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2.5-Hexanedione Alters Microtubule Assembly. 1. Testicular Atrophy, Not Nervous System 

Toxicity, Correlates with Enhanced Tubulin Polymerization. BOEKELHEIDE, K. (1987). TO-I?- 
col. .4ppl. Pharmacol. 88,370-382. Charles River CD rats (200 g) were divided into three groups 
receiving either 1% 2,5hexanedione (2.5HD) or 0.035% 3,4-dimethyl-2.5-hexanedione 
(DMHD) in the drinking water or water alone (control) for 4 weeks. The two treated groups 

experienced similar nervous system dysfunction and systemic toxicity. Testicular toxicity, as 
evidenced by histological changes and decreased testis weight, was present only in 2.5-HD- 
treated rats. Tubuhn was purified from brain and testis and assembly properties were deter- 
mined. Purified brain and testis tubulin derived from the 2,5-HD-intoxicated rats displayed 

altered assembly with a shortened nucleation phase and more rapid rate of elongation. Brain 
tubulin from DMHD-intoxicated rats displayed assembly behavior similar to controls, while 
testis tubulin from DMHD-intoxicated rats displayed assembly behavior intermediate between 

the control and 2,5-HD tubuhn preparations. The presence of y-diketone-induced assembly 
alterations following in vivo intoxication was accompanied by the formation of a high-molecu- 
lar-weight protein identified as crosslinked tubulin. From these data, we conclude that microtu- 
bule assembly alterations are not etiologic in the development of nervous system dysfunction 

following intoxication but may represent the biochemical mechanism of2.5-HD-induced testic- 
Uhr atrophy. Q 1987 Academic Press. 1~. 

n-Hexane is an environmental toxicant 
which, following chronic exposure, produces 
peripheral polyneuropathy and testicular at- 
rophy (Krasavage et al., 1980). Microsomal 
oxidation of n-hexane yields the ultimate ac- 
tive metabolite 2,5-hexanedione (2,5-HD).’ 

’ This project was supported by Grant RO 1 OH 02 19 1 
from the National Institute for Occupational Safety and 
Health of the Centers for Disease Control and a Pharma- 

ceutical Manufacturers Association Foundation Faculty 
Development Award in Toxicologic Pathology. The au- 
thor thanks Julia Eveleth for excellent technical assis- 

tance. 
’ Abbreviations used: DMHD, 3.4-dimethyl-2,5-hex- 

anedione; DMP, 2,5-dimethylpyrrole; 2,5-HD, 2,5-hex- 
anedione; GTP, guanosine S&phosphate; SDS-PAGE, 
sodium dodecyl sulfate polyacrylamide gel electrophore- 

Histopathological examination of the periph- 
eral nervous system reveals characteristic 
massive accumulations of neurofilaments 
(Spencer and Schaumburg, 1975, 1977) while 
the testicular atrophy is first manifested by 
degenerative changes within Sertoli cells 
(Chapin et al., 1982, 1983). Reaction of 2.5- 
HD with tissue nucleophiles, particularly 
protein lysyl amines, leads to formation of 
cyclic covalent adducts called pyrroles (De- 
Caprio et al., 1982). The resulting alterations 
in charge and solubility of derivatized neuro- 

sis; t Vm., , time required to reach maximal velocity of as- 

sembly; V,,, , maximal velocity of assembly. 
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filaments (DeCaprio et al., 1983) pyrryl-de- 
pendent crosslinking between adjacent neu- 
rofilaments (Graham et al., 1982a,b, 1984), 
and disruption of cytoskeletal interconnec- 
tions (Griffin et al., 1983) have been proposed 
as pathogenetic mechanisms in the develop- 
ment of the neurofilamentous neuropathy 
(DeCaprio and O’Neill, 1985). 

3,4-Dimethyl-2,5-hexanedione (DMHD) 
is a congener of 2,5-HD with several interest- 
ing chemical and toxicologic differences from 
the parent y-diketone (Anthony et al., 
1983a,b). DMHD is approximately 20-30 
times as potent a nervous system toxicant as 
2,5-HD. In addition, with rats intoxicated to 
the same degree of nervous system dysfunc- 
tion, 2,5-HD-treated animals were found to 
have an accompanying testicular atrophy 
while DMHD-treated animals did not (An- 
thony et al., 1983a). Chemically, DMHD cy- 
clizes more rapidly with nucleophiles and 
demonstrates increased reactivity of the re- 
sulting pyrryl intermediate. 

Microtubules play an important structural 
and functional role in both the nervous sys- 
tem and testis as demonstrated by the effect 
of microtubule poisons such as colchicine. In 
the nervous system, axonal transport is dis- 
rupted following exposure to colchicine (Fink 
et al., 1973; Komiya and Kurokawa, 1980). 
In the testis, colchicine alters both Sertoli 
cells and germ cells leading to hypospermia 
and testicular atrophy (Handel, 1979; Russell 
et al., 198 1; Vogl et al., 1983b). Because of 
the importance of microtubules in the ner- 
vous system and testis, the potential effects of 
2.5-hexanedione upon this cytoskeletal sys- 
tem have been studied. The proportion of tu- 
bulin which polymerized into microtubules 
was not altered by chronic 2,5-HD intoxica- 
tion (Nachtman and Couri, 1979). The ex- 
tent and kinetics of tubulin polymerization in 
vitro were not changed significantly by addi- 
tion, without preincubation, of high concen- 
trations of n-hexane, methyl n-butyl ketone, 
or 2.5-HD to the assembly buffer (Selkoe et 
al., 1978). We have recently reported alter- 
ations in microtubule assembly kinetics in 

2,5-HD-intoxicated rats (Boekelheide, 1985, 
1986). Microtubule assembly occurred both 
earlier and more rapidly in the crude brain 
extracts and in the temperature-dependent 
cycled brain tubulin preparations from 
treated rats. 

In the following article, assembly and 
structural alterations in purified brain tu- 
bulin following in vitro incubation with 2,5- 
HD are investigated in detail (Boekelheide, 
1987). In this paper, an intoxication protocol 
is described whereby 2,5-HD and DMHD 
produced similar systemic and nervous sys- 
tem toxicity but differential testicular effects. 
This selective intoxication protocol was used 
to study brain and testis crude supernatant 
properties and the assembly of tubulin puri- 
fied from the brains and testes of treated and 
control rats. The following hypothesis is pro- 
posed: 2,5-HD intoxication alters microtu- 
bules in Sertoli cells resulting in testicular at- 
rophy. 

MATERIALS AND METHODS 

Into.uication profocol. Charles River CD rats (200 g) 
were divided into three groups. The animals were housed 

at a constant temperature (70 ? 2°F) in 35-70% humid- 
ity with an alternating 12-hr light-dark cycle. All animals 
received food (Pro-Lab Rat, Mouse and Hamster Chow 
No. 3000) ad libitum. Rats treated with 2,5-HD (>98% 

pure, Eastman Kodak Co., Rochester, NY) received the 
toxicant as a 1% solution in the drinking water. Rats 
treated with DMHD (>99% pure, the kind gift ofDr. Sza- 
kal-Quin, Duke University Medical Center, Durham. 

NC) received the toxicant as a 0.035% solution in the 
drinking water. Control animals received drinking water 
ad libitum. After 4 weeks of treatment, the animals were 
assessed for clinical neurotoxicity. On a smooth surface. 

the hindlimbs were extended back parallel to the tail and 
released. The time required for the rat to reposition the 
hindlimbs under the body was measured. The rats were 

then weighed and anesthetized with pentobarbital. and 
the brain and testes from each animal were removed and 
weighed individually. 

Crude supernatants. Brains and testes from pairs of 
rats were combined and processed by three strokes of a 
glass/Teflon homogenizer at 1500 rpm on ice with 
0.1 M 2-(N-morpholino)ethane sulfonic acid. I mM eth- 
ylene glycol bis(P-aminoethyl ether)N,N.N’.N’-tetraace- 

tic acid, 0.5 mM MgCIZ. 4 M glycerol. pH 6.75 (1 ml/g 
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tissue). Ultracentrifugation at 4°C for 45 min at 100,000~ 
gave the crude supernatants. 

Protein content was determined in duplicate by the 

method of Lowry et al. ( 195 I) using bovine serum albu- 
min as a standard. The pyrrole content of the 2.5-hex- 
anedione crude supernatants was determined with Ehr- 

lich’s reagent. Duplicate 5O+cl aliquots of control and 
2.5-hexanedione brain and testis crude supernatants 
were incubated with 40 pg chymotrypsin at 37°C for 30 

min. Dimethyl sulfoxide (400 ~1) was added by mixing 
followed by 1 ml of Ehrhch’s reagent (12 mg/ml pdi- 
methylaminobenzaldehyde in 50% aqueous methanol 

with 1% HCI). The samples were incubated for I hr at 
37°C cooled, and the absorbance at 530 nm was deter- 
mined. A standard curve was constructed by using 50- 

~1 aliquots of 15 mg/ml bovine serum albumin in the 
supernatant buffer with added 2.5-dimethylpyrrole. 

Therefore. the pyrrole content of the 2.5-hexanedione 
crude supematants is expressed in equivalents of 2,5-di- 

methylpyrrole above the background level produced by 
control. The amount of tubulin in the crude supema- 
tants was determined by DEAE-filter binding (Borisy, 

1972) using [ring C-~nethoxyl-3H]colchicine (Amersham 
Corp., Arlington Heights, IL). Crude supematant (50 ~1) 

was incubated for 1 hr at 37°C with 50 pM colchicine and 
then bound to a fourply stack made from DEAE cellulose 
paper (Bio-Rad, Rockville Centre, NY). A standard 

curve of binding efficiency was constructed using DEAE- 
purified three times-cycled bovine brain tubulin. The 

binding efficiency (44%) was linear over a wide range of 
tubulin concentrations (0.29-2.08 mg/ml) and was not 

altered by in vitro reaction with 2.5-hexanedione. 

Light and electron microscop.v. A portion of each right 
testicle was fixed in 10% neutral buffered formalin. One- 

millimeter-thick cross sections were washed, dehydrated, 
and embedded in glycol methacrylate. Sections 2-pm 
thick were cut and stained with periodic acid-Schiff s re- 

agent and hematoxylin. Negative staining was performed 
with 1% uranyl acetate (Boekelheide, 1987). 

Tubulin p@ication and assembly. A temperature-de- 

pendent cycle of microtubule assembly and disassembly 
effects purification by differential centrifugation of the 
tubuhn polymer following warm incubation and subse- 

quent solubilization ofthe polymer in the cold and recen- 
trifugation. Rat brain and testis tubulins were purified by 

DEAE-Sephacel binding and elution followed by tem- 
perature-dependent cycles of assembly and disassembly 
with minor modifications (Boekelheide. 1987). An addi- 
tional DEAE-Sephacel washing step performed in dupli- 

cate with 0. I M NaCl in 1 M sodium glutamate. pH 6.6, 
was included prior to tubulin elution with 0.4 M NaCl in 

1 M sodium glutamate, pH 6.6. Rat brain tubulin from 
the in viva experimental groups was analyzed for assem- 

bly properties after two cycles of temperature-dependent 
assembly and disassembly. The rat testis tubulin from the 

in viva experimental groups was analyzed for assembly 
properties after three cycles of temperature-dependent 

assembly and disassembly. Microtubule assembly was 
measured as the change in optical density at 350 nm for 
samples adjusted to similar protein concentrations 

(Boekelheide, 1987). 
Electrophoreticprocedures. SDS-PAGE analyses with 

silver staining, densitometric scanning, and immu- 

noblotting were performed as described in the compan- 
ion article (Boekelheide. 1987). The nitrocellulose pro- 
tein blot was stained with a mixture of mouse mono- 
clonal antibodies recognizing epitopes of chick brain 

n-tubulin (Amersham Corp.) and sea urchin &tubulin 
(the kind gift of Dr. Richard McIntosh, University of 
Colorado, Boulder, CO). 

Statistical methods. For statistical purposes, the two 

testis weights from each animal were averaged to provide 
an average testis weight per animal. Data were analyzed 

for mean and standard error and compared by the two- 
tailed Student t test with significance assigned at .I’ 

< 0.05. 

RESULTS 

Intoxication with 2,5-HD and DMHD 

The intoxication protocol was devised to 
induce similar systemic and nervous system 
toxicity in the two treatment groups. Expo- 
sure to 1% 2,5-HD or 0.035% DMHD in the 
drinking water for 4 weeks produced this re- 
sult. The weights of the 2,5-HD and DMHD 
animals did not differ significantly from each 
other at any time, while both were signifi- 
cantly different (at least p < 0.001) from the 
untreated control group at all time points af- 
ter initiation of intoxication (Fig. 1). Both the 
2,5-HD- and DMHD-treated rats showed a 
range of nervous system impairments includ- 
ing moderate and severe degrees of hindlimb 
weakness (Table 1). 

The testicular effects of 2,5-HD and 
DMHD intoxication were assessed by com- 
paring testicular weights and histology. The 
average testis weights of the 2,5-HD-treated 
rats (1.38 * 0.03. mean * SE, n = 17) differed 
significantly from control rats ( 1.72 + 0.06, n 
= 8, p < 0.00 1) and from DMHD rats (1.57 
k 0.07, n = 8, p < 0.005) while the average 
testis weights of the DMHD-treated rats were 
not significantly different from controls. His- 
tologically, the DMHD testes appeared sim- 
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FIG. I. The effect of intoxication upon body weight. 

Control rats (n = 8) and rats intoxicated with 1% 2.5-HD 
(n = 17) or 0.035%~ DMHD (n = 8) in the drinking water 
were weighed each week during 4 weeks of treatment and 
the means r SE for body weight were determined. 

ilar to controls while the testes from 2,5-HD 
animals tended to have larger and more nu- 
merous membrane-bound vacuoles basally 
located within Sertoli cells, occasional giant 
cells, and chromatin margination in sperma- 
tids (Fig. 2). These histologic features of 2.5 
HD-induced testicular injury have been pre- 
viously well described by Chapin et al. 
( 1983). 

Properties of Brain and Testis Crude Super- 
natants 

Brain and testis crude supernatants ob- 
tained after 4 weeks of treatment were ana- 
lyzed for protein concentration, pyrrole con- 
tent, and the concentration of tubulin (Table 
2). The protein concentration was signifi- 
cantly increased in the 2,5-HD brain and tes- 
tis crude supernatants and in the the DMHD 
testis crude supematants, though the magni- 
tude of this increase was small ( 1 O-23%). Pyr- 
role content was determined by the Ehrlich’s 
reaction using DMP as a standard. In 2,5-HD 
crude supernatants, there was an excess of 

1.5- 1.8 nmol of DMP equivalents per milli- 
gram protein when compared with control. 
The proportion of tubulin in the superna- 
tants was determined by binding [3H]colchi- 
tine. Treatment did not alter the tubulin con- 
tent of crude supernatants (brain, average of 
12%; testis, average of 2.5%). 

Assembly of Brain Tubulin Derived from In- 
tax-icated Rats 

A series of preliminary experiments estab- 
lished that ( 1) microtubule assembly proper- 
ties were altered by 2,5-HD intoxication and 
(2) the alterations in assembly could be ex- 
plained by a modification of tubulin alone 
without dependence upon the presence of cy- 
tosolic proteins or microtubule-associated 
proteins. Polymerization of tubulin was re- 
corded in the high-speed supernatant of the 
crude homogenate (Margolis and Rauch. 
1981). In this state, the myriad of cytosolic 
proteins which might influence tubulin as- 
sembly were present. A cycle of assembly/dis- 
assembly (Shelanski et al., 1973) gave primar- 

TABLE 1 

CLINICAL EVALUATIONOF NEUROTOXICITYIN CON- 
TROL, 3.‘bDIMETHYL-2.5-HEXANEDIONE (DMHD)-. 
AND2,5-HEXANEDIONE(2.5-HD)-TREATEDbTS 

Clinically Moderate Severe 
normal neurotoxicity neurotoxicity 

(No. rats) (No. rats) (No. rats) 

Control 8 - 

DMHD I 5 2 
2.5-HD 9 6 2 

NOIK. Control rats and rats treated with 1% 2,5-HD or 
0.035% DMHD in the drinking water were tested after 
4 weeks of treatment. Neurological evaluation entailed 
placement of the rat on a smooth surface, extension of 

the hindlimbs. and measurement of the time required to 
reposition the limbs next to the body. The retraction time 
was measured in triplicate and averaged. Clinical catego- 
ries were assigned according to the average retraction 
time as follows: clinically normal, less than 1 set; moder- 

ate neurotoxicity. 1 -IO set: severe neurotoxicity, greater 
than 10 sec. 
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FIG. 2. Only 2,5-HD intoxication altered testicular morphology. Control rats and rats intoxicated with 
1% 2,5-HD or 0.035% DMHD in the drinking water were sacrificed after 4 weeks of treatment. Glycol 
methacrylate-embedded sections were stained with periodic acid-Schiffs reagent and hematoxylin. The 
morphology of the DMHD-treated rat testes ((A) X 150: (B) X300) was similar to control. The 2,5-HD- 
treated rat testes showed larger and more numerous basally located membrane-bround Sertoli cell vacuoles 
(arrowheads, (C) X 150) and occasional seminiferous tubules containing spermatids with condensed mar- 
ginated chromatin, some of which were multinucleated (arrows, (D) X300). 
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TABLE 2 

CRUDEBRAINANDTESTISSUPERNATANTPROPERTIESFROMCONTROL,~.~-DIMETHYL-~.~-HEXANEDI~NE 
(DMHD)- AND2,5-HEXANEDIONE(2,5-HD)-TREATEDRATS 

Protein concentration 
(m/ml) 

Brain Testis 

Pyrrole 
(nmol DMP equivalents/ 

mg protein) 

Brain Testis 

Tubulin 
(% total protein) 

Brain Testis 

Control (n = 4) 15.64 ?I 0.49 15.43 f  0.30 - - 12.64 + 0.31 2.51 i 0.32 
DMHD (n = 4) 16.30 f  0.12 18.99 f  0.33” - - 11.14 k 1.76 I .9 I f  0.40 
2.5.HD (n = 8) 17.28 f  0.20* 18.44 + 0.57’ 1.83 t 0.25 1.56 kO.10 12.01 + 1.24 2.9 I f  0.25 

Note. Values shown are the means + SE. For each group. brains and testes from pairs of rats were homogenized 
and processed together. Protein concentration was determined by the method of Lowry et al. (195 l), pyrrole content 
was determined by the Ehrlich’s reaction, and tubulin was determined by [3H]colchicine binding. 

” p < 0.00 1 when compared to control by two-tailed t test. 
‘p < 0.005 when compared to control by two-tailed t test. 
’ p < 0.01 when compared to control by two-tailed f  test. 

ily microtubule-derived material with the 
predominant components being tubulin and 
specific microtubule assembly-enhancing 
proteins. Binding and elution from DEAE- 
Sephacel (Hamel and Lin, 1981) followed by 
a cycle of temperature-dependent assembly/ 
disassembly provided purified tubulin freed 
of contaminating proteins. Only 2,5-HD 
treatment induced alterations in the kinetics 
of tubulin assembly, alterations which were 
present at every stage of purification. The 
changes consisted of (1) earlier initiation of 
assembly and therefore a shorter time re- 
quired to reach maximal velocity of assembly 
(tk’,,,) and (2) a greater maximal rate of as- 
sembly (V,,,). The polymerization of DM- 
HD-treated rat brain tubulin was always sim- 
ilar to that of control. 

Detailed studies of purified tubulin poly- 
merization were conducted to evaluate the 
effect of stringent assembly conditions as well 
as the statistical significance of the assembly 
alterations induced by 2,5-HD intoxication. 
Crude homogenates of brains from control 
rats and rats intoxicated for 4 weeks with 
drinking water containing 1% 2,5-HD or 
0.035% DMHD were bound and eluted from 
DEAE-Sephacel followed by cycles of tem- 
perature-dependent assembly and disassem- 

bly to provide purified rat brain tubulin. A 
high-molecular-weight protein contaminant 
which comigrated with in vitro crosslinked 
tubulin was identified by SDS-PAGE analy- 
sis. This high-molecular-weight band was 
prominent in purified 2,5-HD rat brain tu- 
bulin and represented approximately 1% of 
the total protein (Fig. 3). The nature of the 
high-molecular-weight protein identified by 
SDS-PAGE analysis in purified tubulin de- 
rived from 2,5-HD-treated rat brain was fur- 
ther investigated by immunoblotting. Sam- 
ples of purified tubulin from 2,5-HD, 
DMHD, and control rat brain were subjected 
to SDS-PAGE followed by electrophoretic 
transfer to nitrocellulose. The high-molecu- 
lar-weight protein present in brain tubulin 
purified from 2,5-HD-intoxicated rats was 
stained by reaction with antitubulin antibod- 
ies (Fig. 4). This specific immunological 
staining verified the formation of a covalently 
crosslinked tubulin following in vivo intoxi- 
cation with 2,5-HD. 

The assembly of purified brain tubulin 
from 2,5-HD-treated rats was significantly 
different from both control and DMHD 
brain tubulin preparations (Table 3). The 2,5- 
HD-treated brain tubulin assembled both 
earlier and more rapidly. Control and 
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FIG. 3. Silver-stained 7.5% polyacrylamide minigel of 
purified rat brain tubulin. Aliquots of purified tubulin (2 
pg) from control (lane 1). DMHD (lane 2) and 2.5HD 

(lane 3) rat brain preparations were coelectrophoresed 
with bovine brain tub&n (lane 4) crosslinked by 2,5-HD 

1)~ r’ifro (Boekelheide. 1987). The common band present 
in all samples represented denatured N- and @-tubulin 
subunits. A high-molecular-weight protein comigrated 

with in vitro crosslinked tubulin and was present only 
in purified tubuhn derived from 2.5-HD-intoxicated rats 
(arrowhead) 

DMHD brain tubulin preparations did not 
differ in their assembly characteristics. All 
three groups assembled to a similar extent as 
determined by the final maximal absorbance 
ofassembly. The unique behavior of 2,5-HD- 
treated brain tubulin was emphasized by 
analysis under stringent assembly conditions. 
Addition of 2.5 mM calcium prior to assem- 
bly or decreasing the assembly temperature 
to 30°C markedly delayed assembly of con- 
trol brain tubulin preparations while only 
moderately altering 2.5-HD brain tubulin as- 
sembly (Fig. 5). 

Assembly of Testis Tub&n Derived from In- 
toxicated Rats 

The relatively low tubulin concentration in 
testis complicated tubulin purification from 
this target organ of toxicity. Approximately 1 
mg of purified tubulin was obtained from 
each group of 15 rats following the 4-week in- 
toxication period. SDS-PAGE anaiysis of the 
purified testis tubulin revealed a high-molec- 

ular-weight protein contaminant present in 
both treated and control samples which co- 
migrated with in vitro crosslinked tubulin 
(Fig. 6). This common high-molecular- 
weight band was visualized only after exten- 
sive silver-stain development and likely rep- 
resented an irreducible protein dimerization 
product. A second high-molecular-weight 
band which migrated at a slightly higher ap- 
parent molecular weight was seen only in the 
samples from r-diketone-intoxicated rats. 
This second band was most prominent in 2,5- 
HD testis tubulin and detectable in DMHD 
testis tubulin. These high-molecular-weight 
components were visualized by the silver- 
stain technique, but were not seen following 
electrotransfer and immunologic staining 
with antitubulin antibodies. In our hands. the 
silver-stain technique has been consistently 
more sensitive in detecting crosslinked tu- 
bulin than the immunoblot technique, likely 
due to the inefficiency of transfer of high-mo- 
lecular-weight proteins. 

All three groups differed in the assembly of 
purified testis tubulin (Table 4). The y-dike- 

1 2 3 

FIG. 4. Intoxication with 2.5-HD induced a cross- 
linked tubulin. Purified rat brain tubulin (40 pg per lane) 

was isolated from control rats (lane 1) and rats intoxi- 
cated with 0.035”rt DMHD (lane 2) or I% 2,5-HD (lane 
3) in the drinking water for 4 weeks. Following SDS- 
PAGE on a 7.5% gel. the samples were electrophoreti- 
tally transferred to nitrocellulose and stained with a mix- 
ture of monoclonal antibodies to N- and &tubulin. .4 

crosslinked tubulin was identified in brain tubulin puri- 
bed from 2,5-HD intoxicated rats (arrow) which com- 

grated with crosslinked tubulin induced by in VIITO 2.5 
HD derivatization. 
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TABLE 3 

ASSEMBLY PROPERTIES OF PURIFIED BRAIN TUBULIN FROM CONTROL, 3.4-DIMETHYL-2,5-HEXANEDIONE 
(DMHD)-, AND 2,5-HEXANEDIONE (2,5-HD)-TREATED RATS 

r’max 
I ~,,x (min) (a OD,5U/min) Final ODJ5,, 

Control 7.8 k 0.73 0.024 + 0.004 0.252 f 0.014 

DMHD 8.0 + 0.54 0.02 I +- 0.002 0.243 f 0.009 
2.5-HD 2.9 + 0.24” 0.043 zk o.005*, 0.230 + 0.014 

I’V’OW Values shown are the means i SE. Purified tubulin was prepared by DEAE-Sephacel binding and elution of 
brain crude supernatants from control. DMHD, and 2,5-HD experimental groups followed by cycles oftemperature- 

dependent assembly and disassembly. Assembly was measured as the change in optical density at 350 nm. Control. 
DMHD, and 2,5-HD preparations were assembled in quadruplicate at 37°C in 1 M sodium glutamate, pH 6.6, at 0.40 
mg/ml. The time required to reach maximal velocity of assembly (IV,,,,, ) is a measure of the nucleation phase of 

assembly. The maximal velocity of assembly (L’,,& is a measure of the rate of microtubule elongation. The final 
optical density at 350 nm (final OD,,) is a measure of the ultimate extent of microtubule assembly and is dependent 
upon the optical scattering properties of the assembled polymer. 

” II < 0.00 1 when compared with control or DMHD. 

* p < 0.05 when compared with control. 
’ JJ < 0.01 when compared with DMHD. 

tone-treated testis tubulins assembled both 
earlier and more rapidly than control. 
DMHD testis tubulin demonstrated assem- 
bly behavior intermediate between that of 
2.5HD and control testis tubulin. 

Purified rat testis and brain tubulins 
differed in their assembly parameters (com- 
pare Tables 3 and 4). Despite the lower tu- 
bulin concentration, testis assemblies dis- 
played more rapid nucleation and elongation 
and a similar final optical density. Differences 
in the morphology of the final assembly prod- 
uct may partly or fully explain these differ- 
ences in assembly behavior. Rat testis tu- 
bulin. examined by negative-stain electron 
microscopy, tended to form wide. open pro- 
tofilamentous sheets which aggregated into 
bundles while rat brain tubulin tended to 
form narrow, open and closed tubules (Fig. 
7). The optical scattering volume of an as- 
sembled tubulin solution is a function of the 
width and length of the assembly product 
(Detrich et al., 1985). 

DISCUSSION 

The environmental toxicant n-hexane and 
its oxidized metabolites are known industrial 

health hazards as well as injurious compo- 
nents of solvents inhaled for their euphoric 
effect (Spencer et al.. 1978). The biologically 
active y-diketone metabolite 2,5-HD has 
been studied intensively and represents a pro- 
totypal agent for a class of nervous system 
and testicular toxicants (Graham et al.. 
1982a). 

The available knowledge of the chemical 
interaction between 2,5-HD and tissue pro- 
teins has allowed for the design and testing of 
several reasonable hypotheses of biochemical 
mechanisms of its nervous system toxicity 
(DeCaprio et al., 1983: DeCaprio and 
O’Neill, 1985; Graham et al.. 1982b; Griffin 
ef uf., 1983; Sabri, 1984). Because of its dra- 
matic nature, the chronic polyneuropathy 
has received the primary investigatory atten- 
tion. In this study, an intoxication protocol is 
described which controls for the systemic and 
nervous system toxic effects of y-diketones 
while producing differential testicular toxic- 
ity, allowing for the investigation of funda- 
mental biochemical alterations associated 
with toxic testicular injury. 

Several properties of brain and testis crude 
supernatants from treated and control ani- 
mals were examined. The protein concentra- 
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FIG. 5. Assembly of control (C), 2,5-HD (H)-, and 
DMHD (D)-purified rat brain tubulin following in vivo 

intoxication. Microtubule assembly was observed as the 

increased scattering of 350.nm light at a tubulin concen- 
tration of 0.40 mg/ml in 1 M sodium glutamate. pH 6.6, 

and 0.25 mM GTP. As shown in the top panel, 2,5-HD 
tubulin demonstrated earlier and more rapid assembly 
compared to both control and DMHD tubuhn under 

standard conditions at 37°C. As shown in the middle 
panel, addition of 2.5 mM calcium to the assembly at 
37°C altered DMHD and control assembly with little 

effect upon 2.5-HD assembly. As shown in the bottom 
panel, assembly at 30°C in the standard buffer markedly 
delayed and slowed DMHD and control microtubule po- 
lymerization while only moderately postponing 2.5-HD 

tubulin assembly. 

tion was higher in treated supernatants, likely 
reflecting a state of dehydration. The tubulin 
content expressed as a percentage of total 
protein in brain and testis crude supematants 
was not altered by 2,5-HD or DMHD treat- 
ment. A previous study of rats treated for 2 
months with 0.5% 2,5-HD in the drinking 
water indicated that 80% of control total pro- 
tein and 50% of control tubulin levels re- 
mained in brain homogenates (Couri and 
Nachtman, 1979). These differences in re- 
sults may be explained by variable buffers 
and homogenization procedures, as well as 
the differences in treatment protocols. 

The pyrrole content of 2,5-HD crude brain 
and testis supernatants was 1 S-1.8 nmol 
DMP equivalents per milligram protein. As- 
suming a similar Ehrlich’s reactivity for the 

2,5-HD pyrrole adduct and DMP and a 4.7% 
lysine content by weight of whole rat protein 
(Block, 1935) about 0.5% of protein lysyl c- 
amines have been derivatized by a 4-week 
treatment of rats with 1% 2,5-HD in the 
drinking water. This is similar to literature re- 
ports of the extent of pyrryl derivatization fol- 
lowing 2,5-HD intoxication (Anthony et al., 
1983b; DeCaprio et al.. 1983; DeCaprio and 
O’Neill, 1985). 

The selective intoxication protocol in- 
duced alterations in brain microtubule as- 
sembly only in rats treated with 1% 2,5-HD 
in the drinking water for 4 weeks. The micro- 
tubule assembly alterations consisted of a 
shortened nucleation phase and a more rapid 
maximal rate of assembly. These assembly al- 
terations were observed in brain crude super- 
natants, in the presence of microtubule asso- 
ciated proteins following a cycle of assembly 
and disassembly, and in electrophoretically 
pure tubulin following DEAE-Sephacel bind- 
ing and elution. Repetitive assembly assays of 
purified rat brain tubulin demonstrated 
highly statistically significant assembly alter- 
ations in the 2,5-HD group than in control or 
DMHD groups and no significant differences 
between the control and DMHD groups. 

1 2 3 4 

FIG. 6. Silver-stained 7.5% polyacrylamide gel of puri- 
fied rat testis tubulin. Aliquots ofpurified tubuhn (70 pg) 
from control (lane 1). DMHD (lane 2). and 2,5-HD (lane 

3) rat testis preparations were coelectrophoresed with III 
vifro crosslinked bovine brain tubulin (lane 4, 4 pg). A 
band unique to the r-diketone-intoxicated testis tubuhns 
(arrowheads) migrated slightly above a common high- 
molecular-weight band. Both of these bands comigrated 
with in vitro crosslinked tubulin. 
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TABLE 4 

ASSEMBLY PROPERTIES OF PURIFIED TESTIS TUBULIN FROM CONTROL. 3,4-DIMETHYL-2.5-HEXANEDIONE 
(DMHD)-, AND 2$HEXANEDIONE (I&S-HD)-TREATED RAF5 

Control 
DMHD 
2.5-HD 

f ~‘max (min) 

3.9kO.16 
3.0 rt 0.08”.b 
2.5kO.11’ 

~‘rtmx 
WDdmin) 

0.04 1 f  0.00 1 
0.054 + 0.00 1 Gd 
0.060 + 0.002’ 

Final ODxjO 

0.227 zk 0.005 
0.23 1 f  0.003” 
0.242 + 0.001’ 

,Yo/r. Values shown are the means f  SE. Purified tubulin was prepared by DEAE-Sephacel binding and elution of 
testis crude supernatants from control, DMHD. and 2,5-HD experimental groups followed by cycles of temperature 
dependent assembly and disassembly. Assembly was measured as the change in optical density at 350 nm. Control. 
DMHD, and 2.5-HD preparations were assembled in quadruplicate at 37°C in I M sodium glutamate, pH 6.6, at 0.34 
mg/ml. The time required to reach maximal velocity of assembly (t V,,,,) is a measure of the nucleation phase of 
assembly. The maximal velocity of assembly (V,,,) is a measure of the rate of microtubule elongation. The final 
optical density at 350 nm (final OD& is a measure of the ultimate extent of microtubule assembly and is dependent 
upon the optical scattering properties of the assembled polymer. 

y  IJ < 0.01 when compared with control. 
‘p < 0.02 when compared with 2,5-HD. 
’ c < 0.00 1 when compared with control. 
“p < 0.05 when compared with 2,5-HD. 
’ p < 0.05 when compared with control. 

Electrophoretic transfer to nitrocellulose fol- 
lowing SDS-PAGE and reaction with spe- 
cific antitubulin monoclonal antibodies were 
used to verify that the high-molecular-weight 
band uniquely present in purified brain tu- 
bulin from 2,5-HD-intoxicated rats was 
crosslinked tubulin. The common presence 
of nervous system dysfunction and the con- 
trasting effect upon brain microtubule assem- 
bly following 2,5-HD and DMHD intoxica- 
tion argues against a role for tubulin modifi- 
cation in y-diketone-induced peripheral 
neuropathy. 

This is the first report of the purification 
and assembly of testis tubulin. “Testis tu- 
bulin” is clearly a heterogeneous tubulin mix- 
ture derived from structural, endocrine, and 
germ cells. The multiplicity of cellular 
sources within the testis may result in dilu- 
tion of a tubulin assembly alteration or struc- 
tural modification specific to one cell type 
when testis tubulin is examined in aggregate. 
However, the low tubulin content of the testis 
renders purification of assembly competent 
tubulin difficult and the purification of as- 

sembly competent tubulin from a specific cell 
type within the testis impractical. 

Despite these limitations, the selective in- 
toxication protocol used in this study in- 
duced assembly behavior in y-diketone- 
treated testis tubulin which differed signifi- 
cantly from that of control. Purified testis 
tubulin from r-diketone-intoxicated animals 
assembled earlier and more rapidly than con- 
trol testis tubulin and these assembly alter- 
ations were associated with the presence of a 
high-molecular-weight band. A common 
high-molecular-weight band was present in 
both treated and control testis samples, likely 
representing nonspecifically crosslinked tu- 
bulin. A unique band seen only in y-diketone 
testis tubulin migrated at a slightly higher ap- 
parent molecular weight and likely represents 
tubulin crosslinked during intoxication. 

2,5-HD caused testicular weight loss and 
histological changes, the most extreme alter- 
ations in microtubule assembly, and the most 
crosslinked tubulin. DMHD induced no ap- 
parent testicular injury, an intermediate level 
of microtubule assembly alterations, and 
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FIG. 7. Polymer morphology ofpurified rat brain tubulin and purified rat testis tubulin. Brain tubulin (0.40 
mg/ml) and testis tubulin (0.34 mg/ml) purified from 2.5HD-intoxicated rats were negatively stained after 
assembly to steady-state at 37°C in 1 M sodium glutamate, pH 6.6, with 0.25 mM GTP. Closed microtubules 
predominated as the polymeric form of assembled purified 2,5-HD brain tubulin ((A) magnification 
x63.000). Purified 2,SHD testis tubulin formed predominantly open polymeric sheets which tended to 
aggregate into bundles ((B) same final magnification as A, x63.000). 

small amounts of crosslinked tubulin. There- 
fore, the presence of testicular injury corre- 
lated with both the extent of altered assembly 
of purified testis tubulin and the amount of 
crosslinked tubulin. 

The y-diketone-induced modification of 
tubulin appears to involve the process of mi- 
crotubule nucleation: the presence of addi- 
tional nucleating centers would explain the 
earlier onset and the increased rate of micro- 
tubule formation. A result of an alteration in 
the nucleation event for microtubule forma- 
tion is a change in average microtubule 
length. An increased concentration of nucle- 
ating centers would lead to an increased 
number of shorter microtubules. We have 
documented a decrease to one-third of con- 
trol microtubule length following in vitro 25 
HD derivatization of bovine brain tubulin 
(Boekelheide, 1987). 

The nurturing, transport, and structural 
roles of the Sertoli cell are uniquely depen- 
dent upon microtubule integrity (Vogl et ul.. 
1983a). Given the sensitivity of the testis to 
microtubule poisons and the importance of 
microtubules to Sertoli cell function, the fol- 
lowing hypothesis is proposed: (1) intoxica- 
tion with 2,5-HD alters microtubule assem- 
bly kinetics, (2) altered assembly produces 
changes in the number and length of Sertoli 
cell microtubules which compromises Sertoli 
cell function, and (3) a malfunctioning, non- 
supportive Sertoli cell disrupts germ cell mat- 
uration resulting in testicular atrophy. 

This study has examined only a single time 
point and a single dose of 2,5-HD and 
DMHD in an attempt to correlate testicular 
effects with microtubule alterations. The ab- 
sence of DMHD-induced testicular injury in 
the presence of significant microtubule alter- 
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