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We have previously demonstrated that systemic adminis- 
tration of testosterone increases the rate of axonal regen- 
eration following facial nerve crush in adult male hamsters. 
In this investigation, the molecular mechanisms by which 
androgens may enhance axonal regeneration were exam- 
ined. Specifically, the following question was addressed using 
Northern blot and in situ hybridization with three cytoskeletal 
cDNA probes complementary to &,-, &,-, and cr,-tubulin mRNA: 
does exogenous testosterone augment axotomy-induced 
changes in tubulin mRNA expression in hamster facial mo- 
toneurons (FMN)? Adult male hamsters were subjected to 
unilateral facial nerve severance, with the opposite side 
serving as an internal control. One-half of the animals were 
subcutaneously implanted with Silastic capsules containing 
crystalline testosterone propionate and the other half im- 
planted with blank capsules. Postoperative survival times 
were 2 and 7 d. At 2 d after axotomy alone, no changes in 
levels of any of the three tubulin mRNAs were observed in 
the injured FMN. However, by 7 d after axotomy, significant 
increases in all three tubulin mRNAs were observed. This 
time course of axotomy-induced changes in tubulin gene 
expression is consistent with findings in other injured neu- 
ronal populations. Administration of testosterone at the time 
of injury had two major effects on the cytoskeletal response 
pattern in axotomized FMN. First, testosterone differentially 
regulated the set of tubulin mRNAs examined, in that B,,- 
tubulin mRNA levels were selectively altered by the steroid, 
whereas &- or a,-tubulin mRNAs were not. Second, admin- 
istration of testosterone at the time of injury resulted in a 
more rapid induction of &tubulin mRNA changes in axotom- 
ized neurons relative to injury alone. These findings lend 
support to the hypothesis that testosterone enhances the 
rate of axonal regeneration through an augmentation in the 
neuronal cytoskeletal response pattern after axon discon- 
nection. 
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It is generally thought that steroid hormones act on target tissues 
primarily through an intracellular receptor-mediated mecha- 
nism to alter gene expression in a cell/tissue-specific manner 
(Yamamoto, 1985). Recent research has focused on the char- 
acterization of these intracellular receptors as signal transduc- 
tion molecules and the elucidation of their functions as nuclear 
transcriptive factors that regulate the transcription of a host of 
steroid-specific genes (Evans, 1988). From neuroendocrine re- 
search over the past decade, it appears that gonadal steroids are 
neurotrophic agents capable of modulating many aspects of neu- 
ronal growth involved in the reparative processes following in- 
jury (Cohen and Pfaff, 1981; Jones et al., 1985, 1986a,b, 1990; 
Matsumoto et al., 1988a,b; Goldstein et al., 1990; Gould et al., 
1990) a concept we have recently extrapolated to the neuronal 
regeneration field. Using the well-characterized hamster facial 
motoneuron as the model system (LaVelle and LaVelle, 1984) 
we established that the gonadal steroid testosterone accelerates 
the functional recovery from facial paralysis induced by facial 
nerve crush in adult male hamsters (Kujawa et al., 1989). Sub- 
sequent studies indicate that these effects of the steroid on func- 
tional recovery are exerted predominantly at the level of the 
facial neuron and through a mechanism involving an increase 
in the rate of regeneration without a shortening in the delay of 
sprout formation (Kujawa and Jones, 1990; Kujawa et al., ! 99 1). 

These effects of testosterone on axonal outgrowth rate parallel 
those found in the conditioning lesion paradigm, in which a 
second nerve crush is done several days after a first nerve crush 
(McQuarrie, 1983; Oblinger and Lasek, 1984; Kujawa et al., 
1989, 199 1). Thus, a possible mechanism for the observed ef- 
fects of gonadal steroids on accelerating the regeneration rates 
of injured facial motoneurons is that testosterone acts in a neu- 
rotrophic manner to prime the neuronal cell body and alter the 
synthetic capabilities of the regenerating neuron, as has been 
suggested for the conditioning lesion paradigm. If so, what genes 
would be predicted to be affected by the hormone? It is now 
firmly established that the family of cytoskeletal and associated 
proteins forming the microtubule and intermediate filament sys- 
tems play key roles in defining axonal shape and conferring 
stability to maturing axons (Chapin and Bulinski, 1992; Vallee, 
1992). Changes in the expression of these gene families have 
been well documented for a number of neuronal injury models, 
and their importance in axonal elongation following axotomy 
has been clearly defined (Hoffman and Cleveland, 1988; Wong 
and Oblinger, 1990; Tetzlaff et al., 199 1). Indeed, alterations in 
cytoskeletal gene expression have been identified in the con- 
ditioning lesion paradigm (McQuarrie, 1983). 

The regulation of neurite outgrowth by gonadal steroids in 
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both in vivo and in vitro systems has been demonstrated in 
numerous studies (Toran-Allerand, 1976; Faivre-Baumann et 
al., 1981; Kurz et al., 1986; Reisert et al., 1987; Matsumoto et 
al., 1988a,b; Goldstein et al., 1990). A relationship between 
neurons displaying a rapid increase in stable microtubules and 
an enhanced rate of neurite outgrowth has been demonstrated 
in several studies (Cambray-Deakin et al., 1987; Burgoyne and 
Cambray-Deakin, 1988). Ferreira and Caceres (199 1) have pro- 
vided evidence that the gonadal steroid estrogen stimulates neu- 
rite outgrowth in cultured mediobasal hypothalamic neurons 
through the selective induction of the tau proteins, microtubule- 
associated proteins that can increase microtubule stability. Thus, 
members of the cytoskeletal and associated gene families are 
likely to be differentially regulated by testosterone after injury, 
in a manner that may be causally related to the hormonally 
induced changes in axonal regeneration rates. In this study, we 
tested that hypothesis using in situ hybridization with several 
tubulin cDNA probes. 

Materials and Methods 
Animals and surgical procedures. Adult male golden hamsters (Harlan 
Sprague-Dawley, Indianapolis, IN) weighing 100-l 20 gm were used in 
all experiments. Animals were anesthetized with Nembutal(35 mg/kg, 
i.p.) for all surgical procedures. Using aseptic techniques, the right facial 
nerve of each animal was exposed at its exit from the skull through the 
stylomastoid foramen and transected using iridectomy scissors. Im- 
mediately after this unilateral nerve transection procedure, a small in- 
cision was made along the small of the back and two Silastic capsules 
(0.062 inch id. x 0.095 inch o.d., equilibrated in sterile physiological 
saline) were subcutaneously implanted and secured with sutures (Krey 
and McGinnis, 1990; Kujawa et al., 1991). This hormone paradigm, 
which provides high physiological serum levels of the steroid (Krey and 
McGinnis, 1990) has previously been shown to accelerate the rate of 
regeneration in adult male hamsters (Kujawa et al., 199 1). In one group 
of animals, the capsules were packed with crystalline testosterone pro- 
pionate (TP), and in the second group (sham condition), the capsules 
were empty (Kujawa et al., 199 1). At 2 or 7 d following nerve transection 
and capsule implant surgery, the animals were deeply anesthetized with 
ether and decapitated, and their brains were quickly removed. 

cDNA probes. The probes used were cDNAs specific for the following 
tubulin isotypes: a,-tubulin [Maul from Dr. Nick Cowan (Lewis et al., 
1985)], class /3,,-tubulin [RBT1,3’UT, from Dr. Steve Farmer (Bond et 
al., 1984)], class &,-tubulin (KS-5 from Dr. Anthony Frankfurter). For 
hybridization specific to P,,,-tubulin mRNA, we used an ApaI fragment 
of the entire KS-5 clone that encodes the terminal lysine and -750 base 
pairs of 3’UT sequence (Jiang and Oblinger, 1992). For blot hybridi- 
zations, cDNA inserts were isolated from plasmids and labeled with 
32P-dCTP using the Prime-It kit (Stratagene). For in situ hybridizations, 
cDNA inserts were labeled with either YS-dCTP or “P-dATP bv nick 
translation. 

RNA isolation and Northern blotting. Freshly dissected brains were 
blocked with a sterile razor blade and a thin slice from the region of 
brainstem (- 1 mm thick) containing the facial motor nucleus (FMN) 
was taken from each brain. Tissue micropunches that contained the 
FMN were obtained bilaterally from such slices as described previously 
(Jones and Evinger, 199 1). Total RNA was isolated from the tissue 
punches as described (Chomczynski and Sacchi, 1987). For each RNA 
sample, tissue punches from three animals were pooled; in each case 
the experimental (axotomy side) and contralateral control side FMN 
were kept separate. For each hormone condition (+TP or sham implant) 
at the 2 d and the 7 d postaxotomy times, three different series of RNA 
samples were prepared. Each series of RNA samples was used to prepare 
duplicate blots. 

The total RNA concentration of each of the different samples was 
determined spectrophotometrically and 5 pg of total RNA from each 
of the samples was electrophoresed on 1.2% agarose gels in the presence 
of formaldehyde (Ausubel et al., 1987). The RNA was blotted onto 
Nytran membranes using a Posiblot apparatus (Stratagene), and cross- 
linked to the membranes by exposure to 0.12 J of ultraviolet light. Blots 
were hybridized with 32P-labeled cDNA probes using conditions de- 
scribed (Ausubel et al., 1987). Blots were typically washed to a final 

stringency of 0.1 x SSC (standard saline citrate) with 0.1% SDS at 50°C. 
Autoradiographs were made using Kodak X-OMAT-AR film in cas- 
settes containing a single Cronex intensifying screen. Typically, blots 
were sequentially reprobed with the different tubulin probes after strip- 
ping them by immersion in boiling water for 5 min. The sequence in 
which the blots were probed with the various cDNAs was varied such 
that a different order was used for each of the blots. 

In situ hybridization. For in situ hybridization, brains were obtained 
from animals in each of the 7 d postaxotomy conditions (+TP or sham 
implant). The brainstem blocks were removed and rapidly frozen in 
powdered dry ice immediately after removal from the animals. Using 
a cryostat, 1 O-pm-thick frozen sections through the FMN were cut and 
mounted on gelatin chrome-alum-subbed slides. Sections were fixed by 
immersion in 4% paraformaldehyde for 90 min and then hybridized 
with labeled cDNA probes (see below) as described previously (Jiang 
and Oblinger, 1992; Oblinger and Pickett, 1992). After hybridization, 
the sections were washed to a final stringency of 0.1 x SSC with 0.1% 
SDS at 50°C dehydrated through ethanols, air dried, placed in x-ray 
film cassettes, and exuosed to Kodak EMC #l film at 20°C for 3-l 0 d. 
The slides were subsequently removed from the cassettes, dipped in 
Kodak NTB2 emulsion (diluted 1: 1 with 600 mM ammonium acetate), 
incubated in the dark from 5-7 d, and then developed. The sections 
were stained with cresyl violet and coverslipped prior to light micro- 
scopic evaluation. 

Densitometry and image analysis. The autoradiograms from the 
Northern blots were scanned using a laser densitometer (LKB Ultroscan 
XL). Film autoradiograms from the hybridized histological sections 
were scanned using a ScanJet IIc (Hewlett Packard) interfaced with a 
Macintosh IIsi. Using the software program IMAGE 4.1, optical density 
values from the region of the FMN (user-defined in each section) were 
determined. Experimental and control side values were determined from 
at least 10 different sections and the data were averaged. Quantitative 
data were statistically evaluated using the Mann-Whitney U test at the 
p < 0.05 level where indicated. 

Results 

The experiments addressed the question of whether or not ex- 
ogenous testosterone propionate (TP), given to gonadally intact 
male hamsters, alters the pattern of tubulin gene expression that 
is induced by axotomy of neurons in the FMN. Northern blot 
analysis was initially used to examine the effects of transecting 
the facial nerve on the levels of three different tubulin mRNAs 
in the FMN of animals that were either treated with exogenous 
TP or that received sham implants at the time of nerve injury. 
Figure 1 illustrates that transection of the facial nerve resulted 
in a dramatic increase in the levels of p,,, p,,,, and oc,-tubulin 
mRNAs in the axotomized FMN relative to the contralateral 
control nucleus. These changes were readily apparent at 7 d 
postaxotomy in blots of RNA obtained from FMN tissue punch- 
es from both untreated and TP-treated animals (Fig. L-C). 
Replicate experiments gave highly similar results. 

Administration of exogenous TP at the time of axotomy of 
FMN had several effects on tubulin gene expression. First, there 
was an apparent augmentation of P,,-tubulin mRNA levels in 
the axotomy-side FMN at 7 d postaxotomy in the TP-treated 
group relative to the sham-implanted group (Fig. 1A). This aug- 
mentation was limited to the p,,-tubulin mRNA since the rel- 
ative change in &,- and a,-tubulin mRNA levels in the axo- 
tomy-side FMN 7 d after nerve transection appeared to be similar 
in both the sham-implanted and TP-treated animals (Fig. 1 L?, C). 
The second effect of exogenous TP administration was an ac- 
celeration of tubulin mRNA level increases after axotomy. That 
is, in the TP-treated group of animals, a slight increase in the 
levels of /I,,-tubulin mRNA was observed in the axotomy-side 
FMN relative to the contralateral control side nucleus by 2 d 
after nerve transection (Fig. 1A). However, in the sham-implant 
condition, no increase in tubulin mRNA levels was apparent in 
the axotomy side FMN at 2 d after axotomy (Fig. 1A). The 
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Figure 1. Autoradiograms of Northern blots showing changes in the 
levels of three different tubulin mRNAs in FMN as a consequence of 
axotomy and testosterone propionate (77’) administration. The cDNA 
probes used for hybridizations were specific for the mRNAs of &- 
tubulin (A), &,,-tubulin (B), and ol,-tubulin (C). In all cases, equal amounts 
of total RNA (5 pg) isolated from contralateral control (C) or axotomy- 
side (Ax) PMN at 2 d and 7 d after nerve transection were run on the 
gels. The postaxotomy times for the non-hormone-treated and for the 
TP-treatment group samples are indicated below the corresponding gel 
lanes. 

effects of TP treatment at 2 d appeared to be restricted to the 
,f3,,-tubulin mRNA species since no differences in PI,,- or 01,- 
tubulin mRNA levels were apparent in the axotomy-side FMN 
relative to the contralateral control at 2 d posttransection in the 
TP-treated condition (Fig. 1 B, C). Again, replicate experiments 
gave highly similar results. 

To examine the magnitude of change in tubulin mRNA levels 
in the FMN as a consequence of axotomy with or without ex- 
ogenous hormone administration, densitometry of the autora- 
diograms of the northern blots was done (Fig. 2). Figure 2 shows 
the averaged densitometric evaluations of the mRNA changes. 
Quantitative analysis indicated that the p,,-tubulin mRNA spe- 
cies was the most substantially affected of the three mRNAs 
examined in this study. By 7 d postaxotomy in the sham-im- 
planted animals, the level of P,,-tubulin mRNA in the axotom- 
ized FMN was increased 130%, relative to the contralateral side 
(Fig. 24. In the TP treatment group at 7 d postaxotomy, the 
&,-tubulin mRNA levels in the axotomized nucleus were in- 
creased 157%, relative to the contralateral side (Fig. 24. In both 
the TP-treated group and the sham implant group at 7 d pos- 
taxotomy, the increases in P,,-tubulin mRNA levels in the ax- 
otomized FMN compared with the uninjured contralateral con- 
trols were statistically significant. In addition, /I,,-tubulin mRNA 
levels in the TP-treated, axotomy side FMN at 7 d were sig- 
nificantly greater than those in the axotomy-side FMN in the 
sham implant condition at 7 d. At the 2 d postaxotomy time, 
the levels of P,,-tubulin mRNA in the axotomized FMN in TP- 
treated animals were also significantly greater than those in the 
uninjured contralateral control FMN (135%). In contrast, no 
significant differences in P,,-tubulin mRNA levels were observed 
in the 2 d sham implant group. 

The magnitude of change in @,,,-tubulin mRNA levels in the 
axotomized FMN was considerably less than that for @,,-tubulin 
mRNA. At 7 d postaxotomy in the sham implanted animals, a 
65% increase in &,-tubulin mRNA levels was observed in the 
axotomized FMN relative to contralateral control (Fig. 2B). The 
magnitude of change was similar to that in the TP-treated an- 
imals at 7 d where the axotomized FMN &,,-tubulin mRNA 
levels were increased 62%, relative to the contralateral side (Fig. 
2B). Both of the increases in the axotomy groups relative to 
control were statistically significant. The levels of ol,-tubulin 
mRNA were significantly increased in axotomized FMN rela- 
tive to contralateral control nuclei at 7 d in the sham condition 
(86% increase). In the TP treatment condition, the 72% increase 
in a,-tubulin mRNA levels in the axotomy-side FMN relative 
to contralateral control was also significant. 

Interestingly, modest increases in tubulin mRNA levels in the 
uninjured contralateral FMN at 7 d postaxotomy were consis- 
tently found in these experiments. The levels of each of the 
different tubulin mRNAs assayed were higher in uninjured con- 
tralateral control FMN at 7 d postaxotomy than in control nuclei 
at 2 d postaxotomy (Fig. 2). For example, P,,-tubulin mRNA 
levels in the control side nuclei of TP-treated animals at 7 d 
were threefold greater than the levels in the control side FMN 
of TP-treated animals at 2 d (Fig. 24. Increases in tubulin 
mRNA levels in uninjured contralateral neurons had been pre- 
viously reported in the FMN (Pearson et al., 1988) as well as 
in contralateral dorsal root ganglion neurons after unilateral 
axotomy (Wong and Oblinger, 1990). TP treatment did not have 
a significant effect on tubulin mRNA levels in uninjured con- 
tralateral control FMN. That is, the levels of tubulin mRNAs 
in the contralateral FMN were not significantly different in TP- 
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treated compared to sham-implanted animals at the 7 d pos- 
taxotomy time (Fig. 2). 

The expression of P,,-tubulin mRNA in the FMN was further 
examined using in situ hybridization and film autoradiography 
of brainstem sections at 7 d postaxotomy from TP-treated and 
sham-implanted animals. Figure 3 shows a representative au- 
toradiogram of a section through the FMN from a TP-treated 
animal. Qualitative evaluation readily revealed a higher level 
of labeling over the axotomy-side FMN compared to the con- 
tralateral control side nucleus in all preparations from both TP- 
treated and nontreated animals (Fig. 3A). Quantitation of the 
film autoradiographic material using densitometry with image 
analysis software revealed an average increase of 1.75fold in 
&,-tubulin mRNA levels in the axotomy-side over the contra- 
lateral control side in the sham-implanted group (Fig. 3B). This 
value is similar to the 2.3-fold increase in /3,,-tubulin mRNA 
levels in the FMN found by Northern blotting (Fig. 2A). For 
the TP-treated group, the in situ hybridization results indicated 
a 2.72-fold increase in p,,-tubulin mRNA levels in the axotomy 
side versus contralateral control side FMN at 7 d (Fig. 3B). 
Again, these values were similar to the 2.6-fold increase in & 
tubulin mRNA levels found by Northern blot analysis of the 7 
d postaxotomy TP-treated animals (Fig. 2A). 

Finally, emulsion autoradiograms of facial motor neurons 
after in situ hybridization with a &,-tubulin probe were evalu- 
ated to examine the effects of exogenous TP administration in 
conjunction with axotomy at the cellular level. Figure 4 shows 
examples of contralateral control and axotomized neurons in 
the FMN at 7 d postaxotomy in a sham-implanted animal (Fig. 
40) and in a TP-implanted animal (Fig. 4C,D). At a cellular 
level, it was readily apparent that axotomized neurons (Fig. 
4B,D) had higher levels of labeling than matched contralateral 
side control neurons (Fig. 4A,C). There were also indications 
from qualitative evaluation that the relative change in labeling 
(axotomy side vs contralateral control side) was greater in the 
TP-treated animals. Light microscopic evaluation revealed an 
apparent effect of axotomy on the somal size of neurons in the 
FMN. Quantitative grain counting of neurons in the FMN was 
not done in the present study but the issue of cell size changes 
in relation to specific mRNA content changes in neurons in the 
FMN as a function of axotomy and hormone treatment will be 
addressed by a major quantitative in situ hybridization study 
in the future. 

Discussion 
Alterations in levels of mRNAs encoding proteins essential for 
axonal regrowth after injury have been documented for a num- 
ber of different neuronal populations (Wong and Oblinger, 1990; 
Tetzlaff et al., 199 1). In accordance with those data, the evidence 
presented in this study demonstrates that, in adult male ham- 
sters, severance of the facial nerve at the stylomastoid foramen 
results in an increase in the levels of PI,-, pII,-, and cu,-tubulin 
mRNAs in the hamster FMN by the end of the first week. These 
molecular components of the axon reaction are temporally con- 
sistent with previous morphological and autoradiographic stud- 
ies in this cell type, in which it has been shown that the nucleolar 
response predominates in the early phases of the axon reaction 
and the peak of the overall cellular response does not occur until 
later in the first postoperative week (LaVelle and LaVelle, 1984). 
Administration of testosterone (TP) at the time of facial nerve 
injury has two major effects on tubulin gene expression in the 
injured facial neurons. First, TP differentially regulates the set 
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Figure 2. Densitometric analyses of autoradiograms of Northern blots 
showing changes in tubulin mRNA levels in the FMN as a result of 
axotomy and hormone treatment. Data shown were obtained from blots 
probed for &,-tubulin (A), P,,,-tubulin (B), and or,-tubulin (C) mRNAs. 
Mean values (SEM) were obtained from autoradiographs of three 
different Northern blots, each containing different RNA samples from 
three pooled FMN in each condition. The abscissa markings use C to 
indicate the contralateral control side samples in the sham conditions, 
Ax to indicate samples from the axotomy side (no exogenous hormone 
treatment), UTP to indicate contralateral control samples in the TP- 
treated groups, and Ax/TP to indicate samples from the axotomy side 
in the TP-treatment groups. The times after nerve transection are in- 
dicated. Asterisks show significant differences between the axotomy and 
corresponding control groups; the star indicates significant difference 
between the two axotomy groups at 7 d. 
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F&m 3. A, Representative film autoradioaram of a brainstem section 
after in situ hybridization with a &tubulincDNA probe. The section 
is through the FMN from a TP-treated animal 7 d after unilateral facial 
nerve t&section. The axotomy side (Ax) and the contralateral control 
(Con) side FMN are shown (arrows point to the nucleus on each side). 
B, Quantitation of the in situ hybridization film autoradiographic ma- 
terial to assess changes in &-tubulin mRNA levels in the Fh4N as a 
consequence of axotomy with or without exogenous TP treatment. The 
data are expressed as mean ratios of labeling (from scanned film auto- 
radiographs) of axotomy-side FMN relative to contralateral (uninjured) 
control side nuclei. The ratios (with SEM) from the sham implant and 
the TP-treatment groups at 7 d postinjury are shown. 

of tubulin mRNAs examined, in that P,,-tubulin mRNA levels 
are selectively altered by the steroid, whereas, pIII- or ol,-tubulin 
mRNAs are not. Second, administration of testosterone results 
in a more rapid induction of P,,-tubulin mRNA in axotomized 
neurons relative to that observed in axotomized motor neurons 
from non-hormone-treated animals. These findings support the 
hypothesis that the mechanism by which testosterone enhances 
the rate of axonal regeneration of facial motor neurons involves 
an augmentation of the neuronal cytoskeletal response pattern 
after axon severance and suggests steroidal alteration of the 
composition/physical properties of regenerating facial axons. 

In a pioneering study done in 1976, Toran-Allerand dem- 
onstrated that gonadal steroids promote neurite outgrowth in 
hypothalamic and preoptic explant culture paradigms. The ad- 
dition of exogenous estrogen or testosterone to the culture me- 
dium resulted in a proliferation of neuritic processes in both of 
these steroid-sensitive brain regions. Subsequent work in several 

in vivo models has shown that testosterone has very pronounced, 
reversible effects on dendritic length in spinal motoneurons of 
the bulbocavemosus muscle (Devoogd and Nottebohm, 1980; 
Kurz et al., 1986). Recently, Ferreira and Caceres (1991) have 
shown that gonadal steroids promote neurite outgrowth through 
the selective induction of microtubule-associated proteins, which 
increase the stability of microtubules. These findings are in 
agreement with our present data of differential regulation of 
tubulin gene expression in injured motoneurons by testosterone. 

The accelerative effects of TP on axonal regeneration rates 
following facial nerve crush axotomy (Kujawa et al., 199 1) are 
reminiscent of the regeneration stimulating effects obtained with 
the conditioning lesion (McQuarrie, 1983; Oblinger and Lasek, 
1984). That is, prior axonal injury that “metabolically primes” 
the nerve cell body gives rise to accelerated regeneration rates 
in response to a subsequent lesion. It has been demonstrated in 
a number of studies that the rate of slow axonal transport changes 
in direct relationship to the metabolic status of the animal (Ja- 
kobson and Sidenius, 1980; McQuarrie et al., 1989). Accu- 
mulated evidence indicates that cytoskeletal and associated pro- 
teins are delivered to the axon via the slow component of axonal 
transport (reviewed in Brady and Lasek, 1982; Lasek et al., 
1984). Importantly, the conditioning lesion paradigm, which 
results in accelerated axonal outgrowth rates, also selectively 
increases the transport rate of slow component b proteins (Maier 
and McQuarrie, 1990). It is possible that TP treatment, which 
augments cytoskeletal gene expression after axotomy, also in- 
creases the rate of delivery of essential proteins, like tubulin, to 
the growing tips of regenerating axons. We are currently testing 
this idea in the FMN lesion paradigm. 

Five different or-tubulin isotype mRNAs (Villasante et al., 
1986) and five different /3-tubulin isotype mRNAs, two of which 
(P,,, and p,,,) differ only in 3’ untranslated sequence (Sullivan, 
1988), are expressed in mammalian brain. Axotomy itself is 
known to affect significantly the expression of &-, pII,-, and cy,- 
tubulin mRNAs, but only marginally affect p, and &-tubulin 
mRNA levels (Hoffman and Cleveland, 1988; Miller et al., 1989; 
Wong and Oblinger, 1990; Moskowitz et al., 1993). In the pres- 
ent study, we provide evidence for the further enhancement in 
the levels of only one of the three tubulin mRNAs examined 
by exogenous androgens in axotomized FMN. What is the sig- 
nificance of a selective change in expression of only some of the 
many tubulin genes for a neuron? The argument that unique 
properties are provided to the cytoskeleton by utilization of 
specific tubulin isotypes can be made. That such unique prop- 
erties are endowed by the very small differences in the sequences 
of the various tubulin isotypes directly is perhaps unlikely. For 
example, all of the P-tubulin isotypes are highly homologous 
and differ only in sequences located at the very carboxyl end of 
the proteins (Lewis et al., 1985; Sullivan and Cleveland, 1986; 
Wang et al., 1986; Cleveland, 1987; Burgoyne et al., 1988; Sul- 
livan, 1988). However, these carboxyl-terminal regions of tu- 
bulin are thought to be involved in binding of microtubule- 
associated proteins (MAPS), and thus one way in which the small 
differences between the tubulin isotypes could be functionally 
very important is in enabling or preventing the interactions of 
certain tubulin isotypes with specific MAPS (Joshi and Cleve- 
land, 1990). In turn, those interactions might affect microtubule 
assembly, stability, their spatial distribution, or perhaps their 
association with the motility mechanisms that move microtu- 
bules through axons in slow axonal transport. In this manner, 
selective regulation of the tubulin gene family by androgen after 
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Figure 4. Emulsion autoradiograms of facial motor neurons after in situ hybridization with a %-labeled P,,-tubulin cDNA probe. Shown are 
examples of neurons from the following conditions: A, contralateral (uninjured) neurons in the FMN at 7 d postaxotomy with sham implant (no 
exogenous hormone); B, axotomized neurons 7 d after facial nerve transection and sham implant; C, contralateral (uninjured) neurons in the NN 
from a TP-treated animal at 7 d post-axotomy; D, axotomized neurons from a TP-treated animal 7 d after facial nerve transection. 

axotomy could exert a functional effect on the dynamics ofnewly 
growing axons. 

The effects of androgen on the expression of mRNA of only 
a specific tubulin isotype in this study is of interest in light of 
the well-documented role of steroid hormones as transcription 
factors. Steroid hormones when complexed with receptors bind 
to regulatory elements in the genome and act as transcriptional 
enhancers for target genes (Yamamoto, 1985; Evans, 1988). The 
selective enhancement of expression of &-tubulin in androgen- 
treated, axotomized motor neurons suggests that the p,,-tubulin 
gene contains steroid response elements that are responsible for 
modulating its expression. The augmentation of & mRNA lev- 
els from axotomized motoneurons in androgen-treated animals 
over the increase induced by axotomy alone may thus be me- 
diated through transcriptional enhancement mechanisms. If in 
fact the ,&-tubulin gene contains steroid response elements, the 
lack of significant effects of androgen on &-tubulin mRNA 
levels in uninjured FMN neurons in this study is somewhat 
surprising. It is apparent that a combination of androgen and 
axotomy is required to elicit the effects. Since the mechanisms 
that modulate tubulin mRNA levels after axotomy alone are 
not yet known, further study of the important molecular details 
of gene regulation in regenerating neurons is needed. 

Recently, we have shown that TP enhances the response to 
injury by upregulating the nucleolar reaction that occurs after 
facial nerve severance, thereby, in essence, priming the nerve 
cell body for subsequent synthetic changes (Kinderman and 
Jones, 1993). By 6 hr after facial nerve injury plus TP, the levels 

of ribosomal RNA within individual axotomized facial neurons 
increase approximately 39%, relative to the unoperated side, 
whereas no changes in rRNA levels occur in injured neurons 
from non-hormone-treated animals until 1 d postoperative. 
These rRNA levels in the axotomized FMN in the presence of 
TP at 6 hr approximate those observed in axotomized, non- 
hormone-treated neurons at 24 hr. Exposure to TP also increases 
the magnitude of change in rRNA levels after injury. Thus, it 
appears that the steroid shortens the time interval between axon 
disconnection and onset of the cell body reaction. Importantly, 
the effects of TP on cytoskeletal gene expression in injured neu- 
rons reported in this study mirror, temporally and in magnitude, 
the effects of the steroid on the ribosomal system. How TP 
accomplishes this at the molecular level is not known, although 
several potential explanations exist. First, the sequence of events 
that occur in injured neurons between the time of axon discon- 
nection and axonal regeneration could be similar in hormone 
and nonhormone states, with the steroid simply temporally ac- 
celerating these events in a coordinated manner. Conversely, 
exposure to the hormone could result in a “bypassing” of several 
steps in the injury response and in some way trigger an accel- 
erated rate of axonal regrowth through an alternate pathway. 

The possibility that androgen treatment effects in this study 
are mediated indirectly must also be considered. For example, 
it is not improbable that steroid hormones induce the expression 
of neurotrophic factor receptors in target neurons. From this 
perspective, the cascade of effects of androgen administration 
in this study could be seen to be initiated with the induction of 
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higher levels of a particular trophic factor receptor that in turn 
is capable of inducing expression of target genes after it com- 
plexes with its ligand. The trophic factors that are utilized by 
regenerating motoneurons are not completely characterized at 
this time but include ciliary neurotrophic and brain-derived 
neurotrophic factors (Oppenheim et al., 1992; Sendtner et al., 
1992; Yan et al., 1992). In the case of many of the neurotrophic 
factors, the responsive genes in neurons have yet not been en- 
tirely mapped. However, in the case of NGF, cytoskeletal genes 
such as tubulins and MAPS are well known to be targets of 
trophic factor stimulation (Drubin et al., 1985; Brugg and Ma- 
tus, 1988). Thus, studies of this potential mechanism by which 
androgenic stimulation of FMN axonal growth rate is mediated 
would be of great interest. In order to address these issues and 
to establish causality in the role of TP in increasing the rate of 
facial nerve regeneration, it will be important in the future to 
determine the full extent of the actions ofTP on the cytoskeletal 
response to injury and to determine the level(s) at which both 
the polymerase I system and the cytoskeletal genes are coor- 
dinately regulated. 
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