-6. 
These enzymes are ubiquitous in tissues; their activity in 
rat pachytene spermatocytes and round spermatids has 
been revealed by the net incorporation of [ 14 C]labeled 
C20-C22 PUFA these cells display, mostly into choline and 
ethanolamine GPL ( 24–26 ). The differentiation-related 
changes in main GPL species profi les may be expected to 
have an impact on the functional properties of germ cell 
membranes whose purpose is so far unknown. 

 It has been known for decades that plasmalogens are im-
portant, in some cases being the main, lipid constituents of 
spermatozoa. The enzymes that initiate the synthesis of 
ether-linked lipids—dihydroxyacetonephosphate acyltrans-
ferase (GNPAT) and alkyl-dihydroxyacetonephosphate 
synthase—are known to be located in the peroxisomal 
membrane. In the testis, the presence of peroxisomes has 
been demonstrated in somatic as well as in all germ cell 
types, except mature spermatozoa ( 27 ). Germ cells present 
marked differences in structure, abundance, and localiza-

  Fig.   7.  SM and Cer main individual VLCPUFA of pachytene spermatocytes, round spermatids, and epididymal spermatozoa. n-V (hatched 
bars) and 2-OH V (black bars). Differentiation is shown to entail a notable increase in the proportion of SM and Cer species with 2-OH 
28:4n-6 and especially 2-OH 30:5n-6 at the expense of 28:4n-6 and 30:5n-6. Notably, while sperm SM retains its 28:4n-6, sperm ceramides 
with “normal” VLCPUFA are eliminated with differentiation to spermatozoa. 2-OH V, 2-OH VLCPUFA; n-V, n-VLCPUFA.    
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rich substrates in cells. Part of the TAG shown here to be 
confi ned into residual bodies may represent a form of dis-
posal of no longer needed GPL from the progressively 
smaller elongating-condensing spermatids. Once surplus 
membranes containing 22:5n-6-rich GPL are incorporated 
into the residual bodies in formation in such spermatids, 
removal of GPL phosphoryl base may produce diacylglyc-
erols, while part of their ester-bound fatty acids may be-
come free fatty acids; after further conversion of the 
former into the corresponding acyl-CoA derivatives, these 
products may easily combine, in part perhaps within the 
residual bodies themselves, to produce 22:5-rich TAG. 

 Because Sertoli cells are known to phagocytize residual 
bodies almost at the same rate as the latter are shed from 
condensing spermatids during spermiogenesis, the next 
steps in the metabolism of the (lipid and nonlipid) mate-
rials these particles transport is one among many meta-
bolic “responsibilities” of Sertoli cells. The present results 
call attention on the fact that these particles transport a lot 
of 22:5n-6-rich GPL and TAG, as well as 2-OH VLCPUFA-
rich species of SM, from developing germ cells to Sertoli 
cells. 

 After endocytosis, Sertoli cells may be expected to per-
form diverse forms of metabolic processing of each of the 
mentioned lipids before disposal and/or reutilization of 
the fatty acids. Sertoli cell lysosomes are good candidates 
for a fi rst step of hydrolysis of the membrane-associated 
phospholipids incorporated with residual bodies. In the 
case of TAG, a form of hormone-sensitive lipase (HSL) has 
been detected by its immunreactivity in the luminally-fac-
ing part of the Sertoli cell cytoplasm, precisely at stages in 
which residual bodies are phagocytosed ( 32 ). This HSL 
could remove the fatty acids from the ingested TAG, allow-
ing their FA to be immediately converted to CoA esters 
and utilized in these cells. 

 Taking into account that residual bodies also carry into 
Sertoli cells abundant GPL as potential sources of free 
fatty acids as well as of free cholesterol, both of which are 
toxic to cells, one may envisage these cells playing an im-
portant role in forming CE (in their endoplasmic reticu-
lum) at spermatogenic stages at which they are loaded 
with these lipid materials, collecting these CE temporarily 
in the form of cytoplasmic lipid droplets. This could ac-
count for the 22:5n-6- and VLCPUFA-rich CE shown in 
this study to be abundant in seminiferous tubules, scanty 
in germ cells, and negligible in residual bodies. 

 SM and Cer 
 The present study shows that the type of species that 

contain VLCPUFA in germ cells changes dramatically 
with their differentiation. From SM and Cer species with 
nonhydroxylated VLCPUFA predominating in pachytene 
spermatocytes, species with 2-OH VLCPUFA prevailed in 
round spermatids. This is consistent with previous results 
in vivo, showing that after a single exposure of the rat testis 
to X-rays, in which depletion of spermatocytes precedes in 
two weeks that of spermatids and spermatozoa, SM and 
Cer species with n-VLCPUFA disappear from the testis two 
weeks before species with 2-OH VLCPUFA ( 10 ). 

form [1- 14 C]20:4, added as precursor, into labeled 22:4, 
24:4, 22:5, and 24:5. Further work is still needed to recon-
cile this possibility with the fact that isolated germ cells 
have a low  � -6-desaturase activity ( 26 ) and mRNA expres-
sion ( 31 ) compared with isolated Sertoli cells. Consider-
ing that germ cells are far richer in 22:5n-6 than Sertoli 
cells, it was suggested (26, 31) that the latter could biosyn-
thesize 22:5n-6 and supply it to germ cells. Although this 
possibility is attractive in view of the well-known structural 
and metabolic supporting roles Sertoli cells play in sustain-
ing germ cell development, our results allow us to see “the 
other side of the coin.” Whereas transport of 22:5n-6 from 
Sertoli cells to germ cells remains to be demonstrated, Ser-
toli cells certainly receive abundant amounts of preformed 
fatty acids from spermatogenic cells in the form of 22:5-
rich lipids enclosed in apoptotic and residual bodies. Thus, 
spermatogenic cells may be devoted to mostly anabolic 
tasks, generating at their own pace lipids with PUFA 
and VLCPUFA destined to become sperm components, 
whereas Sertoli cells may be busy most of the time with 
catabolic tasks regarding this type of lipid. 

 Germ cell-neutral lipids 
 An important result of the present study was the identi-

fi cation of the cellular origin and, thus, the likely different 
function of CE and TAG, two neutral lipid classes present 
in rat seminiferous tubules. With the aid of Nile red, resid-
ual bodies were detectable as numerous luminally located, 
brightly fl uorescent, uniformly-sized minute dots within 
seminiferous tubules, precisely at stages at which fully de-
veloped spermatids evolve into spermatozoa. TAG were 
intensely concentrated in such structures and, therefore, 
were produced in the last stages of spermiogenesis by the 
most differentiated members of the spermatogenic line-
age. Residual bodies contained TAG as virtually their only 
neutral lipid but no CE. Thus, TAG were primarily germ 
cell products, whereas the CE that abound in seminiferous 
tubules were not, supporting the previous conclusion, de-
rived from germ cell depletion studies in vivo ( 10 ), that 
CE are mostly Sertoli cell products. 

 The fact that the concentration of TAG progressively in-
creased as that of GPL did not change from pachytene 
spermatocytes to round spermatids to residual bodies, sug-
gests that it is in the last steps of spermiogenesis that TAG 
synthesis is most stimulated, with high specifi city for the 
esterifi cation of C22-24 PUFA. Regarding TAG synthesis in 
germ cells, previous work in cultures of mouse-derived 
germ cells showed that (i) [ 14 C]20:4n-6 can be elongated 
and desaturated (to 22:4, 22:5, 24:4, and 24:5) and (ii) 
pachytene spermatocytes incorporate lower percentages 
and absolute amounts of radioactivity into their TAG fatty 
acids derived from 20:4 by elongation-desaturation (22:4, 
24:4) than do spermatids (round and condensing types) 
( 25 ), in agreement with our observations. Interestingly, 
distributions of mass and radioactivity in these TAG showed 
that 22 or 24 carbon PUFA were incorporated with a high 
degree of specifi city at the  sn-3  position. 

 Accumulating spare fatty acids in the form of TAG is 
a universal room-saving strategy for storing these energy-
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SMS2 could catalyze the formation of 2-OH VLCPUFA-
containing SM from part of these Cer; and (iii) 2-OH 
VLCPUFA-containing SM could be in part hydrolyzed to 
the corresponding Cer by a form of sphingomyelinase. 

 In the seminiferous epithelium of rat testis, stage-spe-
cifi c expression of a form of SMS2 was localized to late 
round spermatids and early elongating spermatids and 
not present in late elongated spermatids or Sertoli cells 
( 39 ). This enzyme was suggested to play a role in acrosome 
formation and the plasma membrane restructuring that 
occurs between late round spermatids and early elongat-
ing spermatids. This could be the SMS2 of round sperma-
tids producing the 2-OH VLCPUFA-rich SM that at later 
developmental phases concentrate in residual bodies and 
spermatozoa. 

 The fact that spermatozoa endogenously carry from 
their origin high levels of Cer specifi cally containing 2-OH 
VLCPUFA is a striking fi nding of this study. The genera-
tion of such Cer from SM as precursor requires either (i) 
a form of SMase that is specifi c for 2-OH VLCPUFA-con-
taining species of SM, or (ii) an ordinary SMase that ex-
presses itself in a cell-specifi c manner in spermatids. Mice 
defi cient in acid SMase in their lysosomes (a model of the 
human Niemann-Pick disease), accumulate SM in their tis-
sues, including testis (mostly as lipid inclusions in Sertoli 
cells), and produce spermatozoa that develop an abnor-
mal motility ( 40–42 ). The latter of these defects correlated 
with an excess of surface area in the midpiece of the sperm 
tail in late spermatids and spermatozoa, with the mature 
gametes showing a rigid bending of their tails that pre-
clude normal motility. Taken together with the present 
results showing that (normally motile) rodent spermato-
zoa endogenously contain a signifi cant amount of Cer with 
specifi c fatty acids, one may conclude that the sperm de-
fect in acid SMase-defi cient mice may have been that their 
spermatids were unable to produce the required Cer from 
their own SM during spermiogenesis. 

 The fi nding that 2-OH VLCPUFA-rich species of SM lo-
calize in residual bodies found no antecedent in the liter-
ature. One of the many questions that arise from this fact 
is what the biophysical or biochemical basis may be for the 
segregation of such species in residual bodies. One could 
speculate that a surplus of these SM concentrate on the 
specifi c surface areas of spermatids where residual bodies 
“sprout.” As these structures contained a relatively high 
amount of cholesterol compared with germ cells, a form 
of “lateral separation” of these SM species into cholesterol-
rich domains (rafts) on the spermatid surface could be 
involved. 

 Once residual bodies are phagocytized by Sertoli cells, 
these cells may be expected to metabolize the SM thus in-
corporated. A fi rst obvious step is to hydrolyze this lipid to 
Cer in Sertoli cell lysosomes. That this occurs through an 
acid SMase is evident from the accumulation of SM and ab-
normal lipid inclusions (probably SM-laden lysosomes) ob-
served in Sertoli cells of mice defi cient in this enzyme ( 42 ). 
Provided an acid ceramidase activity follows, the next ques-
tion that arises is what Sertoli cells do with the resulting 2-OH 
VLCPUFA. They are probably rapidly converted into acyl-

 Further differences between round spermatids and fully 
mature spermatozoa let us see that a signifi cant amount 
 per cell  of SM species with 2-OH VLCPUFA is shed from 
developing spermatids and is recovered in the form of an 
almost equivalent amount  per particle  of the same type of 
SM species in residual bodies. This suggests that these spe-
cies are made in excess of the amount required in the fi nal 
gametes. Concurrently, in round spermatids, an important 
amount per cell of endogenous Cer (on a mole basis, 
larger than the total SM) is formed that remains high in 
mature spermatozoa but is negligible in residual bodies. 
This suggests that such Cer are produced early in postmei-
otic cells and become components of the mature gametes. 
Further research is needed to establish the role of these 
unique ceramides in sperm functions. 

 Regarding fatty acids, the selective decrease in the 
n-VLCPUFA/2-OH VLCPUFA ratio with differentiation is 
refl ected in the fi nal product of this process, spermatozoa, 
in which 28:4n-6 remains as virtually the only n-VLCPUFA 
of SM, whereas 2-OH VLCPUFA not only predominate in SM 
but become the almost exclusive type of VLCPUFA of Cer. 

 Of the six ceramide synthase (CerS) isoforms expressed 
in rat tissues, CerS3 is almost exclusively expressed in the 
testis ( 33 ). In the mouse testis, CerS3 is almost exclusively 
expressed in germ cells ( 34 ), Cer3 expression increasing 
concomitantly with the appearance of the fi rst spermato-
cytes during postnatal development. This enzyme is thus 
responsible for the de novo formation of the ceramides of 
pachytene spermatocytes, the present results showing that 
it chiefl y uses n-VLCPUFA as fatty acid substrates. 

 The 2-hydroxylation of n-VLCPUFA that results in the 
major 2-OH VLCPUFA of round spermatid Cer and SM 
requires fatty acid 2-hydroxylase activity (FA2H). In mice, 
the  FA2H  gene is highly expressed in brain, in accordance 
with the fact that myelin galactosyl sphingolipids are rich 
in 2-hydroxy fatty acids, but its expression is also considerable 
in testis ( 35 ). The present results suggest that such expres-
sion could be concentrated in spermatids, rich in SM and 
Cer with 2-OH VLCPUFA. In analogy with skin, where FA2H 
expression and activity increase with differentiation of 
keratinocytes ( 36 ), in the rat testis, SM and Cer fatty acid 
hydroxylation increases with differentiation of germ cells, 
as suggested by its lipid products. The mechanism of SM and 
Cer fatty acid hydroxylation remains to be established. 

 The last steps of the biosynthesis of SM require a SM 
synthase. SM synthase 2 (SMS2) is known to be the activity 
at the plasma membrane ( 37, 38 ) that catalyzes the con-
version of (golgi-derived) Cer into SM (Cer + phosphati-
dylcholine  →  SM + diacylglycerol). The present results 
suggest that, in pachytene spermatocytes, ceramides with 
n-VLCPUFA may be substrates to form SM with the corre-
sponding type of fatty acids. What happens in round sper-
matids is probably more complex, fi rst, because a fatty acid 
2-hydroxylation step is involved, and second, because the 
high Cer/SM ratio in these cells suggests that the forma-
tion of an excess of Cer may be required for an as-yet-
unknown function in spermatozoa. Thus in these cells, the 
possibilities exist that (i) 2-OH VLCPUFA-containing Cer 
could be synthesized by CerS3 only as a fi nal product; (ii) 
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CoA derivatives as they are released from lysosomes and di-
rected to other subcellular organelles for further utilization. 

 Because biosynthesizing 2-OH VLCPUFA is energeti-
cally quite costly, it is tempting to speculate that it would 
be convenient if Sertoli cells spared these fatty acids from 
oxidation and had a strategy of recycling, making these 
fatty acids available to their endlessly developing fostered 
neighbor cells. However, this possibility is challenged by 
the fact that transport of any form of lipid from Sertoli 
cells to germ cells remains to be demonstrated and that 
Sertoli cells contain peroxisomes ( 27 ) with active peroxi-
somal enzymes ( 43 ) where acyl-CoA esters of 2-OH 
VLCPUFA could be effi ciently  � -oxidized and then chain-
shortened. These products could then be  � -oxidized as, 
in contrast to germ cells, Sertoli cells contain all of the 
enzymes of the mitochondrial fatty acid  � -oxidation sys-
tem ( 44 ). Moreover, the expression of long-chain acyl-
CoA dehydrogenase, a key enzyme in the  � -oxidation of 
fatty acids, including PUFA, as well as the production of 
ATP, are both much lower in any testicular cell than in 
Sertoli cells, both increasing markedly in the latter after 
phagocytosis of apoptotic bodies from germ cells ( 45 ). 
The mass of spermatid-derived long-chain and very-
long-chain fatty acids incorporated in Sertoli cells after 
phagocytosis of lipid-laden residual bodies could have 
the same fate: a source of the large amount of energy that 
supporting spermatogenesis imposes on these cells. The 
present results, showing that these remnant particles 
contain SM with only 2-OH VLCPUFA, may inspire fu-
ture research to discern the metabolic fate of these mo-
lecular species.  
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