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Abstract
Motoneuron loss is a significant medical problem, capable of causing severe movement disorders
or even death. We have previously shown that partial depletion of motoneurons from sexually
dimorphic, highly androgen-sensitive spinal motor populations induces dendritic atrophy in
remaining motoneurons, and this atrophy is attenuated by treatment with testosterone. To test
whether testosterone has similar effects in more typical motoneurons, we examined potential
neuroprotective effects in motoneurons innervating muscles of the quadriceps. Motoneurons
innervating the vastus medialis muscle were selectively killed by intramuscular injection of
cholera toxin-conjugated saporin. Simultaneously, some saporin-injected rats were given implants
containing testosterone or left untreated. Four weeks later, motoneurons innervating the ipsilateral
vastus lateralis muscle were labeled with cholera toxin-conjugated HRP, and dendritic arbors were
reconstructed in 3 dimensions. Compared to intact normal males, partial motoneuron depletion
resulted in decreased dendritic length in remaining quadriceps motoneurons, and this atrophy was
attenuated by testosterone treatment. To examine the functional consequences of the induced
dendritic atrophy, and its attenuation with testosterone treatment, the activation of remaining
quadriceps motoneurons was assessed using peripheral nerve recording. Partial motoneuron
depletion resulted in decreased amplitudes of motor nerve activity, and these changes were
attenuated by treatment with testosterone, providing a functional correlate to the neuroprotective
effects of testosterone treatment on quadriceps motoneuron morphology. Together, these findings
suggest that testosterone has neuroprotective effects on morphology and function in both highly
androgen-sensitive as well as more typical motoneuron populations, further supporting a role for
testosterone as a neurotherapeutic agent in the injured nervous system.
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INTRODUCTION
Neurodegenerative disease or nerve injury often results in the loss of spinal motoneurons.
For example, amyotrophic lateral sclerosis (ALS), the most common motoneuron disease in
adult humans, is characterized by the selective killing of upper or lower motoneurons (as
well as small interneurons) in the brain and spinal cord. This cellular degeneration results in
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a progressive muscle weakness, atrophy and spasticity, and ultimately a nearly complete
paralysis (Cleveland and Rothstein, 2001). While ALS is the most prevalent, other diseases
including the motor neuron diseases and spinal muscular atrophies (e.g., spinal and bulbar
muscular atrophy; Kennedy et al., 1968) are also characterized by progressive loss of
motoneurons. Similarly, damage to spinal nerves resulting in laceration and avulsion of
spinal roots (e.g., cauda equina injury with high impact motor vehicle accidents, Moschilla
et al., 2001) can lead to the death of motoneurons and preganglionic autonomic neurons in
the spinal cord, resulting in autonomic and motor dysfunction (Hoang et al., 2003).

However, the death of motoneurons is not the only outcome, and importantly, remaining
motoneurons after such insults show a variety of morphological and functional changes. For
example, injured motoneurons undergo dendritic retraction and atrophy (e.g., Standler and
Bernstein, 1984). Similarly, after peripheral axotomy motoneurons show functional and
biochemical changes (e.g., Titmus and Faber, 1990; Bisby and Tetzlaff, 1992) as well as
dendritic atrophy (e.g., Sumner and Watson, 1971; Brännström et al., 1992; O’Hanlon and
Lowrie, 1995).

We have begun to examine the effects of motoneuron loss on the structure and function of
surviving motoneurons using a rat model of motoneuron death. Our previous studies have
demonstrated that surviving motoneurons respond to the loss of their neighbors with marked
somal and dendritic atrophy. Partial depletion of motoneurons from the spinal nucleus of the
bulbocavernosus (SNB) results in substantial somal and dendritic atrophy in surviving
motoneurons (Fargo and Sengelaub, 2004a,b, 2007). This secondary atrophy is responsible
for at least some of the movement deficits that accompany degenerative movement disorders
and spinal cord trauma. Indeed, work from our laboratory indicates that this atrophy reduces
the excitability of the remaining motoneurons (Fargo and Sengelaub, 2005). Given that we
currently lack the technology to replace dead motoneurons, developing the ability to protect
surviving motoneurons from secondary atrophy is an important goal.

Gonadal steroids exhibit a wide array of neuroprotective and neurotherapeutic effects
(Henderson and Reynolds, 2002; Jones, 1993; Jones et al., 2001; Woolley and Cohen, 2002).
For example, testosterone treatment accelerates both axon regeneration and functional
recovery following axotomy of spinal or cranial motoneurons (Jones et al., 2001). After
crush axotomy of hamster facial motoneurons, treatment with exogenous testosterone
accelerates the rate of axon regeneration (Kujawa et al., 1991) as well as the recovery of
motor function (Kujawa and Jones, 1990; Kujawa et al., 1989). Using our model of
motoneuron loss, we have begun to examine the neuroprotective effects of gonadal steroids
on the secondary atrophy induced in nearby surviving motoneurons. Our previous
experiments have demonstrated that testosterone is indeed neuroprotective following
motoneuron loss. Treatment with exogenous testosterone attenuates the somal and dendritic
atrophy, as well as the attenuated excitability, of SNB motoneurons induced by motoneuron
loss (Fargo and Sengelaub, 2004a,b, 2005, 2007).

Importantly, as described above, our previous work utilized motoneurons of the SNB,
motoneurons which are both sexually dimorphic and highly androgen sensitive. Because of
this sensitivity, it is possible that the androgenic effects we observed in SNB motoneurons
after induced motoneuron depletion may be unique to this highly androgen-sensitive system.
Thus, in this experiment we tested whether other, more typical somatic motoneurons show
similar effects of androgen treatment in attenuating dendritic atrophy and concomitant
deficits in function after induced motoneuron depletion.
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METHODS
In rats, each quadriceps muscle of the thigh is comprised of the vastus lateralis, the vastus
medialis, the vastus intermedialis, and the rectus femoris (Hebel and Stromberg, 1986).
These muscles are innervated by motoneurons located in column 3 of the lateral motor
column in the L2 spinal segment (Nicolopoulos-Stournaras and Iles, 1983; Brushart and
Seiler, 1987; Al-Majed et al., 2000) and projecting via the femoral nerve to the four muscles
of the quadriceps. The distributions of the somata and dendritic arbors of the motoneurons
innervating the individual muscles of the ipsilateral quadriceps overlap extensively in the
lateral motor column (Nicolopoulos-Stournaras and Iles, 1983; Sengelaub et al., 2006),
making it possible to partially and selectively deplete this motor population and study the
effects of that depletion, and its potential androgen-sensitivity, on the surviving
motoneurons.

Animals
Adult male Sprague Dawley rats (approximately 100 days old; Harlan) were maintained on a
12:12 hour light/dark cycle, with unlimited access to food and water. We used the toxin
saporin, conjugated to the cholera toxin B subunit, to selectively kill motoneurons. Saporin
is a ribosome inactivating protein; it kills cells by irreversibly inactivating ribosomes and
thereby halting protein synthesis (Stirpe et al., 1992; Stirpe et al., 1983). Cholera toxin-
conjugated saporin is retrogradely transported from the site of injection, and kills
motoneurons innervating the injected musculature within 3–6 days (Fargo and Sengelaub,
2004a).

Rats were anesthetized with isoflurane, and motoneurons innervating the left vastus medialis
muscle were selectively killed by intramuscular injection of cholera toxin-conjugated
saporin (2 μl, 0.1%; Advanced Targeting Systems, Inc.). Some of the rats were not treated
further (morphology studies, n = 6; electrophysiology studies, n = 5) while others were
immediately implanted with subcutaneous Silastic capsules filled with testosterone (4-
androsten-17β-ol-3-one; Steraloids; 3.18 mm O.D., 1.57 mm I.D., 45 mm long; morphology
studies, n = 6; electrophysiology studies, n = 5). Such implants produce plasma titers of
testosterone in the high-normal physiological range (Smith et al., 1977), and have previously
been demonstrated to reduce motoneuron atrophy induced by the death of nearby
motoneurons in the SNB (Fargo and Sengelaub, 2004a,b, 2007). Animals in both saporin-
injected groups were allowed to survive for four weeks following saporin injection, a length
of time sufficient to observe saporin-induced effects on morphology (Fargo and Sengelaub,
2004a,b, 2007). Additional groups of age-matched, untreated males served as normal
controls (morphology studies, n = 5; electrophysiology studies, n = 5).

Motoneuron morphology
Four weeks after saporin injection, animals were re-anesthetized, and the left vastus lateralis
muscle (ipsilateral to the saporin-injected vastus medialis muscle in saporin animals) was
exposed and injected with horseradish peroxidase conjugated to the cholera toxin B subunit
(BHRP; 2 μl, 0.2%; List Biological, Inc.). BHRP labeling permits population-level
quantitative analysis of motoneuron somal and dendritic morphologies (Goldstein et al.,
1990; Kurz et al., 1986). Forty-eight hours after BHRP injection, a period that ensures
optimal labeling of motoneurons (Goldstein et al., 1990; Kurz et al., 1986), animals were
weighed, overdosed with urethane (approximately 0.25 g/100 g body weight), and perfused
intracardially with saline followed by cold fixative (1% paraformaldehyde/1.25%
glutaraldehyde). To confirm the specificity of the saporin injections, the vastus lateralis and
vastus medialis muscles were removed bilaterally immediately after perfusion and weighed.
The lumbar portion of the spinal cord of each animal was removed, postfixed in the same
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fixative for 5 hours, and then transferred to sucrose phosphate buffer (10% w/v, pH 7.4)
overnight for cryoprotection. Spinal cords were then embedded in gelatin and frozen-
sectioned transversely at 40 μm; all sections were collected into four alternate series. One
series was stained with thionin for use in cell counts. For visualization of BHRP, the three
remaining series were immediately reacted using a modified tetramethyl benzidine protocol
(Mesulam, 1982), mounted on gelatin-coated slides, and counterstained with thionin.

Motoneuron counts—Motoneurons innervating the quadriceps muscles do not form a
discrete nucleus, but instead are contained within the large continuous populations of
motoneurons located within the lateral motor column. Thus, to identify the appropriate area
within the lateral motor column for motoneuron counts in the unreacted series, we used a
method similar to that of Osborne et al. (2007). Briefly, for each animal the range of sections
in which motoneurons labeled with BHRP after injection into the vastus lateralis muscle
were present in the reacted series was identified, and then motoneuron counts were
performed in the appropriate matching sections in the unreacted series. For each animal,
estimates of the total number of motoneurons in the left and right lateral motor columns
were obtained using the optical disector method outlined by Coggeshall (1992) and a
procedure similar to that of West and Gundersen (1990). Counts were made at 937.5X under
brightfield illumination. Quadriceps motoneurons are easily recognizable as large, darkly
staining, multipolar cells. A three-dimensional counting frame was moved systematically
throughout the lateral motor columns in each section within the identified range, and only
motoneurons in which there was a clear nucleus and nucleolus were counted, provided they
did not contact the forbidden lines of the counting frame; motoneuron nucleoli were counted
as they first appeared in focus while focusing through the z axis, and nucleoli in the first
focal plane (i.e., “tops”) were not counted. The length of the disector was approximately 25
μm, which was adequate for visualizing nucleoli in multiple focal planes. Motoneuron
counts were derived from a mean of 15.8 sections spaced 160 μm apart and distributed
uniformly through the entire rostrocaudal extent of the quadriceps motoneuron pool range.
Cell counts for each animal were multiplied by four to correct for the proportion of sections
sampled, and then expressed as a ratio (motoneuron number on the saporin-injected side
relative to that on the untreated side) to quantify the magnitude of motoneuron depletion.

Using similar methods, the number of BHRP-filled motoneurons was assessed in all sections
of the reacted series through the entire rostrocaudal extent of their distribution for all
animals. Counts of labeled quadriceps motoneurons were made under brightfield
illumination, where somata could be visualized and cytoplasmic inclusion of BHRP reaction
product confirmed.

Soma size—The size of quadriceps motoneuron somata was assessed in at least one set of
alternate sections (160 μm apart) by measuring the cross-sectional area of BHRP-filled
motoneurons. Soma areas of an average of 21.7 motoneurons were measured for each
animal using a video-based morphometry system (Stereo Investigator; MicroBrightField) at
a final magnification of 780X. Soma areas within each animal were then averaged for
statistical analysis.

Dendritic length—For each animal, dendritic lengths in a single representative set of
alternate sections were measured under darkfield illumination. Beginning with the first
section in which BHRP-labeled fibers were present, labeling through the entire rostrocaudal
extent of the quadriceps motoneuron dendritic field was assessed in every third section (480
μm apart) in three dimensions using a computer-based morphometry system (Neurolucida;
MicroBrightField) at a final magnification of 250X. Average dendritic length per labeled
motoneuron was estimated by summing the measured dendritic lengths of the series of
sections, multiplying by three to correct for sampling, then dividing by the total number of
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labeled motoneurons in that series. This method does not attempt to assess the actual total
dendritic length of labeled motoneurons (Kurz et al., 1991), but has been shown to be a
sensitive and reliable indicator of changes in dendritic morphology in normal development
(Goldstein et al., 1993; Goldstein et al., 1990; Goldstein and Sengelaub, 1993), in response
to hormonal manipulation (Burke et al., 1999; Burke et al., 1997; Forger and Breedlove,
1987; Goldstein et al., 1990; Goldstein and Sengelaub, 1993; Goldstein and Sengelaub,
1994; Hebbeler and Sengelaub, 2003; Hebbeler et al., 2001; Hebbeler et al., 2002; Kurz et
al., 1991; Kurz et al., 1986), after changes in dendritic interactions (Goldstein et al., 1993)
and afferent input (Hebbeler and Sengelaub, 2003; Hebbeler et al., 2002; Kalb, 1994), and
after the death of nearby motoneurons (Fargo and Sengelaub, 2004a,b, 2007).

Dendritic distribution—To assess potential redistributions of dendrites across treatment
groups, for each animal the composite dendritic arbor created in the length analysis was
divided using a set of axes oriented radially around the center of the collective labeled
somata. These axes divided the spinal cord into twelve bins of 30° each. The portion of each
animal’s dendritic arbor per labeled motoneuron contained within each location was then
determined. This method provides a sensitive measure of dendritic redistribution in response
to changes in dendritic interactions (Goldstein et al., 1993) and afferent input (Hebbeler and
Sengelaub, 2003; Hebbeler et al., 2002).

Dendritic extent—The comparability of BHRP labeling across groups was assessed by
quantifying both the rostrocaudal and the radial extent of quadriceps motoneuron dendritic
arbors. The rostrocaudal extent of the dendritic arbor was determined by recording the
rostrocaudal distance spanned by quadriceps motoneuron dendrites for each animal. The
maximal radial extent of the arbor in the mediolateral plane was also measured for each
animal, using the same radial axes and resultant 30° bins used for the dendritic distribution
analysis. For each bin, the linear distance between the center of the quadriceps motor pool
and the most distal BHRP-filled process was measured. Radial dendritic extent is
independent of overall dendritic length and reflects the maximal linear distance (in the
mediolateral plane) of BHRP transport to the most distal dendritic processes.

Peripheral nerve recording
Peripheral nerve recording was performed using methods similar to that of Foster and
Sengelaub (2004). Rats were anesthetized with chloral hydrate (450 mg/kg ip, plus
incremental doses to maintain areflexia to noxious stimuli) and placed on a 37ºC heating pad
on a spinal stereotaxic base plate. A high thoracic (T2-4) transection was performed to
eliminate supraspinal inputs. The skin over the lumbar spinal column was incised and the
underlying fascia and muscle were removed to expose the spinous processes of the vertebrae
and the proximal portion of the ribs. A vertebrae clamp was affixed to the spinal column at a
point just caudal to the articulation of the final rib, and a laminectomy was then performed
to expose the lumbar spinal cord. The dura mater was cut and the entire region was bathed in
warm mineral oil for the duration of the experiment to prevent desiccation. To stimulate
quadriceps motoneurons via their peripheral afferents, the left L2 dorsal root (ipsilateral to
the saporin-injected muscle in saporin animals) was carefully isolated, draped over a bipolar
hooked platinum/iridium electrode (FHC, model PBCA0750), crushed onto the distal wire
with 6-0 suture, and severed distally. The adjacent roots were also severed bilaterally to
prevent any activity in the periphery from introducing artifact into the stimulation pattern.
The left hind leg was then immobilized and the quadriceps musculature exposed. The
femoral nerve was identified where it emerged from under the psoas muscles, and the branch
innervating the vastus lateralis muscle was carefully isolated by blunt dissection. The nerve
was then draped over a bipolar hook wire electrode (FHC, as above), crushed onto the distal
wire with 6-0 suture, and severed distally. The exposed region was then bathed in mineral
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oil, and additional applications were administered periodically throughout recording. A
ground wire was attached to the animal’s tail. Care was taken to attach both the stimulating
and recording electrodes in the same locations in each animal.

Stimulus pulses (0.25 msec long, once every 10 seconds) were generated using a stimulator
(Grass S48) and passed through a constant current unit (Grass PSIU6E) before entering the
stimulating electrode on the L2 dorsal root. A current probe was attached between the
stimulating electrode and the constant current unit to record the actual current received by
the animal. The signal from the recording electrodes at the quadriceps motor nerve was
bandpass filtered (300 Hz-20 kHz) and amplified 1000X (A-M Systems, Model 1700).
Signals from both the current probe and the recording electrode were digitized (Instrunet
100B, GWI) at 10 kHz and recorded using a computer-based analysis system (SuperScope
II, GWI). This software then triggered the next stimulation via a custom-made TTL pulse
converter. Quadriceps motor nerve activity was recorded for approximately 13 msec before
onset of the stimulation (to record background levels of activity) and continued for a total of
100 msec. Stimulation intensities were randomly varied between subthreshold and
suprathreshold levels for a total of 200 stimulations to fully characterize motoneuron
activation. Recording was temporarily suspended about every 33 stimulations and the
polarity of current to the stimulating electrode was reversed to prevent buildup of voltage
between its wires. Response amplitudes to pairs of low-intensity stimuli were compared
throughout the stimulation trials to confirm the viability of the preparation.

Upon completion of recording, animals were killed with an intracardial overdose injection of
Nembutal (3 ml). Linear distance between the stimulating and recording electrodes was
determined using calipers (average of six measurements). As for the morphological studies,
to confirm the specificity of saporin injection the vastus lateralis and vastus medialis
muscles were removed bilaterally immediately after overdose and weighed.

Data Analysis—Within each animal, a variety of basic descriptors of motor activation
were analyzed for each trace. Background activity (activity during the first ~13 msec prior to
the stimulus onset) was examined in all traces. Response latency, the time delay between the
onset of the stimulus pulse and the onset of the response, was corrected for the distance
between the electrodes; it should be noted that this latency measurement includes at least
one synaptic delay, and thus is not a true measure of axonal conduction velocity. Activity
spikes that exceeded an arbitrary level of 10 times background within each individual
rectified trace were manually counted. Because spikes recorded from the whole nerve can
include motoneurons firing in synchrony, or could be influenced by differences in the shape
of individual action potentials, they are not equivalent to single motor axon action potentials
and do not necessarily reflect differences in the number of motoneurons firing in response to
the stimulus. Maximum response amplitudes in each trace were measured in two ways:
maximum peak-to-peak amplitude, a reflection of the number of motoneurons active at a
single point in time, and maximum area under the curve (see below). Analyses of response
latency, activity duration, spike count, and maximum response amplitudes were restricted to
traces produced by stimuli in the 90–110% intensity range (see below). Limiting the analysis
to traces produced at or near maximal activity ensures that each animal was assessed at a
comparable (high) degree of motoneuron recruitment and minimizes the degree of
variability; this is important because individual variability is a common pitfall in peripheral
electrophysiology (Mattsson et al., 1984).

Response amplitudes were measured on all traces collected for each animal using the
integral of the rectified records, yielding area under the curve measurements that reflect the
activation of all motoneurons during the total duration of the trace. Background activity and
the stimulus artifact were excluded from area under the curve measurements. After

Little et al. Page 6

J Comp Neurol. Author manuscript; available in PMC 2010 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



measuring response amplitudes for each individual trace, activation curves were generated
for each animal. The stimulus intensities that generated the largest area under the curve were
reclassified as 100% and all other stimulus intensities were normalized relative to them. In
the event that more than one stimulus intensity produced a maximal response, the smallest of
the maximally-effective stimulus intensities was chosen to represent 100%. Normalizing the
stimulus intensity is important because individual differences across animals and small
differences in electrode placement can create variability within groups (Mattsson et al.,
1984). Normalized stimulus intensities for each animal were grouped into incremental bins
from subthreshold to supramaximal levels, and the corresponding resultant response
amplitudes were averaged within each bin. The normalized stimulus bins and their averaged
responses were then plotted in activation curves (normalized stimulus bins on the X axis,
area under the curve on the Y axis). Activation curves were generated for each animal, and
the data were pooled within groups.

All procedures were performed in accordance with the Indiana University Animal Care and
Use Guidelines. All data were analyzed by t-tests or analyses of variance (one way or
repeated measures as appropriate) followed by post hoc analyses using Fisher’s least
significant difference (LSD). Digital light micrographs were obtained using an MDS 290
digital camera system (Eastman Kodak Company). Brightness and contrast of these images
were adjusted in Adobe Photoshop.

RESULTS
Morphology

Muscle Weights—Overall body weight was not affected; animals weighed an average of
413.47 ± 31.87 g (Mean ± SEM) at the end of treatment, and this did not differ between
groups [F(2,14) = 0.45, ns]. However, muscle weights were affected by saporin injection
(Fig. 1). In normal males, the weights of the right (0.63 ± 0.02 g) and left (0.66 ± 0.03 g)
vastus medialis muscles were similar. While the weights of the uninjected (right) vastus
medialis muscles were not affected [F(2,14) = 0.26, ns], unilateral injection of saporin into
the left vastus medialis resulted in marked atrophy of the injected musculature across the
saporin groups [an average 68.7% reduction in weight; F(2,14) = 163.68, p < .0001].
Compared to normal males, saporin-injected males had vastus medialis weights that were
70.8% lighter (LSD, p<. 0001). Treatment with testosterone did not prevent this atrophy
(66.6% reduced; LSD, p < .0001 compared to normal males), and the weights of the vastus
medialis muscles in the saporin groups did not differ from each other (LSD, ns).

Notably, the effect of saporin injection on quadriceps weight was specific to the injected
muscle. In normal males, the weights of the right (1.51 ± 0.08 g) and left (1.53 ± 0.04 g)
vastus lateralis muscles were similar. In the saporin groups, the weights of the vastus
lateralis muscles on the untreated (right) side (1.59 ± 0.03 g, saporin-injected males; 1.49 ±
0.06 g, testosterone-treated saporin males) did not differ from those of normal males
[F(2,14) = 0.88, ns]. Most importantly, the weights of the vastus lateralis muscles (1.61 ±
0.03 g, saporin-injected males; 1.45 ± 0.06 g, testosterone-treated saporin males) adjacent to
the saporin-injected vastus medialis muscles also did not differ across groups [F(2,14) =
3.20, ns].

Motoneuron Counts—In normal males, the number of motoneurons within the identified
quadriceps range did not differ between the left (251.2 ± 14.28) and right (237.6 ± 24.97)
motor columns [paired t-test, t(4) = 0.63, ns]. Motoneuron counts indicated that saporin was
effective in inducing partial motoneuron depletion from the quadriceps motor pool (Fig. 2).
Injection of saporin into the left vastus medialis muscle resulted in the death of ipsilateral
quadriceps motoneurons, significantly reducing the number of motoneurons in the left motor
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column relative to that in the right [F(2,14) = 5.66, p< .05]. Unilateral injection of saporin
into the left vastus medialis muscle resulted in a 21.4% reduction in the relative number of
motoneurons compared to that of normal males (LSD, p < .02). Treatment with testosterone
did not prevent this reduction (25.8% reduced, LSD, p <.01 compared to normal males), and
the reduced relative number of motoneurons within the quadriceps range did not differ
across saporin groups (LSD, ns).

Motoneuron morphometry
Injection of BHRP into the left vastus lateralis successfully labeled ipsilateral quadriceps
motoneurons in all groups (Fig. 3). The dendritic arbor of quadriceps motoneurons was
strictly unilateral, with extensive ramification along the ventrolateral edges of the gray
matter and in the lateral funiculus, as well as throughout the ventral horn. An average of
40.94 (± 3.23) motoneurons per animal were labeled with BHRP, and this did not vary
across groups [F(2,14) = 1.34, ns].

Soma size—Following saporin-induced motoneuron death, surviving nearby quadriceps
motoneurons underwent a modest somal atrophy (Fig. 4). Soma areas decreased by an
average of 13.8% in saporin-injected animals (968.08 ± 70.35 μm2), and a similar 13.5% in
testosterone-treated saporin animals (971.69 ± 71.76 μm2), compared to normal males
(1122.84 ± 56.64 μm2). However, these small reductions in soma size failed to reach
statistical significance [F(2,14) = 1.58, ns].

Dendritic length—Following saporin-induced motoneuron death, surviving nearby
quadriceps motoneurons underwent marked dendritic atrophy. Dendritic length decreased by
63.7% (3765.29 ± 879.62 μm in saporin-injected animals compared to 10357.92 ± 1053.61
μm for normal males, LSD, p < .0001; overall test for the effect of group on arbor per cell
F(2,14) = 14.82, p < .001; Fig. 4]. However, while dendritic lengths in testosterone-treated
saporin animals (6226.84 ± 608.71 μm) were also shorter than those of normal males (LSD,
p < .01), treatment with testosterone attenuated induced dendritic atrophy, with dendritic
lengths being reduced by only 39.9%. Compared to saporin males given no supplemental
testosterone, testosterone-treated saporin males had dendritic lengths that were 65.4% longer
(LSD, p < .05).

Dendritic length was nonuniform across radial bins, and a repeated-measures ANOVA
revealed a significant effect of radial location [F(11,154) = 8.58, p < .0001; Fig. 5].
Consistent with the results of the arbor per cell analysis, there was also a significant effect of
group [F(2,154) = 16.16, p < .001]. Reductions in dendritic length occurred throughout the
radial distribution, ranging from 78.5% (60° to 120°) to 38.2% (180° to 240°) in saporin-
injected animals compared to normal males [F(1,99) = 26.19, p < .001]. Treatment with
testosterone attenuated these reductions, ranging from 51.9% (120° to 180°) to 26.0% (300°
to 360°) compared to normal males [F(1,99) = 12.15, p < .01]. Dendritic lengths per bin in
testosterone-treated saporin animals were longer than those of saporin-injected animals
[F(1,110) = 6.63, p < .03] throughout most of the radial distribution, with increases ranging
from 8.1% (240° to 300°) to 139.0% (60° to 120°).

Dendritic extent—Consistent with the nonuniform dendritic distribution of quadriceps
motoneurons apparent in Figure 3, radial dendritic extent differed across bins (Fig. 6), and
repeated-measures ANOVA revealed a significant effect of location [F(11,154) = 16.81, p
< .0001]. However, radial dendritic extent did not differ across groups [F(2,154) = 1.90, ns].
Rostrocaudal dendritic extent also did not differ across groups [F(2,14) = 0.79, ns], spanning
3776.00 ± 546.35 μm in normal males, 3760.00 ± 402.13 μm in saporin-injected animals,
and 3120.00 ± 345.02 μm in testosterone-treated saporin animals.
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Electrophysiology
Muscle Weights—The pattern of results was similar to that reported for the morphology
studies. There were no differences in overall body weight; animals weighed an average of
398.87 ± 32.21 g at the end of treatment, with no differences between groups [F(2,12) =
1.84, ns]. However, muscle weights were affected by saporin injection (Fig. 7). In normal
males, the weights of the right (0.64 ± 0.04 g) and left (0.65 ± 0.04 g) vastus medialis
muscles were similar. While the weights of the uninjected (right) vastus medialis muscles
were not affected [F(2,12) = 2.06, ns], unilateral injection of saporin into the left vastus
medialis resulted in marked atrophy of the injected musculature across the saporin groups
[an average 72.38% reduction in weight; F(2,12) = 38.53, p < .0001]. Compared to normal
males, saporin-injected males had vastus medialis weights that were 70.7% lighter (LSD,
p<. 0001). Treatment with testosterone did not prevent this atrophy (74.07% reduced; LSD,
p < .0001 compared to normal males), and the weights of the vastus medialis muscles in the
saporin groups did not differ from each other (LSD, ns).

As found in the morphology studies, the effect of saporin injection on quadriceps weight
was again specific to the injected muscle. In normal males, the weights of the right (1.59 ±
0.05 g) and left (1.56 ± 0.11 g) vastus lateralis muscles were similar. In the saporin groups,
the weights of the vastus lateralis muscles on the untreated (right) side (1.35 ± 0.12 g,
saporin-injected males; 1.34 ± 0.05 g, testosterone-treated saporin males) did not differ from
those of normal males [F(2,12) = 3.15, ns]. Most importantly, the weights of the vastus
lateralis muscles (1.34 ± 0.08 g, saporin-injected males; 1.27 ± 0.06 g, testosterone-treated
saporin males) adjacent to the saporin-injected vastus medialis muscles also did not differ
across groups [F(2,12) = 3.17, ns].

Motor activation—Stimulation of the L2 dorsal root afferents to the quadriceps
motoneurons resulted in a brief burst of activity in the ipsilateral branch of the femoral nerve
innervating the vastus lateralis muscle approximately five milliseconds after the onset of the
stimulus pulse. The activity typically consisted of several spikes of varying amplitudes and
continued approximately 3–7milliseconds, returning to background levels for the remainder
of the 100-ms recording period (see inset, Fig. 8).

Table 1 presents several basic descriptors of the motor activation seen in the femoral nerve.
No differences were seen in either the level of background activity present prior to the
delivery of the stimulus pulse [F(2,12) = 1.17, ns] or in response latency [F(2,12) = 0.60,
ns]. However, several differences in the pattern of activation were present between groups.
Following saporin-induced motoneuron death, activity produced by surviving quadriceps
motoneurons was markedly reduced. Maximum response amplitudes in saporin-injected
animals were reduced compared to those of normal males, measured as either maximum
peak-to-peak amplitude (70.5%) or maximum area under the curve (62.7%), [Fs(2,12) >
5.20, p < .03; LSDs, p < .03]. Treatment with testosterone attenuated these reductions;
maximum peak-to-peak amplitude was elevated 127.5%, and maximum area under the curve
was elevated 172.2%, compared to those of saporin-injected animals. Neither of these
parameters in testosterone-treated saporin animals differed from those of normal males
(LSDs, ns). Interestingly, increases in both the duration of activity (118.9%) and the total
number of spikes (191.5%) were seen in saporin-injected animals compared to those of
normal males [Fs(2,12) > 5.42, p < .03; LSDs, p < .01]. Treatment with testosterone
prevented the saporin-induced increase in activity duration (compared to that of normal
males; LSD, ns), and activity duration was significantly shorter than that of saporin-injected
animals (LSD, p < .05). In contrast, testosterone treatment had no effect on the total number
of spikes, which remained elevated compared to those of normal males (133.1%; LSD, p < .
05) and did not differ from those seen in saporin-injected animals (LSD, ns).
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Response amplitude measured as area under the curve was also examined across stimulus
intensities (Fig. 8). As expected, area under the curve values increased significantly with
stimulus intensity [F(12,144) = 34.72, p < .0001]. Consistent with the reductions in
maximum response amplitudes seen in saporin-injected animals, a significant effect of group
was also present across stimulus intensities [F(2,144) = 6.80, p < .02]. Response amplitudes
of quadriceps motoneurons were significantly reduced across stimulus intensities in saporin-
injected animals compared to those of normal males [F(1,96) = 12.21, p < .01], with a
significant interaction between group and stimulus intensity [F(12,96) = 10.13, p < .0001].
While low levels of stimulus intensity produced no responses across groups, response
amplitudes produced by stimuli above 70% of the maximally effective stimulus were
significantly lower (an average of 67.6%) in saporin-injected animals compared to those of
normal males [Fs(1,8) > 8.25, ps < .03]. Similar to the effects found with dendritic length,
while response amplitudes were reduced across stimulus intensities in testosterone-treated
saporin animals compared to those of normal males, these deficits in response amplitude
were attenuated. While there was no overall difference in area under the curve values across
stimuli between testosterone-treated saporin animals compared to those of normal males
[F(1,96) = 4.15, ns], there was a significant interaction between group and stimulus intensity
[F(12,96) = 2.48, p < .01]. Response amplitudes produced by stimuli between 71% and
100% of the maximally effective stimulus were significantly lower (an average of 52.8%) in
testosterone-treated saporin animals compared to those of normal males [Fs(1,8) > 6.72, ps
< .05]. Compared to saporin males given no supplemental testosterone, testosterone-treated
saporin males had greater response amplitudes across stimulus intensities. While there was
no overall difference in area under the curve values across stimuli between saporin-injected
animals compared to those of testosterone-treated saporin animals [F(1,96) = 2.92, ns], there
was a significant interaction between group and stimulus intensity [F(12,96) = 6.19, p < .
0001]. Response amplitudes produced by stimuli between 91% and 120% of the maximally
effective stimulus were significantly higher (an average of 119.2%) in testosterone-treated
saporin animals compared to those of saporin-injected animals [Fs(1,8) > 5.90, ps < .05].

DISCUSSION
Testosterone treatment protects highly androgen sensitive motoneurons from atrophy, and
from concomitant reductions in excitability, resulting from the death of nearby motoneurons
(Fargo and Sengelaub, 2004a,b, 2005, 2007). In this experiment we tested whether the more
typical somatic motoneurons that innervate the quadriceps muscles show similar effects of
androgen treatment in attenuating dendritic atrophy and concomitant deficits in function
after induced motoneuron depletion. Partial motoneuron depletion resulted in decreased
dendritic length and deficits in activation in remaining quadriceps motoneurons.
Importantly, testosterone treatment attenuated dendritic atrophy and reductions in motor
activation, indicating that the neuroprotective effects of testosterone we have previously
reported appear to be common across diverse motoneuron populations.

Muscle Weights
In both the morphology and electrophysiology studies saporin injection decreased the weight
of the injected vastus medialis muscle, but had no effect on the weight of the adjacent
uninjected vastus lateralis muscle (Figs. 1, 7). These results are comparable to previous
findings (Fargo and Sengelaub, 2004a,b;2007) and indicate that saporin treatments were
both effective and confined to the targeted musculature. Also consistent with these previous
findings, treatment with testosterone did not prevent the reduction in muscle weight
resulting from saporin injection; the weights of the vastus medialis muscles in the saporin-
injected groups did not differ, being reduced by approximately 70%. However, in contrast
with our previous work, treatment with testosterone had no effect on the weight of the non-
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saporin-injected vastus lateralis muscles, either those adjacent to the saporin-injected muscle
or in the contralateral limb. Because the weight of the contralateral vastus lateralis muscles
was not affected by testosterone treatment, the lack of an androgen effect on the muscles
adjacent to the saporin-injected muscles cannot be ascribed to an inhibition of an anabolic
effect of testosterone by saporin. In our previous studies, wherein we utilized the highly
androgen sensitive SNB neuromuscular system (Fargo and Sengelaub, 2004a,b;2007),
testosterone treatment increased the size of the non-saporin-injected adjacent perineal
musculature by approximately 20%. Although androgens are known to have protein
anabolic effects on general skeletal muscle tissue (Kochakian, 1975), these effects are small
compared to those observed in the perineal muscles (Kochakian et al., 1956;Wainman and
Shipounoff, 1941). This, combined with the modest supplemental testosterone treatment we
used in the current study, makes the lack of effect of testosterone on quadriceps muscle
weight unsurprising. However, the absence of an effect of testosterone treatment on muscle
weight despite a positive effect on dendritic length (see below) begins to address a potential
mechanism of the neuroprotective effects of testosterone treatment. We have previously
speculated that the hypertrophy in perineal muscle weight produced by exogenous
testosterone treatment could potentially provide an enhanced neurotrophic support to
remaining SNB motoneurons, attenuating dendritic atrophy (Fargo and Sengelaub, 2004a,b).
Given that we saw no such testosterone-induced hypertrophy in the current study, but
dendritic atrophy in remaining quadriceps motoneurons was nonetheless attenuated by
testosterone treatment, it is unlikely that any potential neurotrophic support is dependent on
muscle size alone.

Motoneuron Counts
Saporin injection into only one of the four muscles comprising the quadriceps resulted in the
death of ipsilateral motoneurons, reducing the number in the quadriceps pool by
approximately 24% across both saporin-injected groups (Fig. 2). This induced death appears
to have been specific to the motoneurons innervating the saporin-injected vastus medialis
muscle, as there were no differences in the number of labeled motoneurons following
injection of BHRP into the adjacent vastus lateralis. While steroid hormones have been
shown to prevent injury-induced neuron death in other preparations (Ahlbom et al.,
2001;Hammond et al., 2001;Huppenbauer et al., 2005;Pike, 2001;Ramsden et al., 2003),
they are not effective in preventing saporin-induced motoneuron death in SNB (Fargo and
Sengelaub, 2004a,b;2007) or quadriceps motoneurons (current study). Thus, the beneficial
effects of steroid treatment on the morphology of nearby surviving motoneurons cannot be
attributed to a hormone-mediated attenuation of the ability of saporin to kill motoneurons.

Morphometry
Somata—After the death of motoneurons by saporin injection, the cross-sectional area of
surviving nearby quadriceps motoneurons was reduced by about 14% (Fig. 4). This
reduction in size is comparable to what we have observed previously (approximately 18%;
Fargo and Sengelaub, 2004a,b;2007), but in the current study it did not reach statistical
significance. Interestingly, this reduction was similar across saporin groups, and thus stands
in contrast to previous reports in which treatment with testosterone attenuated induced somal
atrophy following partial motoneuron depletion (Fargo and Sengelaub, 2004b;2007). This
lack of effect of testosterone treatment is similar to what we observed in quadriceps muscle
weight, and likely reflects a lower androgen sensitivity in this neuromuscular system (see
below). For example, while castration results in dramatic reductions in the size of SNB
motoneuron somata (up to 45%) which can be reversed with testosterone treatment (Kurz et
al., 1986), castration with or without hormone replacement has no effect on soma size in
quadriceps motoneurons (Osborne et al., 2007).
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Dendrites
Saporin-induced motoneuron death resulted in a pronounced dendritic atrophy in surviving
nearby quadriceps motoneurons. Dendritic length of quadriceps motoneurons decreased by
almost 64% in saporin-injected animals (Figs. 3, 4), a magnitude of atrophy almost identical
to that seen in SNB motoneurons (Fargo and Sengelaub, 2004a,b;2007). This reduction was
not restricted to any specific portion of the dendritic distribution (Fig. 5), suggesting that the
effect was the result of a general effect on the quadriceps motoneurons rather than a loss of a
specific afferent population (Hebbeler and Sengelaub, 2003). Also similar to our previous
reports for SNB motoneurons, atrophy of quadriceps motoneuron dendrites was attenuated
in testosterone-treated saporin animals, but in the present case to a lesser degree. In the
SNB, testosterone treatment attenuated dendritic atrophy, resulting in dendritic lengths that
were reduced an average of only approximately 16% from normal lengths, and were greater
than those of saporin-injected animals by an average of over 119% (Fargo and Sengelaub,
2004a,b;2007). In contrast, quadriceps motoneurons in testosterone-treated saporin animals
had dendritic lengths that were reduced almost 40% from normal lengths, and were greater
than those of saporin-injected animals by only approximately 65%.

Given that spinal motoneurons and their target muscles contain androgen receptors (Michel
and Baulieu, 1974; Kochakian, 1975; Breedlove and Arnold, 1980, 1883; Matsuura et al.,
1993; Lumbroso et al., 1996), we hypothesized that the quadriceps system would show
neuroprotective effects of testosterone. Androgenic effects in typical somatic motoneurons
have been demonstrated previously. For example, following axotomy of the sciatic nerve,
testosterone increases axonal regeneration rates (Kujawa et al., 1993), and this effect is
accompanied by enhanced β-tubulin expression in sciatic motoneurons (Brown et al., 2001).
Similarly, the frequency of trkB receptor-immunolabeled quadriceps motoneurons responds
to changes in androgen levels (Osborne et al., 2007). In the current study, while testosterone
treatment was effective in attenuating dendritic atrophy in quadriceps motoneurons, it did
not protect them to the same degree as previously observed in the highly steroid-sensitive
SNB. A likely explanation for this difference lies in the expression of androgen receptors in
these two systems. SNB motoneurons abundantly express androgen receptors, and almost
70% of SNB motoneurons are labeled at 5X background; in contrast, less than 3% reach this
criterion in other motoneurons (Breedlove and Arnold, 1980, 1883). Using steroid
autoradiography, we have found that while quadriceps motoneurons are labeled significantly
above background levels with tritiated testosterone, SNB motoneurons accumulate
testosterone at almost three times the density seen in quadriceps motoneurons (Huguenard
and Sengelaub, unpublished results). Similarly, the principal SNB target muscles in males
(the bulbocavernosus and levator ani muscles) are enriched for androgen binding sites and
androgen receptor protein compared to other striated muscles (Dube et al., 1976; Tremblay
et al., 1977; Monks et al., 2006). Androgen receptor protein is present in substantially higher
concentrations in the levator ani compared to other skeletal muscle (Monks et al., 2006), and
the bulbocavernosus and levator ani muscles have over four times as many binding sites for
testosterone than are present in the quadriceps muscles (Dube et al., 1976). Thus, as
differences in the density of androgen receptors are thought to underlie differences in
androgen responsiveness across tissues (Monks et al., 2006), the lower density of androgen
receptors in the quadriceps system might result in a smaller protective effect of testosterone.

Previous studies have demonstrated that neither axonal transport of BHRP (Leslie et al.,
1991) nor dendritic transport as demonstrated by the rostrocaudal or radial extent of
dendritic labeling (Fargo and Sengelaub, 2004b; Goldstein and Sengelaub, 1994; Hebbeler
et al., 2002; Kurz et al., 1991) are affected by hormone levels. Thus, in the present study, we
believe that the differences we observed across treatment groups reflect true dendritic
atrophy in surviving motoneurons in saporin-injected animals, which is attenuated by
treatment with androgens. The possibility that confounds arising from saporin injection
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could affect retrograde transport is also an important consideration, as such an artifact could
potentially result in apparent alterations in dendritic morphology. However, no differences
in either radial or rostrocaudal extents of quadriceps motoneuron dendrites in the saporin
groups compared to normal values were observed. Therefore, we believe that the dendritic
labeling across groups was comparable and that the shorter dendritic lengths we observed in
saporin groups reflect true dendritic atrophy.

Functional correlates
Previous work has demonstrated that despite the absence of direct injury, the
electrophysiological properties of remaining (uninjured) motoneurons are altered, for
example reducing conduction velocity and prolonging afterhyperpolarization (Havton et al.,
2001). Alterations in central connectivity consequent to dendritic changes are also apparent
electrophysiologically (Kuno and Llinás, 1970; Sernagor et al., 1986). In related studies, we
have found that regressive changes in motoneuron morphology are correlated with changes
in motor activation: concomitant with dendritic atrophy, activation of motoneurons is
attenuated, and this change is prevented or reversed with androgen treatment, providing a
functional measure of recovery (Fargo et al., 2003; Fargo and Sengelaub, 2005).

Following saporin-induced motoneuron death, the atrophy described above in the
morphology of remaining quadriceps motoneurons was accompanied by marked reductions
in stimulation-evoked activation. In saporin-injected animals, stimulation of the dorsal root
afferents to the quadriceps motoneurons produced responses in the peripheral nerve whose
amplitudes were dramatically reduced compared to those of normal males (Table 1; Fig. 8).
These reductions were seen in both maximum peak-to-peak amplitude (likely reflecting
fewer quadriceps motoneurons activated simultaneously) as well as area under the curve
measures (likely reflecting fewer motoneurons activated during the total duration of the
trace). Significantly reduced amplitudes were consistently observed in saporin-injected
animals in response to stimuli above 70% of the maximally effective stimulus, intensities
that produced robust responses in normal males. While response amplitudes were reduced in
saporin-injected animals, the duration of evoked activity was longer, with a greater number
of observed spikes (Table 1), potentially reflecting a loss of synchronous firing in response
to afferent stimulation in the remaining quadriceps motoneurons.

Just as the atrophy in the morphology of quadriceps motoneuron dendrites was attenuated in
testosterone-treated saporin animals, deficits in response amplitude were also attenuated
with testosterone treatment. While deficits were still present at lower stimulus intensities, at
the highest intensities response amplitudes in testosterone-treated saporin animals were
similar to those of normal males, and significantly greater than those of saporin-treated
animals (Fig. 8). Treatment with testosterone also attenuated the increase in evoked activity
duration, but had no effect on the increase in the total number of spikes.

Importantly, the methodology used here was not intended to address the mechanisms of the
regressive changes in excitability, but rather only serves to provide a measure of functional
recovery. Measures of functional recovery are important components in assessing the
efficacy of any treatment strategy. For example, following facial nerve axotomy, animals
exhibit loss of eyeblink, vibrissae movement, and abnormal vibrissae orientation. As the
facial nerve regenerates, these gradually and sequentially return until recovery is complete,
providing a measure of functional recovery (Kujawa et al., 1989; Tanzer and Jones, 2004).
Similarly, in spinal cord injury models, gross locomotor recovery is typically assessed using
behavioral analyses (e.g., Basso-Beattie-Breshnahan locomotor rating scale, Basso et al.,
1995; Jones et al., 2004; inclined plane task, Rivlin and Tator, 1977; Midha et al., 1987). In
the present study, the deficits in quadriceps motor activation, and their attenuation with

Little et al. Page 13

J Comp Neurol. Author manuscript; available in PMC 2010 January 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



testosterone treatment, corresponded directly to the morphological changes in quadriceps
motoneurons, confirming that the neuroprotective effects of testosterone are truly functional.

Neuroprotective effects of testosterone
Androgens have been shown to have powerful neuroprotective effects in a variety of
systems. For example, testosterone protects against cell death in cultured hippocampal
neurons (Pike, 2001), prevents injury-induced dendritic atrophy in cortical pyramidal cells
(Forgie and Kolb, 2003), promotes earlier functional recovery after stroke (Pan et al., 2004),
and stimulates motoneuron axonal growth after peripheral nerve injury (Kujawa et al.,
1989). The mechanisms through which androgens act are multiple, and include attenuation
of synaptic stripping (Jones et al., 1997b) and injury-induced upregulation of GFAP (Coers
et al., 2002; Jones et al., 1997c), mediation of the central glial response (Jones et al., 1999a),
and enhancement of the ribosomal response (Kinderman and Jones, 1993). The expression
of multiple proteins involved in structural plasticity has also been shown to be androgen-
sensitive, including enhanced expression of the cytoskeletal proteins β-tubulin (Jones and
Oblinger, 1994; Jones et al., 1999b; Brown et al., 2001; Matsumoto et al., 1994) and
GAP-43 (Coers et al., 2002; Jones et al., 1997a), and elevated neuritin mRNA expression
(Fargo et al., 2008). Similarly, proteins thought to be involved in neuroprotection are also
regulated by androgens, including increased expression of heat shock protein (Zhang et al.,
2004; Tetzlaff et al., 2007), proteins with antioxidant functions (e.g., catalase, Ahlbom et al.,
2001), and the neurotrophin BDNF (Ottem et al., 2007) and its receptor trkB (Osborne et al.,
2007). Androgens are also thought to be involved with the activation of signaling pathways
involved in neuroprotection (e.g., MAPK/ERK, Pike et al., 2008). Establishing which of
these mechanisms, proteins, and pathways are involved in the androgen-mediated protection
of motoneuron dendrites from injury-induced atrophy will be valuable contributions to
establishing new neurotherapeutic strategies.

Conclusions
Androgens are already known to prevent or reduce motoneuron death in several
experimental paradigms (Ahlbom et al., 2001; Hammond et al., 2001; Huppenbauer et al.,
2005; Pike, 2001; Ramsden et al., 2003). The present results indicate that androgens are also
capable of attenuating secondary atrophy and loss of function in surviving nearby
motoneurons, not only in highly androgen-sensitive motoneurons, but in more typical
motoneuron populations as well, further supporting a role for testosterone as a
neurotherapeutic agent in the injured nervous system.
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Figure 1.
Weights of the vastus medialis (top) and vastus lateralis (bottom) muscles in normal males
and saporin-injected animals that were either untreated (SAP), or treated with testosterone
(SAP+T). Gray bars represent weights from the right (R) and left (L) sides in normal males,
filled bars represent weights from the untreated contralateral (right) side of the quadriceps
muscle, and unfilled bars represent weights from the saporin injected (left) side of the
quadriceps muscle. Saporin injection reduced the weight of the vastus medialis muscle but
had no effect on the adjacent vastus lateralis muscle. Testosterone treatment had no effect on
muscle weight. Bar heights represent means ± SEM. * indicates significantly different from
normal males.
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Figure 2.
Numbers of thionin-stained quadriceps motoneurons in normal males and saporin-injected
animals that were either untreated (SAP), or treated with testosterone (SAP+T), expressed as
a ratio of motoneuron number ipsilateral to the saporin-injected muscle relative to that on
the untreated side. Saporin killed approximately 24% of the ipsilateral quadriceps
motoneurons, regardless of hormone treatment. Bar heights represent means ± SEM. *
indicates significantly different from normal males.
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Figure 3.
(Left) Darkfield digital micrographs of transverse hemisections through the lumbar spinal
cords of a normal male (top), a saporin-injected male (SAP, middle), and a testosterone-
treated saporin male (SAP+T, bottom), after BHRP injection into the left vastus lateralis
muscle. (Right) Computer-generated composites of BHRP-labeled somata and processes
drawn at 480 μm intervals through the entire rostrocaudal extent of the quadriceps motor
pool; these composites were selected because they are representative of their respective
group average dendritic lengths. Scale bar = 500 μm.
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Figure 4.
(Top) Cross-sectional soma areas of quadriceps motoneurons in normal males and saporin-
injected animals that were either untreated (SAP), or treated with testosterone (SAP+T).
Following saporin-induced motoneuron death, the average soma areas of surviving nearby
motoneurons decreased by approximately 14%, regardless of hormone treatment, but these
reductions were not statistically significant. (Bottom) Dendritic lengths of quadriceps
motoneurons of normal males and saporin-injected animals that were either untreated (SAP),
or treated with testosterone (SAP+T). Following saporin-induced motoneuron death,
surviving nearby motoneurons lost almost 64% of their dendritic length. Treatment with
testosterone attenuated this dendritic atrophy. Bar heights represent means ± SEM. *
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indicates significantly different from normal males. † indicates significantly different from
untreated saporin-injected animals.
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Figure 5.
Inset: Drawing of spinal gray matter divided into radial sectors for measure of quadriceps
motoneuron dendritic distribution. Length per radial bin of quadriceps dendrites of normal
males (black bars) and saporin-injected animals that were either untreated (SAP, unfilled
bars), or treated with testosterone (SAP+T, gray bars). For graphic purposes, dendritic
length measures have been collapsed into 6 bins of 60° each. Quadriceps motoneuron
dendritic arbors display a non-uniform distribution, with the majority of the arbor located
between 300° and 120°. Following saporin-induced motoneuron death, surviving nearby
motoneurons had reduced dendritic length in every radial bin. Treatment with testosterone
attenuated this reduction. Bar heights represent means ± SEM. * indicates significantly
different from normal males. † indicates significantly different from untreated saporin-
injected animals.
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Figure 6.
Inset: Drawing of spinal gray matter divided into radial sectors for measure of quadriceps
motoneuron radial dendritic extent. Radial extents of quadriceps dendrites of normal males
(black bars) and saporin-injected animals that were either untreated (SAP, unfilled bars), or
treated with testosterone (SAP+T, gray bars). For graphic purposes, dendritic extent
measures have been collapsed into 6 bins of 60° each. Following saporin-induced
motoneuron death, extent measures of surviving nearby motoneurons in SAP and SAP+T
animals did not differ from those of normal animals. Bar heights represent means ± SEM.
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Figure 7.
Weights of the vastus medialis (top) and vastus lateralis (bottom) muscles in normal males
and saporin-injected animals that were either untreated (SAP), or treated with testosterone
(SAP+T) used for peripheral nerve recording. Gray bars represent weights from the right (R)
and left (L) sides in normal males, filled bars represent weights from the untreated
contralateral (right) side of the quadriceps muscle, and unfilled bars represent weights from
the saporin injected (left) side of the quadriceps muscle. Saporin injection reduced the
weight of the vastus medialis muscle but had no effect on the adjacent vastus lateralis
muscle. Testosterone treatment had no effect on muscle weight. Bar heights represent means
± SEM. * indicates significantly different from normal males.
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Figure 8.
Inset: Representative rectified trace from a normal male of quadriceps motor nerve activity
following stimulation of the L2 dorsal root. Response amplitudes as a function of stimulus
intensity for normal males (filled circles), and saporin-injected animals that were either
untreated (SAP, open circles), or treated with testosterone (SAP+T, triangles), measured as
area under the curve. Motor nerve activation was significantly reduced in saporin-injected
animals, but deficits in response amplitude were attenuated with testosterone treatment.
Points represent means ± SEM. * indicates significant differences between saporin-injected
animals and normal males. ‡ indicates significant differences between saporin-injected
animals that were treated with testosterone and normal males. † indicates significant
differences between saporin-injected animals that were untreated and those treated with
testosterone.
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Table 1

Effects of partial motoneuron depletion on peripheral nerve activation (Means ± SEM) in normal males and
saporin-injected males given no further treatment (SAP) or given supplemental testosterone (SAP+T).

Normal SAP SAP+T

Background activity (mv) 0.003
± 0.001

0.003
± 0.0004

0.002
± 0.00004

Response latency (msec) 4.22
± 0.59

4.95
± 0.80

5.90
± 1.61

Maximum peak-to-peak amplitude (mv) 4.48
± 1.05

1.32*
± 0.49

3.01
± 0.98

Maximum area under the curve (mv-msec) 2.12
± 0.30

0.79*
± 0.26

2.15†
± 0.50

Activity duration (msec) 3.12
± 0.86

6.84*
± 0.71

4.43†
± 0.72

Total spikes 1.97
± 0.54

5.74*
± 0.89

4.59*
± 0.99

*
denotes significantly different from normal males

†
denotes significantly different from SAP males
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