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bstract

The teneurin C-terminal associated peptides (TCAP) are a recently discovered family of peptides encoded by a bioactive neuropeptide-like gene
equence found at the carboxy terminus of the teneurin transmembrane proteins. TCAP is structurally related to the corticotropin-releasing factor
CRF) family of peptides. Synthetic TCAP-3 and TCAP-1 are active in vitro in stimulating cAMP and proliferation in neuronal lines. TCAP-1
RNA is expressed in limbic brain regions and modulates acoustic startle behavior in rats when injected into the basolateral amygdala. In the

urrent study, TCAP-1 was administered into the cerebral ventricles once per day for 5 days to rats. At 1–3 weeks after the last TCAP-1 treatment,

he rats were tested in the elevated plus maze, open field test, or the acoustic startle test, with or without an acute CRF injection 30 min prior to the
est. The results show a difference in behavioral response between TCAP-treated and saline-treated rats, but only when an acute CRF challenge
s delivered prior to testing. In the plus maze and open field tests, acute CRF effects were enhanced by prior TCAP-1 treatment, whereas in the
coustic startle test, the acute CRF effects were diminished by prior TCAP-1 administration.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The teneurin C-terminal associated peptides (TCAP) are
recently discovered family of neuropeptides [13,23]. This

eptide is encoded by a bioactive neuropeptide-like sequence
resent at the carboxy terminus of the teneurin transmembrane
roteins. The teneurins are a family of four highly conserved
roteins that belong to a novel class of signalling molecules
22], each of which possesses the TCAP sequence at the C-
erminus (TCAP1-4). The TCAP sequence encodes a peptide

0 or 41 amino acids long, and is flanked by a cleavage motif
n the amino terminus and an amidation motif on the carboxy
erminus, characteristic of bioactive peptides.
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We have previously reported that the mRNA containing
he TCAP-1 sequence is expressed in key forebrain and lim-
ic regions of the rat brain involved in regulating emotion
nd responses to stress [23]. In vitro, TCAP-1 induces a
ose-dependent change in cyclic AMP accumulation and MTT
ctivity in immortalized mouse neurons. We have also shown
hat synthetic rainbow trout TCAP-3 increases cAMP, stimu-
ates proliferation, and regulates teneurin-1 gene expression in
neuronal cell line [13]. TCAP-1 increases neurite outgrowth

n part by inducing �-tubulin transcription and translation in
mmortalized mouse hypothalamic neurons and rat hippocam-
al primary cultures [1]. In addition, TCAP-1 alters the acoustic
tartle response in rats when injected into the basolateral amyg-
ala or into the cerebral ventricles, suggesting that it may play

role in regulating emotional behavior [23].

The TCAP sequence has some primary structure similarity to
hat of the corticotropin-releasing factor (CRF) family of pep-
ides. The TCAP peptides show 13–21% identity at the amino

mailto:laura.tan@utoronto.ca
dx.doi.org/10.1016/j.bbr.2007.10.032
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cid level to the CRF family of peptides [23]. In fact, the TCAP
equence was discovered during a low-stringency screen for
aralogous genes to the CRF family [13]. The CRF family of
eptides is well known for its involvement in behavioral and
hysiological responses to stress [5,12]. Dysregulation of the
RF system is widely believed to be involved in the pathophys-

ology of psychiatric disorders [10,18] and drug dependence
3,6]. Furthermore, pharmacological manipulations of the CRF
ystem may be important in their treatment [11].

Previously, we showed that repeated injections of TCAP
ad long-lasting effects on acoustic startle behavior [23]. In
he current study, we examine the effects of repeated intrac-
rebroventricular (ICV) injection of synthetic TCAP-1 to rats
n three different animal models of anxiety: the elevated plus

aze, the open field test, and the acoustic startle test. In addi-
ion, we examined the interaction of this regimen of TCAP-1
reatment with an acute ICV injection of CRF, a known stres-
or, to study the potential interactions of TCAP with CRF, given
heir structural similarity.

. Methods

.1. Animals

Male Wistar rats weighing 250–300 g were obtained from Charles River
aboratories (Montreal, Canada). Rats were singly housed in Plexiglas shoebox
ages under standard laboratory conditions (food and water available ad libitum,
emperature 21 ± 1 ◦C, lights on at 0700, off at 1900). All testing took place
etween 0900 and 1700. Rats were given 1 week to acclimatize to the laboratory
efore surgery. All procedures were approved by the local animal care committee
nd were in accordance with the Canadian Council on Animal Care.

.2. Surgery

The rats were anaesthetized with 1–4% isoflurane/oxygen gaseous mix and
t into a stereotaxic apparatus. A mid-line incision was made along the top
f the head, exposing bregma; the cannula was implanted into the right lateral
entricle using the following flat-skull stereotaxic coordinates: AP −1.0 mm,
L +/−1.4 mm and DV −2.7 mm from dura [14]. A 22-gauge guide cannula

Plastics One, Roanoke, VA, USA) was fixed to the skull with dental acrylic
nd jewellers’ screws. Dummy guides were placed into the cannulae to prevent
lockage and to prevent debris from entering the brain. The animal was kept
arm under a lamp until regaining consciousness.

.3. Drugs

Synthetic mouse 10−4 M TCAP-1 was synthesized and prepared for injection
s previously described [23]. CRF (Sigma–Aldrich, Oakville, ON) was dissolved
n saline at a concentration of 1 �g/�l.

There were 6 treatment groups for the elevated plus maze and open field:
CAP + CRF (0 �g), TCAP + CRF (1 �g), TCAP + CRF (3 �g), SAL + CRF

0 �g), SAL + CRF (1 �g), and SAL + CRF (3 �g). There were 4 treat-
ent groups for acoustic startle: TCAP + CRF (0 �g), TCAP + CRF (3 �g),
AL + CRF (0 �g), and SAL + CRF (3 �g).

.4. Injections
Beginning 1 week after surgery, the rats used for elevated plus maze and open
eld tests were injected (ICV) once daily with 300 pmol (3 �l of 10−4 M) TCAP-
or saline (for control) for 5 days. The injection was delivered at the speed of
�l/min by a syringe pump (Razel Scientific Instrument Inc., Stamford, USA).
rugs were infused using a 28-gauge stainless steel injector that extended 1 mm

o
o
E
N
t

ig. 1. (Top) Treatment and experiment timeline for the elevated plus maze and
pen field tests. (Bottom) Treatment and experimental timeline for the acoustic
tartle test.

elow the cannula guide tip. The injector was left in place for a period of 60 s
ollowing infusion to prevent backflow up the cannulae.

Details of the injection schedule and testing procedure are depicted in Fig. 1.
ollowing the five injection days, the rats used for elevated plus maze and open
eld were not injected or tested for a period of 7 days (Fig. 1, top). On the 7th
ay after cessation of injections (day 12), the rats were tested on the elevated
lus maze. On the 11th day after the injections (day 16), the rats were tested in
he open field.

A separate group of rats was used for the startle testing. For the rats tested
n the acoustic startle test, there were 5 days of TCAP-1 injections, followed by
days without treatment, and were tested as shown in Fig. 1 (bottom).

Acute ICV injections of CRF (0, 1, 3 �g) were administered by syringe pump
0 min prior to behavioral testing in the case of the plus maze and open field
ests, and immediately before testing in the case of the startle test. Only the 0
nd 3 �g doses of CRF were used in the startle test.

.5. Elevated plus maze

The elevated plus maze test was conducted using a standard plus maze
pparatus elevated 65 cm above the floor, consisting of two enclosed arms
50 cm × 10 cm) and two open arms (50 cm × 10 cm). The enclosed arms had
alls 40 cm high. The four arms were joined at the center by a 10 cm square
latform. The apparatus was painted flat black and was illuminated by a dim red
ight (25 W bulb). The maze was cleaned with mild soap and ethanol between
ests.

On the 7th day after the end of the TCAP injections, the rats were injected
CV with CRF (0, 1 or 3 �g). Thirty minutes later, the animals were placed
ndividually in the center of the plus maze facing one of the open arms. Behavior
as recorded for 5 min by a digital camera suspended above the maze. This

ignal was tracked, quantified, and analyzed using an Ethovision® video tracking
ystem (Noldus Information Technology, Utrecht, Netherlands).

.6. Open field test

On the 11th day after the end of the TCAP injections (4 days after the plus
aze test), the rats were tested for locomotor activity in the open field test. The

pparatus consisted of a 50 cm × 50 cm arena with 40 cm high walls made of
lack particle board. A 30 cm × 30 cm square in the center of the open field was
efined as the center zone for data analysis.

Animals received injections of either 0, 1, or 3 �g CRF (ICV) 30 min prior
o testing. At test time, the rats were gently placed in the apparatus at the start
f the session, and their movement was recorded by a digital camera mounted

ver the apparatus. This signal was tracked, quantified, and analyzed using an
thovision® video tracking system (Noldus Information Technology, Utrecht,
etherlands). The apparatus was illuminated by a dim red light (25 W bulb). All

ests were 60 min in duration.
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Fig. 2. Percent of control data for the elevated plus maze test. Top panel shows
percent open arm time, and bottom panel shows percent open arm entries for
the three treatment groups. Percent open arm time and entries was significantly
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.7. Acoustic startle

The rats (n = 16) were tested for acoustic startle responses in sound-
ttenuated acoustic startle reflex (ASR) chambers (Med Associates, Inc., St.
lbans, VT, grid rod cage measuring 7.5 in. × 3.6 in. × 4.2 in.). Background
oise was set at 70 dB of white noise. One week following surgical implan-
ation of cannulae into the lateral ventricles, the rats were given a session of
0 presentations of an acoustic stimulus (120 dB) with a 50–70 s inter-stimulus
nterval. Each stimulus was presented for a period of 30 ms, at a frequency
f 5000 Hz. This data was used to match the rats into two treatment groups
n the basis of baseline startle responses. The rats then received 5 consecu-
ive days of ICV injections of either TCAP or saline as described above. On
ay 14 after the injections, the rats were tested in the acoustic startle test. Rats
eceived a 5-min acclimation period followed by 60 presentations of 120 dB stim-
li with an inter-stimulus interval of 50–70 s. Startle responses were measured
nd recorded by the proprietary software associated with the startle apparatus
Med Associates, Startle Reflex version 4.10). Analysis of the data indicated
here was no difference between the groups. Therefore, on day 24 after the
CAP injections, the rats were tested with an acute injection of CRF. On the

est day, the rats received a 25 min baseline startle session, following which
hey were removed from the startle chambers, and injected with 3 �g of CRF
3 �l) and then were immediately placed back in the startle apparatus for a
urther 75 presentations of startle stimuli using the same parameters as above.
t the end of behavioral testing, the brains were examined for cannulae place-
ents.

.8. Data analysis

Behavior in the plus maze and open field tests was quantified using
thovision® proprietary software. Startle data was collected using MedAsso-
iates proprietary software. Raw data from both of these programs was then
ransferred to Microsoft Excel for sorting and analysis. Statistical analysis of all
ata was carried out with GraphPad Prism version 4.0 as described below. Only
ata from rats with confirmed cannula placements were used.

. Results

.1. Elevated plus maze

Data for TCAP + CRF (0 �g), TCAP + CRF (1 �g),
CAP + CRF (3 �g) (n = 11, 8, 8, respectively), and SAL + CRF

0 �g), SAL + CRF (1 �g), SAL + CRF (3 �g) (n = 10, 13, 7,
espectively), were obtained. TCAP group data was converted
o a percent of control for the corresponding saline group at
ach dose of CRF (0, 1, 3 �g). Percent open arm time was
alculated as [open arm time/(total arm time) × 100]; percent
pen arm entries was calculated as [open arm entries/(total arm
ntries) × 100]. These values were analyzed by a one-sample
-test against a hypothetical mean of 100% (Fig. 2, top).

The TCAP + CRF (1 �g) group differed significantly from
he SAL + CRF (1 �g) control (t = 2.718, p = 0.0299) for percent
f open arm time, with a mean 38% less time spent on the open
rms than that of control animals. Similarly, the TCAP + CRF
1 �g) group significantly differed from its saline control in open
rm entries (t = 4.986, p = 0.0016), with a mean 36% less entries
han the SAL + CRF (1 �g) group (Fig. 2, bottom).

.2. Open field test
Data for TCAP + CRF (0 �g), TCAP + CRF (1 �g),
CAP + CRF (3 �g) (n = 7, 7, 6, respectively), and SAL + CRF

0 �g), SAL + CRF (1 �g), SAL + CRF (3 �g) (n = 7, 6, 7,

b
t
T
t

educed in the TCAP + CRF (1 �g) group relative to the SAL + CRF (1 �g)
roup, indicating that TCAP pre-treatment potentiated the effects of the acute
njection of 1 �g CRF. (*p < 0.05).

espectively) were obtained. TCAP group data was converted
o a percent control for the corresponding saline group at each
ose of CRF (0, 1, 3 �g).

Several measures of locomotor behavior were examined: total
istance traveled, distance traveled in the center zone, time spent
n the center zone, and entries into the center zone. For distance

oved, a 2 cm minimum distance was required to be scored as
enuine displacement. Data is presented in Fig. 3.

The TCAP + CRF (3 �g) group differed significantly from
ontrol in total distance traveled (t = 4.596, p = 0.0059), with a
ean 28% less distance traveled than the SAL + CRF (3 �g)

roup. Both the TCAP + CRF (1 �g) and the TCAP + CRF
3 �g) groups differed from their controls in center distance trav-
led (t = 2.688, p = 0.0371; t = 2.523, p = 0.053, respectively),
lthough the TCAP + CRF (3 �g) group did not differ signifi-
antly from its control at the 0.05 level. In a measure of center
ntries, the TCAP + CRF (3 �g) group significantly differed
rom control (t = 5.263, p = 0.0033) with a mean of 51% of con-
rol values. Finally, centre time differed significantly between

oth TCAP + CRF (1 �g) and TCAP + CRF (3 �g) from its con-
rols (t = 3.339, p = 0.0156; t = 3.9, p = 0.0114, respectively). The
CAP + CRF (1 �g) group spent 52% less time in the center of

he open field over the SAL + CRF (1 �g) controls, while the
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Fig. 3. Percent of control data for the open field test. Rats treated with TCAP + CR
compared with their saline pre-treated controls. (*p < 0.05).

Fig. 4. (Top) Average startle for rats previously treated for 5 days with either
vehicle or TCAP. Data is shown in 5 min bins over the 75 min post-injection
period. All rats received an ICV injection of CRF (3 �g) immediately before
testing. (Bottom) The startle scores for the last 15 min of the test were averaged
for each rat. (*p < 0.05).
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F had significantly lower total distance, and center distance, time, and entries

CAP + CRF (3 �g) group spent 49% less time in the center of
he open field over the SAL + CRF (3 �g) controls.

.3. Acoustic startle

Data from 16 rats were included (TCAP, n = 8; Saline, n = 8).
he startle data was analyzed using a two-factor repeated
NOVA with “time” and “drug treatment” as factors. There was
significant interaction of time and drug treatment (F = 1.795,
= 0.0415), and time (F = 2.326, p = 0.0055) (Fig. 4, top). Given

he significance of these findings, further analysis of the data
as carried out on the last 15 min of the test only. This time
as chosen because the effects of CRF on startle responses are
ot evident until approximately 60 min post-injection [8,20]. An
verage startle score was calculated for each rat, and these val-
es were analyzed with an unpaired t-test. This analysis revealed
significant difference between the mean startle values for the

wo groups (t = 2.232, p = 0.0424) (Fig. 4, bottom).

. Discussion

The data presented in this study indicate that repeated ICV
CAP-1 administration has long-lasting effects on behavioral

esponses to CRF in rat models of anxiety. It is important to
ote that by itself, TCAP-1 had no effect on performance in
he startle, elevated plus maze, or open field tests. Thus, there
ere no gross motor effects, or effects on baseline levels of

nxiety or exploratory behavior. However, TCAP-1 did affect

ehavior in the presence of a CRF challenge. This indicates that
CAP-1 may be acting as a behavioral modulator. This finding

s supported by our previous work [23], which showed that an
cute TCAP-1 injection into the basolateral amygdala of rats
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ad differential effects on the startle response depending upon
he rat’s baseline reactivity.

The elevated plus maze has been used extensively as a
odel of anxiety [4,16]. Anxiolytic manipulations will gener-

lly increase open arm time and entries, whereas anxiogenic
reatments generally decrease them. In the present plus maze
est, the TCAP-treated rats showed a potentiated effect of CRF
1 �g) treatment. Rats treated with TCAP + CRF (1 �g) showed
ecreased percent open arm time and entries relative to rats
reated with SAL + CRF (1 �g). This is consistent with an anx-
ogenic effect of CRF, and with literature reports that the percent
ime spent in the open arms of the elevated plus maze is signifi-
antly reduced in rats 30 min after an ICV infusion of 1 �g CRF
17].

The open field test involves placing a rat in an arena, and mea-
uring the distance travelled as well as the time spent in different
ectors of the arena. It measures locomotor activity, exploration
nd response to a novel, aversive environment. Rats will gen-
rally avoid the center portion of the chamber, and anxiolytic
anipulations will increase time spent, as well as distance trav-

lled, in the center portion of the chamber. In the open field test,
CAP pre-treatment potentiated the effects of an acute injection
f CRF. Rats pre-treated with TCAP and acutely treated with
RF (1 or 3 �g) showed decreased total locomotion, as well
s time, entries and distance travelled in the center zone, rel-
tive to their SAL pre-treated controls. Only under conditions
f a CRF challenge did differences between the TCAP-treated
nd SAL-treated rats appear. The CRF effect of decreased total
ocomotion and decreased center activity is consistent with an
nxiogenic effect of CRF. Although CRF can have behavioral
ctivating effects in rats, CRF-treated rats show decreased loco-
otion and rearing when tested in a novel, aversive environment

2,7,19]. Thus, TCAP pre-treatment appears to have potentiated
he effects of the acute CRF injection.

In the startle test, in contrast to the plus maze and open field
ests, TCAP pre-treatment did not enhance the effects of an acute
RF injection, but rather, prevented the CRF-induced increase

n startle. However, following CRF administration, the saline-
reated rats showed the characteristic increase in startle response
ne hour after injection, whereas the TCAP-treated rats did not.
sing a similar design, Swerdlow and Britton [20] found that
RF injected ICV at a dose of 1 �g increased acoustic startle

esponses at 60 min, but not immediately, after injection. Liang
t al. [8] also reported this delayed effect, which is consistent
ith our results.
Although it appears contradictory that TCAP would poten-

iate the effects of CRF in some behavioral tests (plus maze,
pen field) and block the effects of CRF in another (acoustic
tartle), paradoxical observations among behavioral paradigms
s not unprecedented in the literature. Other studies have noted
nxiolytic-like effects in some behavioral tests but not in others.
or example, Roman Low Avoidance (RLA) rats show signif-

cant fear potentiation in the acoustic startle test, as compared

ith Roman High Avoidance (RHA) rats, but RLA have sim-

lar or even less anxiety in the open field and plus maze tests
han RHA [24]. Alphaxalone, a steroid anaesthetic that acts on
he GABA/benzodiazepine receptor, decreases CRF-enhanced
esearch 188 (2008) 195–200 199

tartle without affecting CRF-enhanced locomotor activity [20].
hus, an anxiolytic response in one anxiety-related task does
ot necessarily mean that an anxiolytic response will be seen in
ther anxiety-related tasks.

It is also interesting to note that the tests of exploration (open
eld, plus maze) show consistent behavioral effects with each
ther, whereas the test of a reflexive fear response (startle) shows
different effect. The demands of different behavioral tasks not
nly assess different types of fear or anxiety behavior, but will
ikely recruit different brain regions. For example, the amygdala
s the critical substrate for CRF-enhanced startle [9], but not for
RF-enhanced locomotion [21]. We have previously reported

hat TCAP-1 mRNA is highly expressed in the basolateral and
entral nuclei of the amygdala, and that acute TCAP-1 injections
nto the basolateral amygdala have modulatory effects on acous-
ic startle that depend upon the baseline reactivity of the rat [23].
RF may differentially regulate the nuclei of the basolateral and
entral amygdala due to heterogeneity of its receptors in these
egions [15]. In addition, other brain regions such as the hip-
ocampus may be more important in mediating performance in
xploratory tasks than in tasks involving unconditioned reflex-
ve behavior. Thus, the interactions between TCAP and CRF in
ifferent brain regions may be one mechanism by which the dif-
erential behavioral responses are elicited in different paradigms.

Our results may also indicate that the interaction between
CAP and CRF is more complicated than a simple potentia-

ion or blockade of effect, and may depend upon the baseline
eactivity of the rats or the environmental context.

In conclusion, we have shown that 5 days of ICV treatment
ith TCAP-1 alters rats’ behavioral response to an acute injec-

ion of CRF in the elevated plus maze, open field and acoustic
tartle tests. TCAP-1 treatment did not alter baseline behavior
n these tests. However, when challenged with an acute CRF
njection, rats previously treated with repeated TCAP injec-
ions showed a different response to CRF than did saline-treated
ontrols. In the case of the locomotion and plus maze tests,
CAP-1 treated rats showed a potentiation of the CRF effect,
hereas in the acoustic startle test, TCAP-1-treated rats showed

n attenuation of the CRF effect. These data indicate that TCAP
ay interact with the CRF system in modulating anxiety-related

ehavior.
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