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Abstract

Ciliary neurotrophic factor (CNTF) regulates the differentiation
and survival of a wide spectrum of developing and adult
neurons, including motor neuron loss after injury. We recently
described a cell-penetrant recombinant human CNTF
(rhCNTF) molecule, formed by fusion with the human
immunodeficiency virus-1 transactivator of transcription (TAT)
protein transduction domain (TAT-CNTF) that, upon sub-
cutaneous administration, retains full neurotrophic activity
without cytokine-like side-effects. Although the CNTF receptor
is present in hypothalamic nuclei, which are involved in the
control of energy, rhCNTF but not TAT-CNTF stimulates
signal transducers and activators of transcription 3 phos-
phorylation in the rat hypothalamus after subcutaneous
administration. This could be due limited TAT-CNTF distribu-
tion in the hypothalamus and/or altered intracellular signaling
by the fusion protein. To explore these possibilities, we
examined the effect of intracerebroventricular administration

Ciliary neurotrophic factor (CNTF) is a 23 kDa cytoplasmic
protein expressed in both the PNS and CNS beginning in the
late embryonic period (Stockli ef al. 1991). CNTF shares
structural and functional properties with the interleukin-6
family of cytokines (Bazan 1991; Mcdonald and Hendrick-
son 1993) and is thought to play a major role in the adult
nervous system’s early response to lesions (Kirsch ef al
2003). CNTF acts through a trimeric membrane receptor
complex composed of the extracellular, membrane anchored
CNTF binding subunit alpha, and two signaling transducing,
transmembrane subunits, leukemia inhibitory factor receptor-
B, and gp130 (Davis et al. 1993). Engagement of the CNTF
receptor complex leads to activation of the janus kinase
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of TAT-CNTF in male adult rats. TAT-CNTF-induced weight
loss, although the effect was smaller than that seen with either
rhCNTF or leptin (which exerts CNTF-like effects via its
receptor). In contrast to rhCNTF and leptin, TAT-CNTF neither
induced morphological changes in adipose tissues nor in-
creased uncoupling protein 1 expression in brown adipose
tissue, a characteristic feature of rhCNTF and leptin. Acute
intracerebroventricular administration of TAT-CNTF induced a
less robust phosphorylation of signal transducers and activa-
tors of transcription 3 in the hypothalamus, compared with
rhCNTF. The data show that fusion of a protein transduction
domain may change rhCNTF CNS distribution, while further
strengthening the utility of cell-penetrating peptide technology
to neurotrophic factor biology beyond the neuroscience field.
Keywords: adipose tissue, ciliary neurotrophic factor, fusion
protein, hypothalamus, leptin, protein transduction domain,
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(JAK)/signal transducers and activators of transcription
(STAT) signaling pathway, and the phosphorylation of
STAT3 (Davis et al. 1993; Boulton et al. 1995).

Ciliary neurotrophic factor is well known for its ability to
support the survival of motoneurons in vivo and in vitro
(Arakawa et al. 1990; Sendtner et al. 1990). Exogenously
administered CNTF prevents lesion-mediated motoneuron
degeneration in the early postnatal period and greatly reduces
functional and morphological changes in pmn/pmn mice, an
autosomal mutant characterized by progressive motoneuron
degeneration (Sendtner et al. 1990, 1992; Kuzis and Ecken-
stein 1996). These pre-clinical results encouraged clinical
trials of CNTF for amyotrophic lateral sclerosis (Sendtner
et al. 1994; Miller et al. 1996a,b). However, daily subcuta-
neous dosing of CNTF in humans led to severe side-effects,
notably weight loss, anorexia, and an increase in mortality
(Miller et al. 1996a,b).

The effects of CNTF on body weight in animal models
share similarities with leptin-mediated body weight loss
(Halaas et al. 1995; Henderson ef al. 1996). The CNTF
receptor is found in the hypothalamus, a target of leptin
responsible for many of its effects on energy metabolism
(Davis et al. 1991; Tartaglia et al. 1995). CNTF-induced
weight loss appears to be mediated mainly by its direct action
on proopiomelanocortin cells, a population of neurons in the
arcuate nucleus of the hypothalamus critically involved in
energy homeostasis (Janoschek et al. 2006). However,
CNTEF’s action on energy metabolism is likely independent
of the leptin system, as CNTF is able to correct the obesity
and diabetes associated with leptin deficiency and/or
resistance (Gloaguen et al. 1997).

Ciliary neurotrophic factor lacks a classical signal
peptide sequence that serves to direct cellular egress of
newly synthesized polypeptides. It is likely that CNTF
resides within the cell, only to be released after injury
(Stockli et al. 1989; Kirsch et al. 2003). Strategies which
facilitate intracellular entry of CNTF following administra-
tion would thus be of therapeutic interest. To mimic this
property of CNTF, we linked human CNTF to a protein
transduction domain (TAT-CNTF) (Schwarze et al. 1999)
derived from the human immunodeficiency virus TAT
protein (named TAT-CNTF) to promote cellular uptake
following injection (Rezende et al. 2009). Cell-penetrating
peptide-mediated delivery of CNTF has been reported
previously to rescue neurological impairments induced by
amyloid B-peptide in mice (Qu ef al. 2008). The TAT-
CNTF-protein described by Rezende et al. (2009) sup-
ported the survival of cultured chicken embryonic sensory
dorsal root ganglion neurons as did recombinant human
CNTF (thCNTF), and subcutaneous administration of TAT-
CNTF reduced motoneuron loss following sciatic nerve
transection in neonatal rats. However, unlike rhCNTF, TAT-
CNTF given to neonatal rats did not affect animal weight
or fat tissue mobilization.
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The reasons for TAT-CNTF inability to induce changes
in body weight remain to be fully explained. The structural
and functional modifications induced by the fusion of TAT
to CNTF are not known and, conceivably, TAT-CNTF
could have followed routes alternative to those normally
used by CNTF to reach the hypothalamic areas involved in
the control of energy metabolism (Pan ef al. 1999). Also,
TAT-CNTF distribution after subcutaneous administration
may limit its ability to achieve effective concentrations in
the hypothalamus. In addition, fusion of TAT to CNTF
may have modified the CNTF capacity to induce intracel-
lular signaling in hypothalamic neurons. To further explore
these questions, we have now examined the effects of
intracerebroventricular (i.c.v.) TAT-CNTF administration in
male adult rats.

Materials and methods

Animals

Ten-week-old male Wistar rats weighting about 300 g were
obtained from the University of Campinas Multidisciplinary
Center for Biological Investigation in Laboratory Animal Science
(CEMIB). Rats were housed in plastic cages in a ventilated rack
(Alesco model 9902.001; Alesco, Campinas, SP, Brazil) with a
12 h light-dark cycle at 22 + 1°C. Animals had ad /libitum access
to standard rodent chow and water throughout. All experiments
were conducted in accordance with the principles and procedures
described by the NIH Guidelines for the Care and Use of
Experimental Animals and were approved by the State University
of Campinas Committee of Animal Care (Protocols CEEA-
UNICAMP 509-1 and 878-2).

Recombinant ciliary neurotrophic factor proteins

Recombinant human CNTF and TAT-CNTF were produced as
previously described (Rezende e al. 2009). Protein concentrations
were determined using a double beam Perkin-Elmer lambda 25 UV/
Vis spectrophotometer (Perkin-Elmer, Fremont, CA, USA), and the
absorption coefficient at 280 nm calculated according to Gill and
von Hippel (1989) (taken as 1.27/mg cm® for thCNTF and 1.16/
mg cm? for TAT-CNTF).

Intracerebroventricular cannula placement and infusion

For i.c.v. cannula placement rats were anaesthetized with xylazine
(27 mg/kg, i.p.) and ketamine (14 mg/kg, i.p.). A guide cannula
(23 G-15 mm in length) was implanted in the lateral ventricle, using
a stereotaxic frame (Insight, Ribeirdo Preto, SP, Brazil) (coordinates
relative to bregma for the tip of the guide cannula: 0.2 mm
anteroposterior, 1.5 mm lateral, 3.8 mm ventral) (Paxinos and
Watson 1986). The cannula was kept in place with the aid of a
metal screw attached to the skull and acrylic cement. The guide
cannula was blocked with a nylon thread of 15 mm until the start of
i.c.v. administration. Rats were allowed to recover for 6 days.
Correct guide cannula positioning was confirmed in the sixth day
post-surgery by infusing 2 pL of angiotensin II (10 pg/mL in
phosphate-buffered saline; PBS). Rats that presented a dipsogenic
response to angiotensin II infusion were used.
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Evaluation of TAT-CNTF metabolic effects following i.c.v.
administration

On the seventh day post-cannula placement, 23 rats were randomly
assigned to four treatment groups. The following i.c.v. infusions
were carried out every 12 h for 4 days: TAT-CNTF (2.5 pg/8 uL;
n = 8), thCNTF (2.3 pg/8 uL; n =15), leptin (5 ng/8 uL; n =15),
and PBS (n = 5). Rats were weighed after each infusion. Twenty-
four hours after the last infusion all rats were killed by CO,
asphyxiation. Interscapular brown adipose tissue (BAT), retroperi-
toneal (RP), and epididymal (EP) white fat pads were collected and
weighted. Samples of BAT (50 mg), RP and EP (200 mg of each)
were taken from each rat and stored at —80°C for DNA
fragmentation analysis. A second sample of 50 mg of BAT was
collected and stored at —80°C for uncoupling protein 1 (UCPI)
expression analysis. A 2 mm® fragment of each tissue was fixed in
buffered formaldehyde (0.1 M phosphate buffer and 4% p-formal-
dehyde, pH 7.4) for terminal deoxynucleotidyl transferase-mediated
dUTP nick end labeling (TUNEL) analysis.

DNA fragmentation analysis

DNA was extracted from stored samples of BAT, RP and EP by
mincing and homogenizing (30 s at 4°C) in 750 pL of 50 mM Tris—
Cl, 10 mM EDTA 1% Triton X-100, pH 8.1, using a Polytron PTA
generator (Brinkmann Instruments, Westbury, NY, USA) set at
minimum speed. Homogenized samples were incubated for 20 min
at 4°C and then centrifuged at 14 000 g for 15 min at 4°C. The
supernatant (containing fragmented DNA) was collected and kept at
4°C, and the pellet resuspended in 500 pL of 50 mM Tris—Cl, 10 mM
EDTA, 1% sodium dodecyl sulfate (SDS), pH 8.1, and incubated at
37°C for 30 min (genomic DNA fraction). Both DNA fractions were
phenol/chloroform extracted. RNA was digested by a 30 min
incubation at 37°C with 1 pg of Rnase A (Sigma, St Louis, MO,
USA). The DNA concentration of both fractions was determined using
the PicoGreen Kit (Invitrogen, Carlsbad, CA, USA). DNA fragmen-
tation percentage of each sample was defined as: fragmented DNA/
(fragmented DNA + genomic DNA) x 100 (Gullicksen et al. 2004).

In situ apoptosis detection by TUNEL

The previously fixed adipose tissue samples were paraffin embedded
and cut into a series of six sections of 6 pum of thickness, at intervals
of 60 um. TUNEL reaction (Gavrieli et al. 1992) was performed
with the TdT-FragELTM DNA Fragmentation Detection Kit
(QIA33; Merck, San Diego, CA, USA), according to the manufac-
turer’s instructions. All steps were performed at ambient tempera-
ture, except the TdT enzyme reaction. In brief, sections were
deparaffinized and permeabilized with proteinase K/10 mM Tris, pH
8.0 (1 : 100; 5 min). Endogenous peroxidase was quenched with
3% H,0,/methanol (5 min). The sections were incubated first with
equilibration buffer (30 min), followed by TdT enzyme solution
(90 min, at 37°C) and then stop buffer (5 min). Labeled DNA was
detected by applying blocking buffer (10 min) followed by
peroxidase-conjugated streptavidin solution (30 min) and 3,3’-
diaminobenzidine reaction. Methyl green was used as counterstain.

Detection of UCP1 expression in brown adipose tissue

Brown adipose tissue samples were minced and homogenized for
30 s in 750 pL of 50 mM Tris—Cl, pH 8.1, 10 mM EDTA, 1%
protease inhibitor cocktail (Sigma), 1% Triton X-100 at 4°C, using a
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20 s Polytron PTA set at maximum speed. Proteins were coagulated
with an equal volume of phenol/chloroform. After centrifugation
(16 000 g), the aqueous phase was removed and 750 pL of
methanol were added to precipitate the proteins. The supernatant
was removed by centrifugation (12 000 g), and the pellet washed
three times with methanol and then dried under a stream of air. The
pellet was resuspended in 50 mM phosphate buffer, pH 7.4, 5%
B-mercaptoethanol, 10 mM EDTA, 1% protease inhibitor cocktail
(Sigma), 1% SDS, and protein concentration determined by the
Bradford method (Bradford 1976). Total protein from each animal
(3 ng) was eletrophoretically separated by SDS—polyacrylamide gel
electrophoresis following standard procedures (Laemmli 1970). The
Kaleidoscope (BioRad, Hercules, CA, USA) pre-stained molecular
weight markers were employed. Gels were electroblotted to a
nitrocellulose membrane (120 V, 90 min) (Towbin et al. 1979).
Equal protein loading was assessed with Ponceau S staining of
membranes and optical density analysis of various protein bands.
Membranes were blocked with PBS—-Tween (50 mM phosphate
bufter, pH 7.4, 150 mM NacCl, and 0.05% Tween 20) containing 5%
non-fat dry milk. Membranes were then incubated with anti-UCP1
antibody (sc-6529; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) diluted (1 : 1000) in PBS-Tween containing 3% bovine
serum albumin (12 h, 4°C), followed by washing with PBS-Tween
and incubation with horseradish peroxidase-labeled secondary
antibody (1 : 10 000; Zymed, South San Francisco, CA, USA).
Reactive bands were detected with the SuperSignal West Pico
chemiluminescent kit (Pierce, Rockford, IL, USA).

Evaluation of JAK/STAT signaling by western blot

On the seventh day post-cannula placement, 28 rats were randomly
assigned to four treatment groups: TAT-CNTF (2.5 pg/8 pL; n = 8),
rhCNTF (2.3 pg/8 puL; n = 8), leptin (5 png/8 pL; n = 8), and PBS
(n = 4). Rats were anesthetized with pentobarbital (50 mg/kg, i.p.)
and then received one i.c.v. infusion. Five or twenty minutes after the
infusion of TAT-CNTF, thCNTF or leptin, and 20 min after PBS
infusion, rats were decapitated, the hypothalamus was collected, and
immediately frozen in liquid nitrogen. For total protein, samples were
homogenized in 1% Triton X-100, 50 mM phosphate butfer, pH 7.4,
1 mM sodium pyrophosphate, 1 mM sodium fluoride, 5 mM EDTA,
1 mM sodium vanadate, 1% protease inhibitor cocktail (P8340;
Sigma), 7 M urea, and 2 M thiourea (10% w/v). Sample homo-
genization was carried out at 4°C using a Polytron 20 s generator set at
maximum speed for 30 s. Insoluble materials were removed by
centrifugation (12 000 g, 4°C, 15 min). Protein concentration was
determined using the Bradford method. One hundred micrograms of
total protein extract from each animal was eletrophoretically separated
by SDS—polyacrylamide gel electrophoresis and electroblotted to a
nitrocellulose membrane (Laemmli 1970; Towbin ef al. 1979).
Membranes were blocked with PBS-Tween containing 5% non-fat
dry milk and then incubated with an anti-phospho-STAT3 (pSTAT3)
antibody (Tyr705; Cell Signaling, Beverly, MA, USA) diluted
(1:1000) in PBS-Tween containing 3% bovine serum albumin
(12 h at 4°C). Membranes were washed with PBS-Tween and
incubated with horseradish peroxidase-labeled secondary antibody
(1:10 000; Zymed). Reactive bands were detected with the
SuperSignal West Pico chemiluminescent kit. To detect total STAT3
expression membranes were stripped with a glycine—HCl solution, pH
2.7, and immunoblotting performed using an anti-STAT3 antibody
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(Santa Cruz). Results are expressed as the ratio of pSTAT3 : STAT3
relative optical densities, with the PBS group taken as 1.0.

Immunohistochemistry

On the seventh day post-cannula placement, 12 rats were randomly
assigned to four treatment groups: TAT-CNTF (2.5 ng/8 pL; n = 3),
rhCNTF (2.3 pg/8 pL; n = 3), leptin (5 pg/8 pL; n = 3), and PBS
(n = 3). Rats were anesthetized with pentobarbital (50 mg/kg, i.p.)
and then received one i.c.v. infusion. Twenty minutes after infusion
of TAT-CNTF, rhCNTF, leptin or PBS, rats were perfused
transcardially with saline followed by 200 mL of freshly prepared
fixative (0.1 M phosphate buffer and 4% p-formaldehyde, pH 7.4).
The brain was carefully removed, post-fixed for 24 h in the same
fixative, and cryoprotected in 30% sucrose. Brains were frozen in
dry ice and cut into 30 um coronal sections on a cryostat. Sections
were stored at 4°C in 0.02% sodium azide containing PBS until
used. For pSTAT3 immunostaining, sections containing the arcuate
nucleus of the hypothalamus were pre-treated 20 min with an
aqueous solution of 1% NaOH/1% H,0,, 10 min with 0.3% glycine,
and finally 10 min with 0.03% SDS (Munzberg et al. 2003). The
sections were then blocked for 1 h with 3% bovine serum albumin
in PBS/0.5% Triton X-100. Following an overnight incubation at
4°C with pSTAT3 antibody (rabbit anti-pSTAT3, 1 :3000 in
blocking solution), the sections were washed with PBS, incubated
with a biotinylated secondary donkey anti-rabbit antibody (1 : 100
in blocking solution), and then treated with avidin-biotin complex
solution for 1 h. The signal was developed by reaction with 3,3’-
diaminobenzidine/nickel to give a black precipitate. Morphology
was analyzed by Nissl staining of adjacent coronal sections. Staining
was visualized using a brightfield microscope and pictures captured
with a digital camera.

Statistical analysis

A two-way ANovA with repeated measures, followed by a Bonferroni
post hoc test was used to analyze the effect of treatments on rat body
weight. An aNova followed by a Student-Newman—Keul’s post hoc
test was used to analyze the effect of treatments on adipose tissue
weight and DNA fragmentation. A paired #-test was used to analyze
the effect of treatments on STAT3 phosphorylation and UCP1
expression. Results are expressed as mean = SEM and the level of
significance was considered p < 0.05.

Results

Metabolic effects of TAT-CNTF CNS administration

A 4-day i.c.v. infusion of TAT-CNTF produced a 3.1%
reduction in body weight relative to control animals, while
rhCNTF and leptin infusions diminished body weight by
11.2% and 6.5%, respectively (Fig. 1). These treatments
had a significant effect on body weight (F5 144 = 13.91;
p <0.0001), although TAT-CNTF caused a more modest
reduction of body weight compared with thCNTF (p < 0.001).
Moreover, the effect of TAT-CNTF on body weight was similar
to that of leptin during the first 2 days (p > 0.05), while by
treatment end the body weights of TAT-CNTF infused and
control (PBS) rats did not differ significantly (p > 0.05).
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Fig. 1 TAT-CNTF given i.c.v. causes a significantly smaller weight
loss compared with rhCNTF and leptin. Rats received an i.c.v. infusion
every 12 h over 4 days (total of eight dosings) of: (A) TAT-CNTF
(2.5 ng/8 pL; n = 8); (@) rhCNTF (2.3 pg/8 uL; n = 5); (M) leptin (5 ng/
8 uL; n = 5) (®) PBS (n = 5). Data (mean + SEM) are the percentage
of body weights relative to onset of treatment. Absence of a common
letter indicates statistical significant difference (p < 0.05) between
those data points.
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Fig. 2 TAT-CNTF given i.c.v. does not reduce adipose tissue weights.
Rats received an i.c.v. infusion every 12 h over 4 days of: (g) TAT-
CNTF, (@) rhCNTF, (=) leptin, or () PBS. All animals were killed 24 h
after the last infusion and the weights of interescapular brown adipose
tissue (BAT), retroperitoneal (RP), and epididymal (EP) white adipose
tissue samples were measured. Data are mean + SEM (n = 4);
*p < 0.05 versus PBS.
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Fig. 3 TAT-CNTF does not increase DNA fragmentation in adipose
tissues. Rats received an i.c.v. infusion every 12 h for 4 days of: (H)
rhCNTF, @) TAT-CNTF, (=) leptin, or ((J) PBS. The percentage of
DNA fragmentation was measured in interescapular brown adipose
tissue (BAT), retroperitoneal (RP) or epididymal (EP) white adipose
tissue samples were measured. Data are mean + SEM (n = 4);
*p < 0.05 versus PBS.
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The weights of BAT, RP, and EP fat pad were not altered
by TAT-CNTF infusion, whereas rhCNTF significantly
reduced the weights of these tissues (p < 0.05; Fig. 2).
Leptin infusion led to a significant reduction of BAT weight,
as well (p < 0.05).

The reduction of RP and EP weight after thCNTF i.c.v.
infusions was associated with an increase in the percentage
of fragmented DNA (p < 0.05; Fig. 3). TUNEL" cells
displaying adipocyte morphology were also detected in RP
and EP of thCNTF-treated animals (Fig. 4). Leptin i.c.v.
infusions increased the percentage of fragmented DNA in RP

PBS
TAT-CNTF
rhCNTF

Fig. 4 TAT-CNTF treatment does not

cause in situ apoptosis (TUNEL staining).

TUNEL labeling was performed in histo- LEPTIN

logical sections from retroperitoneal (RP)

and epididymal (EP) white adipose tissue -
taken from rats that received TAT-CNTF,

rhCNTF, leptin, or PBS i.c.v. infusion every

12 h for 4 days. Counterstaining was with

methyl green. Arrows indicate TUNEL" cells

in the leptin- and rhCNTF-treated groups.

Inset: arrow indicates a TUNEL* nucleus.

Bar, 20 pm (inset: 7 um).
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and EP, and the frequency of TUNEL" cells. In keeping with
the absence of weight reduction in the fat pads of TAT-CNTF
infused animals, apoptosis was not detected in any tissue
sampled from this group.

An increase in UCP1 expression in BAT is a characteristic
effect of leptin and rhCNTF administration. To assess
whether TAT-CNTF would also cause this effect, western
blot analysis of UCP1 expression in BAT was performed.
Rats receiving TAT-CNTF i.c.v. for 4 days had no increase in
UCPI1 expression, unlike the 50% increase observed in
rhCNTEF- or leptin-treated animals (p < 0.05; Fig. 5).
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Fig. 5 TAT-CNTF given i.c.v. does not increase UCP1 expression in
interescapular brown adipose tissue (BAT). The expression of UCP1
in BAT of rats that received TAT-CNTF, rhCNTF, leptin, or PBS i.c.v.
infusion every 12 h for 4 days was measured by western blot. Data
are mean + SEM (n=4); *p < 0.05 versus PBS. A representative
immunoblot together with a Ponceau S stained membrane is shown
below the graph.

JAK/STAT signaling

Signal transducers and activators of transcription 3 phos-
phorylation in the hypothalamus was induced following a
single i.c.v. dosing of thCNTF, leptin or TAT-CNTF (Fig. 6).
The increase in STAT3 phosphorylation reached significance
in thCNTF-infused animals already after 5 min, further
increasing by 20 min. In the TAT-CNTF- and leptin-infused
groups, phosphorylated STAT3 levels were significantly
elevated only after 20 min (p < 0.05).

Phospho-STAT3 immunostaining in brain coronal sections
was observed 20 min after thCNTF, TAT-CNTF or leptin
i.c.v. administration (Fig. 7). Control rats (PBS) showed
virtually no pSTAT3 labeled cells (Fig. 7a). Rats infused
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with thCNTF displayed a dense population of cells with
nuclear staining distributed in the arcuate nucleus of the
hypothalamus and around the third ventricle (Fig. 7c). In
agreement with pSTAT3 western blots, TAT-CNTF infused
rats had a smaller number of pSTAT3 labeled cells in the
hypothalamus when compared with thCNTF-treated rats.
Phospho-STAT3 immunolabelled cells in the TAT-CNTF
group were closer to the ventricle wall (most of them being
ependymal cells), with virtually no pSTAT3 positive cells
in the arcuate nucleus (Fig. 7d). Leptin-infused animals
showed some pSTAT3 labeled cells in the arcuate nucleus
of the hypothalamus and along the ventricle wall (Fig. 7b).

Discussion

Ciliary neurotrophic factor is a neurokine with neuropro-
tective effects and has been considered a candidate for the
treatment of neurodegenerative diseases such as amyotroph-
ic lateral sclerosis (Sendtner et al. 1992, 1994). In spite of
positive pre-clinical findings, trials of CNTF for human
motor neuron disease resulted in marked side-effects,
including cachexia and a pronounced immune response
(Miller et al. 1996a,b; Ettinger et al. 2003). We recently
demonstrated that fusing thCNTF to a protein transduction
domain derived from the HIV-1 TAT protein (TAT-CNTF)
produced a chimeric molecule which retained the capacity to
reduce motoneuron loss following sciatic nerve transection
but unlike thCNTF, did not adversely affect body weight or
fat tissue mobilization (Rezende et al. 2009). Although
STAT phosphorylation is required for CNTF-induced weight
loss (Janoschek et al. 2006), in the hypothalamus only
rthCNTF-induced STAT3 phosphorylation (Rezende et al.
2009). We thus hypothesized possible differences in the
ability of TAT-CNTF to act on brain regions involved in
energy metabolism and body weight control.

The apparent inactivity of TAT-CNTF at the hypothalamic
level was examined by dosing the fusion protein i.c.v. in
adult male rats. Daily i.c.v. infusion of TAT-CNTF-induced
weight loss, although the effect was smaller than that elicited
by thCNTF or leptin. As TAT-CNTF and rhCNTF were
diluted in a Tris—HCl-buffered saline while PBS injection
was used as control, we cannot rule out the possibility that
buffer differences contributed to the small weight loss
mediated by TAT-CNTF when compared with PBS. How-
ever, as TAT-CNTF and thCNTF were diluted in the same
buffer, differences in effects observed between the two
molecules can most likely be attributed to the presence of a
protein transduction domain linked to CNTF. Moreover,
4 days of TAT-CNTF i.c.v. infusion did not reduce the
weights of either RP and EP white adipose tissue, or
interescapular BAT. Not surprisingly, TAT-CNTF neither
induced DNA fragmentation in adipose tissues nor increased
UCP1 expression in BAT. In addition, acute i.c.v. adminis-
tration of TAT-CNTF produced a less intense STAT3
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Fig. 6 Western blot analysis of STAT3
phosphorylation in hypothalamus of rats
acutely treated with TAT-CNTF or rhCNTF.
Rats received an i.c.v. infusion of TAT-
CNTF (25 pg/8 pL, n= 8), rhCNTF <- 132 kD
(2.3 ng/8 puk, n=8), leptin (5 pg/8 uL,
n=8), or PBS (n=4). STAT3 phosphory-
lation in the hypothalamus was measured 5 STAT3 A — e
or 20 min after the |nfu3|ons.. Data .are < 85KD
mean + SEM (n =4 for each time point),
and are expressed as the ratio of
pSTAT3 : STAT3 band density (PBS=1.0); <- 45 KD
*p < 0.05 versus PBS. A representative PBS  rhCNTF rhCNTF TAT-CNTF TAT-CNTF Leptin  Leptin
immunoblot is shown below the graph. 5 min 5min  20min  5min  20min  5min 20 min

phosphorylation in the hypothalamus compared with
rhCNTF. These observations suggest that TAT fusion to
CNTF modified the latter’s ability to act on hypothalamic
nuclei involved in metabolic control.

Ciliary neurotrophic factor acts through a trimeric mem-
brane receptor complex leading to the activation of the JAK/
STAT signaling pathway and the phosphorylation of STAT3
(Davis et al. 1993; Boulton ef al. 1995). Activation of
STAT3 is a key step for CNTF-mediated neuroprotection in
an adult mouse facial nerve lesion model (Schweizer et al.
2002; Kirsch et al. 2003). STAT phosphorylation is also
essential for CNTF-induced body weight loss, as demon-
strated in proopiomelanocortin cell-specific gp130 knockout
mice (Janoschek et al. 2006). In support of the motoneuron
survival data, thCNTF and TAT-CNTF-induced STAT3
phosphorylation in the lumbar spinal cord, although thCNTF
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gave a more robust response (Rezende ef al. 2009).
Interestingly, in the hypothalamus, only rthCNTF-induced
STAT3 phosphorylation (Rezende et al. 2009). Possible
structural and functional modifications induced by fusion
of TAT to CNTF have not been explored; conceivably, TAT-
CNTF could have reached the CNS by a route(s) distinct
from that taken by CNTF (Pan et al. 1999). Subcutaneous
administration of TAT-CNTF may limit its ability to achieve
concentrations similar to thCNTF in the spinal cord and
hypothalamus. The amount of TAT-CNTF reaching the spinal
cord, however, appears sufficient to elicit a neuroprotective
action on motoneurons. Qu et al. (2008) showed that CNTF
fused to the protein transduction domain TAT (p11-CNTF)
has increased blood—brain barrier permeability, greater brain
parenchyma penetration, and induces neurological improve-
ment in amyloid B-peptide-treated mice. However, these

Journal Compilation © 2009 International Society for Neurochemistry, J. Neurochem. (2009) 110, 15571566



1564 | A.S. Vieira et al.

(a) @ oy

authors did not report any body weight effects associated
with pl1-CNTF treatment, nor was the signaling ability of
pl1-CNTF evaluated. It is possible that pl1-CNTF reaches
the hypothalamus, but is unable to induce signaling events in
hypothalamic neurons.

Weight loss induced by thCNTF and leptin is mediated
via the arcuate nucleus of hypothalamus, mainly on

proopiomelanocortin-expressing neurons (Elmquist et al.
1999; Schwartz et al. 2000; Elmquist 2001; Lambert et al.
2001; Anderson et al. 2003; Janoschek et al. 2006). The
weight loss seen after daily i.c.v. dosing of thCNTF or
leptin confirms earlier reports (Qian et al. 1998; Pu et al.
2000; Duff et al. 2004). The lack of pSTAT3-immuno-
labeled cells in the arcuate nucleus after TAT-CNTF i.c.v.
injection, in contrast to thCNTF, proposes that the smaller
weight loss seen with TAT-CNTF could result from
impaired action of this molecule on proopiomelanocortin
neurons.

Hypothalamic STAT3 phosphorylation induced by acute
rhCNTF or leptin i.c.v. administration was similar to
previous reports, as was the temporal pattern of STAT3
activation in vitro (Kaur et al. 2002; Carvalheira et al. 2005;
Steinberg ef al. 2006). STAT3 phosphorylation was less
robust in TAT-CNTF-treated rats when compared with
rhCNTF-treated animals, in keeping with the observation
that pSTAT3 immunopositive cells in the former group are
closer to the ventricle walls with virtually no pSTAT3
positive cells in the arcuate nucleus. This suggests that a
large proportion of TAT-CNTF remains within the ependy-
mal cell layer. One cannot rule out that TAT-CNTF is rapidly
taken up and sequestered by ependymal cells within the

© 2009 The Authors

Fig. 7 Immunohistochemical analysis of
STAT3 phosphorylation in hypothalamus
of rats treated acutely with TAT-CNTF or
rhCNTF. Rats received an i.c.v. infusion
of TAT-CNTF (d) (2.5 pg/8 uL, n=3),
rhCNTF (c) (2.3 pg/8 pL, n = 3), leptin (b)
(5png/8uL, n=3), or PBS (a) (n=3).
Labeling of STAT3 phosphorylation was
performed 20 min after the infusions. (a’),
(b"), (¢) and (d’) are high-magnification
images of (a), (b), (c) and (d) (inset
squares). Scale bars: (a), (b), (c) and (d),
_ht 300 um; (a"), (b"), (¢’) and (d’), 50 um.

ventricle wall. STAT3 phosphorylation is an indirect measure
of TAT-CNTF presence, and further experiments are needed
to demonstrate that TAT-CNTF is present following i.c.v.
administration. Another possibility is that TAT-CNTF pen-
etrates the brain parenchyma but is unable to induce cell
signaling events. However, we have previously shown that in
cultured cells TAT-CNTF and thCNTF are equally competent
in inducing STAT3 phosphorylation (Rezende et al. 2009).
A saturable transport system for CNTF across the blood—
brain barrier has been described (Pan er al. 1999), and its
activation could change the hypothalamic microenvironment,
rendering neurons more responsive to CNTF. Evaluation of
this last possibility will require additional investigation.
Daily treatment with TAT-CNTF did not affect fat pad
weight, indicating a lack of fat mobilization in adipose tissue.
Furthermore, thCNTF and leptin (but nor TAT-CNTF)
appeared to stimulate energy expenditure, as judged by their
ability to induce UCP1 expression in BAT. CNTF reportedly
increases UCP1 expression in BAT and is linked with
thermogenesis (Ott et al. 2002; Bluher ez al. 2004). Indeed,
Bluher et al. (2004) demonstrated that CNTF induces body
weight reduction mainly by increasing UCP1 expression
concomitant with reduced food intake. In mice with diet-
induced obesity, CNTF given systemically caused a greater
body weight loss than in pair-fed controls (Bluher et al
2004). Moreover, in UCP1 deficiency-induced obese mice
(UCP1-DTA mice), weight loss caused by CNTF treatment
was similar to pair-fed controls. The present data for UCP1
point to a lack of increase in energy expenditure in TAT-
CNTF-treated rats, and is in keeping with the smaller weight
reduction in the TAT-CNTF group compared with thCNTF.
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Our data are the first to show that centrally administered
rthCNTF increases UCP1 expression in BAT. Although a
direct action of CNTF on BAT cannot be excluded, our
results suggest that thCNTF acts on hypothalamic neurons
controlling sympathetic innervation of BAT (Scarpace and
Matheny 1998). In the case of systemic leptin administration,
the increase in BAT UCPI1 expression depends on the
integrity of the sympathetic innervation of this adipose tissue
(Scarpace and Matheny 1998). CNTF and leptin activate
similar hypothalamic regions, which are connected with
central sympathetic pathways, proposing that the UCPI
increase in BAT is mediated by a neuronal mechanism. In
fact, proopiomelanocortin cells from the arcuate nucleus
project directly to sympathetic neurons in the spinal cord
(Elias et al. 1998). Because i.c.v. administration of TAT-
CNTF failed to increase UCP1 expression in BAT, CNTF
fusion to a protein transduction domain may have modified
CNTFs ability to act on proopiomelanocortin neurons.
Indeed, acute TAT-CNTF i.c.v. dosing did not produce
pSTAT3 immunostaining of arcuate nucleus cells in the
hypothalamus.

In food-deprived animals, exhaustion of stored fat leads
to a reduced adipocyte volume, while central inhibition of
food intake results in consumption of fat reserves and
apoptosis of adipocytes (Qian et al. 1998; Gullicksen ez al.
2003; Duff et al. 2004). The mechanism underlying this
apoptosis is unknown, but occurs after CNTF or leptin
administration (Qian ef al. 1998; Gullicksen ef al. 2003;
Duff ef al. 2004). thCNTF- and leptin-treated animals
exhibited increased DNA fragmentation and TUNEL"
adipocytes in RP and EP fat pads, but neither marker
was seen in TAT-CNTF-treated rats. These observations
strengthen the view that TAT-CNTF has reduced metabolic
effects on adipose tissue.

In conclusion, our data show that thCNTF fused to the
TAT protein transduction domain retains its ability to induce
intracellular signaling in hypothalamus, but displays a
different CNS distribution when compared with thCNTF.
Protein transduction domain technology may thus have
applications beyond its classical property of allowing the
movement of large proteins across the plasma membrane
(Kilic et al. 2003, 2004; Qu et al. 2008; Rezende et al.
2009). The ability of TAT-CNTF to protect neurons from
death without significant induction of metabolic effects
makes it a candidate molecule for the treatment neurode-
generative diseases.

Acknowledgements

This study was supported by grants from Foundation for the Support
of Research of the State of Sao Paolo (FAPESP: Grant 05/52991-4)
and the Brazilian Council for Research (CNPq: Grant 473909/-9).
ASV and ACR were supported by scholarships from FAPESP
(Grants 05/57335-6 and 04/14210-8, respectively).

© 2009 The Authors

Hypothalamic and metabolic effects of CNTF | 1565

References

Anderson K. D., Lambert P. D., Corcoran T. L., Murray J. D,
Thabet K. E., Yancopoulos G. D. and Wiegand S. J. (2003)
Activation of the hypothalamic arcuate nucleus predicts the
anorectic actions of ciliary neurotrophic factor and leptin in intact
and gold thioglucose-lesioned mice. J. Neuroendocrinol. 15, 649—
660.

Arakawa Y., Sendtner M. and Thoenen H. (1990) Survival effect
of ciliary neurotrophic factor (CNTF) on chick embryonic
motoneurons in culture: comparison with other neurotrophic
factors and cytokines. J. Neurosci. 10, 3507-3515.

Bazan J. F. (1991) Neuropoietic cytokines in the hematopoietic fold.
Neuron 7, 197-208.

Bluher S., Moschos S., Bullen J. Jr, Kokkotou E., Maratos-flier E.,
Wiegand S. J., Sleeman M. W. and Mantzoros C. S. (2004)
Ciliary neurotrophic factorAx15 alters energy homeostasis,
decreases body weight, and improves metabolic control in diet-
induced obese and UCPI-DTA mice. Diabetes 53, 2787—
2796.

Boulton T. G., Zhong Z., Wen Z., Darnell J. E., Stahl N. and Yanco-
poulos G. D. (1995) STAT3 activation by cytokines utilizing
gp130 and related transducers involves a secondary modification
requiring an H7-sensitive kinase. Proc. Natl Acad. Sci. USA 92,
6915-6919.

Bradford M. M. (1976) A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of protein-
dye binding. Anal. Biochem. 72, 248-254.

Carvalheira J. B., Torsoni M. A., Ueno M., Amaral M. E., Aratjo E. P.,
Velloso L. A., Gontijo J. A. and Saad M. J. (2005) Cross-talk
between the insulin and leptin signaling systems in rat hypo-
thalamus. Obes. Res. 13, 48-57.

Davis S., Aldrich T. H., Valenzuela D. M., Wong V. V., Furth M. E.,
Squinto S. P. and YancopouloS G. D. (1991) The receptor for
ciliary neurotrophic factor. Science 253, 59-63.

Davis S., Aldrich T. H., Stahl N., Pan L., Taga T., Kishimoto T., Ip N. Y.
and Yancopoulos G. D. (1993) LIFR beta and gp130 as hetero-
dimerizing signal transducers of the tripartite CNTF receptor.
Science 60, 1805—-1808.

Duff E., Li C. L., Hartzell D. L., Choi Y. H., Della-Fera M. A. and Baile
C. A. (2004) Ciliary neurotrophic factor injected icv induces
adipose tissue apoptosis in rats. Apoptosis 9, 629-634.

Elias C. F., Lee C., Kelly J., Aschkenasi C., Ahima R. S., Couceyro
P. R., Kuhar M. J., Saper C. B. and Elmquist J. K. (1998) Leptin
activates hypothalamic CART neurons projecting to the spinal
cord. Neuron 21, 1375-1385.

Elmquist J. K. (2001) Hypothalamic pathways underlying the endocrine,
autonomic, and behavioral effects of leptin. Int. J. Obes. Relat.
Metab. Disord. 25(Suppl. 5), S78-S82.

Elmaquist J. K., Elias C. F. and Saper C. B. (1999) From lesions to leptin:
hypothalamic control of food intake and body weight. Neuron 22,
221-232.

Ettinger M. P., Littlejohn T. W., Schwartz S. L. ef al. (2003) Re-
combinant variant of ciliary neurotrophic factor for weight loss in
obese adults. A randomized, dose-ranging study. J. 4m. Med.
Assoc. 289, 1826-1832.

Gavrieli Y., Sherman Y. and Ben-Sasson S. A. (1992) Identification of
programmed cell death in situ via specific labeling of nuclear DNA
fragmentation. J. Cell Biol. 119, 493-501.

Gill S. C. and von Hippel P. H. (1989) Calculation of protein extinction
coefficients from amino acid sequence data. Anal. Biochem. 182,
319-326.

Gloaguen I., Costa P., Demartis A. et al. (1997) Ciliary neurotrophic
factor corrects obesity and diabetes associated with leptin

Journal Compilation © 2009 International Society for Neurochemistry, J. Neurochem. (2009) 110, 15571566



1566 | A.S. Vieira et al.

deficiency and resistance. Proc. Natl Acad. Sci. USA 94, 6456—
6461.

Gullicksen P. S., Hausman D. B., Dean R. G., Hartzell D. L. and Baile
C. A. (2003) Adipose tissue cellularity and apoptosis after
intracerebroventricular injections of leptin and 21 days of recovery
in rats. Int. J. Obes. Relat. Metab. Disord. 27, 302-312.

Gullicksen P. S., Dean R. G. and Baile C. A. (2004) Detection of DNA
fragmentation and apopototic proteins, and quantification of an
uncoupling protein expression by real-time RT-PCR in adipose
tissue. J. Biochem. Biophys. Meth. 58, 1-13.

Halaas J. L., Gajiwala K. S., Maffei M., Cohen S. L., Chait B. T,
Rabinowitz D., Lallone R. L., Burley S. K. and Friedman J. M.
(1995) Weight-reducing effects of the plasma protein encoded by
the obese gene. Science 269, 543-546.

Henderson J. T., Mullen B. J. and Roder J. C. (1996) Physiological
effects of CNTF-induced wasting. Cytokine 8, 784-793.

Janoschek R., Plum L., Koch L., Miinzberg H., Diano S., Shanabrough
M., Miller W., Horvath T. L. and Briining J. C. (2006) gp130
signaling in proopiomelanocortin neurons mediates the acute
anorectic response to centrally applied ciliary neurotrophic factor.
Proc. Natl Acad. Sci. USA 103, 10707-10712.

Kaur N., Wohlhueter A. L. and Halvorsen S. W. (2002) Activation and
inactivation of signal transducers and activators of transcription by
ciliary neurotrophic factor in neuroblastoma cells. Cell. Signal. 14,
419-429.

Kilic U., Kilic E., Dietz G. P. H. and Béhr M. (2003) Intravenous TAT-
GDNF is protective after focal cerebral ischemia in mice. Stroke
34, 1304-1310.

Kilic U., Kilic E., Dietz G. P. H. and Bihr M. (2004) The TAT protein
transduction domain enhances the neuroprotective effect of glial-
cell-line-derived neurotrophic factor after optic nerve transaction.
Neurodegener. Dis. 1, 44-49.

Kirsch M., Terheggen U. and Hofmann H. D. (2003) Ciliary neuro-
trophic factor is an early lesion-induced retrograde signal for
axotomized facial motoneurons. Mol. Cell. Neurosci. 24, 130—138.

Kuzis K. and Eckenstein F. P. (1996) Ciliary neurotrophic factor as a
motor neuron trophic factor. Perspect. Dev. Neurobiol. 4, 65-74.

Laemmli U. K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 227, 680-685.

Lambert P. D., Anderson K. D., Sleeman M. W. et al. (2001) Ciliary
neurotrophic factor activates leptin-like pathways and reduces body
fat, without cachexia or rebound weight gain, even in leptin-
resistant obesity. Proc. Natl Acad. Sci. USA 98, 4279-4281.

Mcdonald N. Q. and Hendrickson W. A. (1993) A structural superfamily
of growth factors containing a cystine knot motif. Cell 73, 421—
424.

Miller R. G., Bryan W. W., Dietz M. A., Munsat T. L., Petajan J. H.,
Smith S. A. and Goodpasture J. C. (1996a) Toxicity and tolerability
of recombinant human ciliary neurotrophic factor in patients with
amyotrophic lateral sclerosis. Neurology 47, 1329-1331.

Miller R. G., Petajan J. H., Bryan W. W., Armon C., Barohn R. J.,
Goodpasture J. C., Hoagland R. J., Parry G. J., Ross M. A. and
Stromatt S. C. (1996b) A placebo-controlled trial of recombi-
nant human ciliary neurotrophic (thCNTF) factor in amyotrophic
lateral sclerosis. thCNTF ALS Study Group. Ann. Neurol. 39,
256-260.

Munzberg H., Huo L., Nillni E. A., Hollenberg A. N. and Bjorbaek C.
(2003) Role of signal transducer and activator of transcription 3 in
regulation of hypothalamic proopiomelanocortin gene expression
by leptin. Endocrinology 144, 2121-2131.

Ott V., Fasshauer M., Dalski A., Klein H. H. and Klein J. (2002) Direct
effects of ciliary neurotrophic factor on brown adipocytes: evi-
dence for a role in peripheral regulation of energy homeostasis.
J. Endocrinol. 173, R1-R8.

© 2009 The Authors

Pan W., Kastin A. J., Maness L. M. and Brennan J. M. (1999) Saturable
entry of ciliary neurotrophic factor into brain. Neurosci. Lett. 263,
69-71.

Paxinos G. and Watson C. (1986) The Rat Brain in Stereotaxic
Coordinates. Academic Press, Chatswood, Australia.

Pu S., Dhillon H., Moldawer L. L., Kalra P. S. and Kalra S. P. (2000)
Neuropeptide Y counteracts the anorectic and weight reducing
effects of ciliary neurotropic factor. J. Neuroendocrinol. 12,
827-832.

Qian H., Azain M. J., Compton M. M., Hartzell D. L., Hausman G. J.
and Baile C. A. (1998) Brain administration of leptin causes
deletion of adipocytes by apoptosis. Endocrinology 139, 791-794.

QuH. Y., Zhang T., Li X. L., Zhou J. P., Zhao B. Q., Li Q. and Sun M. J.
(2008) Transducible P11-CNTF rescues the learning and memory
impairments induced by amyloid-beta peptide in mice. Eur J.
Pharmacol. 594, 93—-100.

Rezende A. C., Peroni D., Vieira A. S., Rogerio F., Talaisys R. L., Costa
T. M., Langone F., Skaper S. D. and Negro A. (2009) Ciliary
neurotrophic factor fused to a protein transduction domain retains
full neuroprotective activity in the absence of cytokine-like side
effects. J. Neurochem., 109, 1680—-1690.

Scarpace P. J. and Matheny M. (1998) Leptin induction of UCP1 gene
expression is dependent on sympathetic innervation. Am. J.
Physiol. 2752 Pt. 1), E259-E264.

Schwartz M. W., Woods S. C., Porte D., Seeley R. J. and Baskin D. G.
(2000) Central nervous system control of food intake. Nature 404,
661-671.

Schwarze S. R., Ho A., Vocero-Akbani A. and Dowdy S. F. (1999)
In vivo protein transduction: delivery of a biologically active
protein into the mouse. Science 285, 1569—-1572.

Schweizer U., Gunnersen J., Karch C., Wiese S., Holtmann B., Takeda
K., Akira S. and Sendtner M. (2002) Conditional gene ablation of
Stat3 reveals differential signaling requirements for survival of
motoneurons during development and after nerve injury in the
adult. J. Cell Biol. 156, 287-297.

Sendtner M., Kreutzberg G. W. and Thoenen H. (1990) Ciliary neuro-
trophic factor prevents the degeneration of motor neurons after
axotomy. Nature 345, 440-441.

Sendtner M., Schmalbruch H., Stockli K. A., Carroll P., Kreutzberg
G. W. and Thoenen H. (1992) Ciliary neurotrophic factor prevents
degeneration of motor neurons in mouse mutant progressive motor
neuronopathy. Nature 358, 502-504.

Sendtner M., Dittrich F., Hughes R. A. and Thoenen H. (1994) Actions
of CNTF and neurotrophins on degenerating motoneurons:
preclinical studies and clinical implications. J. Neurol. Sci. 124
(Suppl.), 77-83.

Steinberg G. R., Watt M. J., Fam B. C., Proietto J., Andrikopoulos S.,
Allen A. M., Febbraio M. A. and Kemp B. E. (2006) Ciliary
neurotrophic factor suppresses hypothalamic AMP-kinase signal-
ing in leptin-resistant obese mice. Endocrinology 147, 3906-3914.

Stockli K. A., Lottspeich F., Sendtner M., Masiakowski P., Carroll P.,
Gotz R., Lindholm D. and Thoenen H. (1989) Molecular cloning,
expression and regional distribution of rat ciliary neurotrophic
factor. Nature 342, 920-923.

Stockli K. A., Lillien L. E., Naher-Noe M., Breitfeld G., Hughes R. A.,
Raff M. C., Thoenen H. and Sendtner M. (1991) Regional distri-
bution, developmental changes, and cellular localization of CNTF-
mRNA and protein in the rat brain. J. Cell Biol. 115, 447-459.

Tartaglia L. A., Dembski M., Weng X. et al. (1995) Identification and
expression cloning of a leptin receptor, OB-R. Cell 83, 1263—1271.

Towbin H., Staehelin T. and Gordon J. (1979) Electrophoretic transfer of
proteins from polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc. Natl Acad. Sci. USA 76,
4350-4354.

Journal Compilation © 2009 International Society for Neurochemistry, J. Neurochem. (2009) 110, 1557-1566



