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ABSTRACT

Testes from 47 stallions, 1-20 yr of age, were used to examine the influence of age on Sertoli and germ

cell populations as well as on functional activity of Sertoli cells. For these stallions, the number of Sertoli cells

per paired testes declined linearly with age, and was only 41.7% as great at age 20 as at age 2. However, develop-

ment of reproductive organs proceeded until age 12-13, as evident from increases in paired testes weight and

quantitative rates of spermatozoal production. Although the absolute number of Sertoli cells declined during

this period of development, individual Sertoli cells displayed a remarkable capacity to accomodate greater

numbers of developing germ cells. Between age 2 and age 12, the mean numbers of developing spermatogonia,

young primary spermatocytes, old primary spermatocytes, and round spermatids supported by each Sertoli cell

at Stage! of spermatogenesis increased by 49, 176, 153, and 161%, respectively.

INTRODUCTION

Sertoli cells are thought to play a direct role in the

production of sperm. The remarkable spatial organi-

zation of the seminiferous epithelium is due to the

physical structure of the Sertoli cell (Weber et a!.,

1983; Wong and Russell, 1983). Tight junctional

complexes between adjacent Sertoli cells divide

seminiferous tubules into basal and adluminal com-

partments (Dym and Fawcett, 1970), and this selective

permeable blood-testis barrier is presumed to main-

tain an optimal spermatogenic environment as well as

to protect germ cells from immonologica! or environ-

mental hazards (Neaves, 1977). Also, Sertoli cells

may be capable of regulating spermatogenesis through

their control of the biochemical milieu in which germ

cells develop. Androgenic hormones provide a major

stimulus for spermatogenesis (Hansson et a!., 1976),

and the ability of the testis to concentrate androgens

is due to the presence of a testis-specific androgen-
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binding protein (ABP) synthesized by the Sertoli cells

(Steinberger and Steinberger, 1977). Sertoli cells also

are the source of lactate, a metabolic substrate

necessary for survival of germ cells in advanced stages

(Mita et a!., 1982; Jutte et al., 1982).

The assumption that Sertoli cells form before

puberty and then remain as a numerically stable

population throughout adult life has constituted the

basis for a Sertoli-cel! correction factor employed

with one widely used histologic method for quanti-

fying mammalian spermatogenesis (Clermont and

Morgentaler, 1955; Lino, 1971; Berndtson, 1977).

For this correction, it was presumed that any altera-

tion in spermatogenesis in postpubertal animals

would necessarily be reflected in a change in the ratio

of germ cells to Sertoli cells. However, Johnson and

Thompson (1983) reported recently that the popula-

tion of equine Sertoli cells increased until 4-5 yr of

age and fluctuated with season, but that adult equine

testes had only a limited capacity to alter the ratio of

Sertoli cells to germ cells. Since stability of the

Sertoli-cell population constitutes the basis for the

Sertoli-cell correction and since the findings of

Johnson and Thompson (1983) have important

implications for the fundamental mechanisms by

which seasonal and age-related changes in equine

spermatogenesis might be mediated, a further exami-

nation of this issue by means of an alternative ap-

proach was undertaken.
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x
spermatids

X 2.033

General

MATERIALS AND METHODS

Testes were obtained from 47 stallions of light-

horse type at castration or at the time of slaughter

at commercial abattoirs during June and July. Age

was estimated by examinations of the incisor teeth

and was distributed as follows (age, number of stal-

lions): 1,2: 1,5, 6; 2,10; 3,6; 4,3; 5,1; 6,6; 7,5; 9,1;

10,1; 11,2; 13,1; 18,2 and 20,1. The testes from each

stallion were weighed immediately. The tunica albu-

ginea was removed and weighed, and the weight of

the testicular parenchyma was determined by the dif-

ference. One portion of testicular parenchyma from

each testis was placed in a tared vial and frozen on

dry ice. These samples were stored below -25#{176}C until

used for the determination of spermatid reserves. A

second portion of tissue was fixed in Zenker-formol

solution, dehydrated, embedded in paraffin, sectioned

at 5 pm, stained with periodic acid-Schiff’s reagent

and hematoxylin (Berndtson et al., 1979), and utilized

for histometic evaluations.

Histometic Evaluation of

Germ Cell: Sertoli-Cell Ratios

The ratio of spermatogonia, young primary sper-

matocytes, old primary spermatocytes, and round

spermatids to Sertoli cells was determined from direct

counts of nuclei of germ cells or of Sertoli cells with

a visible nucleolus in sections of 20 seminiferous

tubules at Stage! (as defined by Swierstra et al., 1974),

for each stallion. The mean diameter of the nuclei or

nucleoli was also determined for each type of cell

from each stallion and used to convert crude cell

counts to true counts by application of Abercrombie’s

procedure (Abercrombie, 1946; Berndtson, 1977).

The resulting true counts were used to calculate ratios

of germ cells to Sertoli cells.

Determination of Number of Sertoli Cells

The number of Sertoli cells per paired testes was

calculated by means of the following equation:

Total Sertoli - Total elongated

cells spermatids

Sertoli cells

For this equation, the total number of elongated

spermatids represented homogenization-resistant elon-

gated spermatids as determined by the procedure of

Amann and Almquist (1961). The ratio of Sertoli

cells to spermatids was derived from the histometric

analyses described previously. The product of the

number of homogenization-resistant elongated sper-

matids times the ratio of Sertoli cells to spermatids

represented the number of Sertoli cells associated

with this population of elongated spermatids. Since

these elongated spermatids are present for only 6

days (Amann et al., 1979) of a 12.2-day cycle of the

seminiferous epithelium (Swierstra et al., 1974), an

additional factor of 2.03 3 was applied so that Sertoli

cells at all stages of spermatogenesis were included.

The number of Sertoli cells per gram was obtained by

dividing the total number of Sertoli cells by testicular

parenchymal weight.

Quantitative Assessments of Spermatogenesis

The rate of spermatozoa! production was deter-

mined by each of two different methods. The first

was by enumeration of homogenization-resistant

spermatids in homogenates of testicular parenchyma

(Amann and Almquist, 1961). Previously frozen

samples of testicular tissue (1-20 g) were thawed,

minced with scissors, and placed in 150 ml of homog-

enization fluid. The suspension was homogenized for

two mm in a Waring blender. The blender was rinsed

with an additional 300 ml of homogenization fluid

that was then added to the homogenate. Samples

were stored at 4#{176}C,and quantitative evaluation by

hemacytometry was carried out within 48 h. Duplicate

evaluations within 10% of each other were made by

each of four observers, and the average estimate of

the four observers was used to calculate the number

of spermatids per gram and per testis.

For the second method, spermatogenesis was as-

sessed by the procedure of Clermont and Morgen-

taler (1955). This technique was applied as described

previously for the histometric evaluation of ratios of

germ cells to Sertoli cells, except that the true counts

were further adjusted by a Sertoli-cell-correction fac-

tor (Clermont and Morgentaler, 1955; Lino, 1971;

Berndtson, 1977). The latter eliminates potential

biases that can arise from alterations in testicular

dimensions as a result of given treatments or by

histological processing. The conventional cell adjust-

ment, which enables counts of germ cells to be ex-

pressed in relation to a standard number of Sertoli
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140 JONES AND BERNDTSON

cells, has been based on the assumption that popula-

tions of Sertoli cells are numerically stable (Clermont

and Morgentaler, 1955; Lino, 1971; Berndtson, 1977).

Since the population of Sertoli cells was found to

decline linearly with age in the present study (see

Results), it was necessary to modify the standard

technique by incorporating an additional adjustment

based upon the rate of demise of the Sertoli-cell

population. To this end, we first calculated the pre-

dicted number of Sertoli cells per paired testes for

stallions of each age, based upon the regression

equation Y=2.15-.0654 X, where Y equals the num-

ber of Sertoli cells in billions and X equals age in

years. The predicted average number of Sertoli cells

for the 1-yr-old stallions was assigned a value of 1.0,

and the relative values for stallions of all other ages

were computed and regarded as age-correction fac-

tors. The numbers of germ cells obtained by the

standard methods (i.e., Abercrombie and Sertoli-

corrected true counts for each germ cell type and for

each stallion) were then multiplied by the appropri-

ate age-correction factor. The resulting data are desig-

nated hereafter as germ-cell counts per tubular cross-

section. The precision of estimates of cell counts ob-

tained by the histometric methods used here was

quite high. For example, the average coefficient of

variation between duplicate estimates of the number

of round spermatids per tubular cross-section for each

of 10 stallions chosen at random was 11.8%, when

each estimate was based on only 10 tubular cross-

sections. Stallions means reported here are based on

40 tubules each (i.e., 20 tubules per testis X two

testes).

Distribution of Sertoli Cells Per Unit

of Seminiferous Tubular Length or

Basement Membrane Area

The mean area of the seminiferous tubular base-

ment membrane for each Sertoli cell at Stage I of the

cycle of the seminiferous epithelium was calculated as

follows. First, the average length of Zenker-formol-

fixed Stage I seminiferous tubule associated with one

Sertoli cell was computed by dividing 5 pm (i.e, the

section thickness) by the number of Sertoli cells per

tubular cross section. Data for this calculation were

derived from the quantitative histological procedure

described previously. Secondly, the average diameter

of the seminiferous tubules was determined by

measuring-with an ocular micrometer-the diameter

of 50 essentially round, randomly selected seminifer-

ous tubular cross sections for each stallion. The

repeatability of such measurements was excellent; the

average coefficient of variability of duplicate esti-

mates, each based on only 25 seminiferous tubules

per estimate (i.e, one half the number used here) for

10 stallions was 2.05%. The seminiferous tubules

were assumed to be cylindrical and, thus, the average

area of basement membrane in fixed tissue per Sertoli

cell was determined by multiplying the average length

of tubule per Sertoli cell times the average circum-

ference (i.e., 3.1417 X tubular diameter) of the tubu-

les.

Statistical Analyses

Data for both testes were averaged or pooled

within stallions for each parameter and subjected to

first- and second-order regression analyses with age as

the independent variable. The statistical significance

of the linear or quadratic response was assessed by an

F-test from an analysis of variance and, where this

was significant, by a t-test for the significance of the

individual coefficient(s) of regression (Steel and

Torrie, 1960). The lowest level of statistical signifi-

cance from among a!! tests (i.e. from the F-test or

t-test(s) for each coefficient of regression) is presented

subsequently. All coefficients of determination pre-

sented represent values adjusted for degrees of free-

dom. Spermatogenesis was not sufficiently developed

in the two 1-yr-old stallions or in four of the six 1.5-yr-

old stallions to permit identification of Stage I semi-

niferous tubules. Thus, data derived from histometric

procedures could not be obtained for these stallions.

RESULTS

The number of Sertoli cells per pair of testes de-

clined linearly with age (p<0.05), and the average

predicted from the regression equation was only

41.7% as great at age 20 as at age 2 (Fig. 1). None-

theless, reproductive development proceeded until

about 12 yr of age in these stallions. This was evi-

dent first from testicular weight (Fig. 2), which more

than doubled between 1 and 12 yr of age before de-

clining (p<0.01). The change in testicular weight with

age was due to similar changes in the weight of both

the tunica albuginea and testicular parenchyma (the

influence of age on the grams of testicular parenchyma

[Y] was characterized by the equation Y=85.2+

37.Ox-1.58x2, where x=age in years, p<O.Ol). Since

the Sertoli population declined during this period of
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AGING AND THE EQUINE SERTOLI CELL

every 1.1 pm of tubule. This change reflected a decline

in numbers of Serto!i cells rather than any major

change in fixed tubular length. For example, between

2 and 12 yr of age, the average length of seminiferous

tubule per Sertoli cell increased by 47.8%, but the 12-

yr-old stallions contained only 67.6% as many total

Sertoli cells. Thus, the total length of seminiferous

tubules was virtually identical at both ages (i.e., 147.8

X 0.676=99.9%). However, the average tubular dia-

meter (Fig. 6) changed over time (p<0.05) in a manner

essentially resembling that for paired testis weight.

#{149} #{149} #{149} From the average length of seminiferous tubule per

Sertoli cell and the average tubular diameter, the aver-

age area of basement membrane in fixed tissue associ-

ated with each Sertoli cell was calculated (Fig. 7). The

mean area per Sertoli cell increased throughout life,

and was essentially three times as great in the 20-yr-

old stallion as in those 1 yr of age (p<0.05).

The functional activity of individual Sertoli cells in

supporting development of germ cells is depicted in

Figure 8. Between 2 and 13 yr of age, the number of

spermatogonia per Sertoli cell increased by more than

50% (p<0.0l). During the same time, the numbers of

0 5 10 15 20 25

AGE IN YEARS

FIG. 1. The relationship between age (X, in yr) and the number of

Sertoli cells per pair of testes (Y, in billions) was characterized by the

equation V = 4.37-0.133X (n=41, p<0.05). The coefficient of deter-

mination (R2) was 9.6%.

testicular growth, the number of Sertoli cells per

gram of testis actually declined until age 13 and then

increased slightly (Fig. 3, p<0.05).

The number of Sertoli cells per cross-section (Fig. 4)

declined linearly with age (p<0.01). Since sections

were prepared at 5 pm, it was possible to calculate

the average distribution of Sertoli cells along the length

of these Stage I tubules (Fig. 5). Whereas at 1-2 yr of

age there was one Sertoli cell for approximately every

0.6 pm of fixed seminiferous tubule, by age 20 this

was reduced to approximately one Sertoli cell for

young primary spermatocytes, old primary spermato-

cytes, and round spermatids per Sertoli cell increased

more than 150% (p<0.01). Overall, the average num-

ber of germ cells (spermatogonia, spermatocytes, and

spermatids) supported by each Sertoli cell at Stage I

increased from 9.1 at age 2 to 23.1 at age 13. This

represented an average 2.5-fold increase in the number
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rit. 2. The relationship between age ()C, in yr) and the testis

pair weight (V, in grams) was characterized by the equation

V = 101.0+40.3X-1.69X2 (n=47, 9<0.01). The coefficient of deter-

mination (R2) was 29.2%.

0 5 10 15 20 25

AGE IN YEARS

FIG. 3. The change in the number of Sertoli cells per gram of tes-

titular parenchyma (Y, in millions) with age (X, in yr) was described

by the equation V = 31.4-3.69X+0.14X’ (n41, 9<0.05). The coeffi-

cient of determination (R3) was 21.7%.
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FIG. 4. The decline in the number of Sertoli cells per Stage I semi-

niferous tubular cross section (V) prepared at 5 �tm due to age (X, in yr)

was characterized by the equation V=9.05-0.276x (n=41, 9<0.005).

The coefficient of determination (R2) was 32.3%.

of developing germ cells supported by each Stage I

Sertoli cell.

The number of homogenization-resistant elongated

spermatids per gram of parenchyma is depicted in

Figure 9. Spermatozoa! production was absent in

both of the 1-yr-old stallions and also in four of the

six 1.5-yr-old stallions in this study, as judged by the

absence of elongated spermatids. However, sperma-

tozoal production was well established in all stallions

by age 2 (Fig. 9). The number of spermatids per gram

increased thereafter from 39.6 million at age 2 to a

0 5 10 15 20 25

AGE IN YEARS

FIG. 6. The change in the mean minor diameter of seminiferous

tubules in fixed tissue (Y, in Mm) with age (X in yr) was described by

the equation Y=74.6+13.6x-0.563x2 (n=47, p<0.005). The coeffi-

cient of determination (R2) was 53.8%.

peak of 69.8 million at age 12. The influence of age

on the total number of elongated spermatids per testis

pair (Fig. 10) closely resembled that on number of

spermatids per gram, with a peak level of spermato-

zoal production observed at age 12 as judged by this

method. Total rates of spermatozoa! production varied

greatly among stallions of any given age (Fig. 10).

Spermatozoa! production was also assessed by

determining the numbers of germ cells per Stage-I

seminiferous tubular cross-section, as presented in

Fig. 11. The mean number of spermatogonia per tubu-
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FIG. 5. The relationship between age (X, in yr) and the average

length of Stage I seminiferous tubule in fixed tissue per Sertoli cell (V,

in Mm) was characterized by the equation Y=0.555+0.0293X (n=41,

p<0.005). The coefficient of determination (R2) was 47.8%.

FIG. 7. The relationship between age (X, in yr) and the average area

of seminiferous tubular basement membrane in fixed tissue (Y, in Mm2)

associated with each Sertoli cell was characterized by the equation

V=148.0+34.5X-0.966X2 (n=41, 9<0.05). The coefficient of deter-

mination (R2) was 55.2%.
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FIG. 8. (A) The relationship between age (X, in yr) and the mean number of spermatogonia per Sertoli cell at Stage I of the cycle of the semini-

ferous epithelium (Y) was described by the equation Y=0.302#{247}0.0164X (n=41, p<0.005). The coefficient of determination (R3) was 31.5%. (B)

The relationship between age (X, in yr) and the mean number of young primary spermatocytes per Sertoli cell in Stage I seminiferous tubules (Y)

was characterized by the equation V=0.519+0.525x-0.0187X2 (n=41, 9<0.01). The coefficient of determination (R2) was 50.1%. (C)The relation-

ship between age (X, in yr) and the mean number of old primary spermatocytes per Sertoli cell in Stage I seminiferous tubules (Y) was described by

the equation V=0.863+0.553X-0.0188X2 (n=41, 9<0.01). The coefficient of determination (R2) was 46.6%. (D) The relationship between age (X,

in yr) and the mean number of round Stage I spermatids per Sertoli cell (V) was characterized by the equation V=1.92+1.73X-0.0646X2 (n=41,

9<0.005). The coefficient of determination (R2) was 47.4%.
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FIG. 10. The relationship between age (X, in years) and the total

number of homogenization-resistant elongated spermatids per testis pair

(Y, in billions) was described by the equation V= 3.53 + 2.43X-

o.0996X2 (n=47, 9<0.01). The coefficient of determination (R2) was

25.5%.
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FIG. 11. (A) Mean numbers of spermatogonia per cross section of Stage I seminiferous tubules were similar at each age (n=41, 9>0.10). Values

shown are Abercrombie-corrected true counts adjusted by an age-modified Sertoli cell-correction factor. (B) The relationship between age (X, in yr)

and the numbers of young primary spermatocytes per cross section of Stage I seminiferous tubules (V) was described by the equation V=5.27 +

3.13X-0.148X2 (n=41, p<0.005). The coefficient of determination (R3) was 31.3%. Individual observations are Abercrombie-corrected true counts

adjusted by an age-modified Sertoli cell-correction factor. (C) The relationship between age (x, in yr) and the numbers of old primary spermatocytes

per cross section of Stage I seminiferous tubules (Y) was characterized by the equation Y=7.95+3.26X_0.154XLI (n�’41, 9<0.005). The coefficient

of determination (R2) was 25.0%. Individual observations are Abercrombie-corrected true counts adjusted by an age-modified Sertoli cell-correction

factor. (D) The relationship between age ()(, in yr) and the numbers of round spermatids per cross section of Stage I seminiferous tubules (Y) was

represented by the equation V=19.6i-9.96X-0.482X2 (n=41, p<0.005). The coefficient of determination (R2) was 29.8%. Individual observations

are Abercrombie-corrected true counts adjusted by a modified Sertoli cell-correction factor.

lar cross-section was not influenced by age (p>0.10).

In contrast, the numbers of young primary spermato-

cytes, old primary spermatocytes, and round sperma-

tids per tubular cross-section were strongly influenced

(p<0.005), and were greatest at 10-11 yr of age.

Thus, estimates of the effects of age on the rates of

spermatogenesis were very similar when judged by

each of two different methods.

DISCUSSION

The present finding of a decline in the absolute

numbers of Sertoli cells with age resembles that cited

for the human (Johnson et al., 1984) but differs from

that of Johnson and Thompson (1983), who reported

proliferation of Sertoli cells in stallions until age 4-5.

For both the present study and that of Johnson and

Thompson (1983), Sertoli cells were quantified by

procedures that were independent of potential influ-

ences from alterations in testicular size and tubular

or cellular dimensions. However, the methods dif-

fered and in each instance were based upon certain as-

sumptions (Berndtson, 1977). The formula we used

to compute numbers of Sertoli cells involved an as-

sumption that the ratios of round (Stage I) sperma-

tids to Sertoli cells and of elongated homogenization-

resistant spermatids to Sertoli cells were similar. If

significant numbers of spermatids had degenerated

during spermatogenesis, absolute numbers of Sertoli

cells would have been underestimated by our pro-
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cedure. More importanly, if rates of such degenera-

tion had been influenced by age, the relative numbers

of Sertoli cells at different ages would also have been

affected. However, the validity of our assumption was

supported in two ways. First, yields of round sperma-

tids from primary spermatocytes remained at a rela-

tively constant ratio at all ages (see Figs. 8C,D).

Second, estimates of the effects of age on relative

rates of spermatozoa! production were similar when

judged by the enumeration of round Stage I sperma-

tids in histological sections (Fig. 1 1D) vs. quantifi-

cation of the more mature elongated spermatids pres-

ent in testicular homogenates (Figs. 10 and 11). From

such evidence, it is obvious that rates of cellular de-

generation during spermiogenesis were not influenced

appreciably by age in these stallions; substantial differ-

ences would have been necessary to alter our findings

materially.

The difference between our findings and those of

Johnson and Thompson (1983) is difficult to reconcile

at this time. The assignment of stallions of differing

ages to discrete groups (e.g., ages 6-12 and 13-20)

for statistical analysis in the latter study probably

contributed, at least in part, to some discrepancies.

In our study, most parameters peaked at 12-13 yr of

age. However, these peaks typically would not have

been detected had we also assigned stallions to similar

broad age categories distributed equally to either side

of this peak. Rather, such a categorization would have

created the illusion that many parameters stabilized

at about 6 years of age while others continued to

increase throughout life. Clearly, age is a continuous

rather than a discrete variable. More importanly, the

presence of stallions of markedly different ages within

any given group precludes any possibility of detecting

age-related differences that might actually exist among

the stallions within that group. It is also important to

note that in the study of Johnson and Thompson

(1983), the only statistically significant effect of age

on the number of Sertoli cells per pair of testes was

found between <2-yr-old stallions and all other groups.

Since the former included several prepubertal (8- to

12-month) stallions, a subsequent increase in the

population of Sertoli cells might be expected.

It is of interest to note that postpubertal mitoses

of Sertoli cells have not been demonstrated in any

mamma!. With the exception of the study by Johnson

and Thompson (1983) on the stallion, reports dealing

with other species in which the population of Sertoli

cells was thought to increase after puberty have not

gained acceptance because of the absence of statistical

significance, failure to correct for alterations in

testicular or cellular dimensions, etc. (see Discus-

ion by Johnson and Thompson, 1983). For the

stallion, Johnson and Thompson (1983) reported

observing mitotic figures at the base of Stage II and

III tubules during the onset of the breeding season.

They implied that these might represent mitoses of

Sertoli cells, since the mitotic activity of both Type A

and Type B spermatogonia was thought to occur

between Stages V and VIII (Swierstra et al., 1974).

Unfortunately, work on the kinetics of equine

spermatogenesis is incomplete (Swierstra et a!.,

1974). Only two types of spermatogonia were dis-

tinguished by Swierstra et al. (1974) during the

process of spermatogenesis. Type A spermatogonia

reportedly divided to produce Type B spermato-

gonia, which in turn divided to yield primary sper-

matocytes. If this model of spermatogenesis were

complete, the maximum theoretical yield of spermato-

cytes from each Type A spermatogonium would be

four (This theoretical yield is actually an overesti-

mation since some divisions would be required for

stem-cell renewal). However, for 12-yr-old stal-

lions, as an example, we found a ratio of 8.25 young

spermatocytes per Type A spermatogonium, which

was similar to the ratios ranging from 6.1:1 to 9.7:1

for various populations of stallions examined in other

studies (Squires et al., 1981, 1982; Berndtson et al.,

1983). Given the fact that spermatogonial divisions

are required for stem-cell renewal (Clermont, 1972)

and the likelihood of some attrition of germinal cells

(Clermont, 1972), it is clear that more divisions

occur than were noted by Swierstra et al. (1974). It is

quite possible that the mitoses noted by Johnson and

Thompson (1983) were of such origin.

In addition to the age-related increase in the

population of Sertoli cells cited by Johnson and

Thompson (1983), these authors reported that the

numerical size of the Sertoli-cell population fluctuated

with season. The magnitude of this fluctuation

essentially paralleled that associated with the popula-

tion of germ cells. Thus, the average number of

spermatids per Sertoli cell remained relatively con-

stant, while the numbers of both cells increased

during the breeding season. The influence of season

was not examined in the present study. However, if

the ratio of spermatids to Serto!i cells were similar at

each season, it would be impossible to detect a

seasonal change in spermatozoa! production by the

histological method involving the Sertoli-cell correc-

tion (Berndtson, 1977). Yet, a seasonal influence on
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equine spermatogenesis was detected by this approach

in another study (Berndtson et a!., 1983), as was also

observed in other species (Berndtson and Desjardins,

1974; Hochereau-de Reviers and Lincoln, 1978).

Stability of the population of Sertoli cells has been

the basis for the Sertoli-cell adjustment included

among histological procedures for quantifying sper-

matogenesis (Clermont and Morgentaler, 1955; Lino,

1971; Berndtson, 1977). In light of the present

findings, it is clear that this correction would not be

valid for comparisons among stallions of different

ages without further adjustment for this age-related

decline, as was included here. Fortunately, stallion

age has been considered in the assignment of indi-

vidual stallions to treatment groups in most prior

experiments in which the Sertoli-cell adjustment was

employed. This undoubtedly contributed to the

similarlity of findings based upon this procedure and

others used simultaneously to quantify spermato-

genesis (Berndtson et a!., 1979; Squires et a!., 1982).

It should be noted that testicular growth rates of

stallions have been examined by in situ measurements

(Thompson et al., 1979; Woods et al., 1980) as well

as by weighing excised tissues (Pickett and Voss,

1973; Amann et a!., 1979; Johnson and Neaves,

1981; ElWishy et al., 1982; Johnson and Thompson,

1983). Although it is clear that marked testicular

growth occurs after puberty, a consistent growth

pattern has not emerged from these studies. Rather,

within individual investigations, growth has either

appeared to continue throughout adult life (Pickett

and Voss, 1973; Thompson et a!., 1979; Johnson and

Neaves, 1981; EliWishy et a!., 1982) or to have

attained a peak size after which it remained relatively

stable (Amann et al., 1979; Woods et al., 1980;

ElWishy eta!., 1982;Johnson and Thompson, 1983).

Several factors have likely contributed to these

inconsistencies. First, testicular size is extremely

variable, even among stallions of a given age and

within a given season of the year (Thompson et al.,

1979). Also, the genera! practice of pooling data from

stallions of different ages into rather broadly defined

age categories might readily have masked or biased

age-related trends, as described previously. Finally,

the relatively long life span and high maintenance

costs for the stallion have made it virtually impossible

to study aging except via the use of tissues obtained

through commercial abattoirs. The reasons such ani-

mals have been culled are unknown, and such popula-

tions of stallions typically contain a preponderance of

younger animals. The latter was certainly true in the

present study, in which the relatively large sample of

47 stallions contained only three greater than 13 years

of age. Given this limited number of senescent stal-

lions, our awareness of marked variability in reproduc-

tive characteristics among individual stallions and in

the absence of other reliable data on the senescent

equine population (data for very old stallions have

been pooled with those for much younger stallions in

other studies), we are unable to conclude whether or

not thevery old stallions in the present study are typi-

cal of senescent stallions in genera!. Indeed, the merits

of deleting these three stallions from the study were

carefully considered. This idea was subsequently re-

jected because (1) exclusion of these stallions would

not alter findings relative to other stallions up to 13

yr of age for which replication was quite extensive;

(2) the number of observations for this very old

population is clearly evident, as is the resulting need

for caution in the generalization of findings from

such a population; and (3) their inclusion unveils the

potential for the failure to accurately detect or

interpret trends with aging caused by pooling of data

from such stallions with those from other mature but

younger animals. Although reproductive parameters

of very old stallions have yet to be well documented,

rates of testicular growth and development and

quantitative rates of spermatogenesis for the other

stallions in the present study are quite consistent with

data in earlier reports; the latter constitute evidence

that the stallions included in the present study are

representative of stallions in the general population.

Although, the population of Sertoli cells declined

with age, the physical distribution and functional

activity of individual Serto!i cells increased in keeping

with testicular growth and the increased rates of

spermatogenesis. Between 2 and 12 yr of age, the

weight of the testicular parenchyma increased by

97%. This was associated with an average 57% increase

in the diameter of fixed seminiferous tubules (Fig. 6)

in the absence of a difference in total seminiferous

tubule length. Our findings are somewhat in contrast

to those of Johnson and Neaves(1981), who observed

a 14% increase in tubular diameter and a 37% increase

in tubular length between 2-3 vs 13-20 yr of age

(testicular parenchymal weight increased by 7 5%).

Despite these differences, which may have resulted

because of greater shrinkage of tissue in the present
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study, it is clear from both studies . that tubular

volume does increase with age in the stallion, and in

many other species (Steinberger and Steinberger,

1975).

Sertoli cells form a blood-testis barrier, which

divides the seminferous tubules into basal and adlumi-

na! compartments. It seems reasonable to assume that

the increase in the size of both compartments that

accompanies testicular growth would likely place

additional physical demands on a fixed or declining

population of Sertoli cells (i.e. individual Sertoli cells

would need to provide the blood-testis barrier over a

greater physical area). Furthermore, it is possible that

their potential for meeting this demand could limit

the maximal rate of spermatogenesis for any given

individual. In fact, aging has been associated with

both decreases in spermatozoal production and

increased permeability of the blood-testis barrier of

the mouse (Gosden et a!., 1982). If one may assume

that the distribution of Serto!i cells per unit of

seminiferous tubular length or basement membrane

area reflects their relative physical roles, the equine

Sertoli cells would appear to have a remarkable

capacity to increase their physical role during aging.

This is evident from the observation that the basement

membrane area per Sertoli cell in fixed tissue increased

by 98% between 2 and 12 yr of age (Fig. 7). It is of

further interest to note that whereas any given

increase in either tubular length or diameter would

cause identical increases in total area of basement

membrane, influences on the volume contained

therein would differ. For example, a doubling of

tubular length would cause a doubling of tubular

volume, whereas a doubling of tubular diameter

would cause a 4-fold increase, since the cross-sectional

area of a circle changes exponentially as a function of

the radius squared. Thus, increases in tubular diameter

would prove effective in increasing tubular volume

relative to the area of the baement membrane,

whereas increases in tubular length would not.

Further studies to assess the relative contributions of

tubular diameter vs. length to increases in testicular

size and their impact on area of basement mem-

brane would be of interest.

Sexual development was also associated with a

marked increase in the number of developing germ

cells supported per Sertoli cell. Between 2 and 12 yr

of age, the numbers of spermatogonia, young primary

spermatocytes, old primary spermatocytes, and round

spermatids supported by each Sertoli cell increased

by 49, 176, 153, and 161%, respectively. Whereas at

age 2 the average Stage I Sertoli cell supported the

development of 8.8 germ cells, by age 12 this had in-

creased to 22.8 germ cells, or approximately 2.6

times as many cells. This clearly underscores the

remarkable capacity of individual Sertoli cells to

assume greater physical and functional roles with

aging, thereby permitting testicular development to

occur despite a steady decline in their own numbers.
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