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Abstract

Urethral obstruction produces increased voiding frequency
(0.7±0.06 to 1.1±0.08 h-') and hypertrophy of the urinary
bladder (89±1.7 to 708±40 mg) with profound increments in
the dimensions of afferent (4, 6) and efferent neurons (299±4.7
to 573±8.6 gm2) supplying this organ in the rat. We discovered
that hypertrophied bladders of rat and human contain signifi-
cantly more nerve growth factor (NGF) per milligram wet
weight, protein, and DNA than normal bladders. The temporal
correlation between NGF content, neuronal hypertrophy, and
bladder weight was consistent with a role for this growth factor
in the neurotrophic effects associated with obstruction. Autoim-
munity to NGF abolished the hypertrophy of NGF-sensitive
bladder neurons in the pelvic ganglion after obstruction. Relief
of urethral obstruction reduced bladder size (349±78 mg), but
neuronal hypertrophy (460.2±10.2 Mm2) and elevated NGF lev-
els were only partially reversed. Bladder hypertrophy (133±43
mg) induced by osmotic diuresis slightly increased ganglion cell
area (365.2±6.1 gm2) and only doubled NGF content of the
bladder. These findings provide important new evidence that
parenchymal cells in the hypertrophied bladder can synthesize
NGF and possibly other molecular messengers that act to alter
the size and function of neurons in adult animals and man. (J.
Clin. Inwest. 1991. 88:1709-1715.) Key words: hypertrophy.
outlet obstruction * neural plasticity * smooth muscle - major
pelvic ganglion

Introduction

Urinary bladder hypertrophy is produced by anatomical or
functional obstruction of the bladder outlet. The most com-
mon cause of obstruction in man is benign prostatic hyper-
trophy (BPH)', the treatment of which represents the second
costliest expenditure of Medicare funds in the United States
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(1). A manifestation of bladder dysfunction seen in 60-75% of
patients with BPH is bladder hyperactivity (2). Because ob-
struction ofthe bladder leads to changes in neuronal morphol-
ogy and function, these alterations in neural pathways could
contribute to bladder dysfunction and alter treatment out-
come (3-7).

It has been proposed that dynamic interactions occur be-
tween a target tissue and its innervation in the adult (8, 9). In
support of this idea experimental manipulations of a target
alter the geometry ofinnervating neurons. For example, creat-
ing large targets results in more morphological complexity in
neural pathways, whereas reductions in target size produce
smaller, less complex neurons (8, 9). This interaction between a
tissue and its nerve supply has been attributed to the action of
as yet unidentified molecular messengers. One candidate that
fits criteria for an intercellular signal molecule between the
target organ and nerve is nerve growth factor(NGF) (10). How-
ever, a specific role for NGF in the regulation ofneural plastic-
ity in vivo or in a disease process in the adult has not been
established.

The accessibility ofperipheral autonomic neurons provides
an opportunity to perform a detailed analysis of the relation-
ships between neuronal geometry and the function or size of
the target innervated. One target organ whose function requires
autonomic input is the urinary bladder. Thus, bladder hyper-
trophy induced by partial obstruction may offer a clinically
relevant model that provides insight into neurotrophic interac-
tions in vivo.

Indeed, partial urethral ligation in the rat, which produces
bladder enlargement and smooth muscle hypertrophy, is asso-
ciated with morphological and physiological alterations in the
neural pathways regulating micturition. Morphological
changes include hypertrophy of retrogradely labeled afferent
(5-7) and efferent (4, 7) neurons supplying the bladder, as well
as increased labeling of afferent projections from the bladder
surrounding preganglionic neurons in the sacral spinal cord (6,
7). Physiological alterations are seen in multiunit recordings
from bladder nerves (3). Enhanced spinal reflex discharges ap-
pear after obstruction which are linked to an increase in void-
ing frequency (3). Decentralization of the bladder fails to pre-
vent the size increases of neurons induced by obstruction (4).
Taken together these findings provide strong evidence that
neurotrophic interactions occur between the bladder and its
innervation and that these interactions are altered after ob-
struction.

It is proposed that obstruction stimulates parenchymal cells
in the bladder to produce a factor which regulates size of the
neurons supplying this organ. This hypothesis was tested by
assaying normal and hypertrophied bladders for NGF to assess
the potential involvement of this single trophic factor on
changes in efferent neuron size. We report that increased tissue
levels ofNGF accompany urinary bladder hypertrophy in rats
and humans. Furthermore, endogenous NGF antibody pre-
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vented the hypertrophy of a population of efferent nerves in-
nervating the bladder.

These findings have profound investigational and clinical
ramifications. They provide important new evidence for dy-
namic interactions between parenchymal target cells and their
innervation in the adult. It can be speculated that alterations in
NGF or other trophic factors participate in the sensory distur-
bances and bladder hyperactivity observed in patients with
BPH, suggesting novel avenues for therapy.

Methods

Experimental groups
Obstruction (OBS). A modification ofthe technique described by Mat-
tiasson and Uvelius (3, 4, 11) was used to create partial bladder outlet
obstruction in 13 Wistar rats (222-250 g). Under halothane anesthesia,
the skin was shaved, prepped with an iodine/alcohol mixture, and a low
midline incision made. The urethral diameter was then reduced to 1
mm by tying two 4-0 nylon sutures around the urethra and an extralu-
minally-positioned (1 mm O.D.) polyethylene tube. The tubing was
removed and the abdominal incision reapproximated using two layers
of interrupted nylon sutures. 12 control (CONT) rats underwent sham
surgery in which the urethra was circumferentially dissected, but not
ligated. Occasionally, a ligated animal developed urinary retention or
was incontinent as monitored by voiding frequency, presumably due to
overflow incontinence. These animals were sacrificed immediately and
not included in the study.

Diuresis (DIUR). Bladder hyperactivity without obstruction was
produced in eight rats by inducing osmotic diuresis with 5% (wt/vol)
sucrose in their ad lib water supply.

Deligation (DELIG). 6 wk after urethral ligation, six rats underwent
surgical removal of urethral ligatures under halothane anesthesia to
examine reversibility ofthe changes in voiding frequency, neuron size,
and levels ofNGF.

Autoimmunization (AI). 30 female rats were immunized with 100
,ug murine NGF in complete Freund's adjuvant followed by 1i5-g in-
jections in incomplete adjuvant at 4-5-wk intervals (12). Successful Al
was evaluated in each animal by testing for circulating anti-NGF activ-
ity using a modified neurite outgrowth bioassay. Dorsal root ganglia
(DRG) from 8-9-d-old chick embryos were cultured in equal 20-Ml
portions of chicken plasma, thrombin (I mg/ml) in modified Eagles
medium and diluted rat tail vein serum in culture medium with 15
ug/ml murine NGF. Positive controls were included with titers of
known, purified anti-NGF. Under these conditions fiber outgrowth
was profuse when no antiserum was added. Animals were considered
autoimmune to NGF if 1/100 to 1/1,000 dilution of serum prevented
neurite outgrowth. Neurite outgrowth was evaluated using a Nikon
Diaphot inverted microscope and phase contrast optics. Fiber out-
growth was easily distinguished from outgrowth ofexplant supporting
cells.

Autoimmune + obstructed (AJOBS). Six Al animals (see Autoim-
munization) were obstructed (see Obstruction) to determine whether
endogenous antibody to NGF prevented the neuronal growth and uro-

dynamic changes accompanying obstruction.
Neuronal labeling. Bladder neurons were labeled by retrograde ax-

onal transport of Fluoro-Gold (FG; Fluorochrome, Inc., Englewood,
CO) because ganglion cells in the major pelvic ganglion supply several
organs. Eight separate injections (3-4 l) of4% FG (wt/vol in distilled
water) were made into the bladder wall using a I0-Ml Hamilton syringe
with a 30 G needle. The needle was left in place for 30 s and the site
rinsed with saline then swabbed with a cotton-tipped applicator to min-
imize leakage of tracer. FG injection was performed 48 h before re-

moval of ganglia. Injected bladders were not used for NGF assays.
Human subjects. 2-g specimens ofsmooth muscle from the anterior

bladder wall were taken for NGF analysis from patients (n = 3) under-
going suprapubic prostatectomy for obstruction due to prostatism or

urinary diversion for functional bladder outlet obstruction resulting

from spinal cord injury. Bladders from obstructed subjects were grossly
thickened and trabeculated. Voiding flow rates were < 10 ml/s consis-
tent with obstruction. Obstructive symptoms such as diminished urine
flow, nocturia, and hesitancy and irritative symptoms of urinary ur-
gency and frequency were present for at least 1 yr. Control (n = 3)
specimens were obtained from patients undergoing urinary diversion
for incontinence or bladder cancer. Specimens were not obtained from
areas which contained malignancy. Control subjects did not have ob-
structive symptoms or flow rates < 20 ml/s. Tissues were obtained in
accordance with the University ofVirginia Human Investigation Com-
mittee.

Analysis
Measurements of voiding frequencies, neuronal areas, and NGF con-
tent were made in a single blinded fashion with the investigator un-
aware of which group of animals were being analyzed.

Urinary frequency. Voiding frequency was used as an estimate of
bladder activity in the experimental animals. Animals were housed in
individual cages. Voiding frequency was assessed in a single blinded
fashion on four separate occasions in each animal by visualizing dis-
tinct urine markings on filter paper placed beneath each cage during a
3-h test period (16:00-19:00 h) with monitoring of fluid intake. Ob-
struction did not alter water consumption.

Morphometrics. Pelvic ganglia were removed in halothane-anesthe-
tized rats and placed in 4% buffered formalin for 4 h. Ganglia were
washed in PBS and equilibrated in successive PBS solutions containing
10, 20, and 30% sucrose for cryoprotection. Cryostat sections (14 gm)
were cut and mounted on gelatinized slides, dehydrated using a series
ofalcohols, mounted in glycerin, and cover slipped. FG-labeled ganglia
were then viewed using a Nikon FXA microscope with UV fluores-
cence (filter UV excitation at 360-380 nm).

Cross-sectional areas ofFG-labeled cells in every fourth section and
distributed throughout the pelvic ganglia were measured usingcomput-
erized image processing (Bioquant) and videomicroscopy. Video
images were obtained through a Dage-MTI Inc. (Wabash, MI) 70 series
camera at a magnification of200. - 200 cells from each ganglion were
manually outlined for area determinations. For comparison, cross-sec-
tional areas as measured using camera lucida drawings were 10%
smaller than those obtained through image analysis software. The
lower limit for neuronal cross-sectional areas was set at 150 ;m2 based
on previous measurements of principal cells in the major pelvic gan-
glion (4).

Tissue assays. Urinary bladders and other tissues were removed
under halothane anesthesia, blotted dry, weighed, frozen on dry ice,
and stored at -70'C. For analysis, tissues were shattered at liquid ni-
trogen temperature in a metal impact mortar, and solubilized in 4 vol
or a minimum of l-ml sample buffer (0.1 M NaHPO4, 0.4 M NaCl,
0.1% Triton X-100, 0.5% BSA, 0.1 mM benzethonium-Cl, 2 mM ben-
zamidine, 2 mM EDTA, 0.1 mM PMSF, 20 KIU/ml aprotinin). The
tissue was then homogenized for 1 min and then centrifuged at 33,000
g for 1 h. To estimate NGF recovery, 150 pg/ml ofauthentic NGF was

added to an aliquot before the centrifugation. Aliquots of the total
homogenate were also assayed for protein (13) and DNA (14).

A two-site ELISA for NGF was adapted from the methods ofWest-
camp and Otten (15) and Hellweg (16). Maxisorb 96-well plates (Nunc,
Copenhagen, Denmark) were coated with 150 Ml of 0.5 ug/ml anti-
NGF monoclonal antibody (Boehringer Mannheim Biochemicals, In-
dianapolis, IN) in 50mM ofsodium carbonate buffer, pH 9.6, for 2 h at

360C. Remaining sites on the plate were blocked with 200 Ml ofa 1.0%
BSA in a carbonate buffer at 1 h at 360C. The plate was then washed 1
x 1 min, 3 x 5 min with 250 Ml of wash buffer (0.4 M NaCl and 0.1%
Triton X-100 in 0.1 M phosphate buffer, pH 7.4). The final sample was
replaced with 100 Ml of either sample or known amounts ofNGF di-
luted in sample buffer. Four wells were used for each sample and for
each value of the standard curve. The samples were incubated over-

night at room temperature in a humidified chamber. The following day
the plate was washed 1 X 1 min, 3 X 20 min with slow agitation. To
each well, 10 mU of ,l-galactosidase-linked anti-NGF (Boehringer
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Figure 1. Standard curve for NGF ELISA. Plot was linear to 1 pg/ml
of NGF. Mouse NGF was used to construct standard curve. Absor-
bance obtained at 575 nm. Broken line represents three standard de-
viations from blank specimen.

Mannheim Biochemicals), was then added for 2 h at 360C. Unbound
fl-galactosidase was removed during 1 x 1 min, 3 x 1 h washes in buffer
with intermittent agitation. During the last buffer wash, 44 mg ofchlo-
rophenol red-beta-D-galactopyranoside (CPRG; Boehringer Mann-
heim Biochemicals) was dissolved in 22 ml of 10 mM Hepes, 150mM
NaCl, 2 mM MgCI2, 0.1% (wt/vol) Na-azide, and 1% (wt/vol) BSA, pH
7.0. The plate was rinsed once with 250 ,l ofCPRG buffer and 200 Ml of
the CPRG solution was added for 4-6 h at 36°C or overnight at room
temperature. The plate was read on a Titre~tek plate reader (ICN/Flow
Laboratories, Inc., McLean, VA) using a 575-nm filter.

The standard curve was calculated after subtracting the mean ab-
sorbance reading of sample buffer alone based upon a least squares fit
(Fig. 1). Any value falling within three standard deviations of the zero
NGF reading was considered below the limit of detection, typically
occurring at < 1 pg/ml (Fig. 1).

The mouse NGF used for the standard curve was the generous gift
of Dr. Eugene M. Johnson (St. Louis, MO), and was freshly diluted in
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sample buffer for each assay. Controls for the assay always included
binding nonimmune mouse IgG to the plate and the zero NGF point
on the standard curve. Specificity for antibody binding to NGF was
tested with insulin, a structurally similar molecule ofa similar size. The
standard curve for NGF typically was linear to 600 pg/ml, beyond
which saturation occurred. However, 1 gg/ml insulin was below the
level of detection. The absorbance values for the standards varied, but
the slope of the standard curve was consistent. The specificity of the
assay for NGF compared to other neurotrophins in the same family
(BDNF and NT3) could not be assayed due to lack ofsufficiently char-
acterized reagents. Thus, the tissue samples may have contained some
levels of cross-reactive factors structurally similar to NGF.

Human tissues were assayed by W. Wongand G. Bennett at Genen-
tech, Inc. (South San Francisco, CA) using a similar two-site ELISA but
with antiserum specific for human NGF. A standard curve was ob-
tained using recombinant human NGF and an horseradish peroxidase-
linked secondary antibody.

Statistics. In all studies mean cross-sectional areas for FG-labeled
neurons were compared using an ANOVA while voiding frequencies,
bladder weights, and NGF content were analyzed with a nonparamet-
ric Mann/Whitney U test using SPSS PC+ software. Differences in the
distributions of neuronal areas were analyzed using the Smirnoff test.
Data presented as mean±SE.

Results

Bladder weight increased from 89±1.7 mg in the control group
to 708±40 mg after 6 wk of obstruction (OBS) (Fig. 2 A). The
average frequency of urinary voiding increased from 0.7±0.06
to 1.1±0.08 h-' after obstruction confirming the development
of bladder hyperactivity (Fig. 2 A). The mean cross-sectional
area ofpelvic ganglion cells innervating the obstructed bladder
rose significantly reaching 573.0±8.6 ,m2 at 6 wk (P < 0.001)
(Fig. 2 A). Neuronal hypertrophy was detected after 1 wk, lag-
ging behind the rapid rise in bladder weight.

Bladder enlargement was accompanied by a rise in NGF
content which preceded increases in voiding frequency and
neuronal area (Fig. 2). Likewise, the amount ofNGF in grossly

600

400 1

200

0 Figure 2. Time course for alterations in bladder
3.50 weight, function, and neuronal size after obstruction.

--- . CXA Bladder weight in milligrams (-), whereas voiding
frequencies (+) and neuronal areas (A) are expressed
as percent control (0.7±0.05 h-', 300±4.9 Am2 for
750 cells). Neuronal size was measured as cross-sec-

1.75 tional area ofretrogradely labeled pelvic ganglion cell
somata at I wk (663 cells), 3 wk (575 cells), and 6 wk
(750 cells). Bladder weight rises before the increases in
voiding frequency and neuron size. (B) Bladder tissue
NGF. NGF is expressed as (.) nanograms per 100 mg
protein ofthe whole homogenate; (A) nanograms per

0.00 gram wet weight; and (+) picograms per microgram
DNA. NGF expressed per wet weight or protein peaks
before changes in neuronal area or voiding frequency.
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hypertrophied human bladders (7.8 pg/mg pro, 1400 pg/g wet
weight) exceeded that in nonhypertrophied samples (2.6 pg/mg
pro, 400 pg/g wet weight) from the patients undergoing urinary
diversion for incontinence.

Tissue levels ofNGF were assayed in organs other than the
urinary bladder from normal and obstructed animals to ascer-
tain whether the increases in bladder NGF were specific for the
urinary tract. No significant differences were seen in NGF con-
tent for abdominal aorta or lung specimens (CONT, n = 5;
OBS, n = 6). NGF was not detected in striated or cardiac (ven-
tricular) muscle samples.

IfNGF is responsible for one or more aspects ofthe neuro-
nal plasticity after bladder obstruction and hypertrophy, levels
ofthis trophic factor should rise before increases in neuron size
and voiding frequency. Indeed, the amount ofNGF peaked 1
wk after obstruction whether the data are expressed per whole
organ, milligram protein, or gram wet weight ofbladder tissue
(Fig. 2 B). Over the ensuing weeks NGF levels dropped below
peak values but remained four to six times higher than control
values. When normalized to DNA, NGF content continued to
rise after 3 wk (Fig. 2 B).

After deligation, neuronal size (460.2±10.2 'Um2) and NGF
levels failed to return to control values (Fig. 2), despite the
significant (P < 0.05) decrease in bladder weight (349±78 mg)
and return of voiding frequency to CONT levels (0.73
±0.08 h-1).

In rats with bladder hypertrophy induced by diuresis, blad-
der weight (133±4.3 mg), voiding frequency (1.0±0.09 h-'),
neuronal area (365.2±6.1 'Um2), and NGF levels were elevated
compared to control. Yet, weights, areas, and NGF levels from
the diuresis group were significantly (P < 0.01 to P< 0.001) less
than those in the OBS group.

The temporal correlation between NGF, neuronal hyper-
trophy, and bladder weight does not establish NGF as the caus-
ative factor for neurotrophic effects. Thus, we sought to obtain
more conclusive evidence by using endogenous antibody
against NGF which is effective in disrupting the access of neu-
rons to the nutritive supply of this trophic substance (10, 12).
Bladder weights in the Al group were slightly greater (1 16±4
mg) than control. Despite this slight increase in bladder weight,
the mean area for neurons innervating the bladder from ani-
mals with endogenous antibody against NGF (Al) (Fig. 3) was
less (279.3±3.4 jim2, P < 0.05) than age and weight-matched
control (300.2±4.9 gm2). The percent of neurons with areas
> 500 jim2 was substantially reduced when obstruction was
created in the Al group (Fig. 4, AIOBS-OBS). This inhibition
accounted for the reduced mean area for the AMOBS group
(475.7±6.5 gm2) compared to OBS animals with no circulating
anti-NGF (573±8.6 gm2, P < 0.001). Bladder weights in the
AI-OBS group (800±65 mg) were similar to OBST.

In contrast to areas, voiding frequency in AI rats was ele-
vated (1.14±0.08 h-1, P < 0.05) compared with control. This
increase in voiding frequency may have accounted for the
slight increase in bladder weights in the AI group. Obstruction
of Al animals elicited a further increase in voiding frequency
(1.8±0.1) which exceeded that of the OBS group (P < 0.05).

Discussion

Our results support the concept that the geometry of auto-
nomic neurons in the adult is influenced by ongoing interac-
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Figure 3. Area distributions for retrogradely labeled bladder neurons
in the pelvic ganglia in normal (CONT), obstructed (OBS), autoim-
mune (AI), and AI + OBS animals. (A) 6 wk after partial urethral li-
gation an increase in mean area (573±8.6 jum2 for 750 cells) was due
to a rightward shift in distribution for cell sizes. Note that the entire
population shifts with the emergence of cells with areas > 1,000 Am2.
(B) Autoimmunization produces a loss of labeled neurons (61 1 cells)
with areas > 800 jm2. (C) After 6 wk ofobstruction ofAI rats (715
cells), the occurrence of cells in the largest size categories is reduced
compared to A and neurons rarely have areas > 1,000 jm2.

tions with the tissues they innervate (8, 9). Consistent with this
hypothesis, obstruction-induced hypertrophy of the small in-
testine stimulates growth of neurons in the myenteric plexus
(17, 18). Likewise, Voyvodic has shown hypertrophy of the
submandibular gland increases somal cross-sectional areas and
creates more complex dendritic arborization of innervating
neurons (9).

Similarly the urinary bladder undergoes anatomical, bio-
chemical, pharmacological, and physiological changes in re-
sponse to the functional demands ofchronic obstruction (2-4,
1 1, 19). These changes are accompanied by growth of afferent
and efferent neurons supplying the urinary bladder which may
contribute to dysfunction and also to the failure of therapy to
reverse symptoms. The results of this investigation raise the
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Figure 4. Differences in the frequencies of bladder neuron size in the
pelvic ganglion with obstruction and NGF autoimmunity. The dif-
ferences in percent neurons in each 50 um2 bin are plotted for ob-
structed (OBS) minus control (CONT) frequencies (open bars) and
NGF autoimmune obstructed (AIOBS) minus obstructed (OBS) fre-
quencies (solid bars). A positive value indicates an increase in the
proportion of cells in that bin, whereas a negative value represents a
decrease. Obstruction (OBS-CONT) increases the proportion of large
neurons with areas > 500 ym2. However, AIOBS animals have a rel-
ative deficiency in the largest sizes (AIOBS-OBS) (P < 0.001). This
implies that antibody prevented hypertrophy of NGF-responsive
neurons.

possibility that the bladder uses NGF to initiate or maintain
these alterations in neural pathways. Whereas the current data
only address size changes in the MPG, adult rat DRG neurons
have been shown to respond to NGF (12). Additional studies
are underway to examine the effect of increased bladder NGF
on central afferent projections and electrophysiological alter-
ations after obstruction of the bladder outlet.

NGF content in the bladder peaked 1 wk after obstruction,
before hypertrophy of bladder neurons. When normalized to
DNA content, NGF continued to rise after 3 wk ofobstruction.
These findings suggest that the initial rise in NGF was outpaced
by bladder hypertrophy. The number of neurons innervating
the obstructed bladder is constant (4), but this enlarged target
organ could provide an excess of a trophic molecule to each
ganglion cell. Thus, the obstructed bladder may deliver up to
50 times more NGF to each ganglion cell than a normal blad-
der based upon NGF content in the total organ and ignoring
possible differences in access and transport (20). Neuron hy-
pertrophy could occur in response to this rapid increase in the
peripheral supply of NGF.

The temporal correlation between bladder weight, NGF
content, neuronal hypertrophy, and changes in bladder func-
tion are consistent with a link between this trophic molecule
and adaptive changes in neural pathways with obstruction.
However, the strongest evidence that NGF is at least in part
responsible for these alterations was the finding that endoge-
nous antibody to NGF reduced the proportion of cells in the
uppermost size categories for neurons supplying the bladder
after obstruction.

In dissociated cell culture, pelvic ganglion cells from the rat
immunoreactive for tyrosine hydroxylase (TH-IR) are elimi-
nated by NGF antibody (21). Neurons in the pelvic ganglion
innervating the bladder with areas > 500 ,m2 are TH-IR (22).
Furthermore, administration of NGF antibody to neonatal
mice eliminates catecholamine-fluorescent varicosities in pel-

vic ganglia (23). These observations imply that NGF antibody
in vivo probably affects adrenergic neurons in the major pelvic
ganglion. It is unlikely that the effects ofobstruction are merely
limited to adrenergic neurons because a shift in area occurs for
the entire population ofbladder neurons (4) and TH-immuno-
reactive neurons account for - 25% of the cells in the pelvic
ganglion (22).

Muscle activity in addition to target size has been shown to
alter neuron survival and morphology. Thus, an increase in
contractile activity of the bladder due to obstruction could ele-
vate NGF levels independent of smooth muscle hypertrophy.
This hypothesis was tested by examining neuronal size and
NGF content in bladders of diuresed animals. Although void-
ing frequency in diuresed rats rose to the same extent as in
urethral-ligated animals (Fig. 5), bladder weight slightly in-
creased and neuronal areas remained 65% less than obstructed
rats at 6 wk. NGF content of bladders from diuresed animals
was only 2.5 times greater than controls compared to the 11-
fold increase (per organ) seen with obstruction. Furthermore,
the increase in voiding frequency in the autoimmune group
was not associated with the same degree of neuronal enlarge-
ment as in obstructed animals (Fig. 3). These findings indicate
that increased bladder activity is not the primary stimulus for
neural plasticity and alterations in NGF. Rather, increased ac-
tivity reflects other changes in the function of the bladder and
its innervation that result from obstruction. None of the ani-
mals in this study were incontinent and the increased voiding
frequency in diuresed animals was accounted for by increased
water intake.

Denervation of smooth muscle or inflammation may alter
NGF content (24). NGF content of smooth muscles in the iris
and vas deferens varies with qualitative differences in neural
input. NGF content in this situation represents the net balance
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Figure 5. Nerve growth factor content of bladder after experimental
manipulations. Urinary frequency (solid bars; h-'), bladder neuron
size (grey bars; um2) and NGF content (hatched bars; pg/organ) for
eight control (CONT) animals (750 cells); six animals obstructed
(OBS) for 6 wk (750 cells); six rats obstructed for 6 wk, then deligated
(DELIG) for 6 wk (630 cells); eight diuresed (DIUR) rats (710 cells),
eight autoimmune animals (Al) (611 cells), and six rats made au-
toimmune then obstructed for 6 wk (AIOBS) (715 cells). NGF content
and neuronal size increased in all obstructed groups (P < 0.001)
compared to control. Autoimmunity alone caused a significant (P
< 0.05) decrease in mean neuronal area compared with control,
whereas mean area in AIOBS group was significantly (P < 0.00 1)
lower than in OBS animals.
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between synthesis by target tissues and uptake by axons. Acute
obstruction elicits a relative denervation ofthe bladder because
ultrastructural studies show axonal degeneration with subse-
quent reinnervation of smooth muscle (20). Alternatively, in-
flammatory mediators including IL-l can stimulate produc-
tion of NGF. However, preliminary data in our laboratory
show that surgical denervation of the bladder or intravesical
instillation of chemical irritants do not raise NGF levels to the
degree observed with obstruction (25). Taken together these
studies suggest that increased NGF production is closely linked
to the mechanisms underlying smooth muscle hypertrophy.
This hypothesis is strengthened by the finding that cultured
smooth muscle cells contain mRNA coding for NGF and syn-
thesize NGF (26).

Questions remain as to the molecular basis for growth fac-
tor regulation. Recent circumstantial evidence has linked ele-
vations in intracellular calcium and subsequent expression of
protooncogenes with cardiac hypertrophy (27). Enhanced ex-
pression ofprotooncogenes such as c-fos, c-jun, and c-myc have
also been associated with increases in NGF production by glia
and fibroblasts (28). These secondary alterations in gene ex-
pression may contribute to an increased capacity ofthe cell for
synthesis of contractile proteins and to the activation of genes
responsible for the manufacture of a wide range ofgrowth fac-
tors such as NGF.

We attempted to link changes in NGF with alterations in
target organ function. However, the use ofvoiding frequency to
assess bladder activity is complicated by the complex nature of
factors governing micturition. The increased residual volume
that occurs after obstruction can be associated with overflow
incontinence, the presence of which would reduce the useful-
ness of measuring voiding frequency. However, none of the
animals in this study were incontinent. Episodic voiding with
periods of continence was observed. The Al rats voided more
frequently than control rats, and AI did not prevent the rise in
voiding frequency after obstruction. Endogenous NGF anti-
body could have increased urine output, enhanced smooth
muscle activity or excitatory parasympathetic pathways regu-
lating voiding, or reduced sympathetic inhibition of micturi-
tion pathways. These factors may explain why AI did not pre-
vent the increase in voiding frequency seen after obstruction. It
is also possible that NGF is not responsible for the develop-
ment of increased bladder activity after partial urethral liga-
tion.

The inability ofNGF antibody to completely prevent hy-
pertrophy of postganglionic neurons induced by bladder outlet
obstruction could be due to the dependence of NGF-insensi-
tive neurons on other trophic factors for growth. Cholinergic
neurons in the pelvic ganglion provide excitatory input to the
smooth muscle of the bladder (29). Therefore, trophic factors
which influence the growth and survival ofperipheral choliner-
gic cells such as ciliary neurotrophic factor (30), brain-derived
neurotrophic factor (31), and basic fibroblast growth factor
(32) may be responsible for the hypertrophy of NGF-insensi-
tive neurons. It is also possible that the antibody identified by
our dorsal root ganglion bioassay technique was ineffective or
its access to bladder neurons limited in vivo. However, the
reduction in mean size ofMPG neurons in AI animals argues
that the antibody was effective and its access sufficient. These
data do not establish NGF as the sole mediator of the postob-
structive neural plasticity. NGF may be operating alone or it
may be permissive for secondary events. The ability ofautoim-

munity to NGF to prevent some ofthe neural growth does not
distinquish between a primary and permissive role for the
neurotrophin. However, this more complex relationship lacks
precedent and the more parsimonious conclusion is a direct
effect ofNGF.

Another goal ofthis investigation was to evaluate the revers-
ibility of neurotrophic and functional alterations elicited by
obstruction. Deligation of obstructed animals was associated
with a return ofvoiding frequency to control levels and a fall in
NGF. However, NGF and neuronal areas remained above con-
trol values. Because bladder weights remained elevated it is
possible that obstruction was still present. It is also possible that
the changes induced by obstruction would have reversed com-
pletely if experiments were conducted beyond 6 wk, because it
cannot be assumed that the rate of reversal is the same as the
rate ofonset. Another explanation is that neural changes which
occur in response to 6 wk of obstruction are not completely
reversible. It is tempting to speculate that an incomplete rever-
sal in neural plasticity may explain the continued symptoms
and bladder dysfunction in patients after surgical relief of ob-
struction.

NGF and trophic factors may participate in other changes
associated with bladder hypertrophy. In addition to regulating
the growth and survival ofpostganglionic neurons in the periph-
eral nervous system, NGF also affects sensory neurons. Affer-
ent neurons supplying the bladder demonstrate significant plas-
ticity in response to obstruction (5-7). Similar to neurons in
the pelvic ganglia, afferent neurons in the L6 and S1 DRG pro-
jecting to the rat bladder undergo hypertrophy. Furthermore, a
60% increase in the area ofWGA-HRP labeled afferent projec-
tions to the intermediolateral cell column from obstructed
bladders is observed (5-7). One mechanism for these morpho-
logic changes may be an increased availability and retrograde
transport ofNGF from the hypertrophied bladder.

Neural regulation of micturition involves a complex series
ofevents involving central and peripheral autonomic pathways
(26). Electrophysiological analysis of normal rats and cats has
shown that micturition is regulated by a supraspinal reflex re-
layed through the pons. A second reflex pathway, termed a
spinal reflex, develops in spinal cord-transected animals with
the resumption of micturition. It is of interest that obstructed
rats consistently demonstrate electrophysiological evidence of
a spinal reflex in addition to the supraspinal reflex (3). Thus,
increased NGF in obstructed bladders may produce a func-
tional plasticity through altered circuitry or patterns ofconnec-
tivity within the sacral spinal cord. These changes in afferent
pathways and a spinal reflex could in turn contribute increases
in voiding frequency in our model or to the sensory symptoms
and bladder hyperactivity observed in individuals with bladder
outlet obstruction. A positive feedback system may exist
whereby the central nervous system responds to bladder hyper-
trophy by reinforcing pathways responsible for voiding. It has
been postulated that the functional obstruction that occurs
after spinal cord transection produces bladder hypertrophy
which thereby leads to the emergence of a spinal micturition
reflex (7). This reflex is required for the return of voiding in
paraplegics after an initial period of detrusor areflexia.

Our data linking bladder hypertrophy, neuronal enlarge-
ment and changes in organ function with NGF content offers
an important new mechanism to explain trophic interactions
between a target and its nerve supply in the adult. Although the
partial urethral ligation model in the rat differs in some respects
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from pathology exhibited in patients with lower urinary tract
obstruction, preliminary observations in humans raise the pos-
sibility that changes in NGF may participate in clinical dis-
orders associated with organ enlargement or smooth muscle
hypertrophy. If neurotrophic substances act as molecular sig-
nals that initiate the dynamic interactions between an organ
and its innervation, the possibility exists that manipulation of
growth factors or their receptors could provide a useful method
of therapeutic intervention for certain disease processes.

In summary, the data presented suggest a novel mechanism
making a contribution to obstruction-induced changes in effer-
ent pathways to the bladder. An outlet obstruction causes blad-
der smooth muscle to respond to the increased functional de-
mand with hypertrophy and/or hyperplasia. Concurrent with
these muscle growth responses, neurotrophic factors, including
NGF, are produced in greater amounts by the bladder muscle.
Neurons innervating the bladder acquire the increased neuro-
trophins and themselves respond with growth. The neural
growth is postulated to affect the reflex function, perhaps con-
tributing to lowered reflex thresholds and altered visceromotor
function.
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