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Abstract
We demonstrated previously that the hypothalamic supraoptic nucleus (SON) undergoes a robust
axonal sprouting response following unilateral transection of the hypothalamo-neurohypophysial
tract. Concomitant with this response is an increase in ciliary neurotrophic factor (CNTF) and
CNTF receptor alpha (CNTFRα) expression in the contralateral non-uninjured SON from which
the axonal outgrowth occurs. While these findings suggest that CNTF may act as a growth factor
in support of neuronal plasticity in the SON, it remained to be determined if the observed increase
in neurotrophin expression was related to the sprouting response per se or more generally to the
increased neurosecretory activity associated with the post-lesion response. Therefore we used
immunocytochemistry and Western blot analysis to examine the expression of CNTF and the
components of the CNTF receptor complex in sprouting versus osmotically-stimulated SON.
Western blot analysis revealed a significant increase in CNTF, CNTFRα, and gp130, but not
LIFRβ, protein levels in the sprouting SON at 10 days post lesion in the absence of neuronal loss.
In contrast, osmotic stimulation of neurosecretory activity in the absence of injury resulted in a
significant decrease in CNTF protein levels with no change in CNTFRα, gp130, or LIFRβ protein
levels. Immunocytochemical analysis further demonstrated gp130 localization on magnocellular
neurons and astrocytes while the LIFRβ receptor was found only on astrocytes in the SON. These
results are consistent with the hypothesis that increased CNTF and CNTFR complex in the
sprouting, metabolically active SON are related directly to the sprouting response and not the
increase in neurosecretory activity.
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Introduction
Collateral sprouting of axonal processes has been well documented in a variety of neuronal
populations within the mature mammalian central nervous system (CNS). However, little is
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known about the factors that mediate collateral sprouting particularly in regards to the
influence of neuronal activity on neurotrophin expression. The magnocellular
neurosecretory system (MNS) is comprised of the vasopressinergic (VP) and oxytocinergic
(OT) neurons located in the supraoptic (SON), paraventricular (PVN), and accessory
hypothalamic nuclei and their projections via the hypothalamo-neurohypophysial tract to the
neural lobe (NL) of the pituitary gland. We and others have demonstrated that the MNS
provides an excellent model system with which to investigate the cellular mechanisms
which underlie activity-dependant axonal reorganization (Morris and Dyball, 1974,
Raisman, 1973, Silverman and Zimmerman, 1982, Watt, et al., 1999, Watt and Paden,
1991). Toward this end, we utilize a unilateral lesion of the hypothalamo-neurohypophysial
tract in which the neurosecretory axons in the animal’s right hemisphere PVN and SON are
severed while the contralateral nuclei are spared (Watt and Paden, 1991). The lesion results
in the loss of 42% of the neurosecretory axons in the NL followed by a return to control
levels by four weeks post-lesion (Watt and Paden, 1991). The axonal recovery results from a
collateral sprouting response arising from the non-injured, contralateral magnocellular
neurons with a concomitant increase in; the magnocellular neuron somatic and nuclear area,
oxytocin and vasopressin mRNA expression (Watt and Paden, 1991), and alpha-I and beta-II
tubulin mRNA expression (Paden, et al., 1995). Daily measures of urine osmolality reveal a
chronic hyperosmolality with a concomitant decrease in daily water intake and urine
excretion volume, which persists throughout the post-surgical period. Together these results
indicate that the sprouting event is not a compensatory response as it occurs in the absence
of a functional deficit (Watt and Paden, 1991). Hence, the mechanism underlying the axonal
sprouting remains undetermined.

Collateral sprouting has been shown to occur in a variety of neuronal populations; however,
the factor or factors responsible for mediating the sprouting response are still largely ill
defined. Ciliary neurotrophic factor (CNTF) has been implicated in hypothalamic
magnocellular neuron sprouting in vitro (Vutskits, et al., 1998) and has been demonstrated
to promote motor neuron sprouting (Gurney, et al., 1992, Guthrie, et al., 1997, Kwon and
Gurney, 1994, Oyesiku and Wigston, 1996, Siegel, et al., 2000, Simon, et al., 2010,
Ulenkate, et al., 1994, Wright, et al., 2007, Xu, et al., 2009). CNTF signals through the
tripartite receptor complex consisting of the specific receptor for CNTF, CNTF receptor
alpha (CNTFRα), and the gp130 and LIFRβ receptor subunits, to promote the survival of
multiple neuronal phenotypes affected by injury across numerous species (Albrecht, et al.,
2002, Arakawa, et al., 1990, Ip, et al., 1991, Larkfors, et al., 1994, Lehwalder, et al., 1989,
Magal, et al., 1991, Sendtner, et al., 1990). Moreover, CNTF is a potent promoter of
hypothalamic magnocellular neuron survival in vitro (House, et al., 2009, Rusnak, et al.,
2002, Rusnak, et al., 2003, Vutskits, et al., 1998, Vutskits, et al., 2003). In our studies we
have demonstrated an increase in CNTF-immunoreactivity (Watt, et al., 2006) and CNTFRα
mRNA expression (Watt, et al., 2009) within the non-injured contralateral SON, which
contains the sprouting and metabolically active magnocellular neurons. Together, these
observations suggest that CNTF contributes to the axonal sprouting response. However, it
remained to be determined if the observed increases CNTF and CNTFRα in the contralateral
SON were related to the sprouting response per se or more generally to the increased
neurosecretory activity associated with the post-lesion response. Therefore, the aim of the
present study was to test the hypothesis that the observed increase in CNTF and CNTFRα in
the SON contralateral to the unilateral lesion is related specifically to the onset of collateral
axonal sprouting and not to the increase in neurosecretory activity which occurs
concurrently with the sprouting event.
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Experimental Procedures
Animals

Male Sprague-Dawley rats were purchased from Charles River Laboratories (Wilmington,
MA) and housed in the University of North Dakota Center for Biomedical Research Facility,
an AAALAC accredited facility, under a 12L:12D light cycle with ad lib access to lab chow
and tap water throughout the investigations unless otherwise noted. Experimental protocols
utilized in these studies followed the guidelines in the NIH guide for the care and use of
laboratory animals and were approved by the UND Institutional Animal Care and Use
Committee. Animals were 35–40 days of age (75–100g) at the time a unilateral
hypothalamic knife cut of the hypothalamo-neurohypophysial tract was performed. The
animals were secured in a stereotaxic apparatus (Stoelting, Wood Dale, IL) and kept under
constant isoflurane anesthesia (2.5%; Abbot Laboratories; Abbott Park, IL) using a tabletop
anesthesia apparatus (Matrx Quantiflex Low Flow V.M.C.; Matrx, Orchard Park, NY)
equipped with an isoflurane Vaporizer (Matrx VIP 3000; Matrx). A wire knife constructed
of HTX-33-gauge tubing was used to unilaterally transect the entire length of the
hypothalamus through which the hypothalamo-neurohypophysial tract passes as previously
described (Watt and Paden, 1991). The knife tract extended from the dorsal to the ventral
surface of the brain, medial to the ipsilateral SON, but passing through the lateral aspect of
the ipsilateral PVN. Stereotaxic lesion coordinates were 0.6 mm lateral to the midsagittal
suture, and the lesion extended from −4.0 mm to +4.0 mm anterior-posterior from bregma.
This results in complete transection of the ipsilateral hypothalamo-neurohypophysial tract.
The animals were sacrificed 10 days post surgery along with age-matched non-injured
control animals. All lesion tacks were confirmed histologically using cresyl violet. Only
animals with a complete transection of the hypothalamo-neurohypophysial tract were
included in these studies.

Male Sprague Dawley rats (200–250g) in the chronic salt-loaded groups were given 2% salt
water substituted for tap water for 10 days prior to sacrifice. The animals were sacrificed
with age-matched control animals. All efforts were made to minimize the numbers of
animals used in this study and their suffering.

Gel electrophoresis and Western blot analysis
Following experimental periods, the animals were anesthetized with isoflurane, decapitated,
and their brains were removed intact. SON samples were carefully collected under a
dissecting microscope and pooled from 6 rats (30 total rats, n=5 groups of 6 pooled rat SON)
in a solution of radioimmuno-precipitation assay (RIPA) buffer containing 20 mM Tris (pH
7.5 Sigma; St. Louis, MO), 150 mM NaCl (Sigma), 1% nonidet P-40 (Roche Diagnostics;
Indianapolis, IN), 0.5% sodium deoxycholate (Sigma), 1 mM EDTA (Sigma), 0.1% SDS
(Pierce; Rockford, IL), 1% protease inhibitor (Protease Inhibitor Cocktail; Sigma) and 1%
phosphatase inhibitor (Phosphatase Inhibitor Cocktail 2; Sigma). The SON samples were
then homogenized in RIPA buffer and centrifuged at 10,000 rpm for 20 minutes at 4°C.
Supernatant from each sample was stored at −80°C until needed. SON protein content was
determined using the bicinchoninic acid (BCA) colorimetric detection assay (Pierce BCA
Protein Assay; Pierce). Each lane was loaded with 50 µg of protein and separated by a 12%
SDS-PAGE gel (Precise Protein Gels; Pierce) at 90 V for approximately 1.5 hours and then
electrophoretically transferred to a PVDF membrane (0.2 µm; Bio-Rad, Hercules, CA) at 70
V for 2 hours. After blocking non-specific binding sites (5% nonfat milk in phosphate-
buffered saline (PBS) plus 0.1% Tween-20; blocking buffer; Bio-Rad), the membranes were
incubated overnight at 4°C in rabbit anti-CNTF (1:5000; #AAR21, Serotec, Raleigh, NC).
The membranes were then washed repeatedly for 1 hour in PBS-Tween and incubated for 2
hours in the appropriate HRP-conjugated secondary antibody (1:100,000; Santa Cruz
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Biotechnology, Santa Cruz, CA). Following PBS washes for 2 hours, the bands were
subsequently visualized using the West Femto chemiluminescent detection kit (Pierce) with
high performance chemiluminescence film (Amersham Hyperfilm ECL; GE Healthcare;
VWR; West Grove, PA) on an AGFA CP1000 film processor (DMS Health Group; Fargo,
ND). Subsequently, bound antibodies were removed with stripping buffer (pH 2.2; 15g
glycine; Sigma, 1 g SDS; Bio-Rad, 10 ml Tween-20; Bio-Rad in 1 L ultrapure water) for 10
minutes and the steps were repeated to sequentially reprobe the membrane for the following
antibodies; mouse anti-CNTFRα (1:20,000; #558783, BD Biosciences, Franklin Lakes, NJ),
rabbit anti-gp130 (1:5000; #sc-655, Santa Cruz Biotechnology,), rabbit anti-LIFRβ (1:5000;
#sc-659, Santa Cruz Biotechnology), and mouse anti-β-actin (1:50,000; #A2228, Sigma).

Densitometric analysis of immunoblot signals was performed using MCID image analysis
software (Version 7.0, Imaging Research Inc.). Briefly, digitized Western blot films were
opened in MCID, bands of interest were outlined, with band area and relative optical
densities (ROD) then determined. The area of the band was then multiplied by the density
value. The ROD of all bands was normalized to the respective ROD of β-actin bands to
obtain ratios. Analysis was repeated on 3 separate samples per group resulting in mean ratio
values for each group that were used for statistical analysis as described below.

Immunocytochemistry
Animals were deeply anesthetized with isoflurane and perfused transcardially with 0.9%
saline followed by periodate-lysine-paraformaldehyde fixative (PLP; 3.2%
paraformaldehyde, 2.2% lysine, 0.33% sodium-(meta) periodate; Sigma) prepared
immediately before use (McLean and Nakane, 1974). Brains were then removed and post-
fixed overnight before cryoprotection in 20% sucrose in PBS. Serial cryosections (16 µm)
were thaw-mounted on gelatin coated slides and stored at −20°C until further use.

Sections were washed with PBS containing 0.3% Triton X-100 (PBS-T; Sigma) in 3×10
minute intervals before and after all incubations. Non-specific staining was alleviated by
treatment with 4% of the appropriate normal serum (Vector, Burlingame, CA) in PBS-T
(blocking buffer) for 1 hour at room temperature followed by an overnight incubation at 4°C
in guinea pig anti-OT (1:2000; #T-5021, Peninsula Laboratories, San Carlos, CA), guinea
pig anti-VP (1:2000; #T-5048, Peninsula Laboratories), or goat anti-CNTF (1:100;
#AF-557-NA, R&D Systems, Minneapolis, MN). Sections were then incubated in
biotinylated donkey anti-guinea pig IgG (1:500; Vector) for 1 hour followed by incubation
in avidin-biotin complex (ABC Elite kit, Vector). Binding of ABC reagent was visualized
with a reaction in 0.05% diaminobenzidine (DAB; 200 mg glucose, 40 mg ammonium
chloride, 50 mg DAB per 100 mL PBS; Sigma) using glucose oxidase (0.3%; Sigma) to
generate hydrogen peroxide (Itoh, et al., 1979). Following PBS washes, sections labeled
with anti-OT and anti-VP were counterstained with hematoxylin (Vector) for 30 seconds
prior to dehydration in a graded series of alcohol.

For fluorescent immunocytochemical analysis, all steps were the same as listed above except
incubation in Alexa strepavidin-488 (1:1000; Molecular Probes, Eugene, OR) followed by
incubation in avidin-biotin complex. Sections prepared for fluorescent analysis were
coverslipped with Vectashield mounting medium containing DAPI (Vector).

For dual-label fluorescence immunocytochemistry, all steps were the same as listed above
unless otherwise noted. Tissue immunoreactivity was detected by incubation in a cocktail
containing either rabbit anti-gp130 (1:200; #sc-655, Santa Cruz Biotechnology) or rabbit
anti-LIFRβ (1:25; #sc-20752, Santa Cruz Biotechnology) with either mouse anti-GFAP
(1:1000; #G-3893, Sigma), guinea pig anti-OT, or guinea pig anti-VP in blocking buffer
overnight at 4°C followed by species-specific secondary IgG conjugated to either Alexa
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Fluor 488 or Alexa Fluor 594 (1:100; Molecular Probes, Eugene, OR), respectively.
Fluorescent sections were coverslipped with Vectashield mounting medium containing
DAPI and examined using an Olympus BX-51 fluorescent microscope with attached DP-71
color camera and dedicated software.

As a control for the dual-label fluorescence immunocytochemistry, incubations with either
rabbit anti-LIFRβ or rabbit anti-gp130 antibodies on separate sections of tissue were
followed by an incubation with the species specific fluorescent-conjugated secondary
antibodies for anti-GFAP, -OT, and -VP. Similarly, after separate sections of tissue were
incubated with the anti-GFAP, -OT, or -VP antibodies the tissue was exposed to the
fluorescent-conjugated secondary antibodies for the rabbit primary antibodies. These
controls demonstrated an absence of immunoreactivity in the rat SON, indicating that the
fluorescent-conjugated secondary antibodies were specific for their appropriate primary
antibody and there was no observable cross-reactivity between the secondary antibodies.

Nuclear area measurements
To determine the area of the magnocellular neuron nuclei from salt-loaded and age-matched
control SON, sections throughout the SON processed separately for anti-OT or anti-VP
fluorescence were coded by a third-party blind to the experimental conditions. Merged
digital images containing either the OT- or VP-immunoreactivity with the DAPI positive
nucleus were obtained using an 40× objective on an Olympus BX51 microscope. The
images were opened in Image J analysis software (NIH) and the outer edge of the DAPI
positive nuclei containing nucleoli was traced in cells that were immunopositive for OT or
VP in order to determine the area of the nuclei. Measures were repeated to include a
minimum of 50 nuclei analyzed per animal per magnocellular neuron phenotype.

Vasopressin and oxytocin neuron counts
To ensure that the same magnocellular neuron was not counted twice, adjacent sections were
stained for OT and VP magnocellular neurons and a minimum of five sections (80 µm) were
skipped before the next section was processed. Following immunocytochemical labeling of
oxytocinergic and vasopressinergic magnocellular neurons, the sections were randomly
coded by a third-party blind to experimental conditions. Immunopositive neurons containing
a counterstained nucleolus were counted using a drawing tube attached to an Olympus BX51
microscope. In order to account for the rostral-caudal size difference of the SON, we
determined the numbers of cells per unit area of SON by obtaining the total area of each
SON using Image J. Data are expressed as the percentage of the age-matched controls. A
minimum of six sections containing a well defined SON were taken at rostral to caudal
levels matched across animals for analysis

Statistical analysis
Distribution normality of each group of data was tested using the Kolmogorov-Smirnov test
(GraphPad InStat, version 3.06 for Windows, San Diego California). Student’s t test or one-
way ANOVA with post hoc Tukey’s tests (GraphPad InStat) were used, where appropriate,
to compare groups with p<0.05 considered statistically significant. Results are expressed as
the group means ± SEM.

Results
Protein levels of CNTF, CNTFRα, and gp130 are increased in the absence of injury in the
sprouting, metabolically active SON

We demonstrated previously that unilateral lesion of the hypothalamo-neurohypophysial
tract results in an increase in CNTF mRNA expression in the axotomized SON (Watt, et al.,
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2006). This occurs concomitant with an increase in CNTF-immunoreactivity (Watt, et al.,
2006) and CNTFRα mRNA expression (Watt, et al., 2009) in the contralateral, sprouting
SON. However, the protein levels of CNTF and CNTFRα following unilateral lesion of the
hypothalamo-neurohypophysial tract remained to be determined. Therefore, in the current
study we quantified the protein levels of CNTF and components of the tripartite receptor
complex, CNTFRα, gp130, and LIFRβ, in both the contralateral intact and axotomized SON
and sought to determine if the responses in the contralateral SON are due to increased
neurosecretory activity.

As shown in Fig. 1A, Western blot analysis revealed a band at approximately 23 kDa
corresponding to CNTF in the control SON indicating endogenous expression in the absence
of injury. By ten days post lesion (10 dpl) Western blot analysis further demonstrated that
CNTF protein levels were significantly elevated by 131% in the SON contralateral to the
injury (Fig. 1A; one-way ANOVA, p<0.0001) and by 247% in the axotomized SON
compared to age-matched control SON (Fig. 1A; one-way ANOVA, p<0.0001). Protein
levels of CNTFRα undergo similar changes in the SON following unilateral lesion. As
shown in Fig. 1B, in the non-injured control SON, low endogenous CNTFRα protein levels
were detectable by Western blot analysis with a small and faint band at approximately 60
kDa corresponding to CNTFRα (Fig. 1B). However, by 10 dpl we observed a 288% increase
in CNTFRα protein levels in the SON contralateral to the injury and a 437% increase in the
axotomized SON compared to age-matched control SON (Fig. 1B; one-way ANOVA,
p<0.0001).

CNTF-mediated intracellular signaling is conducted via the tripartite receptor complex
consisting of CNTFRα, gp130, and LIFRβ (Davis, et al., 1993). While CNTFRα provides
the specificity for CNTF signaling, it is the gp130 and LIFRβ components that directly
mediate intracellular signaling in response to CNTF (Davis, et al., 1993). Therefore, we next
examined whether the changes in CNTFRα were accompanied by changes in gp130 and
LIFRβ protein levels. As shown in Fig. 1C, Western blot analysis demonstrated a faint band
at approximately 130 kDa corresponding to gp130 in the non-injured control SON (Fig. 1C).
By 10 dpl protein levels of gp130 increased by 176% in the SON contralateral to the injury
and 258% in the axotomized SON compared to age-matched control SON (Fig. 1C; one-way
ANOVA, p<0.0001). In contrast, LIFRβ protein levels in the SON contralateral to the injury
were not significantly different than age-matched control levels at 10 dpl, although the
unilateral lesion did result in a significant increase of 82% in the LIFRβ protein levels in the
axotomized SON compared to age-matched control SON (Fig. 1D; one-way ANOVA,
p<0.0001).

In order to determine if the increases in CNTF, CNTFRα, and gp130 protein levels in the
SON contralateral to the injury, from which the collateral sprouting response arises, are not
due to a loss of magnocellular neurons in the contralateral SON, cell counts of
immunolabeled OT and VP magnocellular neurons were performed. Our results demonstrate
that there was no decrease in the number of OT or VP magnocellular neurons in the SON
contralateral to the unilateral lesion (Fig. 2). However, hypothalamic unilateral lesion did
result in the loss of 85% of the oxytocinergic and 90% of the vasopressinergic
magnocellular neurons in the axotomized SON (Fig. 2; one-way ANOVA, p<0.0001).

Taken together, these data demonstrate that the injury associated with unilateral
hypothalamic lesion increased the protein levels of CNTF and its receptor components in the
axotomized SON in spite of an almost complete loss of magnocellular neurons. These data
demonstrate that CNTF and a complete, presumably functional, receptor complex are
expressed by SON astrocytes indicating an autocrine signaling mechanism. Furthermore,
protein levels of CNTF and its receptor components are significantly elevated in the
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sprouting, metabolically active SON, in the absence of neuronal loss, suggesting that either
the sprouting response per se or the increase in neurosecretory activity resulted in the
increase in the protein levels of CNTF and its receptor components.

Increased neurosecretory activity results in decreased CNTF protein levels in the SON
In order to determine how physiological activation of the magnocellular neurosecretory
system affects CNTF, CNTFRα, gp130, and LIFRβ protein levels in the SON, we utilized a
chronic hypernatremia paradigm in which non-injured magnocellular neurons are
physiologically activated for 10 days by substituting tap water with a 2% salt water solution.
Previous reports have demonstrated that physiological activation of the MNS via salt
loading results in heightened neurosecretory output and synthetic activity which is reflected
in increased size of magnocellular somata and nuclei of in the SON (Hatton and Walters,
1973, Lin, et al., 1996, Theodosis and Poulain, 1984, Watt, et al., 1999). Consistent with
those reports, we demonstrated a significant hypertrophy of 25% and 32% in oxytocinergic
and vasopressinergic magnocellular neuron nuclei area, respectively, in the salt-loaded SON
(Fig. 3; Student’s t-test, p<0.0001). These data demonstrate that 10 days of chronic salt-
loading successfully induces physiological activation of the magnocellular neurons of the
SON. Quantitative Western blot analysis was then performed to determine CNTF, CNTFRα,
gp130, and LIFRβ protein levels in the SON following physiological activation.

In contrast to our observations in the axotomized and contralateral sprouting SON, our
Western blot analysis revealed a significant decrease in CNTF protein levels in the salt-
loaded SON compared to the age-matched control SON from animals maintained on tap
water (Fig. 4A; Student’s t-test, p<0.001). These results were further illustrated in sections
of SON immunolabeled for CNTF which show that the CNTF-immunoreactivity, which is
highly localized to GFAP-immunoreactive astrocytes residing in the ventral glial-limitans
(VGL) of the SON (Watt, et al., 2006), is appreciably more prominent and extensive in its
projections through the SON than the CNTF-immunoreactivity in the salt-loaded SON
(compare Figs. 4B, C). Western blot analysis demonstrated no significant difference
between CNTFRα (Fig. 5A), gp130 (Fig. 5B), or LIFRβ (Fig. 5C) protein levels in the salt-
loaded SON and the age-matched control SON. Thus, these data demonstrate that an
increase in neurosecretory activity in the absence of injury does not result in increased
CNTF or CNTF receptor component protein levels as was observed in the sprouting SON
contralateral to unilateral lesion of the hypothalamo-neurohypophysial tract. Furthermore,
these data are the first evidence of an activity-dependent change, in the absence of injury, in
CNTF protein levels in the CNS.

gp130-immunoreactivity is localized to magnocellular neurons and astrocytes while LIFRβ-
immunoreactivity is localized to astrocytes of the SON

We performed immunocytochemical analysis of gp130 and LIFRβ localization to identify
cell phenotypes that express these receptors within the SON. We observed robust
immunoreactivity for gp130 on neuronal somata distributed throughout the SON (Figs. 6A–
F), suggesting that virtually all magnocellular neurons in the SON express the protein. Dual-
label immunocytochemistry confirmed the presence of gp130-immunoreactivity associated
with both VP (Figs. 6A–C) and OT (not shown) magnocellular neurons. We also observed
gp130-immunoreactivity localized to GFAP-immunoreactive astrocytes in the VGL of the
SON (Figs. 6D–F).

In contrast to gp-130-immunoreactivity, we did not observe any LIFRβ-immunoreactive
profiles that were consistent with neuronal somata (Figs. 6G–I). However, we did observe a
strong band of LIFRβ-immunoreactivity in the VGL of the SON (Figs. 6G–L). Dual-label
immunocytochemistry demonstrated that the astrocytes of the SON (Figs. 6J–L) contain the
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LIFRβ protein and that vasopressinergic (Figs. 6G–I) and oxytocinergic (not shown)
magnocellular neurons do not contain the LIFRβ protein.

Discussion
The present observations confirm and extend our previous reports demonstrating an increase
in CNTF-immunoreactivity and CNTFRα mRNA expression in the contralateral sprouting
SON (Watt, et al., 2006, Watt, et al., 2009). This increase in CNTF and its receptor occurs
during the period when a robust collateral sprouting of intact neurosecretory axons is
occurring in response to partial denervation of the NL (Watt, et al., 1999, Watt and Paden,
1991). CNTF is of particular interest with regard to axonal sprouting due to its demonstrated
effects on sprouting in the central and peripheral nervous systems. Numerous reports have
demonstrated that CNTF promotes motor neuron sprouting (Gurney, et al., 1992, Kwon and
Gurney, 1994, Oyesiku and Wigston, 1996, Siegel, et al., 2000, Simon, et al., 2010,
Ulenkate, et al., 1994, Wright, et al., 2007, Xu, et al., 2009). In addition, CNTF was
previously implicated in hypothalamic MCN process outgrowth in vitro (Vutskits, et al.,
1998). Consistent with our results, others have demonstrated an increase in astrocytic CNTF
and CNTFRα expression during the period of entorhinal cortex (Lee, et al., 1997) and
hippocampal (Guthrie, et al., 1997) sprouting, providing further evidence for a direct
involvement of CNTF in promoting post-injury axonal sprouting.

Activity-dependent regulation of CNTF in the SON
In our previous studies we demonstrated that the cross sectional area of OT and VP somata
and nuclei are significantly increased in the sprouting SON by ten days and 30 days post
lesion, respectively (Watt, et al., 1999). This hypertrophy was accompanied by increased
neurosecretory activity as evidenced by a persistent increase in urine osmolality
accompanied by decreased urine volume and water intake beginning 3 days following
unilateral lesion and maintained throughout the sprouting event (Watt and Paden, 1991).
These data lead us to hypothesize that collateral sprouting by intact magnocellular neurons
occurs as a direct response to increased activity rather than as a consequence of partial
denervation in the NL. This possibility is supported by studies demonstrating that the
survival and collateral axonal sprouting of OT and VP neurons after axotomy is attenuated
by decreased neuronal activity (Dohanics, et al., 1996, Herman, et al., 1987, Shahar, et al.,
2004, Watt, et al., 1999) and by evidence of increased magnocellular survival in response to
KCL stimulation (Shahar, et al., 2004) and chronic intermittent salt loading (Huang and
Dellmann, 1996). Key to understanding the interaction between increased activity and
collateral sprouting is to determine the responses of various growth factors to these events.
The hypothesis that increased neuronal activity may be sufficient in itself to induce changes
in expression levels of CNTF and the CNTF receptor is supported by evidence for activity-
induced changes in BDNF mRNA expression in neurons in the PVN (Castren, et al., 1995)
and SON (Aliaga, et al., 2002) following osmotic stimulation. Indeed, our data show that
heightened metabolic activity in the absence of the post-denervation sprouting response
resulted in a significant decrease in CNTF protein levels within the SON, but with no
measureable change in CNTFRα, LIFRβ, or gp-130 protein levels. However, it remains to
be determined whether the decrease in CNTF protein levels results from a down-regulation
in CNTF message levels or increased secretion as these two events would have predictably
different effects on neurosecretory behavior.

The expression of CNTF and the CNTF-receptor complex by SON astrocytes indicate that
astrocyte-derived CNTF acts through an autocrine signaling mechanism to promote
indirectly magnocellular survival and axonal sprouting. This is further evidenced by our data
showing the absence of LIFRβ-immunoreactivity on magnocellular neurons which would
preclude receptor-mediated signaling in response to CNTF. These data are consistent with
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the observations of Rusnak, et al. (2003) who indicated that addition of CNTF to dissociated
cultures of magnocellular neurons did not result in increased neuronal survival. However,
when CNTF is applied to stationary organotypic cultures of the SON and PVN, survival of
axotomized magnocellular neurons is increased significantly (House, et al., 2009, Rusnak, et
al., 2002, Rusnak, et al., 2003, Vutskits, et al., 1998, Vutskits, et al., 2003) indicating that
CNTF is acting through astrocytes or other glial elements. The precise mechanism(s) by
which CNTF influences neuronal survival and axonal sprouting remains unclear. However,
CNTF induces increased expression of GFAP (Kahn, et al., 1997) and morphological
alterations in astrocytes in vivo (Lisovoski, et al., 1997). SON astrocytes are highly plastic
and modulate neurosecretory activity in part by altering their process morphology to
facilitate increased neuron to neuron contact (Bobak and Salm, 1996, Salm and Hawrylak,
2004). Thus, the activity-dependant decrease in CNTF levels observed herein may influence
magnocellular behavior indirectly through decreased astrocyte GFAP synthesis and process
retraction. Alternatively, CNTF may influence axonal sprouting by stimulating production
of other factors known to influence process outgrowth including fibroblast growth factor-2
(FGF-2) and nerve growth factor (NGF) (Albrecht, et al., 2002, Jiang, et al., 1999, Semkova
and Krieglstein, 1999, Wang, et al., 2008). Heightened neuronal activity has been
demonstrated to modulate neurotrophin expression throughout the brain, such as increases in
hippocampal brain-derived neurotrophic factor (BDNF) during seizure (Katoh-Semba, et al.,
1999) and physical activity (Neeper, et al., 1996). Likewise, increased expression of BDNF
and its secretion from dendrites of magnocellular neurons in the SON has been reported in
salt-loaded rats (Aliaga, et al., 2002, Arancibia, et al., 2007).

Increased excitatory afferent input may also modulate CNTF expression in the SON. The
SON is the main target for the noradrenergic system arising from the brainstem
(Cunningham and Sawchenko, 1988, Sawchenko and Swanson, 1981). During states of
heightened neurosecretory activity, noradrenaline, via the α1-adrenoreceptor, plays a critical
excitatory role in the release of OT and VP from magnocellular neurons (Armstrong, et al.,
1986, Leibowitz, et al., 1990, Willoughby, et al., 1987). Within the SON, the majority of
adrenergic varicosities are found ventral to the magnocellular cell bodies in the dendritic
zone (McNeill and Sladek, 1980, Swanson, et al., 1981). The dendritic zone is the location
of the magnocellular neuron dendrites and astrocyte processes (Armstrong, et al., 1982,
Dyball and Kemplay, 1982, Yulis, et al., 1984) and adrenergic receptors are expressed on
astrocytes of the SON (Lafarga, et al., 1992). In addition, reports have demonstrated that
noradrenaline decreases CNTF mRNA expression and protein levels when applied to
cultured astrocytes (Carroll, et al., 1993, Rudge, et al., 1994). Collectively, these reports
suggest that during states of heightened neurosecretory activity in the SON, increased
noradrenergic stimulation results in down-regulation of CNTF protein levels in the SON.
Future experiments will test this hypothesis by analyzing CNTF protein levels following
chronic infusion of adrenergic receptor agonists and antagonists into the SON in vivo.

Conclusions
In conclusion, we provide the first evidence for activity-dependent regulation of CNTF in
the CNS in the absence of injury. In addition, our data demonstrate that the increase in
CNTF and CNTF-receptor complex observed in the sprouting SON is related to the
sprouting response per se and not to the increased neurosecretory activity associated with the
post-lesion response. Furthermore, the absence of immunoreactivity for the LIFRβ
component of the CNTF receptor complex on magnocellular neurons provide further support
to the hypothesis that CNTF is acting through an autocrine mechanism to enhance,
indirectly, neuronal survival and axonal sprouting of magnocellular neurons. Together, these
data provide strong support for our hypothesis that the increase in CNTF/CNTFRα observed
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is specifically related to the axonal sprouting response and supports neuronal sprouting
through an astrocyte-dependent paracrine mechanism.

Highlights

> Increased neuronal activity decreases CNTF but not CNTF receptor protein levels. >
CNTF and CNTF receptor levels increase in metabolically active sprouting neurons. >
Increased CNTF and CNTF receptor expression is directly linked to axonal sprouting.

Abbreviations

CNTF ciliary neurotrophic factor

CNTFRα ciliary neurotrophic factor receptor alpha

LIFRβ leukocyte inhibitory factor receptor beta

SON supraoptic nucleus

PVN paraventricular nucleus

VP vasopressinergic

OT oxytocinergic

NL neural lobe

ROD relative optical density

GFAP glial fibrillary acidic protein

VGL ventral glial limitans

BDNF brain derived neurotrophic factor

FGF fibroblast growth factor

NGF nerve growth factor
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Fig. 1. CNTF and CNTF receptor complex are increased following axotomy
Western blot analysis demonstrated a significant increase in CNTF (A), CNTFRα (B),
gp130 (C), and LIFRβ (D) protein levels in the axotomized SON compared to age-matched
control. Within the sprouting SON contralateral to the lesion, CNTF (A), CNTFRα (B), and
gp130 (C) protein levels were significantly increased compared to age-matched control.
However, LIFRβ levels were not significantly changed. Column bars and error bars
represent the mean and SEM of 5 groups. Each group represents isolated SON pooled from
six rats. **p<0.01, ***p<0.0001.
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Fig. 2. Magnocellular neuron survival following unilateral lesion
Immunohistochemical labeling of OT and VP neurons was used to identify individual
magnocellular neurons. Cell counts demonstrated no significant decrease in the number of
OT or VP neurons in the SON contralateral to the unilateral lesion. However, at 10 dpl the
numbers of OT and VP neurons were reduced by 85% and 90% respectively in the
axotomized SON. Column bars and error bars represent the mean and SEM of each group.
Each group is comprised of a minimum of six sections sampled from each of 5 animals.
***p<0.0001.
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Fig. 3. Chronic salt-loading activates magnocellular neurons in the SON
Immunocytochemical analysis demonstrated a significant hypertrophy of 25% and 32% in
OT and VP magnocellular neuron nuclei area, respectively, in the chronic salt-loaded SON.
Column bars and error bars represent the mean and SEM of each group. ***p<0.0001.
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Fig. 4. Physiological activation of the SON decreased CNTF protein levels in the SON
(A) Western blot analysis revealed a significant decrease in CNTF protein levels in the salt-
loaded SON compared to the age-matched control SON. Immunocytochemical analysis
confirmed these results. A decrease in CNTF-immunoreactivity in the SON of the
physiologically activated SON (C) was apparent when compared to the age-matched control
SON (B). Column bars and error bars represent the mean and SEM of each group. OC, optic
chiasm; v, blood vessel; VGL, ventral glial limitans. Scale bar = 100 µm. ***p<0.0001.
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Fig. 5. Physiological activation of the SON resulted in no change in protein levels of the CNTF
receptor components
Western blot analysis revealed no change in CNTFRα (A), gp130 (B), and LIFRβ (C)
protein levels in the salt-loaded SON compared to the age-matched control SON. Column
bars and error bars represent the mean and SEM of each group.
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Fig. 6. Differential expression of CNTF receptor complex on astrocytes and magnocellular
neurons
Dual fluorescent colocalization of anti-gp130 (A), with anti-VP (B), revealed colocalization
in vasopressinergic neurons (C, arrows). Note the gp130-immunoreactive profiles in
presumptive astrocytes in the ventral glial limitans (VGL) of the SON (A, C, arrowheads).
Similar observations were observed with anti-OT (not shown). Immunocytochemical
analysis also demonstrated colocalization of anti-gp130 (D), with GFAP-immunoreactive
astrocytes (E), of the SON (F, arrows). Also present are presumptive magnocellular neurons
that are immunopositive for gp130 (D, F, asterisks). Unlike gp130, there was no observable
colocalization of anti-LIFRβ in the magnocellular neurons of the SON (G–I). Note the
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LIFRβ-immunoreactive profiles surrounding blood vessels (v) in the SON (G, I,
arrowheads) which do not colocalize with anti-VP (H) or anti-OT (not shown). However,
strong LIFRβ-immunoreactivity in the ventral glial limitans (VGL) of the SON (J), revealed
extensive colocalization of anti-LIFRβ (J), with anti-GFAP (K), throughout the entire SON
(L, arrows). OC, optic chiasm; OT, oxytocin; v, blood vessel; VGL, ventral glial limitans;
VP, vasopressin. Scale bar = 50 µm.
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