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a-Ca”"/Calmodulin-Dependent Protein Kinase II
Contributes to the Developmental Programming of Anxiety
in Serotonin Receptor 1A Knock-Out Mice

Luisa Lo Iacono and Cornelius Gross
Mouse Biology Unit, European Molecular Biology Laboratory, 00015 Monterotondo, Italy

Mice lacking the serotonin receptor 1A [Htrla knock-out (Htr1a*®)] display increased innate and conditioned anxiety-related behavior.
Expression of the receptor in the mouse forebrain during development is sufficient to restore normal anxiety-related behavior to
knock-out mice, demonstrating a role for serotonin in the developmental programming of anxiety circuits. However, the precise devel-
opmental period as well as the signaling pathways and neural substrates involved in this phenomenon are unknown. Here, we show that
pharmacological blockade of the receptor from postnatal day 13 (P13)-P34 is sufficient to reproduce the knock-out phenotype in
adulthood, thus defining a role for serotonin in the maturation and refinement of anxiety circuits during a limited postnatal period.
Furthermore, we identify increases in the phosphorylation of a-Ca*"/calmodulin-dependent protein kinase IT (aCaMKII) at threonine
286 in the hippocampus of young Htr1a*° mice under anxiety-provoking conditions. Increases in «CaMKII phosphorylation were most
pronounced in the CA1 region of the hippocampus and were localized to the extrasynaptic compartment, consistent with a tissue-specific
effect of the receptor. No changes in «CaMKII phosphorylation were found in adult knock-out mice, suggesting a transient role of
aCaMKII as a downstream target of the receptor. Finally, the anxiety phenotype was abolished when knock-out mice were crossed to mice
in which aCaMKII phosphorylation was compromised by the heterozygous mutation of threonine 286 into alanine. These findings
suggest that modulation of aCaMKII function by serotonin during a restricted postnatal period contributes to the developmental

programming of anxiety-related behavior.
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Introduction

Mice lacking serotonin receptor 1A [Htrla knock-out
(Htr1a%°)] display increased behavioral inhibition and avoid-
ance in tests of innate anxiety-related behavior such as in the
open field, elevated plus maze, elevated zero maze, and novelty-
suppressed feeding tests (Heisler et al., 1998; Parks et al., 1998;
Ramboz et al., 1998; Gross et al., 2002). In addition, Htr1a*®
mice exhibit increased conditioning to ambiguous, but not
nonambiguous cues, a hallmark of human anxiety (Klemenhagen
et al., 2006; Tsetsenis et al., 2007). Inhibition of dentate gyrus
granule cells in the hippocampus is able to reverse the
ambiguous-cue conditioning phenotype of Htr1a"° mice, sug-
gesting that defects in hippocampal processing contribute to the
anxiety-related phenotype in these animals (Tsetsenis et al.,
2007). Conditional expression of the receptor in mouse forebrain
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restores normal anxiety-related behavior to the knock-out and
expression of the receptor during development, but not in adult-
hood, was sufficient to rescue the knock-out phenotype (Gross et
al., 2002). These findings suggest that serotonin plays a critical
role in the maturation and/or refinement of forebrain circuits
critical for normal anxiety-related behavior in adulthood. Con-
sistent with this hypothesis, changes in dendritic arborization
(J. P. Hornung, personal communication) and neural excitability
(Sibille et al., 2000; Monckton et al., 2002) have been docu-
mented in the CA1 region of Htr1a®® mice.

In vitro studies have shown that activation of Htrla is coupled
via Ga; to inhibition of adenylyl cyclase, activation of K™ and
Ca** channels, and mobilization of intracellular Ca** (Ray-
mond et al., 1999). However, little is known about the signaling
pathways critical for receptor function in vivo. Coupling to
G-protein-coupled inward-rectifying K (GIRK) channels has
been shown to be essential for the hyperpolarizing effects of
Htrla agonists in hippocampal neurons (Luscher et al., 1997).
Activation of Htrla in cultured cortical neurons decreased auto-
phosphorylation of a-Ca**/calmodulin-dependent protein ki-
nase II (aCaMKII) and decreased AMPA and NMDA receptor
function via inhibition of cAMP (Cai et al., 2002). However,
whether these signaling pathways are relevant to the anxiety-
related phenotype of Htr1a° mice is not known.

Here, we used a pharmacological approach to show that Htrla
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activity is required from P13 to P34 for normal anxiety-related
behavior in adulthood. Blocking the receptor for a similar length
of time in adulthood, however, did not alter anxiety behavior. We
also show that phosphorylation of «CaMKII is increased in the
hippocampus of Htr1a*® mice under anxiety-provoking condi-
tions and that this activation is correlated with anxiety-related
behavioral measures. Finally, we show that a mutation that re-
duces aCaMKII phosphorylation blocks the behavioral effects
seen in Htr1a° mice, suggesting a role for «CaMKII in mediat-
ing the developmental programming effects of serotonin on
anxiety.

Materials and Methods

Mouse strains and husbandry

Mice were maintained on a 12956/SvEvTac;C57BL/6;CBA mixed back-
ground (Gross et al., 2002), except for those used in the Camk2a T280A_
Htr1a®© interaction experiment, which were congenic C57BL/6 (N7).
All testing groups derived from heterozygous breeding except mice used
for the developmental N-[2-[4-(2-methoxyphenyl)-1-piperazinyl]-
ethyl]-N-2-pyridinylcyclohexanecarboxamide (WAY100635) treatment
immunoblotting experiment, the adult WAY100635 treatment experi-
ment, and some of the mice used for the developmental WAY100635
treatment behavioral experiment (1 = 12). Camk2a™**** mice were gen-
erously provided by K. P. Giese (UCL, London, UK). Fathers were always
removed before parturition and mothers and offspring were left undisturbed
for the first week. Tail biopsy for genotyping was performed at postnatal day
7 (P7) as described (Giese et al., 1998); after weaning, at P21 mice were group
housed (three to five per cage) on a 12 h light/dark cycle (lights off at 7:00
P.M.) in a temperature-controlled environment (21°C). Food and water
were provided ad libitum. Male mice were used for all experiments.

Osmotic pump implantation

Osmotic minipumps (0.20 wl/h; model 1002; Alzet) were implanted sub-
cutaneously to deliver WAY100635 (Sigma-Aldrich) or saline (0.9%
NaCl) continuously for 21 d. Pumps were filled with 7.1 mg/ml
WAY100635 to deliver a dose of 0.15 mg/h per kg of body weight. Pumps
were soaked overnight in Ringer’s solution (Eurospital) at 37°C to assure
steady-state pumping after implantation. Before surgery, all pups were
removed from the mother, placed in a beaker containing home cage
bedding and kept on a heating pad. Mice were anesthetized with halo-
thane (Merial Animal Health), pumps were subcutaneously implanted in
the dorsal thoracic area, and wounds were closed with a 9 mm stainless-
steel clip (Stoelting). After 21 d of treatment, mice were anesthetized,
pumps removed, and the wounds closed with a clip.

8-OH-DPAT-induced hypothermia

Animals were singly housed the day of the test. 8-Hydroxy-N-(di-n-propyl)-
aminotetralin (8-OH-DPAT; Sigma-Aldrich) was dissolved in 0.9% saline
and injected subcutaneously at a concentration of 0.3 mg/kg body weight at
t = 40 min from the beginning of the test. Body temperature was recorded in
10 min intervals with a digital rectal thermometer (Bioseb).

Behavioral testing
Procedures were performed according to European Molecular Biology
Laboratory and Italian guidelines for ethical animal treatment following
authorized protocols. Mice were transferred to the phenotyping facility 1
week before testing and were habituated to the testing room 1 h before
testing, unless otherwise indicated. Mice were tested at 8—10 weeks of
age, unless otherwise indicated; subsequent behavioral tests were sepa-
rated by 1 week intervals to reduce intertest interactions and were per-
formed in the order listed below. After testing, mice were held in a hold-
ing cage until all animals in a cage had been tested.

Open field. Mice were placed into a gray plastic arena (50 X 50 cm) for
1 h. Locomotion data were collected by a video tracking system (TSE
Systems). Animals were initially placed along one side of the arena, and
the center region was defined as the central 26 X 26 cm area and the
corners as the areas 10 cm from adjacent walls.

Novelty-suppressed feeding. Mice were food deprived for 24 h before
testing; testing was performed between 4:00 and 8:00 P.M. Mice were
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habituated to the room for 10 min before being placed for 10 min into the
open field arena (see above) with a food pellet fixed in the middle. The
latency to visit and begin chewing food was recorded.

Elevated plus maze. Mice were habituated to the room for 10 min
before being placed into the central platform (5 X 5 cm) of a gray plastic
maze facing toward an open arm (open arm, 30 X 5 cm, surrounded by
a0.25 cm high border; closed arms, 30 X 5 cm, surrounded by 15 cm high
walls). The entire apparatus was elevated 45 cm above the floor. Loco-
motion data were collected for 5 min by a video tracking system (TSE
Systems).

Protein analysis
Tissue homogenates for immunochemical analysis of proteins were ob-
tained as follows.

Whole hippocampal lysates. To obtain samples under conditions rele-
vant to anxiety-related behavior, mice were placed into the open field for
20 min with no habituation. Locomotion data were collected by a video
tracking system as previously described and data were used subsequently
for correlation analysis; for baseline measurements, one mouse was re-
moved from the home cage and immediately killed by cervical disloca-
tion; the hippocampus was quickly dissected (within 2 min after disloca-
tion) and frozen in liquid nitrogen. To avoid effects of testing order, no
more than one mouse per day was taken from a cage. Individual hip-
pocampal samples were dounce-homogenized in SDS lysis buffer (SDS
1%, glycerol 10%, and 50 mwm Tris-HCI, pH 6.8) at 95°C and centrifuged
at 10,000 X g for 10 min.

Hippocampal microdissection. Mice were killed after 20 min exposure
to an open field (see above) and whole brains were quickly dissected and
frozen in powdered dry ice. Hippocampal subfields enriched in CAI,
CA3, and dentate gyrus (DG) regions were microdissected from dorsal
hippocampus at —20°C under a magnifying lens using a cold tissue corer
(Fine Science Tools; diameter, 2.0 mm); tissue lysates from each fraction
were then processed as described above.

Synaptosomal and extrasynaptic lysates. Crude synaptosomal fraction-
ation of hippocampus was performed as described previously (Nagy and
Delgado-Escueta, 1984). Mice were killed after a 20 min exposure to the
open field (see above) and the hippocampus was rapidly dissected,
pooled, and dounce-homogenized in ice-cold lysate buffer (0.32 M su-
crose, 1 mM EDTA, 1 mg/ml BSA, and 5 mm HEPES, pH 7) containing
fresh protease and phosphatase inhibitors (1 mm PMSF, 10 mMm NaF, 1
mM NaPP, 80 mm B-glycerophosphate, and Complete Mini protease
inhibitor cocktail, EDTA-free; Roche Diagnostics) using a 15 ml Teflon
pestle dounce (Wheaton) at 660 rpm. The homogenate was centrifuged
at 3000 X g for 10 min and the supernatant (S1) was centrifuged again at
14,000 X g for 12 min. The new supernatant (S2) was kept for extrasyn-
aptic preparation; to isolate synaptosomes, the pellet fraction (P2) was
resuspended in 45% (v/v) Percoll (Pharmacia) in Krebs—Ringer solution
[containing (in mm) 140 NaCl, 5 KCl, 10 HEPES, 1 EDTA, and 5 glucose,
pH 7.4] and centrifuged shortly at 14,000 X g. The top layer, containing
synaptosomes, was removed, washed with Krebs—Ringer solution and
isolated by centrifugation. Synaptosomes were lysed in SDS buffer as
described above. Extrasynaptic proteins were isolated by overnight pre-
cipitation of S2 in acetone at —20°C; after centrifugation (18,000 X g),
the pellet was resuspended in SDS lysis buffer as described above.

Western blotting

Protein concentration was determined with the bicinchoninic acid pro-
tein assay (Pierce). Equal amounts of protein were separated on 12%
polyacrylamide gels by SDS-PAGE and transferred to Immobilon poly-
vinylidene difluoride membranes (Millipore) using standard protocols
(Towbin et al., 1992). Immunoblots were probed with primary antibod-
ies including anti-aCaMKII (Santa Cruz Biotechnology; 1:1000) and
anti-phospho-CaMKII-T286 (Promega; 1:1000); signals were visualized
with horseradish peroxidase-conjugated secondary antibodies (GE
Healthcare) and an enhanced chemiluminescent (ECL) system (GE
Healthcare). Blots were washed with washing buffer (Tris-buffered sa-
line, Tween 20—0.1%) and reprobed with anti-actin antibody (Millipore;
1:8000) to normalize for protein content. Signals from the ECL films (GE
Healthcare) were quantified by densitometry using NIH Image]
software.
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Statistical analysis

Behavioral data were analyzed by ANOVA followed by post hoc compar-
isons using Fisher’s test in cases of significance ( p < 0.05). For quanti-
tative immunochemical analyses, optical density (OD) values within
each blot were first standardized to facilitate interblot comparison and

X —
the z scores obtained with z = TM were analyzed by ANOVA fol-

lowed by post hoc comparisons using Fisher’s test in cases of significance
(p < 0.05; x, relative optical density value; u, mean of replicate values
within the blot; o, SD of replicate values within the blot). OD data within
extrasynaptic as well as synaptosomal pools were analyzed by the Kol-
mogorov—Smirnov nonparametric test to allow comparisons with a
variance-free wild-type measurement. For correlation analysis, OD data
within each blot were normalized as percentage over the mean of immu-
noreactivity, and Pearson’s coefficient was calculated. All analyses were
performed using either Excel (Microsoft) or StatView 5.0 (SAS Institute).

Results

The conditional genetic strategy we used previously to establish a
developmental role for Htrla (Gross et al., 2002) did not allow
rapid regulation of protein expression and, thus, could not be
used to determine the precise developmental time window for the
anxiety-moderating effects of the receptor. Determining the pre-
cise susceptibility period is important because the mouse fore-
brain goes through several major developmental milestones dur-
ing the preweaning period. Hippocampal dendrite formation
and pruning occurs primarily between P10 and P42 (Pokorny
and Yamamoto, 1981), and functional coupling of Htrla to in-
hibitory GIRK channels does not occur until P14 (Béique et al.,
2004). These observations suggest that the receptor may be in-
volved in modulating developmental events in the late postnatal
period.

To determine whether Htrla function during the late postna-
tal period is necessary for normal anxiety-related behavior in
adulthood, we treated wild-type mice chronically with either sa-
line or the selective Htrla antagonist WAY100635 from P13 to
P34 using subcutaneous osmotic minipumps and measured
anxiety-related behavior in adulthood. Persistent blockade of
Htrla function during WAY100635 treatment was confirmed by
measuring the hypothermic response to an acute treatment with
the Htrla agonist 8-OH-DPAT at various times after minipump
implantation. Hypothermic responses to 8-OH-DPAT were
completely blocked 1 d after implantation, remained absent
through the treatment period, and were restored 1 d after
minipump explantation (supplemental Figs. 1, 2, available at
www.jneurosci.org as supplemental material). Normal hypother-
mic responses to 8-OH-DPAT were also observed in adult mice
tested 2 months after minipump removal (supplemental Fig. 1,
available at www.jneurosci.org as supplemental material). These
findings confirm that WAY100635 treatment rapidly and persis-
tently blocks Htrla function when delivered via osmotic
minipump, but does not have long-term effects on receptor
activity after minipump removal.

Assessment of anxiety-related behavior in saline and
WAY100635-treated mice was performed in the open field, ele-
vated plus maze, and novelty-suppressed feeding tests when mice
reached adulthood (14-16 weeks). Mice treated with
WAY100635 showed significantly reduced time in the center,
percentage of path in the center, and total path in the open field,
and increased latency to feed in the novelty-suppressed feeding
tests when compared with saline-treated control mice (Fig. 1A, B,
supplemental Fig. 3A, B, available at www.jneurosci.org as sup-
plemental material). No significant effect of the antagonist was
seen in the elevated plus maze (data not shown). These behavioral
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Figure1. Increased anxiety-related behavior in adult mice treated during development, but
not adulthood, with WAY100635. A, B, Adult wild-type mice treated with the selective Htr1a
antagonist WAY100635 from P13 to P34 (WAY100635) showed increased anxiety-related be-
havior when compared with saline-treated littermates (saline) in the open field (OF; saline, n =
29; WAY100635, n = 27; A) and novelty-suppressed feeding test (NSF; saline, n = 19;
WAY100635, n = 18; B). C, D, Adult mice treated with the selective Htrla antagonist
WAY100635 from P60 to P81 did not display altered anxiety-related behavior when compared
with saline-treated littermates in the open field (saline, n = 23; WAY100635, n = 24; C) or
novelty-suppressed feeding test (saline, n = 14; WAY100635, n = 14; D). Error bars indicate
mean == SEM. *p < 0.05.
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changes match the increase in behavioral inhibition to novelty
seen in Htr1a*° mice (supplemental Fig. 5, available at www.
jneurosci.org as supplemental material). Consistent with a selec-
tive effect of WAY100635 on Htrla, similar treatment of Htr1a*®
mice with WAY100635 from P13-P34 failed to alter anxiety-
related measures in the open field and novelty-suppressed feed-
ing tests (supplemental Fig. 5, available at www.jneurosci.org as
supplemental material). These findings show that blockade of
Htrla during postnatal weeks 3 to 5 is sufficient to reproduce the
increased anxiety-related behavior seen in Htr1a"° mice.

Our conditional genetic rescue experiments showed that
blocking expression of Htrla in adulthood was not sufficient to
recapitulate the Htr1a*® phenotype (Gross et al., 2002). To test
whether blockade of Htrla during a similar 3 week period in
adulthood could alter anxiety-related behavior later in adult-
hood, we implanted mice with minipumps containing saline or
WAY100635 from P60-P81 and measured anxiety-related be-
havior 3 weeks later (week 14). Consistent with our previous
results, blockade of Htrla during adulthood did not affect
anxiety-related behavior in either the open field or novelty-
suppressed feeding tests when tested 3 weeks later (Fig. 1C,D,
supplemental Figs. 3C,D, 4 B, available at www.jneurosci.org as
supplemental material). These findings point to a restricted sus-
ceptibility period during the late postnatal period when blockade
of Htrla can program long-term anxiety behavior.

Next, we examined Htr1a*° mice for changes in the phos-
phorylation of «CaMKII during the susceptible developmental
period. We chose to focus on the hippocampus for several rea-
sons: (1) high levels of expression of Htrla in hippocampal CA1l
pyramidal neurons (Chalmers and Watson, 1991; Kia et al., 1996;
Gross et al., 2002), (2) Htr1a*° mice exhibit increased dendritic
arborization (J. P. Hornung, personal communication) and neu-
ral excitability in the hippocampal CA1 region (Sibille et al., 2000;
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Figure 2. Increased ceCaMKIl T286 phosphorylation in the hippocampus of Htr7a*° mice or
mice treated with WAY100635. A, Representative bands from Western blot analysis of
p-cCaMKII, total ceCaMKIl, and actin immunoreactivity in total hippocampal extracts of P21
wild-type (WT) and Her1a*® (KO) mice either exposed (novel environment) or not exposed
(home cage) to a novel environment for 20 min before being killed. B, Quantification of immu-
noreactivity revealed a significant increase in p-c«CaMKIl of KO mice compared with WT in the
novel environment, but not home cage condition (home cage: WT, n = 14; KO, n = 16; novel
environment: WT, n = 10; KO, n = 9). , Level of total c«CaMKIl immunoreactivity was similar
in WT and KO mice (home cage: WT, n = 10; KO, n = 13; novel environment: WT, n = 11; KO,
n = 9).D, Representative bands from Western blot analysis of p-c:CaMKIl, total cCaMKIl, and
actin immunoreactivity in total hippocampal extracts of P21 wild-type mice during chronic
treatment with the selective Htr1a antagonist WAY100635 (WAY; 0.15 mg/kg/h) or with saline
(Sal) and after novel environment exposure. E, F, Quantification of immunoreactivity revealed a
significant increase in p-cCaMKIl (E) but not total «CaMKIl (F) for mice treated with
WAY100635 (WT-WAY100635; n = 6) when compared with the saline control (WT-saline; n =
5). Data are expressed as a percentage of optical density (intensity units per square millimeter)
versus WT, home cage (B, €), or WT-saline (E, F). Error bars indicate mean == SEM. Intensity of
bands was normalized versus actin. *p << 0.05; **p < 0.01.

Monckton et al., 2002), (3) lesions of the hippocampus are asso-
ciated with decreased innate anxiety-related behavior (Kjelstrup
etal., 2002; Bannerman et al., 2004), and (4) inhibition of dentate
gyrus granule cells suppresses conditioned responses to ambigu-
ous aversive cues and reverses the Htr1a®® phenotype (Tsetsenis
et al., 2007). Quantitative immunoblotting of P21 hippocampal
extracts with antibodies recognizing «CaMKII phosphorylated at
threonine 286 (T286) (p-aCaMKII) revealed no significant dif-
ference between Htr1a®® mice and wild-type littermates under
baseline conditions (home cage) (Fig. 2A, B). However, levels of
p-aCaMKII are known to be sensitive to stress (Suenaga et al.,
2004) and, thus, it was possible that an effect of the Htrla knock-
out might be revealed under conditions of stress such as those
experienced during anxiety testing. When identical immunoblot-
ting experiments were performed on hippocampal extracts from
mice after 20 min exposure to the open field (novel environ-
ment), a significant increase in p-aCaMKII was observed in
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Figure 3.  Unaltered level of c«CaMKIl T286 phosphorylation in the hippocampus of adult
Htr1a*® mice. A, Representative bands from Western blot analysis of p-c:CaMKI, total
aCaMKIl, and actin immunoreactivity in total hippocampal extracts of adult wild-type (WT) or
Htr1a*® (KO) mice after novel environment exposure. B, €, Quantification of p-a:CaMKIl (B) and
total aCaMKIl immunoreactivity (€) were similar in WT and KO mice. Data are expressed as a
percentage of optical density (intensity units per square millimeter) versus WT; intensity of
bands was normalized versus actin (WT, n = 10; KO, n = 9). Error bars indicate mean % SEM.

knock-out mice when compared with littermate controls (Fig.
2A,B). Similar increases in p-aCaMKII were observed in wild-
type mice treated since P13 with WAY100635 when compared
with saline-treated littermates (Fig. 2 D, E). No differences in lev-
els of total ’CaMKII were observed in either Htr1a"® (Fig. 2C) or
WAY100635-treated mice (Fig. 2F). These findings demonstrate
that Htrla signaling during the third postnatal week is important
to maintain normal levels of «CaMKII phosphorylation under
stressful situations.

If the changes in p-aCaMKII seen in Htr1a*° mice directly
contribute to the anxiety phenotype, then these changes should
persist into adulthood. However, immunoblotting of hippocam-
pal extracts from adult mice under either baseline conditions
(home cage) or after 20 min exposure to the open field (novel
environment) did not reveal significant differences in
p-aCaMKII between Htr1a®° and wild-type littermates (Fig. 3,
supplemental Fig. 6, available at www.jneurosci.org as supple-
mental material). Thus, deletion of Htrla is associated with a
transient increase in «CaMKII phosphorylation that is limited to
a circumscribed developmental time period.

Within the hippocampus, Htrla expression is most pro-
nounced in excitatory neurons of the CAl region with lower
levels of receptor protein detected in CA3 and DG (Chalmers and
Watson, 1991; Kia et al., 1996; Gross et al., 2002). Thus, changes
in Htrla-dependent signaling should be greatest in this hip-
pocampal region. To examine region-specific changes in
p-aCaMKII, we isolated CA1l, CA3, and DG tissue from hip-



6254 - ). Neurosci., June 11, 2008 - 28(24):6250 - 6257

4001 . mWwT
= [J KO
Z | —
< 300
3
2 200
&

0-
CA1 CA3 DG
B WT KO WT KO

p-oCaMKIl — — —-
B-actin e  aE——

PSD95 — —
“ ~ AN ~ J
Extra-Syn Syn
< 1501
31251 %
C‘S 100- asssdusnamesnannnnunnnns
lf_l 75- *'*
i 50+
o 254
=2

Extra-Syn  Syn

Figure4. Changesin c:CaMKII T286 phosphorylationin the hippocampus of Htr1a“® mice at
a subregional and subcellular level. 4, Quantification of p-c:CaMKIl immunoreactivity from
Western blot analysis of hippocampal fractions enriched in CA1, CA3, or DG region from P21
wild-type (WT) or Htr7a* (KO) mice after 20 min exposure to a novel environment. Level of
p-cCaMKIl in hippocampal CAT but not CA3- or DG-enriched fractions was significantly in-
creased in KO compared with WT mice (CA1: WT,n = 4;KO,n = 3; CA3: WT,n = 4,K0,n = 3;
DG, WT, n = 4;KO, n = 2). Data are expressed as percentage optical density (intensity units per
square millimeter) versus WT, CA1. B, Representative bands from Western blot analysis of
p-cCaMKIl, actin, and postsynaptic density-95 (PSD95) immunoreactivity in synaptosomal
(Syn) and nonsynaptosomal (Extra-Syn) cytosolic fractions from pooled hippocampi of P21 WT
and KO mice. €, Quantification of immunoreactivity revealed a significant increase in nonsyn-
aptosomal p-aCaMKIl as well as a decrease in synaptosomal p-ceCaMKIl in KO mice compared
with WT (Syn, n = 6 pools; Extra-Syn, n = 4 pools). Mice were exposed for 20 min to a novel
environment before being killed. Data are expressed as the percentage of optical density (in-
tensity units per square millimeter) relative to WT (mean = SEM); the intensity of bands was
normalized versus actin; PSD95 immunoreactivity was used to assess the purity of the nonsyn-
aptosomal fraction. A Kolmogorov—Smirnov (nonparametric) test was used to assess statistical
significance in the pooled-samples experiment (C). Error bars indicate mean = SEM. *p << 0.05;
= < 0.01.

pocampus of knock-out and wild-type littermates by mi-
cropunching frozen brain tissue. Immunoblotting revealed a sig-
nificant increase in p-aCaMKII restricted to the CA1 region (Fig.
4 A). These findings are consistent with a tissue-specific action of
the receptor on aCaMKII signaling.

Immunohistochemical studies have shown that Htrla is local-
ized to the somatodendritic compartment of excitatory neurons
in the hippocampus with no particular enrichment at synapses
(Chalmers and Watson, 1991; Kia et al., 1996; Riad et al., 2000).
aCaMKII, however, is localized both extrasynaptically as well as
at both presynaptic and postsynaptic sites (Kennedy et al., 1983;
Ouimet et al., 1984; Benfenati et al., 1996; Ouyang et al., 1997). A
local effect of Htrla on aCaMKII phosphorylation might, there-
fore, be expected to occur throughout the somato-dendritic com-
partment rather than specifically at synaptic sites. Distinguishing
these effects could have important implications for the functional
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consequences of altered a«CaMKII activity because these two ki-
nase populations have distinct roles in neuronal homeostasis
(Miller et al., 2002). To test this hypothesis, we examined
aCaMKII phosphorylation in fractionated hippocampal extracts
from knock-out and wild-type littermate mice. Crude synapto-
somal and extrasynaptic fractions were isolated from pooled total
hippocampal extracts. Immunoblotting showed a significant in-
crease in p-aCaMKII in the extrasynaptic fraction, consistent
with a local effect of Htrla on this pathway (Fig. 4 B, C). Surpris-
ingly, however, immunoblotting also revealed a significant de-
crease in CaMKII phosphorylation in the synaptosomal frac-
tion of knock-out mice (Fig. 4 B, C). This change is most likely the
result of either a local effect of Htrla on different signaling path-
ways in extrasynaptic and synaptic compartments or an indirect
effect of somatodendritic Htrla receptor signaling on synaptic
activity or function.

Our findings indicate that changes in «CaMKII phosphoryla-
tion occur in the extrasynaptic compartment of CA1 hippocam-
pal neurons as a result of the absence of Htrla-dependent signal-
ing during the third week of life. These data suggest that changes
in aCaMKII activity may play a role in the developmental pro-
gramming of anxiety-related behavior by Htrla. If this were the
case, then we would expect natural variations in the level of
p-aCaMKII to be significantly correlated with anxiety-related,
but not nonanxiety-related behavioral measures in our mice. To
test this possibility, we performed a Pearson’s correlation be-
tween fractional p-aCaMKII and behavioral measures obtained
during the 20 min exposure to the open field immediately before
being killed at P21. At this age, rodents show clear avoidance
behavior when exposed to a novel environment, and anxiety-
related behavioral measures taken at this age correlate signifi-
cantly with anxiety-related measures obtained in adult animals
(A. M. Depino, unpublished observations). A significant negative
correlation was found between the fraction of p-aCaMKII and
the time in the center of the open field (Fig. 5A). No significant
correlation was found between fractional p-aCaMKII and the
total path, although there was a trend for a correlation in the
opposite direction (Fig. 5B). These findings are consistent with a
role for p-aCaMKII in the behavioral phenotype of the Htr1a"°
mice.

However, to directly test whether phosphorylation of
aCaMKII might play an essential role in the behavioral effects of
serotonin signaling during development, we used a genetic ap-
proach to modify «CaMKII phosphorylation at threonine 286.
The mutation of threonine 286 into alanine (T286A) has been
used in mice (Camk2a™*) (Giese et al., 1998) to show that
phosphorylation at this site is essential for normal synaptic plas-
ticity (Giese et al., 1998; Hardingham et al., 2003; Cooke et al.,
2006). Homozygous Camk2a™*** mice show no NMDA
receptor-dependent long-term synaptic potentiation (LTP) at
hippocampal CA1l synapses and have severely impaired spatial
learning (Cho et al., 1998; Giese et al., 1998; Need and Giese,
2003; Cooke et al., 2006). Heterozygous Camk2a "*** mice, how-
ever, show a 50% reduction in phosphorylation at T286, normal
experience-dependent plasticity (Glazewski et al., 2000; Taha et
al., 2002), and reduced CA1 LTP (Ohno et al., 2001). We rea-
soned that the heterozygous Camk2a "*#** mutation might com-
pletely or partially interfere with the increased phosphorylation
seen in Htr1a"° mice without altering the learning capacity of the
animals. Such a functional interaction should be revealed as a
genetic interaction between the Htr1a*® and Camk2a"**** mu-
tations. To test this possibility, we first confirmed that heterozy-
gous Camk2a"?*** mice show a specific and significant decrease
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Figure 5. Hippocampal aCaMKIl T286 phosphorylation correlates with anxiety-related
measures in the open field. 4, B, Anxiety parameters, as measured in the open field paradigm,
were correlated with individual relative hippocampal levels of p-ccCaMKIl (% p-ceCaMKIl/
aCaMKIl) immunoreactivity, analyzed at the end of the behavioral test (20 min) in P21 mice.
The level of p-ceCaMKIl/cCaMKIl negatively correlated with time in the center (R2 = 0.18; R*
adj = 0.16; p = 0.0048; n = 43) (A), but did not significantly correlate with total path (B)
during the first 5 min in the open field (R? = 0.08; R2 adj = 0.06; p = 0.060; n = 43). To
permit statistical comparison between different experimental groups, individual levels of
p-aCaMKIl/oCaMKIl are presented as percentage values over intrablot means of
immunoreactivity.

in levels of p-aCaMKII in hippocampal extracts of P21 mice. As
expected, heterozygous Camk2a "% mice showed a twofold re-
duction in T286 phosphorylation when compared with wild-type
littermates, and Htr1a®° mice heterozygous for the Camk2a 564
allele showed levels of p-aCaMKII indistinguishable from wild-
type littermates (supplemental Fig. 7, available at www.
jneurosci.org as supplemental material). No change in total levels
of aCaMKII protein were observed (supplemental Fig. 7, avail-
able at www.jneurosci.org as supplemental material). Next, we
examined whether the anxiety-related phenotype of Htr1a"®
mice could be modulated by the heterozygous Camk2a"*** mu-
tation. Strikingly, the significant decrease in the time in the cen-
ter, percentage of path in the center, and the total path in the open
field, and time in open arms of the elevated plus maze associated
with the Hr1a*° mutation in a wild-type background was absent
in littermates heterozygous for Camk2a2*** (Fig. 6, supplemen-
tal Fig. 8, available at www.jneurosci.org as supplemental mate-
rial). This genetic interaction between Camk2a "*** and Htr1a*°
suggests that phosphorylation at T286 is critical for the expres-
sion of the Htr1a®® phenotype and supports a causal role of in-
creased p-aCaMKII in the anxiety phenotype of the knock-out mice.

Discussion

Our finding that continuous pharmacological blockade of Htrla
during the third, fourth, and fifth postnatal weeks is sufficient to
recapitulate the behavioral phenotype of Htrla knock-out mice
(Fig. 1A,B) points to this period as a critical time for serotonin
signaling in the maturation and/or refinement of brain circuits
controlling anxiety behavior. These data extend previous exper-
iments showing that conditional expression of Htrla in mouse
forebrain during development is sufficient to restore normal
anxiety-related behavior to the knock-out (Gross et al., 2002).
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Figure 6. Heterozygous Camk2a™*** mutation moderates Htr1a“® phenotype. A, B,

Htr1a*® mice (Htr1a KO) show decreased time in the center of the open field (OF; ) as well as
decreased time in the open arms of the elevated plus maze (EPM; B) on a wild-type
(Camk2a™) but not on a heterozygous Camk2a ™*** (Camk2a ™" *) genetic background
(Camk2a™™"* - Htrla WT, n = 9; Htrla KO, n = 13; Camk2a ™% *: Htrla WT, n = 14; Htrla
KO, n = 9). Error bars indicate mean = SEM. *p << 0.05; **p << 0.01.

Moreover, pharmacological blockade of Htrla during the third,
fourth, and fifth postnatal weeks is also able to reproduce the
enhanced conditioning responses to ambiguous cues seen in
knock-out mice (Tsetsenis et al., 2007). Together, these experi-
ments argue that activation of Htrla by endogenous serotonin
serves a moderating role in the development of cognitive circuits
that influence the processing of anxiety-related cues in
adulthood.

The third, fourth, and fifth postnatal weeks are a period of
dramatic synaptogenesis in mouse forebrain, with the majority of
excitatory and inhibitory synapses that enervate CA1 pyramidal
neurons appearing during this period (Pokorny and Yamamoto,
1981; Bahr and Wolff, 1985). Htrla is highly expressed in CAl
pyramidal neurons (Chalmers and Watson, 1991; Kia et al.,
1996), and Htr1a*® mice exhibit increased neuronal excitability
(Sibille et al., 2000; Monckton et al., 2002) as well as increased
arborization and synapse number in the proximal apical den-
dritic region of these neurons (J. P. Hornung, personal commu-
nication). Although it remains to be shown that the anxiety phe-
notype of the knock-out is directly linked to structural changes in
CALl, alterations in hippocampal function are likely to underlie at
least part of the anxiety-related phenotype of these mice because
their enhanced response to ambiguous conditioned cues can be
reversed by the pharmacological inhibition of hippocampal den-
tate gyrus granule cells (Tsetsenis et al., 2007).

At the same time, our observation that blockade of Htrla
during a prolonged period of adult life was not sufficient to re-
produce the knock-out phenotype (Fig. 1C,D) is consistent with
conditional genetic studies showing that suppression of receptor
expression in adulthood is not able to mimic the knock-out phe-
notype (Gross et al., 2002). Two phenomena may explain why
receptor blockade in adulthood is ineffective. First, electrophys-
iological studies have shown that forebrain Htrla receptors are
not tonically activated in adult animals (Haddjeri et al., 2004),
presumably because endogenous serotonin levels are not suffi-
cient to activate the receptor, at least under baseline conditions.
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Second, if deficits in hippocampal neuronal structure or wiring
are critical for the developmental programming effects of seroto-
nin, then the time of maximal synaptic growth may represent a
particularly sensitive period for such modulation. Similar sensi-
tive periods have been described for synaptogenesis in visual and
auditory circuits during the same developmental period (Hen-
sch, 2004).

Our finding of increased aCaMKII phosphorylation at T286
in Htrla knock-out mice (Fig. 2) is consistent with studies dem-
onstrating decreased phosphorylation at this site after pharma-
cological activation of the receptor in cortical slices and cultures
(Caietal., 2002). Several factors may have contributed to the fact
that increased phosphorylation in the knock-out only occurs un-
der conditions of behavioral challenge. First, extracellular sero-
tonin is increased after exposure to stress (Kirby et al., 1997;
Parsons et al., 2001) and, although modest, this may contribute to
enhance activation of the receptor after exposure to a novel en-
vironment. Second, exposure to a novel environment may in-
crease the activity of signaling pathways that promote aCaMKII
phosphorylation and, thus, unmask an inhibitory action of the
receptor. Furthermore, modulation of «CaMKII by Htrla was
shown to depend on cAMP inhibition via Ge; signaling and sub-
sequent protein phosphatase activation (Cai et al., 2002). Behav-
ioral challenge can increase cAMP levels in hippocampus (Mitch-
ell et al., 1992; Meaney et al., 2000) and such activation may be
necessary to reveal inhibitory effects of Htr1a. Finally, our finding
that increased phosphorylation of «CaMKII in knock-out mice is
transient and not observed in adulthood (Fig. 3) is consistent
with the inability of receptor blockade in adulthood to alter
anxiety-related behavior (Fig. 1C,D).

Htrla protein is found throughout the plasma membrane of
the somato-dendritic compartment of hippocampal pyramidal
neurons (Riad et al., 2000). A primarily extrasynaptic rather than
synaptic expression of the receptor reflects nonsynaptic release of
serotonin in projection areas (Tork, 1990) and is consistent with
our observation that increased «CaMKII phosphorylation is re-
stricted to the extrasynaptic compartment (Fig. 4 B, C). aCaMKII
is abundant in both extrasynaptic and synaptic compartments
(Kennedy et al., 1983; Ouimet et al., 1984; Benfenati et al., 1996)
and both neural activity and Ca*" entry are associated with
CaMKII holoenzyme (containing both «CaMKII and BCaMKII)
self-association and translocation to synapses (Shen and Meyer,
1999; Hudmon et al., 2005). T286 phosphorylation of aCaMKII,
however, reduces self-association and translocation (Hudmon et
al.,, 2005), and this may explain the lower levels of synaptic
aCaMKII phosphorylation seen in Htrla knock-out mice. Al-
though the function of extrasynaptic «CaMKII is not well under-
stood, the CaMKII holoenzyme is known to associate with the
actin cytoskeleton (Shen et al., 1998). The cytoskeletal modulat-
ing effects of «CaMKII have been shown to play a role in dendri-
togenesis and synaptogenesis (Wu and Cline, 1998; Fink and
Meyer, 2002; Fink et al., 2003; Jourdain et al., 2003; Gaudilliere et
al., 2004), and we speculate that Htrla may modulate hippocam-
pal dendritic structure by regulating aCaMKII activity.

Although our findings of a behavioral interaction between the
Htr1a®© and Camk2a™°* mutations coupled with our bio-
chemical studies suggest that these molecules act in a common
biochemical pathway, other more indirect explanations for these
data are conceivable. It is possible, for example, that changes in
aCaMKII phosphorylation are a secondary consequence of
changes in neuronal activity caused by the absence of the recep-
tor. Alternatively, although increased «CaMKII phosphorylation
appears to be restricted to the CA1 region where Htrla expression
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is high, we cannot rule out indirect effects of the Htrl a%® and
Camk2a™*** mutations in other brain areas on the behavioral
consequences of Htrla signaling. Tissue-specific manipulations
of Htrla and/or aCaMKII would be required to address these
possibilities. Furthermore, the failure of heterozygous
Camk2a™** mice to show altered anxiety-related behavior in
the absence of the Htr1a®® mutation (Fig. 6) suggests that either
altered aCaMKII phosphorylation is necessary but not sufficient
to moderate anxiety behavior, or the life-long alterations in
aCaMKII function associated with this mutation (Giese et al.,
1998) (supplemental Fig. 7, available at www.jneurosci.org as
supplemental material) mask its behavioral effects.

In conclusion, we have documented phasic increases in
aCaMKII phosphorylation in the CA1 region of the hippocam-
pus in Htrla knock-out mice during a limited developmental
period. Pharmacological blockade of the receptor during this pe-
riod is sufficient to recapitulate the anxiety phenotype of knock-
out mice and a mutation of «CaMKII that decreases phosphory-
lation is able to reverse the knock-out phenotype. These data
place the aCaMKII-signaling pathway downstream of serotonin
and suggest that it is likely to play a critical role in the maturation
and/or refinement of brain circuits controlling anxiety responses.
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