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Abstract

Exaggerated recall for fear-provoking events leads to abnormal behaviors. We hypothesized that
tuberoinfundibular-peptide-of-39-residues (T1P39) modulates fear memory by limiting long-term
consequences of aversive experiences. We now show that mice lacking TIP39 signaling display
enhanced fear-recall, anxiety and depression-like behavior two weeks after a traumatic event. We
suggest that TIP39 modulates long-term fear recall and that mice lacking TIP39 or its receptor are
tools for investigating fear-related psychopathologies.
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Fear-related psychopathologies (e.g. phobia, post-traumatic stress disorder) are characterized
by impaired memory extinction or exaggerated recall for a fear-provoking event, leading to
strong and lasting trauma-induced changes in anxiety- and depressive-like behaviors.
Patients affected by such pathologies present abnormalities in the serotonergic system, the
noradrenergic system and/or the HPA-axis [1-3]. The complexity of these disorders makes it
difficult to find effective treatments. To improve therapeutic efficacy, it is essential to obtain
a better understanding of the neural basis of fear memory regulation.

Neuroanatomical, physiological and behavioral data suggest a possible role of the
neuropeptide tuberoinfundibular-peptide-of-39-residues (T1P39) in fear memory. Firstly,
TIP39 is synthesized by neurons projecting to brain areas enriched in its receptor, the
parathyroid-hormone 2 receptor (PTH2-R). Prominent among these are regions implicated in
emotional and stress responses and in the formation and expression of memory extinction,
such as the amygdala and the prefrontal cortex [4—6]. Then, we previously showed that mice
lacking the neuropeptide TIP39 show enhanced expression of fear in a classical Pavlovian
fear conditioning paradigm [7] and that TIP39 signaling modulates memory performance
under conditions of emotional arousal [8]. Finally, TIP39 signaling appears to modulate the
HPA-axis [9] and could potentially act on central noradrenergic pathways [8]. Based on
these observations, we hypothesized that TIP39 modulates pathways involved in fear
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memory and could contribute to the expression of long-term consequences of aversive
experiences.

To explore this possibility, we assessed the long-term fear memory in TIP39 knockout
(TIP39-KO0), PTH2-R knockout (PTH2-R-KO) and wild-type (WT) mice after exposure to
an aversive event. For the aversive event, we used a foot shock. In many rodent studies, foot
shock has been regarded as equivalent to the traumatic event that leads to fear-related
psychopathologies in susceptible people (e.g. [10-12]). We also evaluated trauma-induced
anxiety- and depressive-like behaviors employing the elevated-zero maze test, the open-field
test, the light-dark box test and the forced-swim test. We hypothesized that mice lacking
TIP39 signaling would have changes in fear recall and that this would be associated with
other signs of behavioral disturbance.

We tested a total of 100 WT, TIP39-KO and PTH2-R-KO male mice generated from HET X
HET matings and aged 9-11 weeks at the beginning of the experiments. Animals were
single-housed under a reverse light-dark cycle (lights off at 0800h) in polycarbonate cages
(35.5 x 14 x 12.5 cm) starting at least two weeks before the beginning of the experiments.
Bedding, nesting material, food and water were provided ad libitum.

Development of the TIP39 line and the PTH2-R line, their general characterization and their
genotyping have been previously described [7,8,13]. Animals from the TIP39 line were
backcrossed for 8 generations into the C57BL/6J background while animals from the PTH2-
R line were backcrossed for 4 generations into the C57BL/6J background. No general defect
or gross abnormalities could be found except for a germ cell maturation defect in TIP39-KO
mice. However, serum testosterone is not significantly different than WT littermates [13].
All experiments were performed between 0730h and 0930h. The shock application, the test
of conditioned fear recall, the elevated-zero maze test and the open field test were performed
under bright white light (150 Lux) while the light-dark box test and the forced swim test
were performed under dim white light (10 Lux). All procedures were approved by the
NIMH ACUC and strictly followed NIH/ILAR guidelines.

The shock application and test of conditioned fear were performed in a cubic-shaped
chamber with transparent walls and a metal grid floor for shock application. Chambers were
cleaned thoroughly after each trial with a 70% alcohol solution. For shock application, we
modified a previously described protocol [14]: after a 198-sec acclimation period in the
chamber, a single 2-sec scrambled electric foot shock of 1.5mA was administered via the
metal grid. Animals remained in the chamber for another 60-sec before they were replaced
in their home cages. Sessions were video-recorded and freezing behavior, defined as
immobility except for respiration movements, was scored offline during the 198-sec of
acclimation and the 60-sec post-shock period with a stopwatch by a trained experimenter
blind to the animals’ genotypes.

To test for conditioned fear recall, animals were re-exposed to the shock chamber for 3-min
without further shock application and immediately returned to their homes cages. Again, all
sessions were video-recorded and freezing behavior was scored offline with a stop-watch by
an experimenter blind to the animals’ genotypes.

Anxiety-like behaviors were assessed in the elevated-zero maze (EZM) for the TIP39 line,
in the open field for the PTH2-R line and in the light-dark box for both lines. The PTH2-R
line could not be tested in the EZM because a significant number of animals from this line
jumped out of the maze. Instead, we used the open-field test, another test of anxiety
validated for mice. The EZM consisted of a circular platform (outer diameter 46 cm, width
5.5 cm) that was elevated 40 cm above the floor and made of grey plastic. It featured two
open and two enclosed (closed) segments. The closed segments were enclosed by walls
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extending 20 cm above the surface of the maze, while there were no walls in the open
segments. Each test session started by placing the mouse in one of the two open sectors
facing a closed sector. The test session lasted 5-min. Performance was recorded using a
video-camera placed above the EZM and TopScan video tracking software (CleverSys, Inc.,
VA, USA). Measurements of total path traveled and path traveled in the different sectors,
percent of time spent in the open and closed segments and number of open segment entries
were used for further analysis. In addition, the number of feces was counted at the end of the
5-min test session. The mouse was then returned to its home cage and the EZM was cleaned
with a 70% alcohol solution.

The open-field consisted of a dark grey plastic arena (50 cm x 50 cm x 40 cm). Animals
were tested four at a time, in four adjacent arenas, for 10-min. A camera was mounted above
the centre of the four arenas and connected to a video-recorder and TopScan video tracking
software (CleverSys, Inc., VA, USA). After the test, the animals were returned to their home
cages. Measurements of the total path traveled, as well as the time spent and the path
traveled near the walls and in the center of the arena were used for further analysis. The
number of feces was counted at the end of each trial. The arenas were cleaned with a 70%
alcohol solution between trials.

The light-dark box apparatus consisted of an illuminated (925 Lux) and a dark compartment
equally sized (31 x 25 x 30 cm) and connected by a 2 cm diameter aperture at floor level.
The mouse was placed in the bright compartment and allowed to explore the apparatus for 5-
min before being returned to its home cage, following which the box was cleaned with a
70% alcohol solution. The time spent in the bright side and the latency to enter the dark side
were scored offline by an experimenter with a stopwatch blind to the genotype. The number
of transitions between the two compartments was also noted as an index of locomotor
activity.

Depression-like behaviors were tested in both lines in the forced-swim test. Animals were
brought to the procedure room in their home cage at least one hour prior to testing. A clear
Plexiglas cylinder (diameter, 20 cm) was filled with water (24-25 °C). Each mouse was
tested for 6-min. The time spent immobile during the last 4-min of the test was scored
manually with a stopwatch. Immobility was defined as floating motionless or using
movements only necessary to keep the head above water. At the end of testing, mice were
dried with a towel and placed in their home cage on a heating pad until fully dried.

The testing of the animals followed a precise experimental schedule. The animals of each
line exposed to the shock were separated in two cohorts based on the incubation time
following the shock. The first cohort was tested for fear recall and anxiety- and depression-
like behavior one week after the exposure to the shock: 6 days after the shock, animals were
tested for their conditioned fear recall. Seven, 8 and 9 days after the shock they were tested
respectively in the EZM (TIP39 line) or the open field test (PTH2-R line), the light-dark box
test and the forced swim test. The second cohort was tested two weeks after the exposure to
the shock: 14 days after the shock, animals were tested for their conditioned fear recall.
Fifteen, 16 and 17 days after the shock they were tested respectively in the EZM (TIP39
line) or the open field test (PTH2-R line), the light-dark box test and the forced swim test.

Data were analyzed using Prism 4 software (GraphPad Software Inc., SanDiego, CA, USA).
All data were tested for normality with the Kolmogorov-Smirnof test. The two cohorts of
WT and TIP39-KO and, WT and PTH2-R-KO, tested one week and two weeks after the
shock were independent groups of animals. Thus, data from each cohort were tested
independently using t-tests to assess for a genotype difference at each incubation time.
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Statistical significance was set as p<0.05 and trend as p<0.1. All data are presented as mean
+ standard error of the mean.

We first observed that exposure to a single shock induces higher fear recall in mice lacking
TIP39 signaling 14 days but not 6 days after the shock. We controlled for spontaneous
freezing in the shock chamber prior to the shock exposure. We observed a very low level of
freezing in response to the exposure to the unfamiliar chamber in the TIP39 line (WT=0.09
+ 0.06%; TIP39-K0O=0.22 + 0.11%; t4g=1.07, p=0.290 — Figure 1a) and in the PTH2-R line
(WT=0.03 £ 0.03%; PTH2-R-K0=0.18 + 0.10%; t,g=1.34, p=0.186 — Figure 1b). We also
controlled for the direct response of the animals to the shock by recording the freezing
behavior for the 60 seconds following the shock. We observed no difference between WT
and TIP39-KO mice (6.74 + 1.31% and 5.03 + 0.78%, respectively; t4g=1.09, p=0.280 —
Figure 1a) or between WT and PTH2-R-KO mice (9.68 + 1.85% and 6.95 + 1.13%,
respectively; t4g=1.28 p=0.206 — Figure 1b). Therefore, the foot shock experience did not
differ between genotypes.

We assessed fear recall by analyzing the freezing response of mice 6 or 14 days after
exposure to the shock. We first observed that the freezing level of all animals was low, when
compared to data found in other studies testing the C57BI/6 strain in a fear conditioning
paradigm. This low level of freezing could be the results of both the genetic background of
our transgenic lines and the housing/testing conditions: genetic background significantly
affects the behavior of transgenic animals [15,16] and inbred mouse strains differ
significantly in their contextual fear conditioning [17,18]. Our mice were produced with
embryonic stem cells derived from a SVV129 strain and were then crossed with another
strain, C57BL/6J. Thus the behavioral testing was performed on a mixed genetic
background which could have resulted in lower levels of freezing than the one observed in
the C57BI/6 inbred strain. Then, our mice were housed under a reverse light-dark cycle and
testing was performed during the animal’s active (dark) phase. It has been reported [19] that
when comparing the performance in a fear conditioning paradigm of animals during the day
and night, mice acquired the conditioning faster in the day than in the night. Furthermore,
the recall for context consistently peaked during the day and mice trained at night exhibited
a greater degree of extinction than mice trained during the day. It has been suggested that
that the ability to learn the fear-conditioning task is modulated by the circadian system [19]
and testing our mice during their dark phase might have resulted in lower level of freezing.
Finally, another factor that might have contributed to the low level of freezing in our
experiment is the method we used to measure freezing. Instead of using an automated
system (e.g. beam break or motion detection softwares), we manually recorded the level of
freezing based on a more rigorous definition of freezing than the one used by automated
systems.

In the TIP39 line, we did not observe a genotype effect 6 days after the shock (WT: 7.77 £
0.86%; TIP39-KO: 8.39 + 1.38%; t,;=0.38, p=0.709). However, 14 days after the shock
TIP39-KO mice showed increased freezing over WT (WT: 11.58 + 2.68%; TIP39-KO:
19.35 + 1.93%; ty6=2.29, p=0.031 — Figure 1a). Similarly, in the PTH2-R-KO line, WT and
PTH2-R-KO mice did not present a different freezing response when re-exposed to the
context 6 days after the shock (WT: 7.38 + 1.54%; PTH2-R-KO: 11.03 £ 2.00%; t;7=1.43,
p=0.172). But mice lacking a functional PTH2-R showed a higher level of freezing than the
WT 14 days after the shock (WT: 11.68 + 2.29%; PTH2-R-KO: 19.56 + 2.99%; ty9=2.07,
p=0.048 — Figure 1b).

We also observed that fear incubation leads to increased anxiety- and depression-like
behavior in mice lacking TIP39 signaling. In the TIP39 line, one week after the shock, no
difference between WT and TIP39-KO mice was observed in the EZM test, the light-dark
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box test or the forced swim test (Figure 2). Two weeks after the shock, we observed that
TIP39-KO mice entered the dark compartment sooner (t,5=2.85, p=0.009 — Figure 2a) and
spent less time on the bright side (to5=3.67, p=0.001 — Figure 2b) during the light-dark box
test. This was not linked to difference in locomotor activity since the number of transitions
from one compartment to the other did not differ between the two genotypes (WT:
7.20£1.08 vs. TIP39-KO 9.50+1.34; ty5=1.35, p=0.188). In the EZM test, TIP39-KO mice
had a higher level of locomotion in the open section of the maze compared with WT
(t26=2.09, p=0.046 — Figure 2c). No other parameters from the EZM were affected by the
genotype. In the forced swim test, we observed greater immobility in TIP39-KO than WT
mice (t;7=3.18, p=0.005 — Figure 2d). In the PTH2-R line, we observed no difference
between the WT and the PTH2-R-KO one week after the shock in the open field test, the
light-dark box test or the forced swim test (Figure 3). Two weeks after the shock, 4 out of 10
PTH2-R-KO mice tested in the open field had to be removed from the analysis because of a
high level of freezing in the arena, as demonstrated by a very low level of locomotion (total
path traveled was significantly lower than the mean value — 2 SEM). Similarly, 3 PTH2-R-
KO mice had to be removed from the analysis of the light-dark box because of very low
locomotor activity (0 or 1 transition between the two compartments). When these animals
were removed, we observed a strong trend for the PTH2-R-KO mice to travel a longer
distance near the walls and to spend more time near the walls than the WT during the open
field test (t14=2.13, p=0.051 and t14=2.11, p=0.054, respectively — Figure 3a and b). In the
light-dark box test, no significant difference between WT and PTH2-R-KO mice was
detected (Figure 3c). In the forced-swim test, we observed that PTH2-R-KO mice spent
more time immobile than WT mice (t;g=2.11, p=0.049 — Figure 3d).

In the present study we tested whether the TIP39/PTH2-R system could modulate pathways
mediating fear memory and contribute to the long-term consequences of an aversive
experience. One week after exposure to a traumatic event in the form of a foot shock,
TIP39-KO and PTH2-R-KO mice did not differ from the WT mice in their fear recall or
trauma-induced anxiety- and depression-like behaviors. However, mice lacking the
neuropeptide TIP39 or with an inactivating mutation in its receptor, the PTH2-R, showed
enhanced contextual fear memory two weeks after the presentation of the shock. This
increased fear memory was associated with an increased level of anxiety-like and with signs
of depressive-like behavior. The present behavioral data suggest involvement of TIP39
signaling in the modulation of fear memaory recall and in the long-term consequences of
exposure to an aversive event.

Mice with or without TIP39 signaling displayed high level of freezing when placed in the
context in which they received a foot shock one week earlier. The absence of TIP39
signaling does not seem to alter the ability of mice to remember the context in which they
encountered an aversive event after a one-week delay. This suggests that TIP39 is not
critically involved in pathways required for the acquisition, consolidation or short-term
recall of an aversive event. Two weeks after the shock, WT mice still displayed high level of
freezing to the context but TIP39-KO and PTH2-R-KO mice froze significantly more. This
enhanced contextual fear memory of mice lacking TIP39 signaling cannot be attributed to
higher spontaneous freezing since they did not show higher freezing behavior before the
conditioning. This indicates that mice lacking TIP39 or the PTH2-R were not more prone to
freezing when introduced to a novel environment. Furthermore, the immediate response to
the shock of TIP39-KO and PTH2-R-KO mice was similar to that of the WT and we noted
in a previous study that mice lacking TIP39 showed normal nociceptive response to a foot
shock [7]. Therefore differences in freezing behavior two weeks after the shock are not
likely to be caused by an increased nociceptive responsiveness to foot shock. The enhanced
long-term fear recall in mice lacking TIP39 signaling is most likely to be explained by
changes in fear memory pathways.
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Associated with this enhanced fear recall two weeks after the shock, mice without TIP39
signaling showed a high level of anxiety- and depression-like behaviors. TIP39-KO mice
spent less time in the bright side of the light-dark box and spent more time immobile in the
forced-swim test. PTH2-R-KO mice spent more time near the walls of the open field and
more time immobile in the forced swim-test. We did not detect an increase in anxiety-like
behavior in the PTH2-R-KO mice in the light-dark box using the standard parameters.
However, 40% and 30% of PTH2-R-KO mice displayed a very low level of locomotion (i.e.
high freezing) when placed in the open-field and the light-dark box, respectively. These
animals had to be removed from the analysis, significantly reducing our sample size, and
thus, the power of our statistical analysis. Thus, increased anxiety-related behavior could
have prevented us from finding a significant difference between the PTH2-R-KO and WT
mice in the time spent in the bright side of the light-dark box. Furthermore, we cannot
exclude the possibility that this disruption in locomotor activity in the PTH2-R line could be
responsible for the differences between the phenotypes of the two lines. Altogether, our data
indicate that not only do mice lacking TIP39 signaling have an exaggerated response to cues
reminding them of the shock, but two weeks after the traumatic event, they still displayed
high anxiety and depression-like behaviors in a context that is independent of the aversive
event. We also noticed that TIP39-KO mice had a higher level of locomotor activity in the
open segment, but not the closed segment of the elevated-zero maze. A priori, this could
indicate increased exploration in the open segment, but since the time spent in the open
segment and the locomotor activity in the closed segment were not affected by the genotype,
this high level of locomotor activity could actually reflect increased arousal in a fearful
context. This anxious and depressive phenotype in mice lacking TIP39 signaling was not
observed one week after the aversive event indicating that it is not a direct effect of the lack
of TIP39 signaling. Rather, it reflects abnormal long-term consequences of exposure to an
aversive event in TIP39-KO and PTH2-R-KO mice. We suggest that normal TIP39
signaling lessens the long-term consequences of a traumatic event, while the absence of
TIP39 signaling delays recovery or allows deleterious incubation effects. We suggest that
the neuropeptide TIP39 could be involved in mechanisms that normally limit long-term
behavioral changes following exposure to a traumatic event. However, more studies will be
required to confirm this hypothesis. In the experiments described here separate groups of
animals were tested one and two weeks after shock. It will be important to study a large
cohort evaluated at several times following shock so that the effect of time can be rigorously
evaluated.

The two-week delay necessary to observe a significant difference between mice with or
without TIP39 signaling is not surprising. Previous studies have shown that a period of non-
disturbance, or incubation, of 7 days is necessary to differentiate between strains of mice
that do or do not develop strong and lasting fear responses and physiological and behavioral
abnormalities following an aversive event [11,15,20]. It has also been demonstrated that
contextual fear conditioning relies on the short-term acquisition of configural information,
which relies on the hippocampus, and on long-term fear recall, which employs the prefrontal
cortex [21]. The behavioral changes observed in TIP39-KO and PTH2-R-KO mice
preferentially 2 weeks after the shock relate well with the neuroanatomical data showing that
TIP39 neurons project to the medial prefrontal cortex, but not the hippocampus. This
suggests that the neuropeptide TIP39 may influence fear regulatory pathways, especially
those controlling long-term fear recall, possibly by acting at the prefrontal cortex level.
Altogether, our findings suggest that mice lacking TIP39 signaling could be used as a tool to
help shed light on how the long-term consequences of traumatic experiences develop and
open a new avenue to the study of fear-related psychopathologies such as post-traumatic
stress disorder.
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Figure 1.

Freezing behavior expressed as the percent of time spent freezing in the conditioning
chamber before the shock, directly after the shock and 1 week (Day 6) and 2 weeks (Day 14)
after the shock in WT and TIP39-KO mice (a) and in WT and PTH2-R-KO mice (b). 6 days
after shock: TIP39 line: WT n= 11, TIP39-KO n=11; PTH2-R line: WT n=9, PTH2-R-KO
n=10; 14 days after shock: TIP39 line: WT n= 15, TIP39-KO n= 13; PTH2-R line: WT
n=15, PTH2-R-KO n=16. * p<0.05.
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Figure 2.

Behavioral response of WT and TIP39-KO mice 1 week and 2 weeks after exposure to the
foot shock. (a) Latency to enter the dark compartment of the light-dark box; (b) Percent of
time spent in the light compartment of the light-dark box; (c) Distance traveled in the open
section of the elevated-zero maze; (d) Time spent immobile in the forced-swim test. 1 week
after shock: light-dark box WT n= 9, TIP39-KO n=9; elevated-zero maze WT n= 11,
TIP39-KO n= 11, forced-swim test WT n= 4, TIP39-KO n= 4; 2 weeks after shock: light-
dark box WT n= 15, TIP39-KO n= 12; elevated-zero maze WT n= 15, TIP39-KO n= 13;
forced-swim test WT n= 11, TIP39-KO n= 8. * p<0.05.
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Figure 3.

Behavioral response of WT and PTH2-R-KO mice 1 week and 2 weeks after exposure to the
foot shock. (a) Distance traveled near the walls of the open-field; (b) Percent of time spent
near the walls of the open-field; (c) Percent of time spent in the light compartment of the
light-dark box; (d) Time spent immobile in the forced-swim test. 1 week after shock: open-
field WT n=9, PTH2-R-KO n=10, light-dark box WT n=9, PTH2-R-KO n=10, forced-swim
test WT n=3, PTH2-R-KO n=3; 2 weeks after shock: open-field WT n=10, PTH2-R-KO
n=10, light-dark box WT n=10, PTH2-R-KO n=10, forced-swim test WT n=10, PTH2-R-
KO n=10; T p=0.051; t p=0.054; * p<0.05.
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