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2,5-Hexanedione Exposure in the Rat Results in Long-Term
Testicular Atrophy Despite the Presence of

Residual Spermatogonia

KIM BOEKELHEIDE AND SUSAN J. HALL

From the Department of Pathology and Laboratory Medicine, Brown University, Providence, Rhode Island.

ABSTRACT: Charles River CD rats (approximate weight, 208 g)
were exposed to 1.0% 2,5-hexanedione (2,5-HD) in drinking wa-
ter for 5 weeks. Rats were killed 27, 60, and 75 weeks after
exposure to evaluate the recovery potential following testicular
injury. At 27 weeks, normal serum testosterone and significantly
elevated serum luteinizing hormone and serum follicle-
stimulating hormone levels were found in treated rats. The 2,5-
HD-treated rats had low testicular and epididymal weights at all
time points (28% and 72% of controls, respectively, at 75 weeks).
Microscopically, there was a generalized loss of postsper-
matogonial germ cells at all time points, with no seminiferous
tubules exhibiting normal spermatogenesis at 75 weeks. How-

ever, a relatively constant population of 3.1 to 3.7 spermatogo-
nia/100 Sertoli cells was found in atrophic seminiferous tubules
at all time points. The presence of a constant residual popula-
tion of type A spermatogonia without a normal mass of more
mature germ cells and the observed hormonal alterations sug-
gest that 2,5-HD intoxication produced a lengthy disruption in
local testicular homeostatic mechanisms that control spermato-
genesis.
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fter exposure to germ cell toxicants, testes with a nor-

mal stem germ cell mass (approximately 2 sper-
matogonial stem cells [A,] cells/100 Sertoli cells; Dym and
Clermont, 1970; Erickson, 1976) rapidly repopulate with
mature germ cells (Meistrich, 1986). However, the kinetics
of germ cell recovery following exposure to Sertoli cell
toxicants are unknown. This study examined the long-term
effects on germ cell dynamics of exposure to 2,5-
hexanedione (2,5-HD), a putative Sertoli cell toxicant
(Chapin et al, 1982, 1983; Bocekelheide, 1988a).

Distal peripheral polyneuropathy and testicular germ cell
loss result from n-hexane exposure in the rat (Krasavage et
al, 1980). Aliphatic precursors, such as n-hexane or methyl
n-butyl ketone, are metabolically activated to the ultimate
toxicant 2,5-HD by hepatic microsomal w-1 hydroxylation
and oxidation (DiVincenzo et al, 1977). 2,5-HD reacts with
protein lysyl e-amines to form pyrroles, intermediates in the
development of toxicity (Graham et al, 1982; DeCaprio et
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al, 1982; Anthony et al, 1983a,b; Genter et al, 1987). A sub-
sequent pyrrole-dependent crosslinking reaction appears nec-
essary for the occurrence of both the neurotoxicity and the
testicular injury (Boekelheide et al, 1988; St Clair et al, 1988).

The dynamics of 2,5-HD-induced testicular atrophy are
complex; a time delay is evident between administration of
the toxicant and the development of testicular injury, and
the length and dose rate of exposure determine the magni-
tude of germ cell loss (Boekelheide, 1988a; Boekelheide
and Eveleth, 1988). 2,5-HD exposure alters testicular mi-
crotubule assembly, and the extent of this assembly abnor-
mality correlates with testicular injury as measured by
testicular weight loss and histopathology (Boekelheide,
1987a,b, 1988a,b; Boekelheide and Eveleth, 1988). We
have proposed that a failure of normal microtubule-
dependent Sertoli cell functions results in germ cell loss,
since the Sertoli cell cytoskeleton plays a critical role in the
structural, nutritional, and hormonal support of germ cells
(Russell et al, 1981; Vogl et al, 1983a,b; Neely and Boekel-
heide, 1988; Boekelheide et al, 1989).

In a previous study (Boekelheide, 1988a), rats were ex-
posed to 1% 2,5-HD in drinking water for 5 weeks and
examined periodically thereafter. Twelve weeks after the
start of exposure, 99% of the seminiferous tubules in all rats
studied had lost all their postspermatogonial germ cells.
Twenty-two weeks after the start of exposure, a minority of
the depleted seminiferous tubules had recovered and dem-



onstrated normal spermatogenesis. At this last time point
examined, a majority of the 2,5-HD-treated rats had no
recovered seminiferous tubules and lacked postspermatogo-
nial germ cells. Interestingly, these atrophic seminiferous
tubules contained scattered, basally located spermatogonia
in numbers indicative of type A, stem germ cells (approx-
imately 2 germ cells/100 Sertoli cells).

In this study, we examined the possibility of germ cell
recovery over a long period after acute 2,5-HD exposure.
At 75 weeks, testes were uniformly and severely atrophic
with few, if any, postspermatogonial germ cells, while con-
taining an average of 2.37 type A spermatogonia/100 Ser-
toli cells. These results indicate that long-term disruption of
normal testicular homeostatic mechanisms may result from
exposure to Sertoli cell toxicants.

Materials and Methods

Virus and antibody-free Charles River CD rats (weight, ap-
proximately 208 g) were randomly assigned to treated and control
groups after 6 days of acclimatization. Food (Pro-Lab Rat, Mouse
and Hamster Chow No. 3000) was provided ad libitum. Rats were
housed in autoclaved Thoren cages or hanging wire cages at 70
2°F (21 %= 1°C) and 35% to 70% humidity with a 12-hour light:12-
hour dark cycle. Body weight was determined at the times indi-
cated in Fig 1. For statistical purposes, weights of paired organs
were summed to give an aggregate organ weight for analysis. Data
were analyzed for mean and SE and compared by the two-tailed
Student’s t test, analysis of variance, or the chi-squared test with
significance at P < 0.05.
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FIG. 1. Mean body weights of pooled treated (triangles) and con-
trol (circles) rats. In all cases, SE was <10% of the mean. Body
weights of the treated rats differed significantly (P < 0.05) from con-
trol rats at all times except those indicated with an asterisk. Groups
of treated and control rats were killed at 27, 60, and 75 weeks (ar-
rows). Daggers indicate unscheduled deaths.
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Experimental Design

Rats (n = 39) were treated with 1% 2,5-HD in drinking water
for S weeks at an average dose rate of 3.1 mmol/kg per day. On
day 10 of intoxication, 13 of the 39 treated rats were euthanized
because they exceeded established humane criteria for maximum
allowable weight loss (loss of > 33% of initial body weight).
Groups of rats were randomly selected from treated survivors (n =
26) and controls (n = 18) to be killed at designated times after the
beginning of 2,5-HD exposure: week 27 (treated rats, n = 7,
control rats, n = 5), week 60 (treated rats, n = 7; control rats, n
= 5), and week 75 (treated rats, n = 9; control rats, n = 5).
Before the end of the experiment, three additional treated rats and
three control rats were found dead in their cages or were killed due
to progressive weight loss or clinical deterioration.

Rats were killed by intraperitoneal injection of pentobarbital.
All control and treated rats sacrificed at the designated time points
received complete necropsies, including determination of body
weight, gross examination of organs, and determination of organ
weights (testes, epididymides, seminal vesicles, prostate, kidneys,
liver, spleen, lungs, heart, and brain). Seminal vesicle weights
included associated fluids, and prostatic weights included mem-
branous and prostatic urethra and bladder neck. For testes weight
at week 75, only four control data points were available because of
neoplastic replacement of a testis in one rat. Testes were fixed in
10% neutral buffered formalin, processed, and embedded in glycol
methacrylate for cutting into 2.5-um sections and staining with
periodic acid Schiff and hematoxylin (PAS) as previously de-
scribed (Chapin et al, 1984). Portions of other organs removed at
necropsy, including pancreas and stomach, were fixed in 10%
neutral buffered formalin, processed, and embedded in paraffin for
cutting into 6-pm sections and staining with hematoxylin and
eosin (H&E).

Endocrinology

At week 27 and before necropsy, cardiac blood was collected
(between 9 aM and 1:30 pM) from pentobarbital-anesthetized rats;
collections alternated between control and treated animals. Blood
was allowed to clot at 37°C before separation in a clinical centri-
fuge for 10 minutes at 4°C. Sera were stored at —70°C until
assayed. Hormonal determinations were performed by Hazleton
Biotechnologies Co. (Vienna, VA). Samples were analyzed for: 1)
follicle-stimulating hormone (FSH) using antibody S-11 from A.
F. Parlow (coefficient of variation: within assay, 3.5%; between
assay, 6.6%); 2) luteinizing hormone (LH) using antibody S-10
from A. F. Parlow and NIADDK-rLH RP-2 standard (coefficient
of variation: within assay, 2.6%; between assay, 3.7%); and 3)
total testosterone using an extraction/chromatography procedure
(coefficient of variation: within assay, 7.6%; between assay,
9.2%).

Histopathology

Testicular cross sections, one from each rat, were examined for
the presence of different types of germ cells. Testicular sections
contained an average of 200 cross sections of seminiferous tu-
bules/rat at 27 weeks (range, 53 to 379; n = 6 [one section was
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Table 1. Body and reproductive organ weights of 2,5-HD-treated and control rats after long-term recovery

Woeek 27 Week 60 Week 75
Control (n = 5) Treated (n =7) Control(n =5) Treated(n =7) Control(n =15) Treated (n = 9)
Body (g) 676.4 = 17.5 613.9 + 16.8* 841.8 + 39.6 716.3 £ 25.3* 831.2 + 67.6 746.6 + 34.8
Testes (g) 3.50 £ 0.12 1.59 + 0.36" 3.83 +0.11 1.57 + 0.35* 3.58 + 0.11 0.99 + 0.06*
Epididymides (g) 1.46 = 0.05 0.95 +0.11* 1.67 £ 0.05 1.08 + 0.08* 1.35 + 0.04 0.97 + 0.05*
Seminal vesicles (g) 1.83 + 0.22 2.56 + 0.16* 223 +0.18 2.09 + 0.12 2.38 £ 0.22 2.07 £ 0.15
Prostate (g) 1.89 £ 0.15 2.13 £ 0.10 1.97 £ 0.28 2.13 = 0.21 1.88 = 0.17 2.05 + 0.11
* P < 0.05 by analysis of variance.
inadequate for evaluation]), 375 tubular cross sections/rat at 60  Resulls

weeks (range, 225 to 533; n = 7), and an average of 404 tubular
cross sections/rat at 75 weeks (range, 254 to 487; n = 9).

Seminiferous tubules were considered to be *‘atrophic’’ if they
lacked germ cells more mature than spermatogonia and
‘“‘recovered’’ if they contained germ cells that had matured to at
least the zygotene spermatocyte stage.* The number of spermato-
gonia/100 Sertoli cells was determined in testicular sections with
atrophic seminiferous tubules by counting an average of 2015 total
cells/rat at 27 weeks (range, 726 to 3070; n = 5 [one section was
inadequate for evaluation and one section was totally recovered]),
an average of 2688 total cells/rat at 60 weeks (range, 2572 to 2821;
n = 6 [one section was totally recovered]), and an average of 1689
total cells/rat at 75 weeks (range, 1276 to 2011; n = 9). At week
75, the spermatogonia seen in atrophic seminiferous tubules were
further categorized as either type A spermatogonia or intermediate
plus type B spermatogonia. Type A spermatogonia were defined
by their nuclear morphology, presence of a visible and limited
cytoplasm, and their basal location in the seminiferous tubule (Cl-
ermont and Bustos-Obregon, 1968; Boekelheide, 1988a). Inter-
mediate and type B spermatogonia were easily identified by their
more condensed and basophilic nuclear morphology.

Distribution of type A spermatogonia and more mature sper-
matogonia among seminiferous tubules at week 75 was determined
by counting these cell types in 75 randomly selected seminiferous
tubules/treated rat (n = 9). A total of 352 type A spermatogonia
and 132 intermediate plus type B spermatogonia were identified in
675 seminiferous tubules examined. To test if the distribution of
these cell types among seminiferous tubules was random, the ob-
served distribution of seminiferous tubules, with and without these
germ cells, was compared with the expected Poisson distribution
(Withers et al, 1974; Meistrich et al, 1978). By the Poisson dis-
tribution, occurrence of seminiferous tubules without a particular
type of germ cell is predicted by the formula, [e~*], and occur-
rence of seminiferous tubules with a particular type of germ cell is
predicted by the formula, [1 — e~ *], where p is the mean number
of occurrences of that germ cell type per seminiferous tubule. For
statistical purposes, observed and expected distribution of germ
cells were compared by the chi-squared test.

*The morphological distinction between type B spermatogonia and
spermatocytes of the preleptotene and leptotene stages can be difficult to
determine by light microscopy. For the purposes of this study, cells with
this morphology were considered to be type B spermatogonia.

General Features of 2,5-HD Intoxication and Recovery

2,5-HD exposure induced a decrease in body weight
throughout the postexposure period (Fig 1). Groups of con-
trol rats (n = 5) and treated rats (n = 7 to 9) were killed at
27, 60, and 75 weeks after the start of intoxication. At
necropsy, grossly visible testicular atrophy was present in
six of seven 2,5-HD-treated rats at 27 weeks, in six of
seven treated rats at 60 weeks, and in all nine treated rats at
75 weeks. Control rats had uniformly normal appearing
testes, with the exception of one rat at 75 weeks with an
enlarged right testicle (testis weight, 2.89 g; microscopi-
cally, a Leydig cell tumor).

No consistent differences in the weights or microscopic
appearance of nonreproductive organs (kidney, liver,
spleen, lungs, heart, and brain) were observed between
treated and control rats. Although the testicular and epidid-
ymal weights of treated rats were significantly decreased
when compared with control rats at all time points, no dif-
ferences were found in the weights of the seminal vesicles
or prostate (Table 1). Microscopically, the prostate and
seminal vesicles of both control and treated rats had a pre-
dominantly columnar epithelium that appeared actively
secretory (data not shown).

At 27 weeks, both serum LH and serum FSH were sig-
nificantly elevated in treated rats, while serum testosterone
was normal (Table 2).

Histopathology of the Testes and the Epididymides

Testicular cross sections were scored for the presence or
absence of recovered seminiferous tubules. At all time
points, control rats had uniformly normal spermatogenesis
in the majority of seminiferous tubules. Of the six 2,5-
HD-treated rats examined histopathologically at 27 weeks,
two rats had a partial recovery of spermatogenesis (one
recovered seminiferous tubule of 379 examined and 38 re-
covered seminiferous tubules of 184 examined; Fig 2); one
rat had a complete restoration of spermatogenesis in all of
its seminiferous tubules (212 seminiferous tubular cross
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Table 2. Serum hormone levels in 2,5-HD-treated and control
rats at 27 weeks

FSH (ng/ml) LH (ng/ml)  Testosterone (ng/dl)
Control
(n=5) 167.0x123 0.36 = 0.02 304.0 + 53.1
Treated
(n=7) 307.6*30.3 0.80=*0.10" 294.7 + 143

* P < 0.005 by two-sided Student’s t test.

sections examined); and three rats had complete atrophy of
the seminiferous epithelium (an average of 200 seminiferous
tubules/rat examined). At 60 weeks, one 2,5-HD-treated rat
had a complete restoration of spermatogenesis (517 semi-
niferous tubular cross sections examined); however, the re-
maining six rats had only atrophic seminiferous tubules (an
average of 351 seminiferous tubules/rat examined). At 75
weeks, no 2,5-HD-treated rats showed evidence of a recov-
ery of spermatogenesis (an average of 404 seminiferous
tubules/rat examined).

Atrophic seminiferous tubules identified in testicular
sections from 2,5-HD—treated rats were also scored for the
total number of spermatogonia/100 Sertoli cells. Spermato-
gonia were found in similar numbers at all time points: at 27
weeks, 3.67 = 0.59 germ cells/100 Sertoli cells (n = 5); at
60 weeks, 3.10 * 0.34 germ cells/100 Sertoli cells (n = 6);
and at 75 weeks, 3.33 = 0.76 germ cells/100 Sertoli cells (n

FIG 2. At 27 weeks, two of six testicular cross-sections showed
partial recovery of spermatogenesis. A fully recovered seminiferous
tubule (above) is adjacent to two atrophic seminiferous tubules (be-
low). PAS, bar = 100 pm.

= 9). The spermatogonia were further classified by their
morphology: type A spermatogonia (Fig 3A) were distin-
guished from the more mature intermediate and type B sper-
matogonia (Fig 3B). Type A spermatogonia were the
predominant cell type at all time points. This impression
was measured at 75 weeks when 2.37 + 0.49 type A sper-
matogonia/100 Sertoli cells and 0.96 + 0.34 intermediate
plus type B spermatogonia/100 Sertoli cells were found (n
=9).

To determine whether the germ cells of rats treated with
2,5-HD tend to cluster together, the distribution of sper-
matogonia among atrophic seminiferous tubules at week 75
was determined (Table 3). If random, the probability of
finding germ cells in seminiferous tubules would be pre-
dicted by the Poisson distribution (Withers et al,
1974; Meistrich et al, 1978). This possibility was examined

FI1G 3. Cytological criteria were used to distinguish type A sper-
matogonia from intermediate plus type B spermatogonia in atrophic
seminiferous tubules. (A) A Type A spermatogonium (arrowhead)
can be distinguished from nearby Sertoli cell nuclei by its nuclear
appearance, visible and limited cytoplasm, and basal location (75
weeks, PAS, bar = 10 um). (B) A group of type B spermatogonia
(arrowheads) are identified by their nuclear appearance. Note the
presence of intercellular cytoplasmic bridges between these cells
(75 weeks, PAS, bar = 10 um).
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Table 3. Seminiferous tubules (%) with germ cells (number) at week 75

Germ cells per seminiferous tubule

0 1 2 3 >3
Type A 646 +7.8 23353 8.4+ 21 3.0x0.9 0.7 +04
spermatogonia (59.4) (31.0) 8.1) (1.4) 0.2)
More mature 919+ 21 55+13 0.9 +0.3 0.6 £ 0.5 12+0.6
spermatogonia (82.2) (16.1) (1.6) 0.1) (0.005)

From each rat (n = 9), 75 seminiferous tubule cross-sections were randomly evaluated for their content of type A spermatogonia and more
mature spermatogonia. The frequency of occurrence of seminiferous tubules with the indicated number of germ cells is shown as the mean
+ SE. In parenthesis is shown the predicted frequency of seminiferous tubules with the noted number of germ cells if these germ celis were
randomly distributed among seminiferous tubules according to the Poisson distribution.

by performing the chi-squared test on the observed and the
Poisson-predicted distribution of germ cells in seminiferous
tubules (Table 3). The distribution of type A spermatogonia
and more mature spermatogonia was homogeneous among
individual rats in these groups, allowing the statistical anal-
ysis to be performed on pooled data. A comparison of the
observed and predicted incidence of seminiferous tubules,
with and without germ cells (degree of freedom = 1), dem-
onstrated a nonrandom distribution of both type A sper-
matogonia (chi-square = 7.65, P < 0.01) and more mature
spermatogonia (chi-square = 42.72, P < 1 X 10~ '). The
extent of germ cell clustering was much greater for the inter-
mediate plus type B spermatogonia, with occasional seminif-
erous tubule cross sections containing up to 16 spermatogonia.

Sections of the epididymides, including caput, corpus,
and cauda, were stained with H&E and examined by light
microscopy. All control rats had abundant spermatozoa
present in all regions of the epididymis (Fig 4). In contrast,
at all time points, treated rats (with the exception of those
with spermatogenic recovery) lacked spermatozoa in the
epididymal caput and corpus. At all time points, most of the
treated rats contained spermatozoan nuclei embedded
within a dense intraluminal eosinophilic matrix in the distal
cauda epididymis (Fig 5). In addition, treated rats had nu-
merous epididymal epithelial cells that were hugely dis-
tended by inspissated, slightly basophilic material (Fig 6).
This cellular alteration was most frequent in the proximal
cauda epididymis but was also present in the corpus and
distal cauda epididymis.

Discussion

We have demonstrated that intense exposure to 2,5-HD, a
putative Sertoli cell toxicant, produces an atrophic testis
that is largely incapable of recovery. Histopathologic ex-
amination 75 weeks after beginning 2,5-HD exposure indi-
cated the presence of a residual population of type A
spermatogonia compatible with an intact stem cell popula-
tion. Our experiments extend a study by Boekelheide

(1988a) of the late complications of 2,5-HD exposure by
quadrupling the postexposure observation period, determin-
ing the weights and histologic appearances of both testicular
and nontesticular reproductive organs, and examining and
quantifying the types of residual germ cells.

Previous experience with germ cell toxicants would pre-
dict a full and rapid recovery following an exposure that
resulted in an intact residual stem cell mass (Meistrich,
1986); therefore, the clinical and toxicologic implications of
exposure to germ cell and Sertoli cell toxicants may be quite
different. Sertoli cell toxicants may produce a lengthy dis-
ruption in spermatogenesis by an as yet unidentified mech-

FIG. 4. Section of proximal cauda epididymis from a control rat
showing abundant luminal spermatozoa and the normal appearance
of the epithelial clear cells, indicated by arrowheads (75 weeks, H &
E, bar = 50 um).
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FIG. 5. All treated rats with atrophic seminiferous tubules lacked
spermatozoa in the proximal epididymis. However, in the distal
cauda epididymis, spermatozoa were retained within a dense, eosin-
ophilic matrix that appeared focally crystalline, indicated by arrow-
heads (75 weeks, H&E, bar = 50 um).

anism without depleting the spermatogonial stem cell mass.
This conclusion should be viewed with two features of our
model in mind: 1) the Sertoli cell specificity of 2,5-HD and
2) the identification of residual spermatogonia as type A,
stem cells.

Both morphological and biochemical evidence indicate
that the Sertoli cell is the initial target for 2,5-HD in the
pathway leading to testicular injury. By light microscopy,
vacuolization of the Sertoli cell cytoplasm (specific to
stages XII, XIII, XIV, and I in the cycle of the seminiferous
epithelium) is the first histopathologic sign of a testicular
abnormality (Chapin et al, 1983; Boekelheide, 1988a). Bio-
chemically, the activities of the Sertoli cell-specific en-
zymes B-glucuronidase and <y-glutamyl transpeptidase are
decreased during 2,5-HD exposure at a time when the testis
is morphologically normal (Chapin et al, 1982). However,
no data are available that exclude germ cells as another site
of action of 2,5-HD. Indeed, because of the extensive in-
teractions among cells within the testis, demonstration of
exclusive Sertoli cell specificity for any toxic agent would
be quite difficult.

FIG. 6. A common alteration in the epididymis of treated rats,
most prevalent in the proximal cauda epididymis as shown here, was
the accumulation of dense, slightly basophilic concretions within
numerous epithelial cells. These cells likely represent clear cells (see
Fig 4) that may have an altered morphological appearance following
toxicant exposure (Flickinger and Loving, 1976; Trasler et al, 1988).
Note that the lumen (L) is devoid of spermatozoa (75 weeks, H&E, bar
= 50 pm).

Type A spermatogonia were the predominant germ cell
type present 75 weeks after beginning 2,5-HD treatment.
Classification of spermatogonial cell types was accom-
plished using morphological criteria (nuclear appearance, a
visible and limited cytoplasm, and a basal location). Type A
spermatogonia represented 71% of all the germ cells present
at 75 weeks (2.37 type A spermatogonia/100 Sertoli cells);
the remaining germ cells were intermediate and type B sper-
matogonia. Spermatogenic stem cells (type A, spermatogo-
nia) are known to occur with a frequency of approximately
two per 100 Sertoli cells (Dym and Clermont, 1970; Erick-
son, 1976). Another characteristic of spermatogonial A,
stem cells is their occurrence as isolated cells (Huckins,
1971). Statistically, the distribution of type A spermatogo-
nia at 75 weeks was not random; however, they did not
show a marked degree of germ cell clustering. This suggests
that a sizable portion of these cells may well be ‘‘isolated’’
and fall into the category of presumptive A, cells. How-
ever, no specific marker or methodologic approach was
used that would unequivocally identify the remaining sper-
matogonia as type A, stem cells. Indeed, no specific mark-
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ers for type A, spermatogonia have been reported in the
literature. An alternative methodologic approach (whole
mounts of seminiferous tubules) failed to reliably distin-
guish isolated type A spermatogonia from Sertoli cells in
injured seminiferous tubules.

Elevated levels of FSH and LH, along with normal tes-
tosterone levels, were found in treated sera 27 weeks after
beginning the 5-week exposure to 1% 2,5-HD. This hor-
monal pattern may be explained by an intact hypothalamic-
pituitary response to a dysfunctional gonad. Other examples
of direct seminiferous tubule damage characterized by pro-
longed germ cell loss, such as that found after hydroxyurea
exposure or vitamin A deficiency, elicit a similar hormonal
response (Rich and de Kretser, 1977; Rich et al, 1979). The
explanation for the elevation in LH in this setting of chronic
seminiferous tubule damage is unclear. One possibility is
that alterations in testicular hemodynamics, which are
known to occur following germ cell loss, modulate the se-
rum concentrations of LH and testosterone (Setchell and
Galil, 1983). According to this hypothesis, the reduced
blood flow in the germ cell depleted testis limits the amount
of testosterone leaving the testis, which is compensated for
by an elevation in LH. The normal microscopic appearance
and weights of the seminal vesicles and prostates in the
treated rats corroborate the normal serum testosterone and a
compensated state of Leydig cell function. These results
support previous hormonal and histopathologic studies
(Chapin et al, 1982, 1983; Boekelheide, 1988a) that found
that 2,5-HD-induced testicular injury was mediated by di-
rect toxicity to the Sertoli cell: the hypothalamic-pituitary
axis was spared despite the known neurotoxicity of this
compound.

In light of this apparent sparing of the hypothalamic-
pituitary axis, it is interesting to note the long-term deficit in
body weight found in this study following 2,5-HD exposure
during adolescent development in the rat. Decreased food
intake during intoxication is an unlikely explanation for this
long-term body weight deficit, as demonstrated by studies
of the effect of short-term inanition in young rats on sub-
sequent adult body weight (Stewart, 1916). Furthermore, in
two studies (Gillies et al, 1980; Boekelheide, 1988a),
treated rats weighed significantly less than pair-fed controls
following 2,5-HD intoxication, indicating the presence of a
weight-reducing, non-nutritional toxicant-related effect.
The interpretation of this long-term weight deficit is com-
plicated by the observation that organ weights of 2,5-
HD-treated and control rats were similar.

2,5-HD—treated rats with atrophic testes lacked sperma-
tozoa in the caput and corpus epididymis, but retained sper-
matozoa within a dense eosinophilic matrix in the distal
cauda epididymis long after the cessation of spermatogen-
esis. This finding is consistent with a major alteration in the
fluid dynamics of the ductal system, a potential conse-

Journal of Andrology - January/February 1991

quence of exposure to a Sertoli cell toxicant (Gray and
Gangolli, 1986). In addition, some epididymal epithelial
cells, most prominently in the proximal cauda epididymis,
were hugely distended with inspissated material. These
cells may be epididymal clear cells that have been noted to
enlarge and increase in number in response to toxic insults
(Flickinger and Loving, 1976; Trasler et al, 1988).

Two other putative Sertoli cell toxicants, the phthalate
esters and tri-o-cresyl phosphate, produce long-term alter-
ations in testis weight or testis histopathology following
exposure. A single injection of a phthalate ester produced a
marked reduction in seminiferous tubule fluid secretion and
androgen binding protein secretion, implicating the Sertoli
cell as the target (Gray and Gangolli, 1986). Testis weight
remained significantly depressed 70 days after completion
of a 60-day dietary exposure to 20,000 ppm di(2-
ethylhexyl)phthalate, suggesting long-term effects on germ
cell production (Agarwal et al, 1986). Administration of
tri-o-cresyl phosphate apparently impaired Sertoli cell
phagocytosis of residual bodies (Somkuti et al, 1987a) and
produced irreversible germ cell loss (Somkuti et al, 1987b).
Both of these compounds induce alterations in Sertoli cell
function and disrupt germ cell production for an extended
period.

Sertoli cells are generally accepted as performing a cen-
tral role in support of spermatogenesis. They provide the
appropriate structural and nutritional environment for germ
cell development, create the blood-testis barrier, and re-
model the seminiferous epithelium as germ cells mature
(Bardin et al, 1988). Recently, increased attention has fo-
cused on the importance of locally produced growth factors
in spermatogenesis (Bellve and Zheng, 1989). Clearly,
some of these growth factors are produced by Sertoli cells to
modulate germ cell proliferation and function (Forti et al,
1989; Kancheva et al, 1990).

Given the hormonal evidence of prolonged seminiferous
tubule damage and Sertoli cells as the target, 2,5-HD may
be affecting local paracrine and autocrine regulation of sper-
matogenesis within seminiferous tubules. These morpho-
logical studies indicate that recovery from 2,5-HD exposure
either occurs rapidly following intoxication or not at all.
The quantitative analysis of cell populations at 75 weeks
suggests that some A, cells can commit to germ cell mat-
uration. The clustering of intermediate and type B sper-
matogonia indicates that clonal expansion of committed
germ cells does occur. However, the rate of A, cell com-
mitment to maturation appears to be low, and those germ
cells committed to maturation fail to progress through the
spermatocyte stage. A more detailed description of the
mechanism of this failure in recovery and maturation re-
quires ultrastructural studies and a better molecular under-
standing of paracrine and autocrine regulation of germ cell
dynamics.
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