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EGULATION OF NEURITE GROWTH IN IMMORTALIZED MOUSE
YPOTHALAMIC NEURONS AND RAT HIPPOCAMPAL PRIMARY

ULTURES BY TENEURIN C-TERMINAL-ASSOCIATED PEPTIDE-1
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bstract—Teneurins are a highly conserved family of four
ype II transmembrane proteins that are expressed in the
NS. The protein possesses several functional domains in-
luding a unique bioactive 40–41 amino acid sequence at the
xtracellular terminus. Synthetic versions of this teneurin
-terminal-associated peptide (TCAP) can modulate cyclic
MP accumulation, cell proliferation and teneurin mRNA lev-
ls in vitro. Furthermore, i.c.v. injections of TCAP-1 into rat
rain induce major changes in acoustic startle response be-
avior 3 weeks after administration, suggesting that the pep-
ide may act to alter interneuron communication via changes
n neurite and axon outgrowth. Synthetic mouse/rat TCAP-1
as used to treat cultured immortalized mouse hypothalamic
ells, to determine if TCAP-1 could directly regulate neurite
nd axon growth. TCAP-1-treated cells showed a significant

ncrease in the length of neurites accompanied by a marked
ncrease in �-tubulin transcription and translation as deter-

ined by real-time PCR and Western blot analysis, respec-
ively. Changes in �-actinin-4 transcription and �-actin pro-
ein expression were also noted. Immunofluorescence con-
ocal microscopy using �-tubulin antiserum showed
nhanced resolution of �-tubulin cytoskeletal elements
hroughout the cell. In order to determine if the effects of
CAP-1 could be reproduced in primary neuronal cultures,
rimary cultures of E18 rat hippocampal cells were treated
ith 100 nM TCAP-1. The TCAP-1-treated hippocampal cul-

ures showed a significant increase in both the number of
ells, dendritic branching and the presence of large and fas-
iculated �-tubulin immunoreactive axons. These data sug-
est that TCAP acts, in part, as a functional region of the
eneurins to regulate neurite and axonal growth of neurons.

2006 IBRO. Published by Elsevier Ltd. All rights reserved.

ey words: plasticity, actin, tubulin, neuropeptide, hippocam-
us, anxiety.
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esponse; cAMP, cyclic AMP; CRF, corticotropin-releasing factor;
MEM, Dulbecco’s Modified Eagle Medium; DMF, N,N-dimethylfor-
ide; E18, day 18 of gestation; GAPDH, glyceraldehyde-3-phosphate
ehydrogenase; HBSS, Hanks’ balanced salts solution; IBMX,
-isobutyl-1-methylxanthine; NGS, normal goat serum; PBS, phos-
hate-buffered saline; RT, reverse transcriptase; SDS, sodium dode-
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yl sulfate; TCAP, teneurin C-terminal-associated peptide; TFA, triflu-
roacetic acid.
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eneurins are a family of four genes encoding transmem-
rane glycoproteins, discovered originally in Drosophila
Baumgartner et al., 1994; Levine et al., 1994). They are
xpressed in the CNS of all metazoans investigated and
re implicated in transcriptional regulation, neurite out-
rowth, axon fasciculation and adhesion (Tucker and Chi-
uet-Ehrisman, 2006). Teneurin molecules undergo homo
nd heterodimerization at the extracellular C-terminus
hrough cross-linking by disulfide bonds at the epidermal
rowth factor (EGF) domains (Oohashi et al., 1999; Feng
t al., 2002) although the stimulus for this effect is not
lear. Teneurin-2 also contains a furin cleavage site in the
xtracellular domain (Rubin et al., 1999) indicating that
eneurin-2 may be processed to a soluble extracellular
orm. The intracellular domain appears to interact with the
inc finger transcription factor (Zic1) following nuclear
ranslocation (Bagutti et al., 2003). A similar mechanism
as been proposed for teneurin-1 where the interaction of
he soluble intracellular domain of teneurin-1 with CAP/
onsin leads to a translocation of the complex across the
uclear membrane where subsequently this domain may

nteract with the transcriptional repressor protein, MBD1
Nunes et al., 2005).

We reported the presence of a bioactive peptide at the
xtracellular C-terminal of teneurins, which we named te-
eurin C-terminal-associated peptide (TCAP) (Qian et al.,
004). The peptide contains a dibasic cleavage motif at
esidues 40 or 41. The 31st exon of teneurin-1, which
ncodes for TCAP-1, is expressed in a number of limbic
egions including all major cell groups of the hippocampus,
entate gyrus, central and basolateral nucleus of the
mygdala, bed nucleus of the stria terminalis and piriform
ortex (Wang et al., 2005). Interestingly, the expression of
CAP-1 differs from that of teneurin-1 (Zhou et al., 2003;
ang et al., 2005; Lovejoy et al., 2006). These observa-

ions, along with studies showing that synthetic TCAP-1
Wang et al., 2005) and TCAP-3 (Qian et al., 2004) could
odulate cyclic AMP (cAMP) accumulation in immortal-

zed hypothalamic cells led us to investigate whether
CAP played a potential role in adult behavior. When

njected into the basolateral nucleus of the amygdala, syn-
hetic TCAP-1 can acutely modulate the behavioral re-
ponse of rats in the acoustic startle response (ASR) test.
he effects of i.c.v. injection of rat TCAP-1 on ASR remain
weeks after the initial injection, indicating that the peptide

an induce long-term neurological changes in the brain
hat lead to modulation of behavior.

The long-term changes in ASR may be due to neuro-

lastic actions of TCAP-1. Previous proteomic profiling and

ved.
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ene microarray analysis of TCAP-1-treated cell lines (G.
rubiani, A. Al Chawaf, D. Belsham, S. Arab, P. Liu, M.
rownstein and D. A. Lovejoy, unpublished observations)

ndicated that a number of cytoskeletal genes and proteins
ay represent potential targets of TCAP-1 action. Te-
eurins play a role in the formation of filopodia and the
nlargement of the growth cone in recombinantly trans-
ected Nb2a neuroblastoma cells (Rubin et al., 1999) and
an co-localize with filamentous actin at cell-cell contact
ites (Rubin et al., 2002). We now show that TCAP-1
ncreases neurite length and alters the levels and distribu-
ion of key cytoskeletal proteins and genes associated with
xon outgrowth in a neuronal cell line. Moreover, TCAP-1
ramatically increases the incidence of axon formation in
rimary hippocampal culture. Thus, the TCAP/teneurin
ystem may represent a new mechanism that plays a role
n neuroplasticity.

EXPERIMENTAL PROCEDURES

eptide synthesis and solubilization

mouse paralog of the putative peptide sequence from teneurin-1
nd a scrambled version of the same peptide (pEESQRMFHIN-
VSLVFYGDY GQVRGTGLLQASDSLELYQEI-NH2) was synthe-
ized on an automated peptide synthesizer, Model Novayn Crystal
NovaBiochem, UK Ltd., Nottingham, UK) on PEG-PS resin using
ontinuous flow Fmoc chemistry (Calbiochem-Novabiochem
roup, San Diego, CA, USA). Eight times excess diisopropyl ethyl
mine (Sigma-Aldrich Canada Ltd., Oakville, ON, Canada) and
our times excess Fmoc-amino acid activated with HATU (O-(7-
zabenzotriazol)-1-3,3-tetramethyluronium hexfluorophosphate;
pplied Biosystems, Foster City, CA, USA) at a 1:1 (mol/mol) ratio
ere used during the coupling reaction. The reaction time was 1 h.
solution of 20% piperidine (Sigma-Aldrich Canada Ltd.) in N,N-

imethylformide (DMF; Caledon Laboratories Ltd., Georgetown,
N, Canada) was used for the deprotection step in the synthesis
ycle. The DMF was purified in-house, and used fresh each time
s a solvent for the synthesis. The cleavage/deprotection of the
nal peptide was carried out with trifluoroacetic acid (TFA), thio-
nisole, 1,2-ethandithiol, m-cresole, triisopropylsilane, and bro-
otrimethyl silane (Sigma-Aldrich Canada Ltd.) at a ratio of

0:10:5:1:1:5. Finally, it was desalted on a Sephadex G-10 col-
mn using aqueous 0.1% TFA solution and lyophilized.

The peptide was solubilized by exposure to ammonium hy-
roxide vapors for 2 min before dilution in phosphate-buffered
aline (PBS) pH 7.4 with 10 mM sodium phosphate. Concentra-
ions of 1 and 100 nM TCAP-1 were used throughout the study as
e have previously established that these concentrations were
fficacious in the cell lines and appear to target distinct high and

ow affinity receptors (Qian et al., 2004; Wang et al., 2005).

AMP accumulation

mmortalized mouse hypothalamic N38 cells were cultured in
uadruplet in six-well tissue culture plates (Corning Life Sciences,
cton, MA, USA) in Dulbecco’s Modified Eagle Medium (DMEM)
ontaining 5% fetal bovine serum (Invitrogen Canada, Burlington,
N, Canada). At 60% confluency, the cells were serum-starved
vernight before treatment with 1 h serum-free DMEM containing
0 mM 3-isobutyl-1-methylxanthine (IBMX). The cells were
ashed with PBS and then treated for 15 min with 100 nM
CAP-1, hamster urocortin (a gift of Dr. Jean Rivier, The Salk

nstitute for Biological Studies), the scrambled peptide or vehicle
n the continued presence of 50 mM IBMX and forskolin (Sigma-

ldrich Canada). The cells were washed once with PBS and then p
ncubated with 0.1 M HCl until cells were lysed. The samples were
tored at �80C° until further processing. When required, samples
ere thawed and spun at 1400�g for 4 min and the supernatant
ssayed for cAMP levels using the non-acetylated protocol as per
he instructions of Assay Designs’ Direct cAMP kit (Ann Arbor, MI,
SA).

rimary antisera

ll antisera used in this study were rabbit polyclonal antisera. �-Actin
nd glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were
urchased from Abcam (Cambridge, MA, USA). The �-actinin-4
ntiserum was purchased from Alexis Biochemicals (Lausen,
witzerland). The �-tubulin antiserum, was purchased from Neo-
arkers, Laboratory Vision (Fremont, CA, USA) and �-tubulin III
ntiserum was purchased from Sigma-Aldrich Canada.

orphological analyses of immortalized neurons

38 immortalized mouse hypothalamic cells were cultured in qua-
ruplicate in six-well tissue culture plates until 60–70% confluent
t which time fresh DMEM with 10% fetal bovine serum (Invitrogen
anada) containing 1 nM TCAP-1, 100 nM TCAP-1 or vehicle

PBS) was added. Each well was digitally imaged twice at 0, 4 and
h using an inverted Zeiss Axiovert 200M. A minimum of 90 cells
as analyzed per condition using Labworks V4.0.0.8 (UVP, Up-

and, CA, USA) and scored for number of neurites per cell, neurite
ength and cell size.

uantitative real time-PCR-determined gene
xpression

otal RNA from N38 cells was isolated by the guanidinium thio-
yanate phenol chloroform extraction method (Chomczynski and
acchi, 1987). First-strand cDNA was synthesized from 1 �g
eoxyribonuclease I-treated RNA, using SuperScript reverse tran-
criptase (RT) and random primers (Invitrogen, Carlsbad, CA,
SA), as described in the Superscript cDNA Synthesis Kit (Invitro-
en, Mississauga, ON, Canada). The specificity of each amplifi-
ation reaction was monitored in control reactions, where the
mplification was carried out on samples in which the RT was
mitted (RT�). Quantitative real-time PCR was performed as
escribed in the SYBR Green PCR Master Mix and PCR Protocol
Applied Biosystems). Briefy, cDNA was synthesized from 1 �g
otal RNA in a total volume of 20 �l. Aliquots 50–100 ng cDNA as
emplate were amplified with SYBR Green Master Mix (Applied
iosystems) and 300 nM primers in a 10-�l reaction for 40 cycles

15 s at 95 °C, 1 min 60 °C). The primers used for RT-PCR were:
8S rRNA; gtaacccgttgaaccccatt, ccatccaatcggtagtagcg: �-actinin
; gagaagcagcagcgcaaga, ccgaagatgagagttgcacca: �-actin; ggc-
aaccgtgaaaagatga, cacagcctggatggctacgt: �-catenin; agcagtttgt-
gagggcgt, cgagcaaggatgtggagagc: �-tubulin 1; acaggattcg-
aagctggc, ccaagaagccctggagacc: and �-tubulin 4; tgaggccacag-
tggaaactatgt, aagttgtctggccgaaagatctgg. All primers were
esigned using Primer Express software (Applied Biosystems)
nd synthesized by ACGT Corporation (Toronto, ON, Canada) or
ntegrated DNA Technologies, Inc. (Coralville, IA, USA). Data
ere represented as mean quantity, defined as the average of the

eplicate group (n�3), and analyzed using ABI Prism 7000 SDS
oftware package (Applied Biosystems). The copy number of
mplified gene was standardized to 18S rRNA levels. The final
DNA levels were expressed relative to the vehicle treatment at
ach individual time point.

estern blot analysis of cytoskeletal proteins

he immortalized hypothalamic cells were cultured as described

reviously (Belsham et al., 2004) in DMEM with 5% fetal bovine
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erum (Invitrogen Canada). At 60–70% confluency, the cells were
reated with medium containing 1 nM TCAP-1, 100 nM TCAP-1 or
ehicle (PBS; pH 7.4) for 0.5, 1, 4 or 8 h after which total cell
roteins were extracted. The cells were removed, in the presence
f cold PBS, and centrifuged, then resuspended in PBS containing
% Triton X-100 (Sigma-Aldrich, Toronto, ON, Canada), 1 mM
ithiothreitol (DTT) and protease inhibitors (5% Protease inhibitor
ocktail set III (Calbiochem, EMD Biosciences, San Diego, CA,
SA) and 1 mM phenylmethyl sulfonyl fluoride (PMSF, EM Sci-
nce, Gibbstown, NJ, USA)). Following vortex mixing, the cells
ere spun for 15 min at 15,300�g at 4 °C. The supernatant
ontaining total proteins was stored at �20 °C until further anal-
sis. The protein concentration was determined using a BCA
rotein assay kit (Pierce Chemical Co, Rockford, IL, USA) and
as used to standardize the amount of total protein added to each
ell. For sodium dodecyl sulfate–polyacrylamide gel electrophore-
is (SDS-PAGE), the appropriate loading volumes were deter-
ined for each antiserum. All samples were mixed with sample
uffer containing SDS and boiled for 5 min at 90 C° and were run

n duplicate to determine for GAPDH expression as a verification
f preparation and loading consistency. The proteins were re-
olved on 4–20% Tris–HCl Ready gels (Bio-Rad, Hercules, CA,
SA) using a Mini-Protean 3 Cell (Bio-Rad) electrophoresis unit

or 35 min at 200 V. Transfers were performed using the Mini
rans-Blot Electrophoretic Transfer cell (Bio-Rad) with Hybond C
itrocellulose membranes (GE Health Care, Piscataway, NJ,
SA) at 100 V for 2 h. The membranes were blocked in 0.2%
BS–Tween 20 (v/v) containing 5% nonfat milk (w/v) and probed
ith primary antiserum overnight at 4 °C at the appropriate dilu-

ion. The dilution of the primary antiserum was established indi-
idually: �-actin, 1:4000; �-tubulin, 1:500; �-actinin-4, 1:5000. The
econdary antibody, conjugated to horseradish peroxidase, was
sed at a concentration of 1:5000. For all analyses, the GAPDH
ntiserum was used at a dilution of 1:2000. An ECL Western
lotting Analysis System (GE Health Care, Toronto, ON, Canada)
as used to detect the proteins using X OMAT Blue XB1 film.
lots were scanned and optical density was determined using an
pi Chemi II Darkroom and Laboratory works V4.0.0.8 (UVP). All
ssays were performed in quadruplicate where the band intensity
or each immunoreactive protein was compared with baseline lane
ntensity according to the quantification procedure utilized for this
oftware (Qian et al., 2004).

mmunofluorescence confocal microscopy

he N38 cells were plated on poly-D-lysine-coated coverslips (BD
iosciences, Mississauga, ON, Canada) and cultured overnight to
0–70% confluency in the absence of serum. The cells were
reated for 1 h with serum free-medium containing 100 nM
CAP-1 or vehicle. Following treatment, the coverslips were
insed with PBS, fixed in 4% paraformaldehyde (PFA) and per-
eabilized with 0.2% Triton X-100 (Sigma-Aldrich Canada). After
locking non-specific antigens with 3% bovine serum albumen,
he coverslips were incubated with 1:150 �-tubulin antiserum for

h at room temperature, washed in PBS, then incubated with
lexafluor 488 (Invitrogen) in 1% BSA for 1 h. The coverslips were
ounted using Prolong Antifade (Invitrogen). A Zeiss Axiovert
SM 510 microscope, with the bundled software, was used to
btain 0.85 �m stacks of the cells. For quantitative analysis of

mmunoreactive tubulin, as assessed by fluorescence intensity,
mage J software (NIH, Bethesda, MD, USA) was used to deter-
ine the number of pixels at the maximal intensity (149) as a ratio
f total pixels in the whole cell and the perinuclear region, of 10
entral cells with a fully visualized nucleus and cell body from each

mage. A minimum of 30 cells was analyzed per condition.

m
c

rimary embryonic hippocampal cell cultures

ll experiments followed University of Toronto and international
uidelines for the ethical use of animals. All measures were taken
o minimize the number of animals used. Timed-pregnant Spra-
ue–Dawley rats (Charles River, Boston, MA, USA) on day 18
E18) of gestation were killed in a CO2 chamber. The uteri were
urgically removed and embryos were collected in Hanks’ bal-
nced salts solution (HBSS) with 15 mM Hepes and 10 mM
odium bicarbonate (Sigma-Aldrich Canada). The embryos were
ecapitated and the hippocampi dissected. The hippocampi were
reated with trypsin for 15 min at 37 °C, centrifuged for 5 min at
600 r.p.m. and the pellets washed two times in HBSS. The cell
ellets were suspended in Neurobasal medium supplemented
ith B27, 0.5 mM Glutamax, and penicillin/streptomycin (Invitro-
en, Mississauga, ON, Canada). This medium was subsequently
sed for culturing. Following trituration with a fire-polished glass
ipette, 50,000 (for single cell analysis) or 300,000 cells were
lated into six-well plates containing 12 mm glass coverslips
oated with poly-D-lysine. After 24 h, fresh medium containing
00 nM TCAP-1 or vehicle was added and subsequently replaced
wice a week. On the 8th day of culture, the coverslips with cells
ere rinsed with PBS twice before fixing with 1 ml 4% parafor-
aldehyde (Sigma-Aldrich, Toronto, ON, Canada) for 15 min.
ollowing two washes for 5 min, the cells were permeabilized by
ddition of 0.2% Triton X-100 solution in PBS for 90 s. After
ashing twice for 2 min, the cells were incubated with 0.5%
ormal goat serum (NGS) in PBS. A 1:100 dilution of �-tubulin III
ntiserum in 0.5% NGS was applied to the coverslips and incu-
ated at room temperature for 1 h. The detection and staining was
one according to instructions provided by the Vectastain ABC kit
Vector Laboratories, Burlington, ON, Canada). The biotinylated
oat anti-rabbit serum was applied at 1:200 dilution in serum for
h as well. The Vectastain reagents, avidin DH and biotinylated

orseradish peroxidase H were mixed and incubated with the cells
or 30 min before washing for 5 min with PBS. The DAB substrate
Vector Laboratories) was then added for 8 min and cells washed
ith distilled water for 5 min. The cells were dehydrated with
thanol, cleared with xylene and the coverslip mounted on a slide
sing Vectamount mounting medium (Vector Laboratories). The
reated cells were visualized using an Olympus (BX60) micro-
cope and imaged with a CCD CoolSNAP camera (Photometrics,
ucson, AZ, USA). For single cell analysis, 10 �m concentric
ircles were drawn around each independent cell and the number

ig. 1. cAMP accumulation in N38 cells following peptide treatment.
38 cells were treated with 100 nM TCAP-1, urocortin or a scrambled
eptide for 15 min and cAMP levels were measured. TCAP-1 caused
significant (P�0.0001) increase relative to the vehicle whereas the

crambled peptide showed a small decrease (P�0.0011) in the accu-

ulation. Urocortin did not affect the cAMP levels in the cells as

ompared with vehicle (two-tailed t-test). Means�S.E. are indicated.
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f neurite intersections was counted at each circle as per the Sholl
ethod (Sholl, 1953). Only cells that were distinguishable from
eighboring cells and those with continuous immunostaining of
he neurites were included in the analysis. A minimum of 120 cells
as analyzed per condition (n�3). For analysis of fasciculation,

andom images of the high density cultures from the two condi-
ions were analyzed for fasciculation. Bundles with a width of over

�m were traced along the center of the bundle. Only lengths of
0 �m or more were included in the analysis. A minimum of 16

mages per condition was analyzed (n�4).

tatistical analyses

ll analyses employing three or more data points were examined
sing a one- or two-way analysis of variance (ANOVA) with Bon-
erroni’s post hoc test as indicated. All parametric paired analyses
ere analyzed using a Student’s t-test, except when a Normality

est indicated that the sample represented a significantly different
alue than expected for a Gaussian distribution. In this case, a
-test with Welch’s correction for unequal variances was used. For

ig. 2. Changes in cell morphology and neurite outgrowth in immorta
nd cell morphology was analyzed. (A) Images of cells after 8 h of tre
eurite length under TCAP-1 treatment. The frequency distributions (
00 nM TCAP-treated cells and therefore an increase in the number

ignificant increase in neurite length at 100 nM, coupled with a decrease in the
esults shown between control and 100 nM TCAP-1 conditions, * P�0.05, ***
omplex data sets employing asymmetrical frequency distribu-
ions, a chi square test for trends was utilized.

RESULTS

CAP specificity on cAMP Accumulation

o establish the specificity of TCAP-1 action, we compared
he cAMP response of TCAP-1 to a scrambled version of
he same peptide, and to hamster urocortin which has a
imilar hydropathy profile as TCAP-1 using the N38 cells.
CAP-1 (100 nM) treatment induced a significant 128%

ncrease (P�0.0001; unpaired two-tailed t-test) in cAMP
ccumulation in the N38 hypothalamic cells over vehicle
Fig. 1), whereas the presence of the scrambled peptide
aused a significant decrease by 42% (P�0.0011; un-
aired two-tailed t-test). Urocortin, a paralog of
orticotropin-releasing factor (CRF), did not cause a sig-

s. Cells were treated with 1 nM, 100 nM TCAP-1 or vehicle over 8 h
ith vehicle and 100 nM TCAP-1. Arrows indicate cells with increased
rectly under the photomicrographs), indicate a shift in the median in
neurites and a decrease in shorter neurites. (B) TCAP-1 induced a
lized cell
atment w
shown di
of longer
number of neurites (two-way ANOVA with Bonferroni’s post hoc test,
P�0.001). Means�S.E. are indicated. Scale bar�50 �m.
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ificant change in cAMP accumulation. The cAMP re-
ponses of each of the peptides relative to each other were
ifferent (P�0.0001, F�615.4); as determined by a one-
ay ANOVA with Bonferroni’s post hoc test. The interas-
ay coefficient of variation among the vehicle-treated sam-
les was 10.7%.

ffect of TCAP-1 on N38 morphology

he action of mouse TCAP-1 on gross cell morphology
as initially examined by exposing the N38 cells to 1 and
00 nM TCAP-1 for 8 h (Fig. 2A). TCAP-1 induced a 25%
nd 31% increase (P�0.001, two-way ANOVA with Bon-
erroni’s post hoc test, n�4) in neurite length at 100 nM, at

h and 8 h, respectively, relative to the length at the
eginning of treatment (Fig. 2B). The lower concentration
f 1 nM TCAP-1 did not induce an observable effect on
eurite length. After 8 h, 100 nM TCAP-1 induced about a
5% (P�0.001) reduction in the number of neurites per cell
Fig. 2B). A frequency distribution of the neurite length
ndicated that 100 nM TCAP-1 promoted longer but fewer
eurites per cell (Fig. 2A). The cell size did not significantly
hange (data not shown).

ene and protein expression

ignificant changes in mRNA expression, as determined
y real-time PCR were not observed in any of the 1 nM
CAP-1 treatments (Fig. 3). However, there were indica-

ions of expression increase in �-actinin-4 and �-tubulin
RNA after 4 h, although these changes were not statis-

ically significant. In contrast, at a concentration of 100 nM
CAP-1, there was a significant increase in synthesis as
etermined by a two-way ANOVA for �-actinin-4 (P�
.0265; F�5.329) and �-tubulin (P�0.0042; F�9.320).

ig. 3. Analysis of gene expression following TCAP-1 stimulation. N3

n 8 h time-course. Total RNA was isolated at the indicated time-points. Real-t
enes were normalized to 18S rRNA levels. Statistical significance was determ
he expression of mRNA for �-actinin-4 showed in-
reases between 30 and 40% within 1 h of treatment and
emained high for 8 h. �-Tubulin expression was more
odest with a maximal increase of 25–30%, although

nter-experimental variability as assessed by standard
rrors was low.

The treatment of cells with 1 nM TCAP-1 did not result
n any significant changes in �-tubulin protein levels over

h (Fig. 4). In contrast, cells treated with 100 nM showed
significant increase of 60% at 1 h in �-tubulin relative

o the vehicle-treated cells at the same time point (two-
ay ANOVA with Bonferroni’s post-test, P�0.05, F�
.480). TCAP-1 treated cells also experienced a signif-

cant change with regards to �-actin expression (Fig. 5).
t a concentration of 1 nM TCAP-1, the cells showed an
xpression level of 184�4.1% of vehicle at 1 h. Simi-

arly, 100 nM TCAP-1 induced an expression level of
92�10.5%. No significant effects were noted at any other
ime points or on �-actinin-4 (Fig. 6). Due to the consistent
igh levels of both �-tubulin mRNA and protein levels,
-tubulin immunoreactivity was used as a marker to exam-

ne subsequent TCAP-1 induced effects on cellular mor-
hology.

-Tubulin distribution and cellular morphology

n order to determine whether TCAP-1 increased tubulin
ynthesis in particular regions of the cells, the cellular

ocalization of �-tubulin in N38 cells was examined by
mmunofluorescent confocal microscopy. Overall, the
CAP-1-treated cells were characterized by greater clarity
nd number of observable �-tubulin strands in the cells
nd the neurites (Fig. 7A). The 100 nM TCAP-1 treatment
esulted in a significant increase in whole cell immunoflu-

lized neurons were treated with 1 or 100 nM TCAP-1 or vehicle over
8 immorta

ime RT-PCR was performed for �-actin; �-actinin 4; and �-tubulin. All
ined using a two-way ANOVA (n�5–8).
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rescence (Fig. 7B, P�0.05, Student’s t-test with Welch’s
orrection for unequal variances). The perinuclear region
howed a sub-significant increase in �-tubulin expression.
he variance between the TCAP-1- and vehicle-treated
ells was significantly (P�0.05) different as determined by
normality test to establish Gaussian characteristics.

In order to determine if TCAP-1 had a similar effect on
eurite outgrowth in non-immortalized cells, primary cul-
ures of embryonic E18 rat hippocampal cells were used. A
CAP-1 concentration of 100 nM was used for these stud-

es, as this concentration provided an acute action of the
eptide. Previous observations indicated that a much

onger time course with repeated administration would be
equired with lower concentrations of TCAP-1 (A. Al Cha-
af and D. A. Lovejoy, unpublished observations). Hip-
ocampal cells were cultured in the presence of 100 nM
CAP-1 and subsequently examined for immunoreactive
-tubulin III. Lower density cultures with individual cells
ere imaged and analyzed for dendritic patterning using a

ig. 4. �-Tubulin protein expression is increased after 1 h of 100 nM T
lots. TCAP-1 at 100 nM induced a significant increase at 1 h (two-wa
B) Representative blots for the different time-points. (C) Mean and S
holl analysis (Sholl, 1953). TCAP-1 treatment caused an l
ncrease in the number of dendritic intersections at all dis-
ances from the soma (Fig. 8). In the 40–70 �m range,
CAP-1 significantly increased the number of dendrites

ntersecting each consecutive circle (two-tailed t-test,
�0.044) indicating an increase in the arborization and the

ength of neurites. In denser cultures, the number of cells
nd neurites as visualized by �-tubulin-III immunoreactivity

n primary hippocampal cultures treated with 100 nM
CAP-1 was considerably enhanced in all cultures exam-

ned (Fig. 9). In order to assess the total increase in the
rowth of the hippocampal cultures, a frequency distribu-
ion of pixel intensity of reverse images of the photomicro-
raphs was used. A frequency distribution of pixel intensity

ndicated a significant (P�0.05) effect of TCAP-1 using a
hi square test for trends. The increase in immunoreactiv-

ty was due to both an increase in total number of cells and
ell processes as indicated by the increase in the number
f pixels in the light gray to white regions (Fig. 9A). Previ-
us observations indicated that TCAP-1 may act to stabi-

reatment. (A) Protein levels in N38 cells were assayed using Western
with Bonferroni’s post-hoc test P�0.05). Means�S.E. are indicated.
optical density of the blots at 1 h.
CAP-1 t
ize the growth of the new cultures and, therefore, the
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umber of cells was counted directly. Because cells could
xist singly or in clusters of dividing cells, each cell growth
nit composed of one or more cells was designated a

cluster’ and counted. TCAP-1-treated cultures showed a
ignificantly greater (P�0.0142) mean number of cell clus-
ers (270�22) over the vehicle-treated cells (175�17) as
etermined by a two-tailed t-test. A much denser mesh of
ell processes were also observed in TCAP-1-treated
ells.

TCAP-1-treated hippocampal cells also showed a
uch greater incidence in the number of large neurite
undles relative to the vehicle-treated cells (Fig. 10).
igher magnification of both groups of cultures revealed

hat the TCAP-1-treated cells showed a much greater in-
idence for fasciculation along with a greater incidence of
eural processes outgrowth. The largest bundles in the
ehicle treated cultures showed a loose weave of neurites.
n contrast, many of the neurites were arranged in tight
undles in the TCAP-1-treated cultures. Most bundles
ere 0.5–1 �m in thickness in vehicle-treated cultures,

ig. 5. Cytoskeletal �-actin protein expression is upregulated in N38
ignificant increase in �-actin levels in cells treated for 1 h (two-way A
B) Representative Western blots for the different time points. (C) Me
hile TCAP-1 treatment caused an increase in the length fi
f bundles that are thicker than 4 �m (Fig. 11; two-tailed
-test with Welch’s correction for unequal variances,
�0.046).

DISCUSSION

CAP-1 is a novel putative neuropeptide that bears the
tructural hallmarks of a bioactive peptide. We have pre-
iously established that TCAP-1 can modulate cell growth
nd anxiety-related behaviors (Qian et al., 2004; Wang et
l., 2005). The present study shows that TCAP-1 has the
bility to stimulate neurite outgrowth, in part, by increasing
he synthesis of components of the cytoskeleton. The
CAP-1-mediated neurite outgrowth is coupled with an

ncrease in the synthesis and translation of �-tubulin and
he enhanced translation of �-actin. In primary hippocam-
al cultures, the increase in �-tubulin expression is asso-
iated with an increase in the number of immunoreactive
-tubulin cells and large axonal processes with an in-
reased incidence of fasciculation. Our studies also con-

r 1 h of TCAP-1 treatment. (A) TCAP-1 at 1 and 100 nM induces a
ith Bonferroni’s post hoc test P�0.001). Means�S.E. are indicated.
.E. of the optical density of the blots at 1 h.
cells afte
rm reported effects of teneurins on neurite outgrowth,
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uggesting that TCAP-1, which constitutes the final 41
mino acids of teneurin-1, may play a pivotal role. The
bservations in the current manuscript provide a structural
ramework to understand the ability of TCAP-1 to induce
ong-term behavioral modulation in rats.

The teneurins, a type II transmembrane protein family,
ere discovered in vertebrates following their character-

zation as a pair-rule gene in Drosophila (Baumgartner et
l., 1994; Levine et al., 1994). In the past 12 years, the
eneurins have been implicated in a number of cellular
rocesses such as cellular adhesion, development of the
ervous system, filopodia and neurite outgrowth and tran-
criptional regulation (Tucker and Chiquet-Ehrismann,
006). During a low stringency homology search for addi-
ional CRF paralogs, we cloned the 3= region of a rainbow
rout ortholog of teneurin-3 that indicated the presence of a
utative bioactive peptide. We synthesized the peptide and
howed that it could regulate the transcription of the te-
eurin-1 mRNA, cAMP accumulation and the proliferation
f mouse immortalized neurons. Because of this, we have

ig. 6. Effect of TCAP-1 treatment on �-actinin-4 protein levels.
B) Representative Western blots for the different time-points.
amed this region of the teneurin protein, TCAP (Qian et a
l., 2004). We subsequently showed that TCAP peptides
ere present in the termini of all four teneurins and are the
ost highly conserved family of neuropeptides in meta-

oan phylogeny (Lovejoy et al., 2006). Synthetic TCAP-1 is
ighly potent at regulating the ASR in rats where a 50%

nhibition of ASR could be measured over 3 weeks after
CAP-1 treatment (Wang et al., 2005).

Our studies, along with the elegant studies by Rubin
nd colleagues (1999) showing neurite outgrowth, suggest
hat TCAP-1 may exert its effects, in part, by inducing
hanges in axonal and dendritic outgrowth. We, therefore,
ypothesized that TCAP-1 may have a direct effect on the
egulation of neurite outgrowth. The recent discovery of the
eneurins and TCAP and a general lack of understanding
f their biological actions led us to investigate TCAP’s
ction in an immortalized hypothalamic cell line (N38) that
e had previously established to be responsive to TCAP-1

Belsham et al., 2004; Wang et al., 2005). Moreover, pro-
eomic profiling by ion-trap mass spectrometry (A. Emili, D.
elsham and D. A. Lovejoy; unpublished observations)

AP-1 treatment did not cause any significant change over 8 h.
nd gene microarray studies (G. Trubiani, A. Al Chawaf,
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. Belsham, S. Arab, P. Liu, M. Brownstein and D. A.
ovejoy, unpublished observations) of TCAP-1 on immor-
alized cells indicated that cytoskeletal proteins and genes
epresented likely candidates for TCAP-1 action. Conse-
uently, we chose this cell line for our initial investigations
f the actions of TCAP-1 on neurite outgrowth. As a further
est of TCAP-1 specificity on these cells, we compared the
AMP accumulation response mediated by TCAP-1 to that
f a scrambled TCAP-1 peptide and hamster urocortin.
amster urocortin, which has a similar hydropathy profile

o TCAP-1 and does not possess known cognate receptors
o the N38 cell line (Wang et al., 2005) did not have a
ignificant effect on cAMP accumulation. The scrambled
eptide, which was designed using the same amino acid
omposition as TCAP-1 but had the internal putative func-
ional motifs disrupted, also failed to induce cAMP accu-
ulation. In fact, the peptide was shown to have weak

ig. 7. Confocal microscopy analysis of 100 nM TCAP-1 effects on t
reated with 1 h TCAP-1 show an increase in �-tubulin expression bot
mage were analyzed for the number of pixels at maximal intens
mmunofluorescence in the whole cell and the perinuclear region. Si
nequal variances P�0.05, minimum 30 cells per group). Means�S.E
ntagonistic properties. These experiments confirmed our e
revious studies that suggest TCAP-1 is acting on a spe-
ific receptor system.

Our initial approach was to examine the morphological
haracteristics of cells treated with TCAP-1. TCAP-1-
reated cells showed a dose-dependent increase in the
umber of longer neurites and a decrease in the number
f shorter neurites. Real-time PCR and Western blot
nalyses indicated that �-tubulin transcription and trans-

ation were enhanced, whereas �-actin translation
howed a significant increase without a significant in-
rease in transcription. However, under our experimental
onditions we consistently observed an increase in tubulin
rotein expression within the first hour of TCAP-1 treat-
ent, whereas tubulin transcription occurred at a low level
cross 8 h. One possibility is that TCAP-1 acts as a signal
o evoke rapid changes in tubulin-mediated neurite growth
nd requires a ready supply of tubulin mRNA in a manner

ation of �-tubulin in N38 cells. Immunofluorescence analysis of cells
erinuclear and the whole cell region. (A) Ten central cells from each
and expressed as a ratio of total pixels in (B) Quantification of

e was established with a Student’s t-test with Welch’s correction for
icated. Scale bar�20 �m.
he localiz
h in the p
ity (149)
stablished for �-actin. Considering the large pools of
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-actin mRNA localized to the periphery of several cells for
otility purposes (Hoock et al., 1991; Hill and Gunning,
993; Kislauskis et al., 1993; Hill et al., 1994) it is conceiv-
ble that TCAP-1 actions on neurite length prompts trans-

ation of mRNA reserves to support the cytoskeletal reor-
anization required without influencing transcription, as
bserved here. The precise mechanism by which TCAP-1
egulates �-tubulin and �-actin is not clear, but may involve
cAMP-dependent mechanism. For example, injections of
ibutyryl cAMP into rat dorsal root ganglion neurons in-
rease the expression of a number of tubulin isotypes
ncluding �III tubulin (Han et al., 2004). The situation with
-actin regulation is less understood, but cAMP-dependent
rotein kinases have been implicated in the regulation of
ctin cytoskeletal dynamics and function (Ohta et al.,
987).

We examined other cytoskeletal proteins for a role in
CAP-1 regulation of neural process outgrowth. One such

ig. 8. TCAP-1 caused an increase in dendritic intersections in embry
he number of intersecting dendrites at each consecutive distance from
as found in the 40–70 �m range (t-test, P�0.0443). Means�S.E. a
4000).
andidate, �-actinin-4, is a bundling protein part of the o
volutionarily related spectrin family of proteins (Broderick
nd Winder, 2005). The �-actinins have a variety of func-
ions that include stabilizing the actin cytoskeleton by
ross-linking its filaments. �-Actinin is also present and

nvolved in growth cone motility and adhesion (Sobue and
anda, 1989). Our findings suggest that, although TCAP-1
an induce a significant effect on transcription, there is no
ffect on the translation of �-actinin-4 over the 8 h time
ourse.

Together, the present studies with the N38 cell line
ndicate that TCAP-1 stimulates neurite outgrowth and
ncreases the synthesis and translation of �-tubulin while
nhancing �-actin translation only. Previous studies by
hou and colleagues (2003) and our laboratory (Wang et
l., 2005) showed that the highest levels of teneurin and
CAP mRNA expression, respectively occurred in the hip-
ocampal formation, including the CA1, 2, 3 cell groups
nd dentate gyrus. We, therefore, investigated the action

ocampal cells as determined by Sholl analysis. (A) Cumulative plot of
a. (B) The greatest difference between TCAP-1 treatment and control
ted. (C) Image of a TCAP-1-treated hippocampal cell (magnification
onic hipp
the som
f TCAP-1 on primary cultures of E18 rat hippocampal
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ultures. TCAP-1 induced an increase in the incidence of
xon fasciculation and dendritic branching. Taken to-
ether, it is plausible that one role of TCAP and the te-
eurins is to regulate neuronal process outgrowth in the
ippocampus and, thus, could play a role in the potentia-
ion of learning and memory. This is consistent with the
merging roles for the teneurins in neurite outgrowth and
ore recently in neuronal pathfinding (Rubin et al., 1999;
rabikowski et al., 2005; Tohda et al., 2005).

There are different theories as to why fasciculation and
eurite outgrowth may be regulated by TCAP-1. One pos-
ibility is that teneurins play an axon-bundling role via
embrane-membrane adhesion in a similar manner as
escribed for the Caenorhabditus elegans teneurin para-

og (ten-1; Drabikowski et al., 2005). Indeed, we have
reviously established that rainbow trout TCAP-3 in-
reases the transcription of the teneurin-1 terminal exon in
mmortalized mouse neurons (Qian et al., 2004) suggest-
ng that the expression of teneurin protein may be in-
reased. However, studies on gene arrays (manuscript in
reparation) show that a number of adhesion proteins,
rowth factors and cytokines are also up-regulated, which
ay indicate that the TCAP-1-mediated effect on axon

asciculation involves a number of different mechanisms.
lternatively, TCAP-1 may increase the proliferation rate of

reated cells (Wang et al., 2005; A. Al Chawaf and D. A.

ig. 9. Effect of TCAP-1 on primary cultures of hippocampal cells. T
mmunostaining. (A) Inverse image of hippocampal cultures. Top pan
ignificantly (P�0.01) greater numbers of cells and cell clusters in
ehicle-treated controls. (C) Histograms of mean pixel intensity (n�4).
etween the treated and untreated cultures. Standard error of the me
ovejoy, unpublished observations), leading to an increase i
n the number of observed axon bundles in the TCAP-1-
reated cells relative to the vehicle-treated cells over the
ame time period.

Changes in dendritic morphology are important, as this
as been implicated in some neurological disorders. Spe-
ifically, the hippocampus is a neuroplastic region of the
rain whose cells, when exposed to effectors, can undergo
orphological changes associated with disorders such as

tress and depression (McEwen, 1999). In our previous
tudies, rats administered with TCAP-1 into the basolateral
mygdala showed a modulated ASR, depending on their

nitial basal level of reactivity (Wang et al., 2005). Rats
lassified as ‘highly reactive’ produced a diminished
esponse, whereas those with ‘low reactivity’ showed
n increased reaction. Repeated i.c.v. administration of
CAP-1 removed the sensitization effect of the ASR. Long-

erm behavioral modulation may involve a number of
echanisms including neurite outgrowth, axon elongation,
athfinding and branching and synaptogenesis. In this
tudy, we tested the hypothesis that a possible mechanism
or the modulatory effect of TCAP on anxiety-related be-
avior may involve elements of neurite growth. Our
resent studies, along with the previous investigations of
eneurin actions, suggest that the TCAP/teneurin system
ay be an important system associated with neuroplastic-

creased the numbers of cells and neurites, as shown by �III-tubulin
le-treated cells, bottom panel TCAP-1-treated cells. (B) There were
P-1-treated cultures (n�4, two-way Student’s t-test) relative to the
nsity distribution was used to determine the overall change in growth

icated.
CAP-1 in
el, vehic
the TCA
ty, learning and anxiety.
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In this manuscript, we have shown that TCAP-1 can
ctivate cAMP production in neurons that also have mor-
hological effect in response to the peptide. However, we
annot be sure that the TCAP-1 effect is entirely specific
ntil we have identified the cognate receptor and deter-

ig. 10. TCAP-1 induced axon growth in primary E18 hippocampal
agnification, scale bar�0.25 mm (B) �100 Magnification, scale bar�
ar�25 �m.
ined its affinity. We have established that TCAP-1 is a
ctive under a number of in vitro and in vivo conditions
Qian et al., 2004; Wang et al., 2005; Lovejoy et al., 2006)
lthough it is not clear whether this effect is direct or

ndirect. One limitation of the present study is the use of
BS as a control, which may not be completely appropri-

. Boxes indicate regions shown in the subsequent image. (A) �40
(C) �4000 Magnification, arrows point to areas of fasciculation, scale
cultures
100 �m.
te. An alternative is to use scrambled or heat-inactivated
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eptides as part of the control. One problem with scram-
led peptides is that they may possess functional motifs
hat can produce additional confounding interactions, such
s the weak antagonistic properties seen with our scram-
led peptide used in this study. On the other hand, small
mphiphilic peptides, similar to TCAP-1, cannot be heat-

nactivated, in the same manner that proteins are, because
hey lack a defined tertiary structure. Their tertiary struc-
ure, and their secondary structure, in part, is defined by
he chemical makeup of their ambient conditions and the
omposition of interacting macromolecules, such as bind-
ng proteins and receptors (Kaiser and Kezdy, 1984). Pep-
ide inactivation can occur under situations that will break

ig. 11. TCAP-1 treatment increased the incidence of fasciculation. Im
r vehicle (B). Fasciculated bundles larger than 4 �m were traced (as

ncrease in fasciculation (t-test with Welch’s correction for unequal va
he highly stable peptide bonds, but this induces peptide m
leavage. In fact, present investigations in our laboratory
ndicate that truncated versions of TCAP-1 do not stimulate
AMP production (Al Chawaf and Lovejoy; manuscript in
reparation). In this study, the amount of peptide added to
he cell culture is insignificant in comparison to the number
f proteinaceous species present in the various growth
edia used and from the secretions from the cells them-

elves, thus it is unlikely that the peptide could possess a
ufficiently strong enough non-specific steric, adhesive or
inding effect on non-target molecules to induce the ob-
erved effects. Many questions regarding the molecular
echanisms of TCAP-1 remain, including whether the ob-

erved peptide effects are due to a direct or indirect

embryonic hippocampal cells cultured in the presence of TCAP-1 (A)
white and indicated with arrows). (C) TCAP-1 resulted in a significant

P�0.0458), scale bar�10 �m.
ages of
shown in
echanism.
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