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Sex-dependent up-regulation of two splicing factors,
Psf and Srp20, during hippocampal memory

formation
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Gene transcription is required for long-term memory (LTM) formation. LTM formation is impaired in a male-specific
manner in mice lacking either of the two Ca?*/calmodulin-dependent kinase kinase (Camkk) genes. Since altered
transcription was suggested to cause these impairments in LTM formation, we used microarrays to screen for
CaMKKp-dependent gene expression changes. Here we show that the hippocampal mRNA expression of two splicing
factors, splicing factor arginine/serine-rich 3 (Sfrs3/Srp20) and polypyrimidine tract-binding protein-associated
splicing factor (Psf), is altered in CaMKK@-deficient males. In wild-type (WT) mice, the basal expression level in the
hippocampus is higher in males than in females, and the sex difference in Srp20 expression is detectable before
puberty. Training in two hippocampus-dependent learning tasks, the spatial version of the Morris water maze
(MWM) and background contextual fear conditioning, increases the hippocampal mRNA expression of both splicing
factors in WT males. However, the increase in Srp20 mRNA expression occurs only in males and not in females,
whereas the up-regulation of Psf expression occurs in both sexes. Importantly, control experiments demonstrate that
the up-regulation of both splicing factors is specific for the learned associations after contextual fear conditioning. In
summary, we provide the first evidence for a regulation of splicing factors during LTM formation and we suggest

that alternative splicing contributes to sex differences in LTM formation.

The hippocampus is required for several types of memory, in-
cluding spatial and contextual fear memory (for reviews, see Mi-
zuno and Giese 2005; Morris 2006). Formation of long-term
memory (LTM) requires gene transcription, which can be initi-
ated by Ca?* signals that are transduced by the Ca**/calmodulin
(CaM) kinase cascade (Silva and Giese 1994; for review, see Cor-
coran and Means 2001). This kinase cascade consists of CaM
kinase kinase a (CaMKKa), CaM kinase kinase g (CaMKK), CaM
kinase I (CaMKI), and CaM kinase IV (CaMKIV). The two
CaMKKs phosphorylate CaMKI and CaMKIV to enhance the ac-
tivity of these effector kinases (Takemoto-Kimura et al. 2003;
Chow et al. 2005; Blaeser et al. 2006). The great majority of tran-
scriptional studies on hippocampal LTM formation in rodents
focus exclusively on males or disregard sex effects by analyzing
male and female data together. While many behaviorally in-
duced transcriptional events do not differ between the sexes, as is
the case of expression of nerve growth factor-inducible gene B
(Ngfi-b) (Mizuno et al. 2006), increasing lines of evidence sug-
gest sex differences in transcription underlying hippocampus-
dependent LTM formation (Kudo et al. 2004; Hebda-Bauer et al.
2005; Mizuno et al. 2006, 2007).

Our previous work demonstrated an unexpected male-
specific role of the CaMKKs in hippocampal LTM formation (Pe-
ters et al. 2003; Mizuno et al. 2006, 2007). In male mice, CaMKKa
is required for contextual fear LTM formation as well as the con-
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ditioning-induced activation of the transcription factor cAMP-
responsive element binding protein (CREB) and transcription of
the brain-derived neurotrophic factor (Bdnf) (Blaeser et al. 2006;
Mizuno et al. 2006). In contrast, in female mice CaMKKa is not
needed for contextual fear LTM formation and the regulation of
Bdnf mRNA expression (Mizuno et al. 2006). Furthermore, in
male, but not female mice, CaMKKp is involved in spatial
memory formation, CREB activation by spatial training, and the
transcription-dependent phase of long-term potentiation (Peters
et al. 2003; Mizuno et al. 2007). Using microarrays, we compared
hippocampal gene expression between CaMKKp-deficient and
wild-type (WT) male mice after hippocampus-dependent spatial
training (Mizuno et al. 2007). In this study we demonstrated that
the gene encoding the glycosyl phosphatidyl-inositol anchor at-
tachment protein 1 (Gaal) requires CaMKKp for up-regulation by
spatial training in males (Mizuno et al. 2007). Here, we show that
two splicing factors, the splicing factor arginine/serine-rich 3
(8frs3/Srp20) (Jumaa and Nielsen 1997; Yu et al. 2004) and poly-
pyrimidine tract-binding (PTB) protein-associated splicing factor
(Psf) (Chanas-Sacre et al. 1999) are differentially expressed in the
naive male hippocampus of CaMKKp-deficient mice. Since in-
creasing evidence suggests that alternative splicing is an impor-
tant, but not well understood mechanism of brain plasticity (Bot-
tai et al. 2002; Lee and Irizarry 2003; Nijholt et al. 2004;
O’Connor et al. 2004; Rattiner et al. 2004; Beffert et al. 2005), we
studied the expression of Srp20 and Psf in more detail. We dem-
onstrate that Srp20 and Psf are expressed at higher levels in male
than in female adult WT hippocampus. Training in two hippo-
campus-dependent learning tasks, the Morris water maze and
contextual fear conditioning, up-regulate the hippocampal
mRNA expression of both splicing factors in male mice. More-
over, Psf mRNA expression was up-regulated after behavioral
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training in both sexes, while Srp20 mRNA expression was only
regulated in males. Control experiments in the contextual fear-
conditioning task in male animals determined that Srp20 and Psf
mRNA expressions are regulated by a learned context/tone-shock
association and not by the context or shock alone. Thus, we
provide the first evidence for the regulation of splicing factor
expression during LTM formation, and we suggest that alterna-
tive splicing contributes to sex differences in LTM formation.

Results

Lack of CaMKKP alters the levels of hippocampal

Srp20 and Psf mRNA expression in naive males,

but not in females

Affymetrix microarray analysis suggested that the hippocampal
expressions of several genes are altered in male CaMKKp-
deficient mice in comparison with male WT mice after training
in the hidden-platform version of the Morris water maze (Mi-
zuno et al. 2007). The expression of 17 candidate genes was stud-
ied with quantitative real-time PCR (qPCR), and after the initial
confirmation of a dys-regulation of Gaal (Mizuno et al. 2007) we
investigated a putative change in the expression of Srp20 and Psf.
Here, we tested whether the hippocampal mRNA expression of
these two genes are affected by CaMKKB deficiency per se by
comparing mRNA levels in CaMKKB-deficient mice and WT
naive mice of both sexes (Fig. 1). In males, hippocampal Srp20
mRNA expression was reduced in CaMKKp-deficient mutants in
comparison with WT mice (F, g, =7.37, P<0.05) (Fig. 1A). In
contrast, hippocampal Psf mRNA expression was up-regulated in
male mutants (F; ;1) = 5.95, P<0.05) (Fig. 1C). Thus, in males,
absent CaMKKR signaling differentially affects hippocampal
Srp20 and Psf mRNA expression.
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Figure 1. Lack of CaMKKR results in altered Srp20 and Psf mRNA ex-
pression in the naive hippocampus in males. (A) Hippocampal Srp20
mMRNA expression was significantly reduced in naive CaMKKp-deficient
males (n = 5) compared with naive WT males (n = 5). (B) Hippocampal
Srp20 mRNA expression levels did not differ between naive mutant fe-
males (n = 6) and naive WT females (n = 8). (C) Hippocampal Psf mRNA
expression was significantly higher in naive mutants males (n = 7) com-
pared with naive WT males (n = 6). (D) Hippocampal PSF mRNA levels
did not differ significantly between naive WT (n=9) and mutant fe-
males (n = 6), although increasing the number of animals per group
might have revealed a small difference between the female genotypes.
Data are means + SEM; (*) P < 0.05.
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Figure 2. Sex differences in hippocampal Srp20 and Psf mRNA expres-

sion levels in WT mice. (A) Hippocampal Srp20 mRNA expression was
significantly lower in females than in males independently of the age
group considered (P21: five females, four males; adults: seven females,
eight males). Sex differences in adult naive animals were further con-
firmed (see Figs. 5A, 6B). (B) Srp20 is expressed in the three major hip-
pocampal subfields in both male and female adult mice as determined by
in situ hybridization. (C) Hippocampal Psf mMRNA expression differed with
age (significance stars not shown) and post hoc analysis suggested that
the expression was significantly lower in adult females (n = 5) than in
adult males (n = 8) and not in P21 mice (six females, four males). Higher
hippocampal Psf mMRNA expression in adult males than in adult females
was also found in Figures 5C and 6D. (D) Psf is expressed in the three
major hippocampal subfields in both male and female adult mice as
determined by in situ hybridization. Data are means = SEM; (*)
P <0.05; (***) P<0.001.

Based on the previous findings of a CaMKKp male-specific
role in inducing CREB phosphorylation by spatial training and in
the transcription-dependent phase of LTP (Peters et al. 2003; Mi-
zuno et al. 2007), we investigated whether the lack of CaMKKp
would also affect Psf and Srp20 mRNA expression in the female
naive hippocampus (Fig. 1B,D). In contrast to males, female mu-
tants expressed Srp20 mRNA in the hippocampus at comparable
levels to female WT mice (F ;5 = 0.75, P=0.40) (Fig. 1B). Fur-
thermore, we observed that Psf mRNA levels were, on average,
higher in mutant females when compared with WT; however,
this difference did not reach statistical significance (F; 3, = 2.83,
P =0.11). Increasing the number of animals per group might
have revealed a small difference between the female genotypes
(Fig. 1D).

Thus, in females, absent CaMKKR signaling does not affect
hippocampal Srp20 mRNA expression, while it might dys-
regulate hippocampal Psf mRNA expression.

Sex differences in hippocampal Srp20 and Psf mMRNA

expression levels in naive WT mice

We found decreased expression of Srp20 in male CaMKKp-
deficient mice when compared with their WT counterparts, but
no difference between genotypes in female animals. As this sug-
gested different mechanisms of Srp20 regulation between the
sexes, we sought to compare expression levels between male and
female naive WT mice (Fig. 2). As a number of studies have
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revealed that the onset of puberty influences gene expression
(e.g., Koshibu and Levitt 2005), we analyzed age effects in the
expression of Psf and Srp20 by comparing hippocampal mRNA
levels in both sexes before puberty at postnatal day 21 (Omoto et
al. 2005) and in adulthood, in both sexes. Two-way ANOVA of
the hippocampal Srp20 mRNA expression levels showed that
there was a significant effect of sex (F(; 5, = 7.40, P < 0.05), while
an effect of age did not reach statistical significance
(F(1,20) = 2.71, P = 0.12). We did not observe a sex x age interac-
tion (F(; 0y = 0.65, P = 0.43) (Fig. 2A), indicating that sex differ-
ences in hippocampal Srp20 mRNA are detectable before the on-
set of puberty and remain in adulthood. Sex differences in Srp20
mRNA levels in adult mice were confirmed in Figures 5A and 6B,
below.

Analysis of the hippocampal Psf mRNA expression demon-
strated a significant effect of age (F; 9, = 24.28, P <0.001), re-
flected by the much higher values of Psf expression in P21 ani-
mals when compared with adults. We did not observe a signifi-
cant effect of sex (F(; 19, = 0.84; P =0.37), and no significant sex
X age interaction (F( ,0)=2.92, P=0.10) (Fig. 2C). Post-hoc
analysis suggested that males may express higher levels of hip-
pocampal Psf mRNA than females in adulthood, but that there
was no sex difference at postnatal day 21 (Fig. 2C). Higher hip-
pocampal expression of Psf mRNA in adult males than in adult
females was also found for the data presented in Figures 5C and
6D, below. Thus, in contrast to the sex difference of hippocampal
Srp20 mRNA expression, the sex difference in hippocampal Psf
mRNA expression only occurred after the onset of puberty. It is
possible that the observed sex differences in Psf and Srp20 mRNA
expression (Fig. 2A,C) are unique to the mouse strain considered;
however, this appears unlikely, as preliminary analysis of micro-
array data for hippocampal gene expression in males and females
of four mouse strains suggests sex-

that hippocampus-dependent spatial training in the MWM could
regulate hippocampal Srp20 and Psf mRNA expression in adult-
hood. We investigated this idea in our MWM set-up, in which
hippocampal lesions impair spatial learning in both males (An-
gelo et al. 2003) and females (Fig. 3). We trained male (n=11)
and female (n = 12) WT mice in the MWM using a four trial/day
training protocol for 6 d, and tested them in a probe trial at the
end of the sixth day of training (Fig. 4). We subdivided the mice
in two groups according to individual probe trial performance.
These were designated selective and nonselective. Selective ani-
mals displayed a clear preference for the target quadrant (TQ)
during the probe trial: searching more than 35% of the time in
TQ and no similar percentage of time in any other quadrant.
Nonselective animals did not display such preference.

A three-way ANOVA with repeated measures on latency to
reach the platform revealed an overall improvement in acquisi-
tion across all groups (effect of training: P < 0.001) and no dif-
ferences in acquisition between the sexes (F(; 19, = 0.70, P = 0.41).
There were no significant two-way or three-way interactions be-
tween the factors considered. A larger sample size might have
revealed improved acquisition in selective animals (F; 19, = 4.09,
P =0.057), which was also suggested by a planned two-way
ANOVA with repeated measures between selective and nonselec-
tive males, but not between the female groups (effect of group
F,0)=4.21, P=0.07) (Fig. 4A).

A two-way ANOVA comparison of the search times during
the probe trial with quadrant selectivity and sex as factors re-
vealed no sex effects (F; 19, = 1.54, P = 0.23), a significant differ-
ence between selective and nonselective groups (F ;9 = 63.71,
P <0.001), and no sex x selectivity interaction (F 9, = 0.087,
P =0.77) (Fig. 4B). Planned one-way ANOVAs confirmed that, in
both sexes, selective animals spent more time in TQ than their
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training in the Morris water maze
(MWM) in WT mice

Dys-regulation of hippocampal Srp20
and Psf mRNA expression was shown to
occur in adult naive male CaMKK-
deficient mice (Fig. 1A,C). Since male
CaMKKpB-deficient mice display delayed
spatial memory formation in the MWM
(Peters et al. 2003), it was conceivable
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Morris water maze. (A) Time to reach the hidden platform differed between the sham-lesioned and
lesioned mice. Two-way ANOVA with repeated measures showed that there was a significant effect of
treatment (F; 13y = 5.9, P<0.05) and training (Fg 104y = 14.9, P <0.001), but no significant interac-
tion (Fig 104y = 1.5, P=0.18). (B) During the probe trial on day 3, the sham-lesioned mice (n = 8)
searched selectively in the target quadrant (TQ) where the platform had been located (5 ,g, = 10.8,
P < 0.0001), whereas the lesioned mice (n = 7) searched randomly (F; ,,, = 2.7, P = 0.07). Analysis of
time spent in the target quadrant showed a significant effect of lesion (F; ,3,=9.0, P<0.01). (O)
Minimum (black) and maximum (gray-shaded) of hippocampal lesions. Note that the maximal lesions
are an overestimate, because neocortex overlying the hippocampus became detached during slice
preparation. Data are means = SEM; (**) P < 0.01. Adapted with permission from Elsevier © 2001,
Paxinos and Franklin 2001.
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Figure 4. Performance of male and female WT mice in the hidden-
platform version of the Morris water maze (MWM). (A) Time to find the
hidden platform decreased with training in all groups; planned compari-
sons suggest that selective males (n=5) acquired the task faster than
their nonselective counterparts (n = 6), while both female groups ac-
quired the task at the same rate (seven selective, five nonselective). (B) In
a probe trial given at the end of training, selective animals spent signifi-
cantly more time swimming in the target quadrant than in any other
quadrant (significance stars are omitted); while this was not observed in
nonselective animals; no sex effects were observed. (TQ) Target quad-
rant; (AR) adjacent right quadrant; (AL) adjacent left quadrant; (OP) op-
posite quadrant. Data are means = SEM; (***) P < 0.001.

nonselective counterparts (males: F(; o) = 29.87; P <0.001; fe-
males: F(; 10, = 33.91; P <0.001). Furthermore, there was a clear
preference toward TQ in the selective groups (males:
F316)=23.94, P <0.001; post-hoc analysis: P < 0.001 for all TQ
comparisons; females: F3 54y = 37.47, P < 0.001; post-hoc analysis:
P <0.001 for all TQ comparisons), while in the nonselective
groups, males searched randomly (males: F 3 5o, = 0.37; P = 0.77)
and females displayed a slight preference toward OP
(F316) = 4.42, P < 0.05; post-hoc analysis OP vs AR [P < 0.01] and
OP vs TQ [P < 0.05]).

In order to investigate whether Srp20 and Psf mRNA levels
were increased in animals that successfully learned the MWM
task, we compared mRNA levels between naive and selective ani-
mals of both sexes. Analysis of hippocampal Srp20 mRNA expres-
sion levels showed that there was an effect of training
(F1,21y=31.7, P <0.001), an effect of sex (F ») = 66.0,
P <0.001), and a sex x training interaction (F ,;, = 24.5,
P <0.001) (Fig. SA). Post-hoc analysis revealed that naive males
expressed higher levels of Srp20 mRNA than naive females
(P <0.05) and Srp20 mRNA was up-regulated in selective males
(P <0.001), but not in selective females (P =0.63) (Fig. 5A). For
Psf mRNA, a two-way ANOVA with training and sex as factors
indicated effects of training (F(; »;,=17.0, P<0.001) and sex
(F1,21)=44.2, P<0.001), but no sex x training interaction
(F1,21y=0.96, P = 0.34) (Fig. 5C). Thus, in contrast to the hippo-
campal Srp20 mRNA expression, the hippocampal Psf mRNA ex-
pression was up-regulated in both male and female WT mice after
spatial training in the MWM.
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Successful learning of the MWM task is generally assessed by
probe trial performance. A number of studies have established
direct correlations between levels of hippocampal transcription
of certain genes and learning performance (Matsuyama et al.
1997; Balschun et al. 2003; Brightwell et al. 2004). For this reason
we used the “nonselective” group of animals (Fig. 4) as a control
for spatial learning-induced transcriptional changes. Several fac-
tors intrinsic to the task such as novelty of the environment (Hall
et al. 2000), physical activity (Vaynman et al. 2004), interaction
with the human experimenter, and stress (Aguilar-Valles et al.
2005) are sufficient to trigger changes in gene expression. In a
number of studies, “swim control”” groups are used to account for
the factors mentioned above. Different experimental designs
have been used to define swim controls, including swimming in
the absence of the platform (Shors et al. 2000; Cavallaro et al.
2002; Leil et al. 2003; Oh et al. 2003) or in a visible platform
version of the task (Leil et al. 2002). Our swim control group
consisted of mice that swam in the absence of a platform for the
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Figure 5. Hippocampal Srp20 and Psf mRNA expressions are up-

regulated after training in the MWM in WT mice, and the up-regulation
of Srp20 expression occurs only in males. (A) Hippocampal Srp20 mRNA
expression was significantly up-regulated in selective males, but not fe-
males. Post-hoc analysis also showed that naive males expressed higher
levels of Srp20 mRNA than naive females (P < 0.05), which is not indi-
cated for the ease of presentation. Males: seven naive, five selective;
females: seven naive, six selective. (B) In males, Srp20 mRNA up-
regulation occurred in the swim control and nonselective groups, but this
was significantly smaller than in the selective group: seven naives, seven
swim controls, five nonselective, five selective. (C) Hippocampal Psf
mRNA expression was significantly up-regulated by spatial training in
both sexes as shown by two-way ANOVA. Additionally, males expressed
significantly higher levels of hippocampal Psf mRNA than females. Males:
eight naive, five selective; females: five naive, seven selective. (D) Psf
mRNA up-regulation was not specific to MWM learning, as nonselective
groups and swim controls express higher levels of Psf mRNA than the
naive group. Eight naives, eight swim controls, six nonselective, five se-
lective. Data are means = SEM; (*) P < 0.05; (**) P<0.01; (***)
P <0.001.
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same number of trials and for the same amount of time per trial
as trained animals, so that the amount of physical activity and
the time of exposure to the room was matched to the groups
trained in the hidden platform version of the task.

In order to investigate whether the regulation of these genes
occurred specifically in selective animals, we compared Srp20 and
Psf mRNA levels across four groups of male mice (naive, swim
control, nonselective, and selective). For Srp20 mRNA levels (Fig.
5B), one-way ANOVA pointed to significant differences across
the four groups considered (F; 50, =9.47; P <0.001). Post-hoc
analysis confirmed the previously described up-regulation in se-
lective animals when compared with naives (P < 0.001), and also
revealed significant up-regulation in nonselective animals
(P < 0.01) and swim controls (P < 0.05). In addition, selective ani-
mals expressed higher levels of Srp20 mRNA than swim controls
(P < 0.05), suggesting that novelty, physical activity, stress (or a
combination of both) should only partly account for the up-
regulation verified in selective animals.

Psf mRNA levels were significantly different between the
four male groups considered (F; .3, =9.43, P <0.001, one-way
ANOVA). Training in the absence of a platform was sufficient to
trigger Psf up-regulation, as levels of expression differed signifi-
cantly between naive and all of the remaining groups (post-hoc:
naive vs. nonselective and naive vs. swim controls P < 0.001;
naive vs. selective P < 0.05), but not between swim controls and
the selective and nonselective groups (P > 0.05) (Fig. 5D). Thus,
as far as this task is concerned, Psfup-regulation does not seem to be
specifically regulated by learning of the task. An up-regulation of Psf
and Srp20 in selective and nonselective animals has been replicated
in an independent cohort of animals (data not shown).

Hippocampal Srp20 and Psf mRNA levels are
up-regulated by learned associations after contextual

fear conditioning in male WT mice

Our expression studies after spatial training could not determine
whether the observed up-regulation of Srp20 and Psf mRNA was
specific for the formation of a spatial memory or elicited by fac-
tors intrinsic to the task. Classical conditioning tasks can be eas-
ily used to determine whether expression changes are specific for
the learned conditioned-stimulus/unconditioned-stimulus asso-
ciation or whether they relate to one of the stimuli alone. There-
fore, we investigated the regulation of Srp20 and Psf mRNA in a
single-trial, hippocampus-dependent background contextual fear
conditioning (Phillips and LeDoux 1994). We first established
that in our set up a single training trial led to the formation of a
contextual fear memory in both males and females (Fig. 6A). The
regulation of hippocampal Srp20 and Psf mRNA expression after
contextual fear conditioning was similar to that after spatial
training. Srp20 mRNA expression levels differed between the
sexes (F( 55 =24.1, P<0.001), there was no effect of training
(F(1,22) = 2.34, P = 0.14), but there was a significant sex x training
interaction (F(; 5, = 4.74, P <0.05) (Fig. 6B). Post-hoc analysis
showed that Srp20 mRNA expression was up-regulated by train-
ing in males, but not in females (Fig. 6B). Thus, there was a
male-specific up-regulation of hippocampal Srp20 mRNA expres-
sion after contextual fear conditioning in WT mice.

Analysis of Psf mRNA expression demonstrated an effect of
seX (F(; 23 = 79.3, P<0.001), an effect of training (F, »3, = 16.6,
P < 0.001), but no significant sex x training interaction
(F(1,23) = 1.65, P=0.21) (Fig. 6D). Thus, the hippocampal Psf
mRNA expression was up-regulated after contextual fear condi-
tioning for both sexes in WT mice.

We studied whether the conditioning-induced up-
regulation of hippocampal Srp20 and Psf mRNA expression in
males was specific for the learned associations using Box and
latent inhibition (LI) groups. The Box group served as a control
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Figure 6. Hippocampal Srp20 and Psf mRNA expressions are regulated
by learned associations after contextual fear conditioning in WT mice; the
up-regulation of Srp20 expression is male-specific. (A) Male (n = 7) and
female mice (n = 3) showed contextual freezing 24 h after conditioning
in comparison with a Box control group (eight males, four females). (B)
Hippocampal Srp20 mRNA expression was significantly up-regulated by
contextual fear conditioning in males, but not in females, as shown by
post-hoc analysis. Females: six naive, five contextually fear condi-
tioned (FC); males: seven naive, eight FC. (C) In males, hippocampal
Srp20 mRNA expression levels did not differ between naive mice (n = 7)
and Box control mice (n = 6), while there was significantly increased ex-
pression in FC mice (n = 8). The LI shock control (n = 5) did not result in
an up-regulation in comparison with naive mice (n = 4). (D) Hippocam-
pal Psf mRNA expression was significantly up-regulated by contextual fear
conditioning in males (eight naive, seven FC) and females (five naive,
seven FC) as shown by two-way ANOVA. Additionally, males expressed
significantly higher levels of hippocampal Psf mMRNA than females. (E) In
males, hippocampal Psf mMRNA expression levels did not differ between
naive mice (n = 8) and Box control mice (n = 6), while there was signifi-
cantly increased expression in FC mice (n = 7). There was no difference in
expression between naive (n=4) and LI control mice (n=5). Data are
means = SEM; (*) P < 0.05; (**) P< 0.01; (***) P<0.001.
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for the effects of the “conditioned stimulus” on gene expression,
while the LI group controlled for the effects of shock alone, as the
animals experienced a foot shock, but did not make a context-
shock association (von Hertzen and Giese 2005; Lepicard et al.
2006). Srp20 mRNA expression was not up-regulated in LI con-
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trols (F(;,7,=1.72, P=0.23) and Box controls (F 5 = 4.75,
P < 0.05; post-hoc analysis revealed no difference in expression
between naive males and Box controls) (Fig. 6C). Psf mRNA ex-
pression was also not up-regulated in LI controls (F ; = 0.15,
P=0.71) and Box controls (F, s, =7.91, P < 0.01, post-hoc
analysis revealed no difference in expression between naive
males and Box controls) (Fig. 6E). Thus, the up-regulations of
Srp20 and Psf mRNA expression in male WT mice after back-
ground contextual fear conditioning were specific for the con-
text/tone-shock association.

Discussion

Our main finding is that the hippocampal mRNA expressions of
two genes encoding splicing factors, Srp20 and Psf, are up-
regulated during contextual fear memory formation as a specific
result of the context/tone-shock association. This suggests that
changes in splicing factor expression during LTM formation
regulate alternative splicing. In addition, Srp20 up-regulation is
sex-specific, occurring in males only, and implying that alterna-
tive splicing contributes to sex differences in LTM formation.

We ruled out the possibility that novelty and/or tone and
shock alone contribute to the identified transcriptional changes
by studying gene expression in a box control (exposure to the
conditioning chamber without shock presentation) and in a la-
tent inhibition control group (administration of shock after pro-
longed exposure to the context). In these control groups the
levels of gene expression were similar to the naive controls,
thereby indicating that after contextual fear conditioning, the
up-regulation of both Psf and Srp20 mRNA levels is specific for
the learned context/tone-shock association. Thus, we conclude
that the transcription of Srp20 and Psf is likely to be engaged
during contextual fear memory formation.

At the time point considered (30 min after conditioning),
only males showed up-regulated Srp20 mRNA levels, indicating
that this transcriptional event is male specific. This was not due
to technical issues with the female mRNA samples, because we
could detect increased Psf mRNA expression after contextual fear
conditioning in females. Our results are in agreement with the
findings that the regulations of Bdnf, Gaal, and Ngfi-b mRNA
expression in the hippocampus after contextual fear condition-
ing, which are all specific for the context-shock association (Hall
et al. 2000; von Hertzen and Giese 2005; Mizuno et al. 2007), can
be sex-specific or common to both sexes (Mizuno et al. 2006,
2007). Additionally, contextual fear conditioning induces in-
creased phosphorylation of CREB that is specific to male mice
(Kudo et al. 2004) and male, but not female, CaMKKa mutant
mice are impaired in contextual fear LTM formation (Blaeser et
al. 2006; Mizuno et al. 2006). Taken together, these lines of evi-
dence strengthen the hypothesis that molecular mechanisms
elicited by training in hippocampus-dependent tasks can be sex-
specific.

We have also studied hippocampal $rp20 and Psf mRNA ex-
pression after spatial training in the hidden-platform version of
the MWM. The mRNA expression of both splicing factors was
up-regulated after spatial training, with the increase in Srp20
mRNA unique to male mice, whereas the up-regulation of Psf
mRNA expression was sex-independent. We investigated whether
the transcriptional changes observed in males occurred specifi-
cally in animals that learned the task (selective), by assessing
levels of gene expression in animals that failed to learn the task
(nonselective) and in swim controls (mice exposed to the maze
with no platform present for equal periods of time and experi-
encing similar levels of physical activity as the trained groups).
Psfand Srp20 mRNA levels were increased in both control groups,
and therefore, we conclude that these up-regulations are not spe-
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cifically associated with successful learning of this spatial task,
and can be related to other factors intrinsic to the task. However,
this observation does not completely rule out a potential role for
these genes in spatial learning. For example, the immediate-early
gene activity-regulated cytoskeleton-associated protein (Arc/
Arg3.1) is up-regulated to the same degree amongst animals
trained in spatial and non-spatial versions of the MWM task
(Guzowski et al. 2001), yet inhibition of ARC/ARG3.1 protein
expression produces a significant impairment in spatial learning
(Guzowski et al. 2000; Plath et al. 2006), thereby suggesting that
transcriptional changes triggered by factors intrinsic to the task
can be important in the formation of spatial memories. Taken
together, our results suggest that, similarly to the contextual
fear conditioning tasks, there are sex-dependent and sex-
independent transcriptional events engaged during spatial
memory formation.

With regard to Srp20 up-regulation in WT males after spatial
training, it is interesting to note that naive male, but not female,
CaMKKpB-deficient mice have reduced Srp20 mRNA levels and
impaired spatial memory formation (Peters et al. 2003; Mizuno et
al. 2007). Therefore, it is conceivable that the reduced Srp20 ex-
pression contributes to the spatial memory deficits observed in
male CaMKKg-deficient mice. However, the reduced Srp20 ex-
pression in male CaMKKg-deficient mice does not seem to ac-
count for deficits in contextual fear conditioning, as these mu-
tants perform normally in this task (Peters et al. 2003; Mizuno et
al. 2007). The finding of an up-regulation of Psf mRNA after
training in the MWM in WT animals is harder to reconcile: basal
levels of Psf expression are higher in CaMKKp-deficient mutants
than in WT mice and an up-regulation of Psf'expression occurs in
both sexes after spatial training and contextual fear condition-
ing. Therefore, it is unlikely that higher levels of Psf expression in
CaMKKpB-deficient mice account for the spatial memory deficits.
A possibility is that Psf up-regulation in naive mutants occurs as
a molecular compensation for lack of CaMKKp, and this com-
pensation might prevent deficits in contextual fear conditioning.

Sex differences in the hidden-platform version of the MWM
have been debated (Jonasson 2005) and seem to be strongly de-
pendent on the conditions of set-up and the amount of training
(Frye 1995; Perrot-Sinal et al. 1996; Roof and Stein 1999). In our
laboratory and training protocol, males and females displayed
similar acquisition of the task and no overall differences in TQ
preference in the probe trial. Furthermore, we have shown that
both sexes require the hippocampus for spatial memory forma-
tion in our set up (Angelo et al. 2003; Fig. 3). The lack of sex
differences at the behavioral level, both in the MWM and con-
textual fear conditioning, implies that the significance of the
sex-specific transcriptional changes described may be related to
differences in some, but not all, molecular mechanisms underly-
ing memory formation. Furthermore, it has been suggested that,
in rodents and in humans, the sexes use distinct spatial learning
strategies, making use of either geometric or landmark cues
(Sandstrom et al. 1998; Maguire et al. 1999; Roof and Stein 1999).
Thus, it is conceivable that Srp20 is a marker gene for the male
spatial learning strategy.

We have only investigated the transcriptional profile of our
target genes 30 min after fear conditioning and 30 min after the
probe trial in the MWM. A time-course study would be required
to determine the temporal pattern of expression for these genes.
Such an experiment would determine whether Srp20 expression
is also regulated after behavioral training in females, but at a
distinct time point from males. Should this be the case, this
would imply sexual dimorphisms in the kinetics of transcrip-
tional activation, which would in turn suggest the engagement
of distinct signaling pathways. Differences between the hippo-
campal signaling pathways utilized by males and females is sup-
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ported by our data; firstly, in contrast to males, in females, lack of
CaMKKB does not impact on Srp20 mRNA levels; and secondly,
our studies with CaMKKB and CaMKKa-deficient animals dem-
onstrate that these two kinases are required for the formation of
spatial and contextual memories, respectively, in males only (Mi-
zuno et al. 2006, 2007).

We cannot exclude the possibility that our observations cor-
respond to the transcriptional readout of sexually dimorphic
stress responses or stress-coping strategies (Westenbroek et al.
2003; Liu et al. 2006). However, as far as the contextual condi-
tioning task is concerned, the contribution of stress alone is un-
likely to have accounted for the transcriptional changes observed
as handling, novelty, and exposure to aversive stimuli were not
sufficient to trigger changes in mRNA levels. In addition, Psf and
Srp20 mRNA levels were assessed in a microarray study aimed at
studying stress effects on hippocampal gene expression in males
and females from four different mouse strains. Preliminary re-
sults confirm sex differences in Srp20 and Psf mRNA levels inde-
pendently of strain. Importantly, these results also indicate that
Srp20 mRNA expression is not influenced by mild stress condi-
tions, while suggesting the possibility that Psf mRNA expression
might be regulated by stress (L.C. Schalkwyk, pers. comm.)

Interestingly, we have found that in adult naive hippocampi
both Srp20 and Psf mRNA expression levels are higher in males
than in females, and that this does not appear to result from
differences in the location of expression across the major hippo-
campal subfields. The sex difference in Srp20 mRNA expression
level occurs before puberty, which is not the case for Psf mRNA.
This suggests that the sexual dimorphisms in Srp20 and Psf
mRNA in naive animals are guided by different mechanisms.
Consistent with this, lack of CaMKK} signaling in naive animals
leads to distinct effects in hippocampal expression of these two
genes; Srp20 mRNA expression is decreased in males only, while
Psf mRNA expression appears to be increased in both sexes. The
influence of estrogen in the regulation of genes and signaling
pathways involved in memory formation is well documented
(Sawai et al. 2002; Lee et al. 2004; Scharfman and MacLusky
2005). However, under our housing conditions, we failed to ob-
serve a robust estrous cycling pattern, and therefore it was not
possible to correlate levels of gene expression with phase of es-
trous cycle. Further experiments, for instance, using ovarecto-
mized mice, would be required to establish the influence of fe-
male sexual hormones in the expression of Psf and Srp20.

Recently, it has become apparent that alternative splicing is
an important process to regulate gene expression for neuronal
plasticity and memory formation (Beffert et al. 2005; Ule and
Darnell 2006; Lee et al. 2007). Here, we provide evidence that
mRNA levels of two splicing factors, Srp20 and Psf, are regulated
in response to training in two hippocampus-dependent learning
tasks, thus suggesting that these expression changes may con-
tribute to the regulation of alternative splicing during memory
formation. Interestingly, CaMKIV has been implicated in the
regulation of alternative splicing in neurons (Xie et al. 2005).
Here, we show that lack of the upstream kinase CaMKKp leads to
altered levels of expression of two splicing factors in the hippo-
campus. It is therefore possible that SRP20 and/or PSF contribute
to changes in alternative splicing in response to CaMKIV signal-
ing. Although the roles of PSF and SRP20 as splicing factors are
well established (Patton et al. 1993; Jumaa and Nielsen 1997;
Shav-Tal and Zipori 2002; Galiana-Arnoux et al. 2003; Sanford et
al. 2005), not much is known about the function of SRP20 and
PSF in neurons. SRP20 regulates splicing of exon 10 of the gene
encoding the microtubule-associated protein tau (Yu et al. 2004),
which might indicate a role for compartmentalized signaling
during memory processes. The neuronal expression of Psfis es-
tablished (Chanas-Sacre et al. 1999), but the transcripts it splices
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in these cells remain to be determined. Furthermore, SRP20 and
PSF are multifunctional proteins, and in addition to splicing,
they might regulate other nuclear processes. Additional func-
tions of SRP20 include polyadenylation (Lou et al. 1998) and
nucleocytoplasmic export of mRNA (Huang and Steitz 2001). PSF
participates in the nuclear retention of misedited RNA (Zhang
and Carmichael 2001), repression of transcription (Mathur et al.
2001; Urban and Bodenburg 2002), and DNA repair (for review,
see Shav-Tal and Zipori 2002; Bladen et al. 2005). Further work
will be necessary to determine the importance of the Srp20 and
Psf mRNA expression changes on alternative splicing and
memory formation. It remains to be established whether the
mRNA up-regulations observed are reflected at the protein level
and whether they impact on alternative splicing. Functional
studies will be required to determine whether manipulation of
Srp20 and Psf expression levels produce an impairment in a hip-
pocampus-dependent memory task. Understanding of these as-
pects will be essential to clarify whether regulation of alternative
splicing by PSF or SRP20 participates in memory encoding and
whether this contributes to sex differences in memory formation.

Most mechanistic studies of hippocampus-dependent learn-
ing and memory use male rodents to avoid any bias due to the
estrus cycle when using females. Here, we show that there are
significant sex differences in hippocampal gene expression in
rodents that are likely to impact on alternative splicing during
memory formation. Thus, the results of our study emphasize the
need to consider both sexes when analyzing mechanisms under-
lying memory formation.

Materials and Methods

Animals

Camkk2 null mutants (Peters et al. 2003) were obtained by inter-
crosses of nonsibling heterozygous mice in the (129/Sv x C57BL/
6) F; 4 genetic background. The genotype was determined by
PCR from tail biopsies with primers (Invitrogen): KKp1: 5'-CAG
CACTCAGCTCCAATCAA-3’; KKB2: 5'-GCCACCTATTGCCTTGT
TTG-3'; KKB3: 5'-TAAGCACAAGCACTCATTCC-3'. WT mice
used in behavioral and expression studies were obtained by in-
tercrossing WT offspring of the F, generation. All mice used for
behavioral experiments were 8-16 wk old. We attempted to
monitor the phase of the estrus cycle by observing vaginal color
and opening over a period of 3 wk, but no robust cycling pattern
was observed. For this reason, it was not possible to determine
the phase of the estrus cycle in the females used for behavioral
and transcriptional analyses. For transcriptional studies, a group
of male and female littermates was sacrificed at the age of wean-
ing, postnatal day 21. The experiments were conducted in accor-
dance with the Animals (Scientific Procedures) Act 1986, UK.

Quantitative real-time PCR

From each mouse, the entire hippocampi were isolated, frozen,
and homogenized in Trizol (Invitrogen) and total RNA was iso-
lated with RNeasy mini-columns (QIAGEN). RNA (2.5 pg) from
each sample was reverse transcribed using superscript II reverse
transcriptase (Invitrogen). To rule out the possibility of contami-
nation with genomic DNA, a control PCR discriminating be-
tween the hypoxanthine-guanine-phosphoribosyltransferase
(Hprt) genomic DNA and cDNA was performed as previously de-
scribed (von Hertzen and Giese 2005). The real-time PCR primers
for Srp20, Psf, and Hprt were designed with Primer Express 2.0
software (Applied Biosystems): Srp20g,q: S'-TGAGGATCCCCG
AGATGCT-3'; S1p20,., :5'-CTTACACGGCAGCCACACAGT-3';
Psfivq: 5'-GGAGTTCCACCAGCAACCAT-3’; Psf.,: 5'-CTGCCC
AAAGCGCTCAGT-3'; HPRTy,,q: 5'-ATACAGGCCAGACTTTGTT
GGATT-3’; HPRT,: S'-TCACTAATGACACAAACGTGATTCAA-
3'. To measure mRNA levels, we used quantitative real-time PCR
(qPCR). This relative quantification method is based on the nor-
malization of target mRNA level to a housekeeping gene, Hprt
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(which acts as an RNA expression control). This allows direct
comparison of levels of gene expression across samples from dif-
ferent age and sex groups, avoiding biases related to the amount
of starting material (hippocampal tissue) and technical sources of
variation in mRNA extraction and reverse transcription (for re-
view, see Bustin 2000). Hprt is an X-linked gene that is subject to
X chromosome inactivation, and Hprt mRNA levels do not differ
between male and female cells (Gartler and Riggs 1983; Grant
and Chapman 1988). QPCR was performed with SYBR Green as
fluorescent marker on the ABI7000 PCR system (Applied Biosys-
tems). Amplification reactions contained 1X SYBR Green Master
Mix (Applied Biosystems), optimized primer concentrations (900
nM forward primer/900nM reverse primer), and 1 pL of cDNA
(~2.5 pg) in a final volume of 25 puL. Amplification reactions were
performed in 96 well plates and amplification conditions were
95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and
62°C for 60 sec. Dissociation curves were generated after ampli-
fication in order to monitor the purity of the product formed.
Srp20 and Psf mRNA levels were normalized to Hprt mRNA levels
by calculating differences in cycle threshold (Ct) between the
target gene and Hprt (ACt). The average ACt from the calibrator
group (adult naive WT males [Fig. 1A,C], or adult naive WT fe-
males [Fig. 1B,D]) was subtracted from each individual ACt, and
the values logarithmically transformed to obtain a relative per-
centage of expression.

Samples with a ACt value deviating more than two standard
deviations from the average of the group were excluded. QPCR
experiments described in Figure 1 and Figure 6, C and E (naive vs.
latent inhibition), consisted of one QPCR plate with triplicates of
the same sample; Ct values were averaged and samples were ex-
cluded if Ct values were not consistent across triplicates (samples
excluded: SRp20, one WT, and two CaMKKp-deficient males [Fig.
1A]; one WT female [Fig. 1B]; one naive male [Fig. 6C]; PSF, one
naive male [Fig. 6E]). For the data presented in the remaining
figures, each sample was run in one well per plate and ACt values
averaged across plates and samples were excluded if ACt values
were not consistent across plates (samples excluded: Srp20, one
naive male [Figs. 5A,B, 6B,C]; one selective female [Fig. SA]; one
swim control [Fig. 5B], one naive female, one naive female FC
[Fig. 6B]; PSF, two naive females [Figs. 2C, 5C, 6D], one FC male
[Fig. 6D,E]).

In situ hybridization

Coronal sections (15 pm) of fresh frozen brains were mounted
onto polylysine-coated superfrost slides (VWR), fixed in 4% para-
formaldeheyde, and stored in 95% ethanol at 4°C. A total of 10
ng of probe oligonucleotides: Psf:5'-CTTTCTTCTCGTTGGC
GTCTCATTTGTTCTTCCATCTCACGTTGGCGA-3'; Srp20:5'-
GTGGTCCATAATAGCCAAAAGCCCGTTCTAATTCAGTCTTGTT
TCCAT-3’, were labeled with [a->S]dATP (Amersham Biosci-
ences) using terminal deoxynucleotidil transferase (TdT; Pro-
mega) and purified through a Sephadex column. Labeled probes
were diluted in hybridization buffer (50% formamide, 4X SSC, 25
mM sodium phosphate, 1 mM sodium pyrophosphate; 5X Den-
hardt’s solution) to a final concentration of 100-300 cpm/pL.
Hybridization was performed in a humidified chamber at 42°C
overnight. Slides were washed in 1X SSC for 10 min at room
temperature (RT), two times in 1X SSC at 55°C, and briefly rinsed
in 0.1X SSC, 70% ethanol, 95% ethanol at RT, and allowed to air
dry. Slides were exposed to a *°S-sensitive autoradiographic film
(Kodak) together with '*C microscale standards (Amersham Bio-
sciences), for 1 wk.

Hippocampal lesions

Female 129B6F1 mice were anesthetized with a mixture of iso-
flourane (Abbott) and O,, and then mounted in a Kopf stereo-
taxic frame. The scalp was shaved and surgically cleaned and
then a midline incision was made that exposed the skull. The
skull overlying the target area was removed and bilateral injec-
tions of ibotenic acid (Sigma) dissolved in PBS at a concentration
of 10 mg/mL were made using a 5-uL. Hamilton syringe with a
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33-gauge needle at the following coordinates according to Paxi-
nos and Franklin 2001:

AP (mm) ML (mm) DV (mm) Vol (pL)
-1.3 +0.75 -1.8 0.06
-1.6 +0.7 -1.9 0.06
-1.6 +1.5 -1.7 0.06
-1.9 +1.0 -1.6 0.06
-1.9 +2.0 -1.7 0.06
-24 +1.5 -1.6 0.07
—-2.4 +3.0 -1.8 0.07
—24 +3.0 -23 0.07
-29 +3.0 -23 0.07
-2.9 +3.0 -3.0 0.07

After completion of the injections, the scalp was sutured and the
mouse was returned to its home cage. Sham-lesioned mice were
subjected to the same surgical procedure, but only PBS was in-
jected into one of the dorsal hippocampal coordinates. All ani-
mals received a 0.1-mL subcutaneous injection of carprofen (Ri-
madyl; Pfizer Animal Health) after surgery was completed to pro-
vide pain relief. Behavioral testing began 7 d after surgery.

Histology

After completion of behavioral testing, all mice were given a
lethal injection of sodium pentobarbitone (Euthatal; Animal
Care Ltd.) and were perfused with physiological saline and 4%
paraformaldehyde in PBS. The brains were removed and stored in
4% paraformaldehyde until they were coronally sectioned at 40
pm and stained with cresyl violet.

MWM experiments

Mice were trained in the hidden-platform version of MWM,
which was shown to be hippocampus dependent in males (An-
gelo et al. 2003). Lesioned (n = 7) and sham-lesioned (n = 8) fe-
males were tested with 12 trials per day in blocks of four trials for
3 d. The maximal trial length was 90 sec, the intertrial interval
was 60 sec, and the interblock interval was 60 min. A probe trial
was given at the end of training on day 3 to assess for spatial
memory. For the gene expression studies, we used a four trials/
day training protocol for 6 d with 60-sec intertrial intervals and
maximum trial duration of 90 sec. On the last day of training,
animals were tested in a 90-sec probe trial. All trials were video-
taped and images were analyzed using the HVS water program
(HVS Image Ltd.). The mice were sacrificed 30 min after the
probe trial to analyze hippocampal gene expression. Swim con-
trol groups were allowed to swim in the pool in the absence of
the platform for the average duration of each training trial (de-
pending on training day) for the same number of trials and days
as the animals trained in the MWM. Naive WT littermates were
sacrificed on the same day.

Contextual fear conditioning

We used background contextual fear conditioning, which unlike
foreground contextual fear conditioning, requires the dorsal hip-
pocampus (Phillips and LeDoux 1994). This suggests a fuller en-
gagement of the hippocampus in background versus foreground
conditioning, which leads to an improved signal-to-noise ratio
for detecting gene expression changes elicited by conditioning.
The training protocol as well as control treatments for gene-
expression studies were performed as described (von Hertzen and
Giese 2005). Briefly, conditioning consisted of placing the mice
in the training chamber (Campden Instruments); after 2 min, a
tone (2.8 kHz, 80 dB) was played for 30 sec, the last 2 sec coin-
ciding with a 0.75-mA foot shock, and 30 sec after the shock, the
mice were removed from the chamber. A novelty control group-
(Box) was trained under the same conditions, but did not receive
a foot shock. A latent inhibition group was housed in the con-
ditioning chamber overnight (12 h with food and water ad
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libitum), shocked in the morning, and removed from the cham-
ber 30 sec after the shock. Under these conditions, the mice do
not make a context-shock association (Lepicard et al. 2006). For
hippocampal gene expression studies, WT mice were sacrificed
30 min after removal from the conditioning chamber and naive
WT littermates were sacrificed on the same day. The behavioral
controls were tested for contextual fear memory 24 h after con-
ditioning by measuring freezing upon re-exposure to the con-
text.

Data analysis

Statisitical analyses were performed using SIGMASTAT (Systat
Software Inc.). One- or two-way ANOVAs were used followed by
Student-Newman-Keuls post-hoc analysis, when significant in-
teractions were found. Two- and three-way repeated measures
ANOVA, for analysis of MWM acquisition data (Fig. 4A), were
performed using SPSS (SPSS, Inc.).
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