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Abstract
HuD is a neuronal RNA-binding protein associated with the stabilization of mRNAs for GAP-43
and other neuronal proteins that are important for nervous system development and learning and
memory mechanisms. To better understand the function of this protein, we generated transgenic
mice expressing human HuD (HuD-Tg) in adult forebrain neurons. We have previously shown
that expression of HuD in adult dentate granule cells results in an abnormal accumulation of
GAP-43 mRNA via post-transcriptional mechanisms. Here we show that this mRNA
accumulation leads to the ectopic expression of GAP-43 protein in mossy fibers.
Electrophysiological analyses of the mossy fiber to CA3 synapse of HuD-Tg mice revealed
increases in paired-pulse facilitation (PPF) at short inter-pulse intervals and no change in long-
term potentiation (LTP). Presynaptic calcium transients at the same synapses exhibited faster time
constants of decay, suggesting a decrease in the endogenous Ca2+ buffer capacity of mossy fiber
terminals of HuD-Tg mice. Under resting conditions, GAP-43 binds very tightly to calmodulin
sequestering it and then releasing it upon PKC-dependent phosphorylation. Therefore subsequent
studies examined the extent of GAP-43 phosphorylation and its association to calmodulin. We
found that despite the increased GAP-43 expression in HuD-Tg mice, the levels of PKC-
phosphorylated GAP-43 were decreased in these animals. Furthermore, in agreement with the
increased proportion of non-phosphorylated GAP-43, HuD-Tg mice showed increased binding of
calmodulin to this protein. These results suggest that a significant amount of calmodulin may be
trapped in an inactive state, unable to bind free calcium and activate downstream signaling
pathways. In conclusion, we propose that an unregulated expression of HuD disrupts mossy fiber
physiology in adult mice in part by altering the expression and phosphorylation of GAP-43 and the
amount of free calmodulin available at the synaptic terminal.
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INTRODUCTION
Post-transcriptional regulation by RNA splicing, mRNA export, stability, localization, and
translation add to the complexity of gene expression. These mechanisms are particularly
relevant in neurons, where mRNAs are localized to axons and dendrites and thus segregated
from the primary control of transcription (for reviews see, Sossin and DesGroseillers, 2006;
Wang et al., 2007 and Schuman et al., 2006, and for specific examples, Smith et al., 2004).
Among these post-transcriptional mechanisms, mRNA stability mechanisms are estimated to
affect about 10 % of human genes (Bakheet et al., 2006). Hu proteins are homologs of
Drosophila ELAV (embryonic lethal abnormal vision) and are the best known mRNA
stabilizers in mammalian cells. Although there is only one ELAV protein in Drosophila,
four mammalian ELAV-like proteins have been identified. Three of these proteins (HuB,
HuC, and HuD) are developmentally regulated and expressed in neurons. The fourth
member, HuR (also called HuA), is also expressed in other tissues. Although Hu proteins
were initially described as early markers of neuronal differentiation (Barami et al., 1995),
significant levels of these proteins persist throughout life, particularly in the neocortex and
hippocampus (Okano and Darnell, 1997; Bolognani, 2004; Bolognani et al., 2007b. The
recent findings that HuD expression increases during learning and memory (Quattrone et al.,
2001; Bolognani, 2004; Pascale et al., 2004) and that overexpression results in cognitive
deficits (Bolognani et al., 2007a) suggests that this RNA-binding protein may play an
important role in mechanisms of synaptic plasticity in the adult CNS.

One of the best characterized targets of HuD is the mRNA of the growth- and plasticity-
associated protein GAP-43. We have shown previously that HuD binds to a highly
conserved U-rich motif in the GAP-43 3′UTR stabilizing the transcript (Kohn et al., 1996;
Tsai et al., 1997). The HuD-dependent stabilization of the GAP-43 mRNA has significant
physiological consequences as it enhances the levels of this protein and promotes neurite
outgrowth and neuronal differentiation (Mobarak et al., 2000; Anderson et al., 2000;
Anderson et al., 2001). In addition to its role in growth cone function, GAP-43 is known to
have many functions in pre-synaptic terminals. In its non-phosphorylated state, GAP-43 is
thought to serve as a calmodulin trap, sequestering this calcium-binding protein and keeping
it inaccessible (reviewed by Liu and Storm, 1990 and Skene, 1990). GAP-43 is also a
primary target of protein kinase C (PKC) (Akers and Routtenberg, 1985) and this activation
releases calmodulin (Alexander et al., 1987) and allows for GAP-43 to facilitate
neurotransmitter release (Dekker et al., 1989; Ivins et al., 1993) via its interactions with the
synaptic core complex (Haruta et al., 1997) and the endocytotic machinery (Neve et al.,
1998). Therefore, the pre-synaptic function of GAP-43 depends on the dynamic equilibrium
between binding to calmodulin and releasing it upon PKC-dependent phosphorylation (for
reviews see Benowitz and Routtenberg, 1997 and Perrone-Bizzozero, 2006).

Dentate granule cells (DGC) of the hippocampus express GAP-43 mRNA and HuD only
during the first 2 weeks of postnatal development and these molecules are not detected in
mature DGC (Meberg and Routtenberg, 1991; Bendotti et al., 1997; Okano and Darnell,
1997; Clayton, 1998; Bolognani et al., 2006; Bolognani et al., 2007b). This decline in
GAP-43 expression is not due to a decrease in transcription as mature DGC continue to
transcribe this gene at high levels, but to the post-transcriptional destabilization of the
mRNA, presumably due to the absence of HuD (Namgung and Routtenberg, 2000;
Bolognani et al., 2006). Supporting this idea, we have shown recently that adult transgenic
mice in which HuD was overexpressed via the αCaMKin II promoter exhibited increased
stabilization and accumulation of GAP-43 mRNA in dentate granule cells and other
neuronal populations (Bolognani et al., 2006). Here we report that the HuD-dependent
stabilization of the GAP-43 mRNA in dentate granule cells leads to ectopic GAP-43
expression in mossy fiber terminals, and that these changes are correlated with alterations in
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GAP-43 phosphorylation and calmodulin binding as well as decreased intracellular calcium
buffering and increased paired-pulse facilitation.

METHODS AND MATERIALS
Transgenic mice

HuD transgenic mice were bred and genotyped by PCR as described before (Bolognani et
al., 2006). Animals were backcrossed to C57Bl/6 background for at least 7 generations and
adult male mice (3 – 5 months of age) were used for all studies. All procedures were
approved by the University of New Mexico and Vanderbilt Medical Center Institutional
Animal Care and Use Committee (IACUC) in compliance with the Guidelines for the Care
and Use of Laboratory Animals established by the National Institutes of Health (NIH).

Western blot analysis
Hippocampal tissue was prepared as previously described (Tanner et al., 2004). Briefly,
hippocampi were dissected on ice from fresh brains, frozen on dry ice, and stored at −80°C
until further use. Tissues were homogenized in ice-cold buffered sucrose solution (20 mM
Tris-HCl, pH 7.4, 0.32 M sucrose, 2 mM EDTA, 2 mM EGTA, 0.3 mM PMSF, 50 mM
sodium fluoride, 2 μg/μl leupeptin, and 2 μg/μl aprotinin). Homogenates were centrifuged at
1000 × g for 4 min, and an aliquot of the resulting supernatant (S1) was centrifuged at 4°C
at 17,000 × g, yielding a crude synaptosomal fraction (S2) and a membrane-associated pellet
(P2). Protein was determined according to the method of Bradford (Bradford, 1976) using
bovine serum albumin (Bio-Rad, Hercules, CA). Samples were resolved by 10% SDS-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to PVDF membranes.
Levels of total GAP-43, phosphorylated GAP-43, calbindin, and calmodulin were
determined in the S1 fractions. The levels of GAP-43-bound calmodulin were measured in
P2 fractions. Primary antibodies used were: sheep anti-GAP-43 (1:2000, Benowitz et al.,
1988), rabbit anti-GAP-43 phosphoSer41 (1:1000; Chemicon, Temeculah, CA), vitamin D-
dependent 28K calbindin (Calbindin-D28K,1:1000, Swant, Bellinzona, Switzerland) and
mouse anti-calmodulin (1:1000; Upstate, Lake Placid, NY). Blots were developed with
species appropriate HRP-conjugated secondary IgGs followed by Western Lightning
enhanced chemiluminescence (Perkin-Elmer, Boston MA) and quantified on Fluor-S
MultiImager (BioRad).

Immunohistochemistry
Mice were perfussed with 0.4% paraformaldehyde (PFA) in phosphate buffered saline and
brains were dissected and cryoprotected for at least 24 hours in 30% sucrose in PBS.
Sections (40 μm) were cut with a sliding microtome and processed free-floating.
Hippocampal sections were incubated with sheep anti-GAP-43 (1:2000) (Benowitz et al.,
1988), and rabbit anti-Calbindin D-28k (1:2000) (Swant, Bellinzona, Switzerland) followed
by incubation with anti-sheep Alexa 633 and anti-rabbit Alexa 568 secondary antibodies
(both at 1:100) (Molecular Probes, Eugene, OR). Epifluorescent images were taken on a
BioRad BX-60 microscope with either an Optronics MagnaFire or an Olympus DP71 CCD-
digital camera and associated image analysis software (Olympus America Inc., Melville,
NY).

Calmodulin-GAP-43 Binding studies
The interaction of GAP-43 with calmodulin was measured by immunoprecipation with anti-
GAP-43 antibodies followed by western blots of the precipitated complex. Briefly, a 50%
slurry of protein G magnetic beads (Dynal beads, Invitrogen Corporation Carlsbad,
California) was incubated overnight at 4°C with 10 μl of sheep anti-GAP-43 antiserum
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(Benowitz et al., 1988). The antibody-bound beads were then incubated for 2 hours with 50
μg of total brain protein extract in 1 ml of NP40 buffer (1%NP-40, 0.5% BSA, 2mM EDTA,
10 mM Tris-HCl pH 7.5, and 0.15 M NaCl). Beads were washed 4 times with NP-40 buffer
and twice with high salt NP40 buffer (the same as above but with 0.5 M NaCl). Protein was
extracted, resolved in SDS-PAGE, and transferred to PVDF membranes. The amount of
precipitated GAP-43 was measured by western blot. The optical density of the GAP-43 band
in the first gel was used to correct the loading of a second gel, which contained equal
amounts of GAP-43 in each lane. This second gel was used to measure the amount of
calmodulin bound to GAP-43 in control and transgenic mice.

Electrophysiology
Transverse hippocampal slices were prepared from adult mice of different genotypes
according to standard procedures. Briefly, mice were killed by cervical dislocation and
decapitated. The brains were quickly removed and placed in ice-cold high sucrose cutting
solution containing (in mM) 110 sucrose, 6 NaCl, 3 KCl, 26 NaHCO3, 1.25 NaH2PO4, 7
MgCl2, 0.5 CaCl2, 0.6 sodium ascorbate, and 10 glucose, pH 7.3–7.4. Horizontal slices
(350–400μm) were cut in high sucrose cutting solution using a vibratome. The slices were
kept at RT in ACSF containing (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH2PO4, 26 NaHCO3,
1.2 MgCl2, 2.0 CaCl2, and 10 glucose (pH 7.4), saturated with 95% O2/5% CO2. The slices
were allowed to recover for at least 1 hour before being transferred to the recording
chamber, which was kept at 32 ± 0.5°C with a laminar ACSF flow rate of 2–3 ml/min. To
measure mossy fiber-CA3 synapse responses, field excitatory postsynaptic potentials
(fEPSP) were recorded in the CA3 stratum radiatum layer. Recording glass micropipettes
were filled with 3 M NaCl and had 1–4 MΩ resistance. Bipolar stimulating electrodes were
constructed from twisted insulated stainless-steel wires and were driven by biphasic
electrical stimulus generated by the Digidata 1322A interface (Molecular Devices,
Sunnyvale, CA) and a stimulus isolator (model 2200, A-M Systems, Carlsborg, WA) under
control of Clampex 9.0 software (Molecular Devices, Sunnyvale, CA). Recorded electrical
signals were amplified using a differential amplifier (model 1800, A-M Systems, Carlsborg,
WA), filtered at 1 kHz and digitized at 10 kHz.

Calcium Imaging
Hippocampal slices were cut at 300 μm on a vibratome from the brains of mice whose
genotype was unknown to the experimenter. Presynaptic fibers were filled with the Ca2+-
Mg2+ fluorophore, Mg-Green AM, using a previously described technique (Atluri and
Regehr, 1996 ; Schiess et al., 2006). Briefly, an ejection electrode containing Mg Green-AM
in ACSF was lowered into the fiber path between a stimulating electrode and the presynaptic
mossy fiber terminal field. While observing the emission image following 490nm excitation,
a pressure pulse was applied with a syringe to produce a small bright spot (1 μl) in the fiber
pathway. The slice was then maintained with 2 ml/min flow of oxygenated ACSF for ~1 hr
until the fluorescence was visible at the presynaptic imaging site 500 μm away from the
ejection site. The excitation light source was focused with a diaphragm in the epi-
illumination pathway and the emission was then measured with a photomultiplier tube.
Single pulses set to produce ~50% maximum fEPSP were delivered orthodromically through
the stimulating electrode by a Master 8 pulse generator under control of the imaging system.
The bath solution was then changed to one containing 10 μM CNQX, 25 μM D-AP5, and 20
μM bicuculline to block any Ca2+ signal from postsynaptic cells and 5 ΔF/F0 records were
averaged. Following this, 600 nM TTX was added to the bath and 5 more records were
averaged. The TTX record was then subtracted from that measured in the presence of
ionotropic receptor blockers to eliminate any signal from cells filled directly at the ejection
site. The decay phase of the difference ΔF/F0 record was fit with a least squares regression
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to a single exponential and the time constant of this fit used as a measure of the decay of
presynaptic residual [Ca2+].

Statistical Analyses
The levels of total and phosphorylated GAP-43 and calcium binding proteins in wild type
mice and the two lines of HuD transgenic animals were analyzed by a one-way ANOVA and
the electrophysiology properties of these mice were analyzed by a two-way ANOVA,
followed by Bonferroni post-hoc comparison tests using Prism 4.0 software for Windows
(GraphPad, San Diego, CA).

RESULTS
Increased levels of GAP-43 protein in the hippocampus of HuD-Tg mice

We have previously generated HuD-Tg mice overexpressing human HuD in forebrain
neurons under the control of the α CaMKin II promoter (Bolognani et al., 2006). Using these
animals, we demonstrated that ectopic expression of this RNA-binding protein in adult
dentate granule cells (DGCs) of mice was sufficient to induce the accumulation of GAP-43
mRNA in cells that do not normally contain this mRNA (Bolognani et al., 2006). Since the
original studies were based on the analyses of two different transgenic lines (lines 2 and 4),
we used these lines of HuD-Tg mice for subsequent protein analyses. Western blots were
performed using serial dilutions of hippocampal homogenates containing different amounts
of total protein and the GAP-43 signal was normalized using Coomassie brilliant blue
(CBB) staining (Fig. 1A). The advantage of loading multiple dilutions of a given sample is
that protein levels can be calculated from the slope of the dose response curve rather than
from a single determination, thus increasing the sensitivity of the measurement. Using this
method, we found that normalized optical densities of GAP-43 were significantly higher in
line 2 and line 4 HuD-Tg mice than those from wild type control littermates (Fig. 1B). No
significant differences in GAP-43 protein levels were found between the two lines of HuD-
Tg mice. This is not surprising since, although the amount of transgenic protein in line 4 are
higher than in line 2, the total amount of HuD protein in the hippocampus is not different in
these lines (Bolognani et al, 2006). Altogether, these results indicate that increased levels of
GAP-43 mRNA in HuD-Tg mice lead to the translation and accumulation of this protein in
the hippocampus.

Abnormal expression of GAP-43 in mossy fiber terminals of HuD-Tg mice
Immunohistochemical studies were performed to identify cellular origins of increased
GAP-43 expression in HuD-Tg mice. As shown in Figure 2A, GAP-43 is not detected in
mossy fibers of adult wild type mice, however, adult animals from both HuD-Tg lines show
robust GAP-43 immunoreactivity at these terminals,(see arrowheads in Panels D and G). In
addition, we observed an increased expression of GAP-43 in perforant path axons from the
entorhinal cortex and in the inner molecular layer of the dentate gyrus. Consistent with these
finding, high levels of the HuD transgene were expressed in layer II and III neurons of the
entorhinal cortex (data not shown). As seen in the high magnification images of Panels J-R,
GAP-43 immunoreactivity in the CA3 region co-localizes with that of calbindin D28K (CB)
in the stratum lucidum of lines 2 and 4 mice. In addition, a few GAP-43 immunostained
fibers we found to extend over to the stratum pyramidale (SP) of line 4 mice. These fibers,
however, are not stained by calbindin (Panels P–R) or Timm’s (data not shown). Given the
role of GAP-43 in sprouting, it is conceivable that the GAP-43 +/CB- fibers seen in Panel P,
correspond to collateral sprouts from mossy fibers, which are immature and thus, calbindin
negative. Alternatively, these fibers could be part of the recurrent CA3 network or sprouts
from commissural/association fibers. While the precise origin of these sprouts remains to be
elucidated, it is clear that mossy fibers of HuD transgenic mice are both calbindin and
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GAP-43 positive. Since mossy fibers normally lack GAP-43, we then sought to examine
whether the ectopic expression of this protein had any effects in the short-term and long-
term synaptic physiology at these terminals.

Increased Mossy Fiber-CA3 paired pulse facilitation in HuD-Tg mice
Analysis of the general electrophysiological properties of the hippocampus in HuD-Tg mice
revealed no genotypic difference in the basal synaptic transmission in mossy fiber-CA3
(MF-CA3) synapses (Fig. 3A). However, we found a robust effect of HuD overexpression
on paired pulse facilitation (PPF) at MF-CA3 synapses, with both lines of HuD-Tg mice
showing increased PPF at short interpulse intervals (two-way ANOVA, post hoc Bonferroni
tests, *p<0.05, Fig. 3B). We then measured the effect of genotype on LTP in these synapses.
Unlike LTP in the perforant path, Schaffer collaterals, and commissural/association
synapses, mossy fiber-CA3 LTP (MF-LTP) is NMDA receptor-independent. MF-LTP was
induced by four 1-sec trains of 100Hz stimuli that were separated by a 20-sec interval in the
presence of 50 μM AP5 to block other forms of LTP. In contrast to the changes in short-term
plasticity, we did not find any significant changes in tetanus-induced MF-LTP in either
genotype (Fig. 3C. one-way ANOVA of averaged responses at 60 min post tetanus).

Decreased time constant of decay of residual calcium in mossy fibers of HuD-Tg mice
Residual calcium ([Ca2+]res) is known to play an important role in PPF at mossy fibers and
other synapses with low basal probability of release (Zucker and Regehr, 2002). Calcium
transients were measured in distal mossy fibers after proximal stimulation. The initial
[Ca2+]amplitude and the time constant (τ) of decay of presynaptic [Ca2+]res in WT, line 2
and line 4 mice are shown in Figure 4. Both lines of HuD-Tg mice exhibited decreases in the
decay τ, with line 2 mice showing also a significant increase in the initial Ca2+ amplitude.
Considering that the levels of decay of [Ca2+]res in mossy fiber terminals are primarily
controlled by the concentration of endogenous buffers (Blatow et al., 2003; Scott and
Rusakov, 2006), one likely interpretation for the faster decay of residual calcium in both
lines of HuD-Tg is that these animals have reduced levels of endogenous calcium buffer,
leading to increased [Ca2+]res and higher PPF at short interpulse intervals.

The main calcium binding proteins in mossy fibers are calbindin D28K and calmodulin.
Therefore, subsequent studies measured the levels of these proteins in HuD-Tg mice by
western blots. As shown in Figure 5, no differences in the total levels of the calcium-binding
proteins were observed in any of the transgenic lines.

Decreased GAP-43 phosphorylation and increased calmodulin binding in HuD-Tg mice
Given that GAP-43 binds calmodulin with high affinity and this interaction is controlled by
the PKC-dependent phosphorylation of GAP-43, subsequent studies examined the levels of
phosphorylated GAP-43 (p-GAP-43) and the ratio of phosphorylated to total GAP-43 in
HuD-Tg mice. We found that, although GAP-43 expression was increased in HuD-Tg mice,
both the levels of phosphorylated protein and the ratio of p-GAP-43 to total GAP-43
(phosphorylated and non-phosphorylated) was significantly decreased in both lines of
transgenic animals (Fig. 6).

To determine whether an increased proportion of non-phosphorylated GAP-43 molecules in
HuD-Tg mice affects the binding of calmodulin to this protein, we performed two types of
studies. First, we measured the levels of calmodulin in the membrane fraction, presumably
because of its association to GAP-43 (Fig. 7A) and second, we immunoprecitated GAP-43
from hippocampal extracts and measured the relative amount of bound calmodulin (Fig.
7B). Both methods revealed that there was a significant increase in the amount of
calmodulin bound to GAP-43 in both lines of HuD-Tg mice (Fig. 7C). These whole
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hippocampal tissue analyses suggest that mossy fibers of HuD-Tg animals may have lower
levels of free calmodulin, which is in agreement with the increased in PPF observed at these
synapses.

DISCUSSION
The neuron-specific RNA binding protein HuD plays an important role in the
posttranscriptional regulation of neuronal gene expression during development and synaptic
plasticity. This protein is known to stabilize GAP-43 mRNA and other neuronal mRNAs
containing AU-rich sequences in their 3′ UTR. In this study, we examined the effect of
overexpression of this RNA-binding protein in dentate granule cells on GAP-43 expression,
function and on the electrophysiological properties of mossy fibers. Normally, mature
dentate granule cells express neither GAP-43 mRNA nor HuD. Our results indicate that
ectopic expression of HuD in DGCs of HuD-Tg mice increases the levels of GAP-43 protein
in mossy fibers and that this change was correlated with an increase in PPF. This
enhancement in short-term plasticity was associated with increases in residual calcium,
which in turn correlated with an increased proportion of calmodulin molecules bound to
GAP-43. These results highlight the role of HuD in the post-transcriptional control of
GAP-43 gene expression in vivo and suggest the potential role of GAP-43 in controlling
hippocampal physiology by its interactions with calmodulin.

GAP-43 and HuD expression levels show a strong developmental correlation, particularly in
hippocampal dentate granule cells (Bolognani et al., 2007b). During development of the
mouse hippocampus, GAP-43 mRNA levels in DGCs gradually decline from P4 to P14
despite ongoing transcription (Cantallops and Routtenberg, 1999). Furthermore, these
authors suggested that activity-dependent changes in GAP-43 mRNA levels in DGCs are
controlled post-transcriptionally (Cantallops and Routtenberg, 1999), as mRNA levels
changed during early DGC development but transcriptional activity did not. This constant
level of transcription persists in adult mice even when no mature GAP-43 mRNA is detected
in the cells (Namgung and Routtenberg, 2000; Bolognani et al., 2006; Cantallops and
Routtenberg, 1999). We recently found that the levels of HuD mRNA and protein also show
a similar developmental decline suggesting that, in the absence of this mRNA stabilization
factor, the GAP-43 mRNA is quickly degraded. Supporting this idea we recently
demonstrated that ectopic expression of HuD in mature DGCs is sufficient to stabilize the
GAP-43 mRNA leading to increased mRNA (Bolognani et al., 2006) and protein (Figs. 1
and 2) levels.

GAP-43 binds very tightly to calmodulin sequestering the protein in synaptic terminals and
releasing it upon PKC-dependent phosphorylation (Alexander et al., 1987). Given their
relative abundance and binding affinity, it has been estimated that under resting conditions
most of the calmodulin in neurons is bound to GAP-43 (Liu and Storm, 1990). The levels of
free calmodulin in the brain depend not only on the levels of GAP-43, but also on its state of
phosphorylation (Alexander et al., 1987). In our HuD transgenic mice, we found that the
increases in GAP-43 protein levels were associated with a decrease in both the total amount
of phosphorylated GAP-43 and the ratio of phosphorylated to total GAP-43 molecules,
which in turn correlated with a higher proportion of calmodulin molecules bound to
GAP-43.

Mossy fiber synapses are quite distinct from other CNS synapses in that they exhibit very
low probability of release, very robust PPF, and an NMDA-independent form of LTP of
presynaptic origin (Nicoll and Schmitz, 2005). PPF at these synapses is known to be
controlled by residual calcium levels (Zucker and Regehr, 2002), which in turn is regulated
by the saturation of endogenous calcium buffers (Blatow et al., 2003). Even though
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calbindin D28K is the main calcium-buffering protein in mossy fibers, calmodulin
contributes up to 50% of buffer saturation under stimulated conditions (Berggard et al.,
2002). Therefore, it is likely that the estimated decreases in free calmodulin in HuD-Tg mice
could alter the ability of this calcium-binding protein to buffer calcium in the terminal,
leading to increases in both residual calcium and PPF. In contrast with short-term plasticity
(PPF), long-term plasticity (LTP) was not affected by the presence of HuD and GAP-43 in
mature mossy fibers. Inhibition of LTP at these synapses via pharmacological or genetic
manipulation does not affect PPF or other forms of synaptic plasticity, suggesting that short-
term plasticity at the MF-CA3 synapse may have greater importance to animal behavior than
MF-LTP (Urban et al., 2001). In contrast to mossy fibers, Schaffer collateral and perforant
path terminals normally contain GAP-43 and GAP-43 phosphorylation at these terminals
increases soon after the establishment of LTP (Lovinger et al., 1986; Ramakers et al., 1995).
Consistent with the role of GAP-43 phosphorylation in LTP, mice expressing a mutation in
GAP-43 protein that mimics its constitutive phosphorylation by PKC show increased LTP in
CA1 and dentate gyrus (DG) (Hulo et al., 2002; Routtenberg et al., 2000). Although we did
not observe an effect of HuD overexpression in MF-LTP, we did find that LTP in the PP-
DG synapses of line 2 mice was significantly impaired (data not shown). These results
suggest that the effect of HuD on LTP may be dependent both on the specific type of LTP
and on the levels of GAP-43 normally present in the pre-synaptic terminal.

In addition to the changes in GAP-43 expression and hippocampal electrophysiology, the
HuD overexpressor (OE) mice show significant deficits in associative memory. The same
two lines of HuD-Tg mice used in these studies were shown to have deficits in both
contextual fear conditioning and the Morris water maze (Bolognani et al., 2007b). The
changes in behavior of our HuD OE mice appeared to be different from GAP-43 OE mice,
which show increased learning of a delayed non-matching to sample task (Routtenberg et
al., 2000). Interestingly, a recent study suggests that not all of the GAP-43 OE mice have
increased learning abilities and animals that have excessive amounts of GAP-43 in the
hippocampus show substantial learning and memory deficits (Holahan et al., 2007). It will
therefore be of interest to determine whether the levels of GAP-43 considered excessive in
that report are close to those generated in the present study.

CONCLUSIONS
Our results suggest that increases in GAP-43 expression and decreases in GAP-43
phosphorylation in the hippocampus contribute to the electrophysiological and behavioral
changes observed in HuD-Tg mice. Since HuD binds to other neuronal mRNAs, it is
possible that the dysregulated expression of other HuD targets could play a role in the
changes in short-term mossy fiber plasticity in HuD-Tg animals. Nonetheless, we believe
that our findings are primarily due to the abnormal expression of GAP-43 in mossy fibers
for the following reasons. First, GAP-43 transcription is persistently high in dentate granule
cells, making the expression of this gene particularly sensitive to the effect of HuD. Second,
given that mature mossy fibers normally do not contain GAP-43, these synapses are quite
sensitive to the accumulation of the mRNA and protein in HuD-Tg mice. Finally, mossy
fiber PPF is very sensitive to the changes of endogenous concentration of calcium buffer.
Given the high affinity of GAP-43 for calmodulin, a higher amount of calmodulin may be
sequestered, and thus inactivated, in HuD-Tg, leading to alterations in calcium signaling. In
conclusion, we propose that the unregulated expression of HuD disrupts mossy fiber
physiology in adult mice in part by altering the expression and phosphorylation of GAP-43
and the amount of free calmodulin available at the synaptic terminal. This report and another
recent study from our group (Bolognani, et al., 2007) provide the first evidence that altered
mRNA stability in vivo can lead to alterations in hippocampal physiology and behavior.
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Figure 1. Increased levels of GAP-43 in the hippocampus of HuD-Tg mice
The levels of GAP-43 were determined in hippocampal homogenates from adult HuD-Tg
mice of line 2 and line 4 and from non-transgenic littermates (WT) by western blots. (A)
Panels show GAP-43 protein levels and CBB staining of serial dilutions of hippocampal
extracts. (B) The optical densities of GAP-43 were corrected by that of CBB. Both lines of
HuD-Tg mice show significant increases in GAP-43 expression (N=9 *p<0.05 and
**p<0.01, one-way ANOVA).
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Figure 2. GAP-43 protein is present in mossy fiber terminals of HuD transgenic mice but not in
wild type mice
GAP-43 immunofluorescence (green, A, D,G) Calbindin D28K ( red, B,E,H) and merged
images (C,F,I) show the increased expression of GAP-43 and its colocalization with
calbindin in HuD-Tg mice. Images shown in the top panels were taken using a 4X objective
and those in the bottom panels were taken at 20X. Note that although wild type mice only
show background GAP-43 staining in mossy fibers (A and J), both lines of HuD-Tg mice
(M, P) express high levels of this protein (D, F, K, P). Slm, stratum lacunosum moleculare;
sml, stratum moleculare; sl, stratum lucidum; so, stratum oriens; sr, stratum radiatum, and
sp, stratum pyramidale. Scale bars = 300 μm (A–I) and 50 μm (J–R).
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Figure 3. Enhanced paired pulse facilitation in mossy fiber terminals of HuD-Tg mice
A) The input-output relationships of mossy fibers, as represented by the presynaptic fiber
volley amplitude (binned in 0.05 mV) vs. fEPSP slopes, did not reveal significant changes in
either genotypes (two-way ANOVA, p>0.05 for genotype effects). B) Altered HuD and
GAP-43 expression leads to increased paired pulse facilitation in mossy fiber-CA3 synapses
at short interpulse intervals (two-way ANOVA, with Bonferroni post hoc tests. *p<0.05). C)
No changes of tetanus-induced, NMDAR-independent LTP in either transgenic line. Mossy
fiber LTP was induced by four 1-sec trains of 100Hz stimuli that were separated by a 20-sec
inter pulse interval. 50 uM AP5 was present during the experimental duration. No significant
changes were obtained at 60 min post-tetanus (one-way ANOVA p>0.05). All the
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electrophysiological measurements used 7–8 mice per group. Filled circles, WT; open
circles, line 2; open squares, Line 4
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Figure 4. Changes in residual calcium levels and dynamics in mossy fibers of HuD Tg-mice
Calcium transients were measured in distal mossy fibers after proximal stimulation using
Mg Green as described in the Materials and Methods. Animals of line 2 showed increased in
the initial amplitude of the calcium signal (A) whereas both lines of HuD-Tg mice exhibited
decreases in the time constant of decay (B). *p<0.05.
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Figure 5. No differences in the total levels of the calcium-binding proteins calmodulin and
calbindin in the hippocampus of HuD-Tg mice
Protein levels were determined by western blots in the S1 fraction as described in the
Methods. Results are representative from three independent experiments using 5 animals per
group.
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Figure 6. Decreased levels of PKC-phosphorylated GAP-43 in HuD-Tg mice
The levels of phosphorylated GAP-43 in hippocampal homogenates were determined using
a phospho-specific antibody. A) Western blots showing the levels of phosphorylated and
total GAP-43 protein increased in HuD-Tg mice. (B–C). The levels of phosphorylated
GAP-43 (p-GAP) and total GAP-43 (T-GAP) were corrected by Coomassie blue staining.
(D) The ratios of p-GAP-43 to total GAP-43 were calculated using the intensities of the
bands corresponding to these proteins on the same blots. *p<0.05**p<0.01, N=5 animals per
group.
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Figure 7. Increased binding of calmodulin to GAP-43 in HuD-Tg mice
Western blots show the levels of calmodulin and GAP-43 in the membrane fraction (A) and
after immunoprecipitation with GAP-43 specific antibodies (B). The amount of calmodulin
bound to GAP-43 increased significantly in both lines of HuD-Tg mice (C). Results are
representative of three independent experiments run in duplicates using 3 animals from each
group. **p<0.01
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