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Significant advances often depend on the

development of a technique, and this applies

to the study of testicular spermatozoa. Al-

though spermatozoa could be obtained from

the testes of dead animals, the purity of the

preparation was questionable, the numbers

obtained were insufficient for a critical evalu-

ation of their metabolism, and there was

always an uncertainty whether or not sper-

matozoa collected post mortem were meta-

bolically normal. Most of the work described

in this paper stemmed directly from the de-

velopment of a technique for implanting a

catheter (Fig. 1) into the rete testis of rams

(99, 102). This technique enabled testicular

spermatozoa to be collected in abundant num-

bers and under physiological conditions in

the fluid which carries the spermatozoa out

of the testis and into the epididymis. This

fluid is unique in many respects. It is the

“milieu” which normally bathes the sperma-

tozoa, and probably most of the cells of the

germinal epithelium, and so a knowledge of

its composition is vital to an understanding

of the process of spermatogenesis. Most of

this fluid is resorbed selectively in the epi-

didymis so that its composition changes pro-

gressively during its passage through the
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epididymis (16). The resorbed portion pro-

vides a possible pathway for the feedback of

information to the rest of the body from the

otherwise isolated seminiferous tubules.

Transport of Spermatozoa out of the Testis

into the Epididymis

Histological evidence dating from the 19th

century suggested that the centers of the

seminiferous tubules are filled with a fluid

which flows through the rete testis and the

efferent ducts into the epididymis (28, 54).

The magnitude of this process was apparent

when it was observed that fluid flowed from

catheters in the rete testis of rams at a rate

of between 0.5 and 1.5 ml/100 g/hr or about

2 mI/hr from an average-sized ram testis.

This should be contrasted with the blood flow

through the testis of 1200 ml/hr (92, 93)

and with the testicular lymph flow of 10 ml/

hr (15, 46). The goat testis produces fluid at

about the same rate (90) and the bull testis

at a slightly lower rate (0.4 ml/100 g/hr)

(98).

Estimates of the rate of fluid secretion can

also be made from the increase in weight or

water content after ligation of the efferent

ducts and these estimates agree fairly well

with the direct observations in these three

species (29, 85). In the rat, fluid secretion

leads to an increase of water content from

6.4 g/g dry weight to 9.0 g/g in 24 hr after

efferent duct ligation, which is equivalent to

a secretion of about 2 g fluid/100 g testis/hr.

Fluid secretion measured in this way began
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Fin. 1. Cannulation of the rete testis of rams. (B) Step 2-reflection of head of epididymis and

(A) Step 1-exposure of head of epididymis (E). passing ligature behind efferent ducts (D).

(D) Magnified view of the rete testis and efferent

ducts (D).
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(C) Sagittal section of the testis showing paren-

chyma (P) ; mediastinum (M), here injected with

India ink; epididymis (E) and vascular cone (V).

The arrow indicates the point of entry of the cathe-

ter.

in rats at the age of about 30 days (85). This

is the time when the first generation of sper-

matids are becoming spermatozoa, the micro-

vasculature of the testis is taking its adult

form (36), the tubules are becoming imper-

meable to acriflavine and other substances

(37, 38, 40), the rectum-testis temperature

difference reaches its maximal value (39), and

when the injection of FSH ceases and the

addition of glucose begins to have an effect

on the in vitro incorporation of amino acids

into protein (52), (Fig. 2).
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Fluid secretion in mature rats is not affected

immediately by hypophysectomy or by return-

ing the testis to the abdomen, but both these

operations do decrease fluid secretion after

several days (Fig. 3). However, secretion of

fluid by the testes of hypophysectomized rats

is no less than that by testes of the same size

from younger rats, suggesting that the effect

of hypophysectomy is to return the testes to

an immature condition. This suggestion is

supported by the similarity in histological ap-

pearance between the testes of hypophysec-
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tomized and immature rats. In contrast, the

secretion of fluid by testes which had been

cryptorchid for 4 or 7 days was less than

scrotal testes of the same size, suggesting a

specific, but not immediate, effect of cryptor-

chidism (85). The rate of fluid flow is de-

creased in rams by acetazolamide, an inhib-

itor of carbonic anhydrase, in doses which

decrease the formation of cerebrospinal fluid

and aqueous humour. Atropine and pilocar-

pine have no effect on the flow of rete testis

fluid, in contrast to their effect on prostatic

secretion in the dog. Oxytocin has no effect

on the flow of rete testis fluid (89), although

it has been shown to stimulate the expulsion

of spermatozoa from the epididymis (23) and

the contraction of isolated seminiferous tu-

bules (58). However, oxytocin does appear to

increase the concentration of spermatozoa in

the fluid, presumably by facilitating their

release from the walls of the seminiferous tu-

bules (97). Fluid secretion is apparently un-

related to sperm production whether varia-

tions in the latter are due to seasonal varia-

tions, or increase in testicular temperature due

to scrotal edema or heating (83, 101).

In the isolated perfused testis, the flow of

fluid depends on keeping the period of anoxia

to an absolute minimum, and maintaining an

adequate concentration of glucose in the per-

fusing fluid (Fig. 4). Moreover, the flow of

fluid is independent of perfusion pressure,

except for short term changes in flow imme-

diately after the alterations in pressure (48).

There is no doubt that fluid flow is impor-

tant in carrying the immotile spermatozoa out

E�J

Fio. 3. Effect of hypophysectomy and cryptorchidism on fluid secretion by the rat testis, measured as

the ratio of water content of the testis 24 hr after efferent duct ligation (EDL) to that of the other control

testis. (.) control rats; (U) hypophysectomized; (o) cryptorchid; number inside square or circle indicates

the time (in days) of the first operation before efferent duct ligation. Data from Ref. (85).
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of the seminiferous tubules into the epididy-

mis, as can be seen from the patterns formed

by the tails of the spermatozoa in the tubules

(73) and epididymis (41). It is probably not

the only mechanism as the seminiferous tu-

bules are capable of contractile activity (12,

58, 74), presumably by the action of the cells

which resemble contractile cells elsewhere in

the body and which are arranged concentric-

ally in the boundary tissue of the tubules

(12, 26, 34, 42, 43, 76, 77).

In the efferent ducts, ciliary movements

may also be important (109), but the flow of

fluid from the testis affects movement through

-J
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ARTERIAL GLUCOSE (MG / 100ML)
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FIG. 5. Diagram of site of rete testis and lymphatic catheters and of the sites of origin of rete testis fluid

and testicular lymph.

the epididymis in some species, e.g. guinea

pigs (95) but not others, e.g. rats (49-5 1) and

sheep (101).

The Blood-Testis Barrier

The distinction between testicular lymph

and rete testis fluid must be borne in mind.

Testicular lymph is presumed to arise from

the extracellular fluid in the interstitial tissue

between the seminiferous tubules. Rete testis

fluid is presumably derived from the fluid

in the lumina of the seminiferous tubules and

thus the extracellular fluid of the seminiferous

epithelium (Fig. 5). Some substances do not

pass readily between these two fluids, or be-

tween blood plasma and rete testis fluid (84,

91) and this is presumably due to a perme-

ability barrier in or around the seminiferous

tubules. This barrier would have the effect of

maintaining concentration differences between

rete testis fluid and testicular lymph, of isolat-

ing the seminiferous epithelium immunolog-

ically, and of regulating substrate and hor-

mone entry into the seminiferous tubules (91).

The wall of the seminiferous tubules consists

of four distinct concentric layers, two non-

cellular and two cellular (12, 42, 75, 76); the

inner noncellular layer in the ram is made up

of many electron dense lamellae (Fig. 6).

However, if the fluid is secreted through the

Sertoli cells by an active process (see later),

this would also restrict the entry of certain

substances into the tubule.

Composition of Rete Testis Fluid

Spermatozoa. The fluid collected from a

catheter in the rete testis of rams and bulls

is a dilute suspension of spermatozoa in a

fluid isosmotic with, but different in composi-

tion from, blood plasma or testicular lymph.

In rams, the concentration of spermatozoa

during the breeding season is normally about

1 >( 108/ml (about 1/40 of that in ejaculated

semen) (99, 102), but can vary from as high

as 2 X 105/ml to as low as 0.2 X 108/ml with

season in England (83) or even lower (0.01

X 108/ml) after scrotal heating (101). In

bulls, the concentration of spermatozoa is

about 0.9 X 108/ml (98).

Ions. Although the total ash is comparable
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to that of plasma, the ionic composition of

rete testis fluid is quite different. There is

less sodium, about three times as much potas-

sium, more chloride, only about half as much

bicarbonate, calcium, and magnesium, and

very much less phosphate (91). Similar dif-

ferences in composition are seen between

blood plasma and rete testis fluid of bulls (98)

(Table 1).

Carbohydrates. Under normal conditions

there is practically no glucose or fructose in

rete testis fluid (102) but about 100 times

as much inositol as in blood plasma (86).

There is about half as much lactate in rete

testis fluid as in blood plasma (91).

Protein. The total nitrogen of rete testis

fluid is very much less than that of blood

plasma or testicular lymph, but this difference

is largely due to the differences in protein

concentration. All the individual serum pro-

teins are present in rete testis fluid but in

much lower concentrations. The ratio of the

concentration in plasma to that in rete testis

fluid is less for albumin than for all the larger

proteins, except a-macroglobulin. There is

also a specific protein which migrates between

Uj and a2 globulin on cellulose acetate electro-

phoresis (33) and a significant concentration

of a protein smaller than albumin, with a mo-

lecular weight between 20,000 and 30,000

(84). Of particular interest are the very low

concentrations of v-globulin (33) which may

provide one explanation why the germinal

epithelium is not affected by a complement

fixing antibody which is cytotoxic to normal

spermatozoa, and which is present in the sera

of normal animals of several species (22, 32).

A,nino Acids. There are striking differences

in concentration in some of the free amino

acids. Most are present in lower concentration

in rete testis fluid than in testicular lymph or

in blood plasma from the internal spermatic

centrations up to ten times as high as in lymph

vein. However, glycine and alanine and prob-

ably glutamine and asparagine are present in

appreciably higher concentrations, and glu-

tamic and aspartic acids are present in con-

or blood plasma. These amino acids appear to

be synthesized within the seminiferous tubules

from glucose, because if radioactive glucose

is infused into a ram, the specific radioactiv-

ity of the amino acids in the rete testis fluid

rises to about one half of that of the glucose,

but if radioactive glutamate is infused, very

little radioactivity appears in the amino acids

in rete testis fluid (Fig. 7) (88).

Ram testicular spermatozoa are also able

to synthesize glutamate and other amino acids

from glucose (88), but bull testicular sperma-

tozoa are less active (98).

Other Nitrogenous Compounds. Urea is

present in similar concentrations to those in

blood plasma (91) or testicular lymph, and

there are no appreciable concentrations of free

purine or pyrimidine bases (31).

Steroids. Testosterone can be found in rete

testis fluid in concentrations comparable to

those in testicular lymph and only slightly less

than in blood plasma from the internal sper-

matic vein (30, 102). It is not yet established

whether the steroid arises from the interstitial

tissue or within the tubules, and more detailed

examination is needed of the identity of the

steroids present in rete testis fluid and their

concentrations under various conditions.

The Composition of Rete Testis Fluid and

the Concentration of Spermatozoa

Over the range of sperm concentrations seen

at different times of the year in England, there

was no correlation of sperm concentration

with the concentration of any of the ions,

Fic. 6. Electron micrograph (X30,000) of the boundary tissue of a seminiferous tubule from the testis of a

ram. Fixative: Osmium tetroxide. Embedded: Durcupan. Stain: Uranyl acetate and Millonig’s lead. Micro-

scope: Philips EMV200, Sections unsupported. LM-Inner noncellular layer; PC-peritubular contractile

cells of inner cellular layer; CoIl-collagen fibers of outer noncellular layer; F-fibroblast of outer cellular

layer; N-nucleus and Cy-cytoplasin of cells inside the seminiferous tubule (5) ; J-junction between two

adjacent cells. Kindly supplied by Dr. B. Morris, Department of Experimental Pathology, Australian National

University, Canberra.
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48 SETCHELL, SCOTT, VOGLMAYR AND WAITES

TABLE 1

The concentration of various substances in rete testis fluid, and blood plasma from rams and bulls, and the

ratios R1{q.� and R�L between rete testis fluid or testicular lymph and blood plasma from the same animals.

Except where stated otherwise, concentrations are given in meq or mmole/liter. For simplicity, only mean

values are given but standard errors are given in the original references.

Ram (from Refs. 86, 88, 91, 99, and 102.) Bull (f

Rete

rom Ref. 98)

Blood plasmaRete Blood plasma

testis from internal Testis from jugular

Substance fluid spermatic vein RJLTF R,� fluid vein

Ions

Sodium 118 145 0.91 1.000 134 138

Potassium 12.5 4.26 3.16 1.00#{176} 9.0 4.3

Calcium 2.09 5.50 0.38 0.91#{176} 0.95 4.0

Magnesium 0.67 1.87 0.36 0.890 0.83 1.75

Chloride 128 112 1.20 1.03#{176} 122 93.2

Bicarbonate 8.1 26.3 0.33 1.090 - -

Phosphate 0.075 1.54 0.049 1.06#{176} 0.05 4.12

Total mg/mI 8.79

Ash mg/ml 8.19

Osmolality (mOsm/kg) 291 297 0.98 280 282

Organic material

Protein Bierut 0.28 7.5 0.037 0.66#{176}

g/ 100 ml Total N 0.34

0.19 8.8 0.022

?-Globulin

(mg/lOOml) 5 2,000 0.025

Urea 4.8 4.9 0.98 5.8 6.0

Glutamic acid 1.93 1.33 0.49

(enzymatically)

Amino acids by

Column chromatography

Glutamic acid 1.86 0.26 7.2 1.07

Aspartic acid 0.32 0.035 9.2 0.66

Glutamine +

Asparagine + Serine +

Threonine 0.49 0.22 2.2 1.16

Alanine 0.44 0.21 2.1 0.79

Glycine 1.58 0.84 1.9 0.62

All other amino acids 0.22 0.54 .( 1

Testosterone 2.78 6.9 0.40 0.61b 2.3

(�sg/1O0 ml)

Glucose <0.1 3.0 0.76#{176} <0.1 4.5

Fructose <0.1 <0.1 <0.1 <0.1

Inositol 7.3 0.083 88

Lactic acid 0.65 1.20 0.52 0.53#{176} 0.74 1.45

Volatile fatty acids 0.29 0.56 0.54

Total mg/mi approx. 4.2

Total organic matter 4.68

by ashing

#{176}From Ref. 105.

b From Refs. 46, 47.
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I

I

) 3 5

HOURS

Fin. 7. Synthesis of amino acids from blood glucose by the seminiferous tubule of rams. Specific radioac-

tivity of blood glutamate (o) ; blood glucose (.); rete testis fluid glutamate ( ); aspartate ( . . .

aianine (-�-�-); glutamine ( ) and glycine (_. . #{149}...) during infusions of ‘�C glucose (lower

panel) or glutamate (upper panel) from 0 to 5 hr. Data from reference (88).
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I protein, glutamate (83) or inositol (86). Even

when the sperm concentration was reduced to

very low values by heating the scrotum, there

was no correlation between sperm concentra-

tion and the concentration of sodium, chlo-

ride, calcium, or magnesium. However, the

concentration of potassium and glutamate de-

creased with spermatozoal concentrations and

at the same time glucose appeared in the fluid

when the spermatozoal concentration was less

than 20 X 10� cells/ml (101).

The Origin and Fate of the

Rete Testis Fluid

Rete testis fluid is assumed to arise within

the seminiferous tubules and to flow thence

through the mediastinum into the rete testis

and through the efferent ducts into the epidi-

�C-GLUT4�1A1E INFUSED

0

dymis (14). The first suggestion for the origin

of the rete testis fluid was that it came from

the dissolution of a special type of daughter

cell arising from spermatogonia (28). Later

it was suggested that the fluid was formed by

filtration (73). The evidence now available

suggests that the fluid is actively secreted.

There is more chloride in rete testis fluid than

can be accounted for by filtration; large water

soluble molecules such as inulin and 51Cr-

EDTA do not enter the fluid (91); fluid

secretion continues when the outlet is blocked

by ligation of the efferent ducts, even to the

extent of causing atrophy of the germinal

epithelium; (see 104 for references); fluid

secretion by the isolated perfused testis is in-

dependent of perfusion pressure but dependent

on adequate supplies of glucose and a minimal

0
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TESTIS

LUMEN

GALL BLADDER

-

MODEL

FLUID FLOW

‘H

WATER FLOW

LUMEN

Fin. 8. A diagram illustrating the suggested analogy between fluid secretion in the seminiferous tubules,

fluid resorption in the gall bladder and the standing gradient model of Diamond and Tormey (20). In the

testis note the four-layered boundary tissue of the tubule (abcd), the narrow junctions (1) between adja-

cent Sertoli cells (5), the spermatogonia (Sg) on the boundary tissue and the spermatocytes (Sc) and sper-

matids (St) isolated between adjacent Sertoli cells. Cap; capillary. PL paralymphatic space bounded by

fibroblasts (F and d). Note that in the gall bladder the narrow junctions are at the luminal end of the in-

tercellular space and that there are no other cell types between the active cells. The symbols for solute

pumps, water flow and fluid flow are common to all three diagrams. Testis modified from a drawing by

Nicander (57), gall bladder from a drawing by Kaye, Wheeler, Whitlock, and Lane (35).
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period of anoxia (48); fluid secretion is de-

creased by acetazolamide, an inhibitor of car-

bonic anhydrase (83).

The secretion of rete testis fluid is thus sim-

ilar in many ways to the formation of cere-

brospinal fluid by the choroid plexus, aqueous

humor by the ciliary body (17, 18, 19), and

the primary secretion by the acini of the

salivary glands (107), and there are a num-

ber of similarities in composition between rete

testis fluid, cerebrospinal fluid and aqueous

humor (91). It will be important to determine

whether fluid is secreted by tubules at differ-

ent stages of the cycle of the seminiferous

epithelium and which cells are involved.

It is possible that the narrow junctions be-

tween the basal parts of adjacent Sertoli cells

(10, 25, 56, 57) may be involved. Then, if

solute is pumped by the Sertoli cells from the

interstitial extracellular fluid into the inter-

�

K’

cellular spaces (Fig. 8) above the narrow junc-

tion so as to make the fluid there hypertonic,

water would be drawn in to make the inter-

cellular fluid isosmotic. Fluid would then flow

along the intercellular spaces into the lumen

of the seminiferous tubules. This process

would thus be similar to that suggested to ex-

plain the resorption of fluid from the gall

bladder (20, 35) and from the proximal con-

voluted tubules of the kidney (94) except that

in these two organs the direction of fluid

movement is from lumen to blood vessel and

the narrow junctions are at the luminal end

of the intercellular spaces. Sertoli cells have

been shown to be the first tubular cells to take

peroxidase from blood (65), lending support

to the idea that the Sertoli cells are capable

of pumping solute. Furthermore, Sertoli cells

in the toad testis develop large fluid-filled

vacuoles and the water content of the whole
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TESTICULAR SPERMATOZOA AND FLUID 51

testis increases under the influence of LH;

eventually these vacuoles rupture, causing lib-

eration of the attached spermatozoa (11).

Ligation of the efferent ducts leads to dis-

tension of the testis, but ligation further down

the epididymis has no effect on the testis (see

104 for references) and therefore it was sug-

gested that most of the fluid secreted by the

testis is reabsorbed in the head of the epididy-

mis. This suggestion was confirmed by obser-

vations on the sperm concentration in fluid

taken from the lumen at various points in the

epididymis (16) and from calculations of the

amount of fluid leaving the testis and the epi-

didymis during sexual activity (104). It is

important to realize that the resorption of

fluid in the epididymis is highly selective,

leading to increases in the concentrations of

glutamic acid but not glycine (88), and in-

creases in potassium but decreases in sodium

and chloride (16, 81). There may also be

changes in the already high concentration of

testosterone, or other substances in the fluid.

It is not clear what effects such changes would

have on the spermatozoa but it is conceivable

that this would be a mechanism for keeping

the spermatozoa quiescent in the epididymis

during the development of their capacity for

motility, and epididymal seminal plasma may

be analogous to spermatophore fluid in the

squid (1).

Morphology of Testicular Spermatozoa.

Leuwenhoek (44) was unable to find sperma-

tozoa in the testes of a ram, but Pr#{233}vost and

Dumas in 1824 (52, 63) described how they

found spermatozoa (“une foule d’animal-

cules”) in the testes of all species they

examined (polecat, dog, rabbit, cat, hedge-

hog, guinea pig, Norway rat, stallion, bull,

ass but not a mule, various species of birds,

frog, toad, and salamander) provided the

animals were not too young or too old and

in “Ia saison de leurs amours.” With the

microscopes at their disposal, they considered

that the spermatozoa taken from the testes

were identical with spermatozoa from the vas

deferens and with ejaculated spermatozoa. As

microscopes improved, it was recognized that

spermatozoa taken directly from the testis

did differ in appearance from ejaculated

spermatozoa or spermatozoa taken from the

tail of epididymis. The most obvious differ-

ence is the presence of the kinoplasmic droplet

in testicular spermatozoa of all species so far

examined (69, 70, 71). This is a roughly

spherical droplet situated just behind the head

of the spermatozoa (Fig. 9). During passage

of the spermatozoa through the epididymis,

the droplet gradually moves away from the

head until it reaches the end of the mid-piece,

where it detaches. It is interesting that this

same movement of the droplet down the mid-

piece could be seen in testicular spermatozoa

stored at I C in the fluid in which they were

collected (99) (Fig. 9).

When examined with the electron micro-

scope, changes can be seen in the structure of

the kinoplasmic droplet as well as in its posi-

tion. The droplets on spermatozoa in the testis

had many large electron transparent vesicles,

but these vesicles were less numerous in sper-

matozoa taken from the head of the epididy-

mis. Also there were fewer tubular and lamel-

lar structures present in testicular than

in epididymal spermatozoa (21).

As the spermatozoa pass down the epididy-

mis, the vesicular and tubular contents of the

droplet are considerably reduced, but the mi-

gration of the droplet does not modify the

structure of the mid-piece (9, 65). Changes

can also be found in the acrosome which in

testicular spermatozoa surrounds the anterior

part of the nucleus in a loose, wavy fashion.

The acrosome of spermatozoa from the head

of the epididymis was also wavy in appear-

ance, but closer to the nucleus (21). Sperma-

tozoa in the head of the rabbit epididymis

show an elongated margin in the rostral part

of the acrosomal cap compared with ejac-

ulated rabbit spermatozoa (3, 24). A post-

nuclear cap was not apparent in testicular

spermatozoa but was present in epididymal

and ejaculated spermatozoa (21).

Testicular spermatozoa are also significantly
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52 SETCHELL, SCOTT, VOGLMAYR AND WAITES

larger than ejaculated spermatozoa from the

same ram when measured with a Coulter

counter (60). Total dry matter also remains

constant during maturation (27) although

specific gravity rises, presumably due to pro-

gressive dehydration (45).

Cold Shock. Ejaculated ram spermatozoa

cannot withstand sudden cooling, but testic-

ular spermatozoa can be rapidly cooled to 1 C

with only a small increase in the number of

spermatozoa which can be stained with nigro-

sin-eosin (Fig. 10). This cannot be attributed

to an inability of dead testicular spermatozoa

to take up stain as testicular spermatozoa

killed with formalin were readily stained.

However, sudden cooling did have some effects

on the testicular spermatozoa, many of which

were kinked at the junction of the mid-piece

and tail (99).

Motility of Testicu.lar Spermatozoa. Pr#{233}-

yost and Dumas in 1824 (62, 63) found that

when they diluted, with water, fluid expressed

from the testis, the “animalcules” were motile

for a short time, but especially in the frog,

their motility was less than ejaculated sper-

matozoa. Tournade, 1913 (96) described the

motility of sperm from the head of the epi-

didymis as “compl#{232}tement inertes neuf fois

sur dix. Exceptionellement, certains d’entre

eux sont anim#{233}sde faibles oscillations,” and

many others have since confirmed this obser-

vation (2, 6, 13, 53, 55, 56). The same slight

motility was seen in ram and bull spermatozoa

collected from a catheter in the rete testis

(Fig. 11). However, some increase in motility

could be induced by storing ram spermatozoa

at about 1 C in the fluid in which they were

collected (Fig. 12) (99). Increasing the pH

to between 8 and 8.5 had a similar effect (66,

67, 68, 99), but the motility achieved was in

no way comparable to that of ejaculated sper-

matozoa.

Fertilizing Capacity. Sperm taken from the

testis or the head of the epididymis of labora-

tory animals were capable of fertilizing only

a very small proportion of ova (4, 8, 59, 61,

108). These results have been confirmed with

spermatozoa collected from a catheter in the

rete testis of rams. A total of 32 ewes were

each inseminated with 3 X 108 spermatozoa

which had been stored for 3 days at 1 C, but

none conceived, although spermatozoa could

be recovered from the fallopian tubes (100).

It is not yet known whether it is possible to

induce fertilizing capacity in testicular sper-

matozoa in a way analagous to the increased

fertility seen in epididymal spermatozoa held

in the head of the epididymis by ligation (5).

Composition of Testicular Spermatozoa

Ions. Testicular spermatozoa contain ap-

proximately the same concentrations of potas-

sium and magnesium as epididymal sperma-

tozoa but about three times as much sodium

and chloride (64). These differences suggest

that the increase in specific gravity seen as

spermatozoa pass down the epididymis (45)

may be due to expulsion from the sperm of

a fluid of composition similar to extracellular

fluid, i.e. the reverse of the swelling of cells

when their metabolism is depressed (72). It

is interesting that the composition of epididy-

mal spermatozoa changes abruptly when they

are ejaculated, sodium and calcium rise again,

and potassium and magnesium fall. This may

be due to uptake from and loss to accessory

gland secretion, which is much higher in so-

dium and calcium but lower in potassium

than epididymal seminal plasma (64) (Table

2).

Fin. 9. Photomicrograph (X 195) of spermatozoal smears after staining with nigrosin-eosin. A-Testicular

spermatozoa (Ts) stained at 30 C; B-Ts stained at I C; C-Ts killed with formalin and stained at 30 C;

D-Ejaculated spermatozoa (Es) stained at 30 C; E-Es stained at I C; F, G, H, I-Ts after storage

at I C in rete testis fluid for 1, 3, 6 and 12 days; stained at 30 C after washing. Reproduced from Ref (99) by

permission of the Journal of Reproduction and Fertility.
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Lipids. The lipid composition of ram testic-

ular spermatozoa is different from that of

ejaculated spermatozoa; the content of phos-

pholipid (as amount of phosphorus per cell)

is about 30% higher in testicular spermatozoa,

although the major phospholipid, choline

plasmalogen, is not noticeably different in the

two sperm types. There are no differences in

the content of sphingomyelin and alkyl ether

phospholipid, but all other individual phospho-

lipids are higher in testicular spermatozoa.

Among the more abundant phospholipids, the

most striking differences are in lecithin, phos-

phatidylethanolamine and ethanolamine plas-

malogen (Fig. 13). Testicular spermatozoa

contain 30-40% more phospholipid acyl ester

than ejaculated spermatozoa but there were

no consistent differences in neutral lipid acyl

ester content.

Cholesterol concentration is lower in ejac-

ulated spermatozoa, about one-half of the con-

centration in testicular sperm. Differences can

also be seen in the fatty acid composition of

�6O

0
I-.

5Q.

Ui
0.

40

Ui
0

30

20

to

30 25 20 IS tO 5

STAIN TEMPERATURE (ec)

FIG. 10. Effect of sudden cooling on the staining

with nigrosin-eosin on testicular (I) and ejaculated

(o) spermatozoa. Data from Ref. (99).

TABLE 2

D:STRIBUTION OF MAJOR CAnONS (meq/liter)

IN SPERMATOZOA AND FLUIDS FROM THE

REPRODUCTIVE TRACT OF RAMS

(Data from Ref. 64.)

Na K Ca Mg

Testis

Whole semen

Spermatozoa

Plasma

138

69

128

14

57

13

4.6

10.2

5.2

2.0

19.3

1.3

Epididymis

Whole semen

Spermatozoa

Plasma

26

21

40

31

64

24

2.4

3.6

1.9

10.1

16.9

2.6

Ejaculate

Whole semen

Spermatozoa

Plasma

88

51

92

22

33

17

4.1

5.3

3.8

5.7

12.4

4.1

Seminal vesicle

Fluid 93 37 6.8 6.4

the lipids of the two types of spermatozoa.

The proportion of palmitic acid (16:0) was

much higher in testicular spermatozoa, whereas

the percentage of myristic acid (14:0) was

lower (80).

Protein. Testicular spermatozoa contained

about 50% more protein than ejaculated sper-

matozoa. About 40% of the protein of both

types of cell was located in the heads (103).

Nucleic Acids. The amount of DNA in the

head of bull spermatozoa, determined by ab-

sorption of light of wavelength 2650 or 2600

A, does not change during the passage of the

spermatozoa down the epididymis. However,

the intensity of the Feulgen stain (measured

at 5460 A) is less in sperm taken from the

tail, but the difference is much less than that

between round spermatids and spermatozoa

from the head of the epididymis. It is thought

that these differences are due not to a decrease

in DNA content per cell, but to changes in the

composition and binding of basic nuclear pro-

tein to DNA (27).

Adenosine triphosphate and adenosine tn-

phosphatase. Testicular and ejaculated ram

spermatozoa contained similar amounts of

adenosine di- and tn-phosphate (99), but tes-

ticular spermatozoa contained less adenosine
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TESTICULAR SPERMATOZOA AND FLUID 55

FIG. 11. Motility of testicular and ejaculated spermatozoa; successive frames from a 24 frames per second

movie of A-testicular, B-ejaculated ram spermatozoa. Note the immotility of testicular spermatozoa (except

for the one circled) and the rapid movement of the two typical ejaculated spermatozoa (circled). Data from

Ref. (99).
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triphosphatase (ATPase). There was little

ATPase in the head of either type of sperma-

tozoa, but the ATPase of the mid-piece of

testicular spermatozoa was lower than that in

the tail, whereas in ejaculated spermatozoa

the mid-piece and tail contained similar ac-

tivities (103).

Metabolism of Spermatozoa

It is difficult to generalize about the meta-

bolic differences between testicular and ejac-

ulated spermatozoa, as much depends on the

exact conditions under which the comparisons

are made. However, differences can be demon-

strated under almost all conditions of incuba-

tion.

Oxygen Uptake. The most consistent fea-

ture of the oxygen uptake of washed ram and

bull testicular spermatozoa is that the con-

sumption of oxygen remained linear for more

than 3 hr, whereas the respiration of ejac-

ulated spermatozoa tended to fall off with

time, especially with no added substrate (Fig.

14). Oxygen uptake of ram and bull testicular

spermatozoa was stimulated by high phos-

phate media, but the respiration of ejaculated

sperm was depressed (98, 99).

In rete testis fluid, both testicular and

ejaculated spermatozoa took up more oxygen

than when they were incubated in phosphate

buffer (99). The significance of this is difficult

to assess at the moment as the two compounds

present in greatest concentration in rete tes-

tis fluid, glutamate and inositol, do not seem

to be oxidized by the sperm (86, 88). It will

probably be important to determine whether

the increased oxygen uptake is due to an al-

ternative oxidizable substrate or a stimulatory

effect of rete testis fluid on spermatozoal me-

tabolism.

When ram testicular spermatozoa were

stored at 1 C in the fluid in which they were

FIG. 12. Effect of storage of testicular spermatozoa at 1 C in the fluid in which they are collected. Mo-

tility is given in arbitrary units (+ etc.), but the scale used represents a much lower degree of motility

than similar scales used for ejaculated spermatozoa. Data from reference (99).
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collected and then incubated, it was found

that their oxygen uptake increased with stor-

age for the first 3 days and then fell off (Fig.

12), although even after 6 days storage the

glucose uptake was still high and the sperm

appeared normal (99).

Carbohydrate Metabolism. There are inter-

esting differences in the dissimilation of glu-

cose by testicular and ejaculated spermatozoa

from both the ram and the bull. Ram testic-

ular spermatozoa always utilized less glucose

than ejaculated spermatozoa under compar-

able conditions of incubation. A much smaller

fraction of the glucose utilized by testicular

spermatozoa appeared as lactate; in contrast,

the percentage of glucose converted to carbon

dioxide by the two cell types was similar dur-

ing the first hour of incubation. However, with

testicular spermatozoa this fraction continued

to increase with time so that by 3 hr, there

was a much higher proportion of the glucose

converted to CO2 by testicular spermatozoa

(Fig. 15). However, again the extent of these

differences depended on the exact conditions

of incubation (99).

Bull testicular spermatozoa in low phos-

phate (20 mM) media also converted a higher

proportion of the utilized glucose to carbon

dioxide than ejaculated cells, but in high phos-

phate (80mM) buffer there were no differences

between the two types of spermatozoa. How-

ever, when testicular spermatozoa were incu-

bated in high phosphate diluent they produced

more lactate than ejaculated cells and more

lactate accumulated in the media than could

have arisen from the glucose utilized, pre-

sumably from endogenous metabolism stim-

ulated by the added glucose (98).

No significant pentose cycle activity could

be detected in ram or bull testicular sperma-

tozoa (98, 99), and earlier reports of its

presence (106) were probably due to contam-

�[I1L

PHOSPHOLIPIDS

l’5�- TESTIS

OL�CL�APF� � � ft
+AEL.

FIG. 13. Lipid composition and metabolism of ejaculated and testicular ram spermatozoa and testis.

(0) Phospholipid concentration (�sg P/mg dry weight); (�) � or 14C radioactivity in individual phos-

pholipids or neutral lipids from testicular and ejaculated spermatozoa and testis. Data from Refs. (79, 80).

PC, phosphatidylcholine; PE, phosphatidylethanolamine; P1, phosphatidylinositol; PS, phosphatidylserine; PA,

phosphatidic acid; PG, phosphatidylglycerol; C, cardiolipin; EP, ethanolamine plasmalogen; CP, choline plas-

malogen; S + AEL, sphingomyelin + alkyl ether lipid; MG, monoglycenide; DG diglyceride; TG, triglyceride.

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

lre
p
ro

d
/a

rtic
le

/1
/s

u
p
p
l_

1
/4

0
/2

7
6
8
8
2
8
 b

y
 U

.S
. D

e
p
a
rtm

e
n
t o

f J
u
s
tic

e
 u

s
e
r o

n
 1

6
 A

u
g
u
s
t 2

0
2
2



RAM

PHOSPHATE BUFFER (80mM)

TIME IMIN)

58 SETCHELL, SCOTT, VOGLMAYR AND WAITES

FIG. 14. Oxygen uptake of washed spermatozoa. (A �) Ejaculated; (., o) testicular spermatozoa with

(A, #{149})or without (�, o) added glucose. Data from Refs. (98, 99).

ination of the cruder preparations with other

testicular cells; testis tissue has quite an ac-

tive pentose cycle (87). Neither ejaculated

nor epididymal spermatozoa show pentose

cycle activity (82, 98, 99, 106).

Ram testicular spermatozoa also convert a

significant proportion of glucose to glutamic

acid, aspartic acid, glycine and alanine; these

amino acids were found in higher concentra-

tion in rete testis fluid than in testicular

lymph (88). In contrast, less amino acids were

formed when bull testicular spermatozoa were

incubated with glucose, although glutamate

is also present in bull rete testis fluid in al-

most as high concentrations as in the ram

(101).

When ram testicular spermatozoa were

stored at 1 C in the fluid in which they were

collected and then incubated, their metabo-

CD

Ui
U

0

lism had changed towards that of ejaculated

spermatozoa, the glucose utilization and the

percentage of the glucose converted to lactate

rose, while the percentage converted to carbon

dioxide fell (99).

Ram testicular spermatozoa can also utilize

fructose both aerobically and anaerobically,

although no fructose is present in rete testis

fluid. However, fructose utilization by both

testicular and ejaculated ram spermatozoa

was depressed when the sperm were incubated

with an equimolar mixture of fructose and

glucose, with only slight effects on glucose

utilization (Table 3). Testicular spermatozoa

thus show the same effect as ejaculated sper-

matozoa, of a sparing action of glucose on

fructose utilization but not the reverse (102).

Inositol, which is present in such high con-

centrations in the rete testis fluid of rams, is
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TESTICULAR EJACULATED

L

__�02
I I

0 200 400

GLUCOSE UPTAKE(Mg/108 SPERM/3HR)

FIG. 15. Dissimilation of 14C glucose by spermatozoa incubated for 3 hr. Data from Refs. (98, 99). The

diameter of the circles indicates the glucose uptake and the areas labelled C00, lactate and A.A. (= amino

acids) indicate the proportion of 14C glucose utilized which appears as these end-products. Ram spermatozoa

were incubated in Tris-buffered Ringer and bull sperm in Ringer with 20mM phosphate.

TABLE 3

CARBOHYDRATE METABOLISM OF EJACULATED AND TESTICULAR SPERMATOZOA OF THE RAu”. b. c

(Data from Ref. 102.) (Change/b8 cells in 3 hr.)

Oxygen uptake

(�.&l)

Substrate

utilization

(sag)

Lactic acid

production

(pg)

Added

-

substrate

Aerobic

Ejac.

sp.

20

Test.

sp.

22

Ejac. Test.

sp. sp.

- -

Ejac. Test.

sp. sp.

- -

Glucose

Aerobic

Anaerobic

40

-

59’

-

262 191

387 473’

191 54�

368 404

Fructose

Aerobic

Anaerobic

37

-

55’

-

208 158

265 412+

177 69�

258 329’

Glucose

+
Fructose

Aerobic

Anaerobic

39

-

59+

-

G235 G 202*

F65 F64

G360 G43O’

F119 F154

180 Sf4

4��3 397

a The means of six observations on two rams are given. Similar values were obtained in six other rams, but

because complete data were not obtained they have not been included.

b Significance of differences between ejaculated and testicular spermatozoa: * = p < .05; + = p < .01;

= p < .001.

C G and F: glucose and fructose utilization, respectively, from an equimolar mixture.
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FIG. 16. Incorporation of 14C glucose into neutral lipid (., o) and phospholipids (A, �) by testicular

(., A) and ejaculated (o, �) ram spermatozoa. Data from Ref. (80).

not utilized to any extent by ram testicular

spermatozoa either by conversion to CO2 or

by incorporation into lipid (86).

Lipid Metabolism

(i) Synthesis. When testicular spermatozoa

leave the testis, they are still capable of syn-

thesizing lipid from exogenous carbon sources.

When testicular spermatozoa were incubated

with 14C-glucose, radioactivity was incorpo-

rated into neutral lipids, phospholipids and

volatile fatty acids.

The rate of incorporation into phospholipids

was 3-4 times that into ejaculated spermato-

zoa from the same ram (Fig. 16); most of the

radioactivity was present in lecithin but phos-

phatidylethanolamine and phosphatidic acid

were significantly labelled after a 3-hr incu-

bation. No radioactivity could be detected in

monophosphatidylinositol and only a very

small percentage (2-3%) of the label was

found in the plasmalogens which account for

about 50% of the phospholipids. The portion

stable to alkali and acid hydrolysis contained

about 26% of the radioactivity and presum-

ably most of this is in sphingomyelin and

0

alkyl ether lipid. The pattern of labelling was

almost identical for the two types of sperma-

tozoa (80). However, infusion of 32P-ortho-

phosphate into the testicular artery resulted

in a different pattern of phospholipid labelling

in the testis in vivo. The radioactivity was

highest in monophosphatidylinositol (79).

When spermatozoa are incubated with 14C-

glucose, testicular spermatozoa incorporate

25% more label into neutral lipids than do

ejaculated sperm. The pattern of labelling is

similar for the two cell types, with most of

the label in the diglycerides. Saponification

of the respective lipid fractions showed that

less than 1% of the radioactivity was in the

fatty acid fraction (80). The pattern of label-

ling is again quite different from the pattern in

the testis in vivo when 14C-glucose was in-

fused into the testicular artery. Most of the

radioactivity is then present in triglycerides

and only small amounts are found in di-

glycerides (79).

(ii) Production of Volatile Fatty Acids

from Glucose. The pattern of incorporation

of 14C from glucose into volatile fatty acids

is different for testicular and ejaculated sper-
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matozoa. Ejaculated sperm incorporated much

more ‘4C from glucose into volatile fatty acids

(1.4% vs. 0.3% of 14C-glucose available)

and most of this appeared in acetic acid with

smaller amounts in formate, propionate and

butyrate. In contrast, most of the radioactivity

incorporated into volatile fatty acid by tes-

ticular spermatozoa appeared in formate, with

smaller amounts in acetate, propionate and

butyrate (Fig. 17) (80).

(iii) Utilization of Lipid. When testicular

15 EJACULATED SPERMATOZOA

5.

S 55

10 20 30 40 50

FRACTIONS (6 ML)

FIG. 17. Separation and distribution of radioac-

tivity in volatile fatty acids (C1-C4) isolated from

the media after 2-hr incubation of washed testicular

and ejaculated ram spermatozoa in diluent contain-

ing [U-14C1 glucose. Individual acids were separated

on silicic acid columns by gradient elution. Data

from Ref. (80).

spermatozoa were incubated in phosphate-

buffered medium without added substrate,

there was a decrease in the acyl ester content

in five out of six experiments. The mean de-

crease was 0.51 �.teq/l0#{176} cells in 3 hr, which

would require 300 isl of oxygen for its com-

plete oxidation, assuming a chain length of

18 carbon atoms. The value was compatible

with the observed oxygen uptake of 385 �tl/1011

cells/3 hr, but there are considerable possi-

bilities for error in these experiments because

of the small change in lipid content in rela-

tion to the total amounts present. There were

no consistent changes in the amount of phos-

pholipid phosphorus but analyses of individ-

ual phosphatides before and after incubation

suggested a small decrease in lecithin and

phosphatidylethanolamine but these were not

significant. The free fatty acid content of

spermatozoa decreased from 0.86 to 0.67 and

0.86 to 0.49 smole/109 cells during two 3-hr

incubations (80).

These results, taken with the differences in

lipid composition between testicular and ejacu-

lated spermatozoa, suggest that lipids may

serve as substrates for spermatozoa during

their period of maturation in the epididymis.

(iv) Metabolism of Exogenous Lipid. Ram

testicular spermatozoa failed to hydrolyze

choline or ethanolamine phosphoglycerides

when these were added to the incubation

media, but both lipids were metabolized by

ejaculated spermatozoa and spermatozoa from

the ampulla. Glycerylphosphorylethanolamine

was the principal water-soluble product formed

from the hydrolysis of ethanolamine phospho-

glycerides; in addition a lysoethanolamine

phospholipid was also produced. The rate of

metabolism of added choline phosphoglycer-

ides by ejaculated spermatozoa was much

slower than the ethanolamine form; further,

no lysolipid was noted and glycerylphosphoryl-

choline was the main hydrolytic product. In

contrast, both testicular and ejaculated sper-

matozoa, actively metabolized phosphatidyl-

inositol, forming mainly inositol phosphate

esters as the water-soluble products (Table 4).
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TABLE 4

THE METABOLISM OF ExoGENoUs Li�ms BY SPERMATOZOA AND FLUIDS FROM DIFFERENT PARTS OF THE

REPRODUCTIVE TRACT OF THE RAM (from the data of Ref. 78.)

Ethanolamine phosphoglycerides Choline phosphoglycerides Phosphatidylinositol

p.g Phos-

pholipid P

added/b8

sperm

ormi

Converted

to water

soluble P

(%)

Converted

to lyso-

phospho-

lipid

(%)

p.g Phos-

pholipid P

added/ 108

sperm

orml

Converted

to water

soluble P

(%)

�&g Phos-

pholipid P

added/ 108

sperm

orml

Converted

to water

soluble P

(%)

Ejaculated

spermatozoa

(washed)

0.37 45 4 0.36 2 0.06 30

Seminal plasma 11.2 37 21 10.8 6 1.8 20

Ampullar

spermatozoa

10.6 20 8 16.1 0.3 2.5 45

Testicular

spermatozoa 1.9 0.2 0 2.9 0 0.45 39

Rete testis fluid 26.8 0.1 0 40.6 0 6.2 3.5
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Seminal plasma (containing no spermatozoa)

could also metabolize added ethanolamine,

choline, and inositol phosphoglycerides. On

the other hand, rete testis fluid showed only

a small degree of activity towards phospha-

tidylinositol (78).

Metabolism of Amino Acids

It was suggested some years ago that ejacu-

lated spermatozoa were still able to synthesize

protein from added amino acids (7). How-

ever, it would now appear that this result

may have been due to contaminating cells as

testicular spermatozoa showed no significant

incorporation of the amino acids glutamic

acid or leucine into protein (88).

Despite the fact that rete testis fluid con-

tains about 25 mg glutamic acid/100 ml, very

little conversion of glutamic acid or leucine

to carbon dioxide occurred when testicular

or ejaculated spermatozoa were incubated

with [14CJ-glutamate or [14C1-leucine, nor

did either amino acid increase the oxygen

uptake of spermatozoa above endogenous

values (88).

CONCLUSION

Using our technique for cannulating the

rete testis, it has been possible to quantitate

the exocrine function of the testis, that of

producing the fluid to carry the immature

spermatozoa out of the testis into the epi-

didymis. This fluid, of unique composition,

is produced by active secretion, not filtration,

and its rate of production is unrelated to the

level of spermatogenesis. Further study of

this process is vital to any understanding of

testicular function.

The sperm leaving the testis are immotile,

incapable of fertilization, and different in ap-

pearance, composition and metabolism from

ejaculated spermatozoa. Further comparison

of testicular and ejaculated spermatozoa

should lead to an understanding of the process

of maturation which normally takes place in

the epididymis. This, in turn, may lead to

the preservation outside the body of the sper-

matozoa of those species in which this has

not so far been achieved.
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