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Impairment of Catecholamine Systems during Induction of
Long-Term Potentiation at Hippocampal CA1 Synapses in
HPC-1/Syntaxin 1A Knock-out Mice

Tatsuya Mishima,' Tomonori Fujiwara,' Takefumi Kofuji,> and Kimio Akagawa'
Department of Cell Physiology and 2Radio Isotope Laboratory, Kyorin University School of Medicine, Mitaka, Tokyo 181-8611, Japan

The membrane protein HPC-1/syntaxin 1A is believed to play a key role in synaptic vesicle exocytosis, and it was recently suggested to be
required for synaptic plasticity. Despite evidence for the function of HPC-1/syntaxin 1A in synaptic plasticity, the underlying cellular
mechanism is unclear. We found that although fast synaptic transmission and long-term depression were unaffected, HPC-1/syntaxin 1A
knock-out (STX1A ~/~) mice showed impaired long-term potentiation (LTP) in response to theta-burst stimulation in CA1 hippocampal
slices. The impairment in LTP was rescued by the application of forskolin, an adenylyl cyclase activator, or more robust stimulation,
suggesting that cAMP/protein kinase A signaling was suppressed in these mice. In addition, catecholamine release from the hippocampus
was significantly reduced in STX1A ~/~ mice. Because HPC-1/syntaxin 1A regulates exocytosis of dense-core synaptic vesicles, which
contain neuromodulatory transmitters such as noradrenaline, dopamine and 5-HT, we examined the effect of neuromodulatory trans-
mitters on LTP induction. Noradrenaline and dopamine enhanced LTP induction in STX1A ~/~ mice, whereas catecholamine depletion
reduced LTP induction in wild-type mice. Theses results suggest that HPC-1/syntaxin 1A regulates catecholaminergic systems via exo-

cytosis of dense-core synaptic vesicles, and that deletion of HPC-1/syntaxin 1A causes impairment of LTP induction.

Introduction

The plasma membrane proteins HPC-1/syntaxin 1A and syn-
taxin 1B (Inoue et al., 1992; Kushima et al., 1997) are isoforms of
syntaxin 1 that have key regulatory roles in several synaptic func-
tions in the CNS. For example, HPC-1/syntaxin 1A is a part of the
machinery responsible for neurotransmission (Bennett et al.,
1992). Neurotransmitter release is mediated by the soluble
N-ethylmaleimide-sensitive fusion protein attachment protein
receptor (SNARE) protein complex (Lin and Scheller, 2000; Rizo
and Sudhof, 2002), and HPC-1/syntaxin 1A forms a ternary
SNARE protein complex by interacting with synaptosomal-
associated protein of 25 kDa (SNAP-25) and vesicle-associated
membrane protein-2 (VAMP-2)/synaptobrevin. Inhibition of
the SNARE complex assembly affects neurotransmitter release in
vitro (Sollner et al., 1993; Yamaguchi et al., 1997; Xu et al., 1999;
Fujiwara et al., 2001; Mishima et al., 2002), which suggests that
HPC-1/syntaxin 1A is necessary for neurotransmitter release. In
addition, HPC-1/syntaxin 1A interacts with N- and P/Q-type
calcium channels and regulates their function (Bezprozvanny et
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al., 1995; Mochida et al., 1996; Degtiar et al., 2000). The direct
interaction of HPC-1/syntaxin 1A or syntaxin 1B with an N-type
calcium channel induces a negative shift in the half-inactivation
potential of the channel (Bezprozvanny et al., 1995). Further-
more, HPC-1/syntaxin 1A, but not syntaxin 1B, inhibits N-type
calcium channel activity indirectly via G-protein By subunitsin a
voltage-dependent manner (Jarvis and Zamponi, 2001). Finally,
HPC-1/syntaxin 1A modulates the activity of various plasma
membrane-bound neuromodulator transporters, including nor-
adrenaline (NA) transporters, serotonin (5-HT) transporters,
and dopamine (DA) transporters (Sung et al., 2003; Quick, 2003,
2006; Carvelli et al., 2008). Given that hippocampal synaptic plas-
ticity is strongly influenced by neuromodulatory transmitters
(Otmakhova and Lisman, 1996; Katsuki et al., 1997), HPC-1/
syntaxin 1A may be closely related to synaptic plasticity.
Synaptic plasticity at hippocampal glutamate synapses can
be expressed as the long-term potentiation (LTP) or depres-
sion of synaptic strength. In hippocampal Schaffer collateral-
commissural CAl synapses, LTP involves two mechanically
distinct phases: early and late. Early LTP requires a postsynaptic
calcium influx through N-methyl-p-aspartate receptors and the
activation of Ca®"/calmodulin-dependent protein kinase IT;
however, it does not require the activation of cAMP-dependent
protein kinase A (PKA) or new protein synthesis (Lisman, 2003).
In contrast, late LTP requires the activation of adenylyl cyclase
and PKA (Nguyen and Kandel, 1997; Otmakhova et al., 2000).
We previously reported that HPC-1/syntaxin 1A knock-out
(STX1A /") mice had impaired LTP in the CA1 area of the hip-
pocampus based on an analysis of brain slices (Fujiwara et al.,
2006). Also, consolidation of contextual fear memory was im-
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paired. In addition, 5-HT release from the hippocampus and
hypothalamus was significantly reduced (Fujiwara et al., 2010)
indicating a relationship between the above impairment of
STX1A =/~ mice and neuromodulatory systems. To examine the
cellular mechanisms responsible for this impairment in synaptic
plasticity, we investigated the contribution of neuromodulators
to synaptic plasticity.

Materials and Methods

Animals. C57BL/6 mice were used for all experiments unless otherwise
indicated. The mice were kept under a 12 h light/dark cycle (lights on at
6:00 A.M.), and food and water were available ad libitum. STX1A /'~
mice were generated as previously described (Fujiwara et al., 2006). Most
of the experiments were performed using littermate WT and STX1A ~/~
mice.

Electrophysiology. Adult male mice (10-15 weeks old, weighing 25-30
g) were deeply anesthetized with diethyl ether and their brains were
dissected. Parasagittal hippocampal slices (350 um thick) were obtained
using a vibratome in ice-cold cutting solution containing (in mm): 75
sucrose, 85 NaCl, 25 NaHCOs, 2.5 KCl, 1.25 NaH,PO,, 8 MgCl,, 0.5
CaCl,, and 10 glucose. The slices were maintained for atleast 2 h at room
temperature in 95% O, and 5% CO,-bubbled artificial CSF (ACSF) con-
taining (in mm): 123 NaCl, 25 NaHCO,, 2.5 KCl, 1.25 NaH,PO,, 2 CaCl,,
1 MgCl,, and 10 glucose. In the recording chamber, the slices were con-
tinuously superfused with 95% O, and 5% CO,-bubbled ACSF (2-3
ml/min). Schaffer collaterals were stimulated with a bipolar tungsten
electrode, and field EPSPs (fEPSPs) were recorded from the stratum
radiatum of the CA1 area using glass pipettes containing 500 mm NaCl.
Basal synaptic transmission was monitored at 0.05 Hz. LTP was induced
using theta-burst stimulation (TBS) as previously described (12 bursts at
5 Hz, each consisting of four pulses delivered at 100 Hz) (Patterson et al.,
2001), which reliably induced late-phase LTP. The duration of the pulses
was 0.1 ms, and the stimulation strength was set to obtain an fEPSP with
35-40% maximal amplitude. The duration of the pulses was 0.1 ms, and
the stimulation strength was set to obtain an fEPSP with 50—60% max-
imal amplitude. All drugs were purchased from Sigma-Aldrich, except
clonidine hydrochloride, which was from Tocris Bioscience.

All data are presented as the means = SEM. Statistical significance was
determined using one-way ANOVA and two-tailed Student’s  tests. To
assess maintenance of LTP, the average size of the slope of fEPSPs re-
corded between 50 and 60 min after TBS was used for statistical compar-
isons by using one-way ANOVA with Dunnett’s post hoc analysis
compared with the WT control. Differences were considered significant
at p < 0.05.

Measurement of monoamine and their metabolites in hippocampal slices.
Slices were snap-frozen in liquid nitrogen, and the tissue samples were
homogenized by sonication in 0.2 m perchloric acid with 0.1 mm EDTA.
The homogenate was kept on ice for 1 h and then centrifuged (20,000 X
¢,20 min). The supernatant was collected, and the pH was adjusted to 3.0
with acetic acid. The samples were then subjected to high-performance
liquid chromatography, and NA, DA, 5-HT, the NA metabolite 3-methoxy,
4-hydroxyphenylglycol (MHPG), the DA metabolite dihydroxyphenylacetic
acid (DOPAC) and the 5-HT metabolite 5-hydroxyindolacetic acid (5-
HIAA) were detected electrochemically (EICOM) as previously described
(Fujiwara et al,, 2001).

In vivo microdialysis. Male mice (12—15 weeks old) were anesthetized
with 2.5% (v/v) avertin (0.02 ml/g body weight) and then mounted onto
a stereotaxic frame (Narishige). A guide cannula was implanted unilat-
erally in the left dorsal hippocampus (A/P, +1.0; L/M, +1.3; D/V, 2.3)
(Franklin and Paxinos, 1997), which was then fixed to the skull with
dental cement. After surgery, mice were individually housed and allowed
to recover for at least 7 d before being subjected to microdialysis. On the
experimental day, a dialysis probe (membrane length 1 mm; EICOM)
was inserted into the guide cannula and perfused at a constant flow rate
of 2 pl/min with Ringer’s solution using a micro-syringe pump
(EICOM). The mice were placed in a novel test chamber (250 X 300 mm)
where they were allowed to move freely and were habituated to the
apparatus for at least 2-3 h. Dialysates were then collected (15 min/
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fraction) and subjected to HPLC and monoamines were detected elec-
trochemically (EICOM). Basal levels of monoamines were measured
from 10 fractions before stimulation. The perfusion solution was then
exchanged with high-K* solution (100 mm; isomolar replacement of
NaCl with KCI) for 30 min. After stimulation, the perfusion solution was
changed to normal Ringer’s solution and monoamines were measured
until they returned to basal levels. To quantify the basal level of extracel-
lular monoamines concentrations in hippocampus, no-net-flux micro-
dialysis was performed (Parsons and Justice, 1992). In brief, the mice
which was inserted dialysis probe and was perfused at a constant flow rate
of 2 ul/min with Ringer’s solution, were placed in test chamber. After 2-3
h, dialysates were collected (15 min/fraction) and baseline level of mono-
amines were measured. Thereafter, four concentrations (C,,; 0,0.1,0.3, 1
nM) of each monoamine in Ringer’s solution were perfused through the
probes at a random order. After 30 min of equilibration period, three
fractions were collected for measurement of each monoamine C, .. A
linear equation was constructed for each mouse by plotting the net-flux
of monoamines through the dialysis probe (C;, — C,,,) against C,,.
Based on this analysis, the extracellular monoamines concentrations
were calculated as the perfusion fluid each monoamine concentra-
tions at which there is no net flux of each monoamine through the
probe (C;, = C,.0)-

Catecholamine uptake and release assay in synaptosome. The analysis
for catecholamine uptake and release were performed using synapto-
somes as previously described (Fujiwara et al., 2010). In brief, the brains
were homogenized in 0.32 M sucrose, and the homogenate was centri-
fuged at 1000 X g for 10 min. The supernatant was centrifuged at
15,000 X g for 20 min, and the crude synaptosomal pellet was suspended
in 0.32 M sucrose. The synaptosomal fractions were further purified via
discontinuous sucrose gradient centrifugation at 53,000 X g for 120 min.
The purified synaptosomes were suspended in assay buffer (135 mm
NaCl, 5 mm KCl, 0.3 mm KH,PO,, 2 mm MgSO,, 0.3 mm Na,HPO,, 1.2
mM CaCl,, 10 mm glucose, 10 mm HEPES, pH 7.4). The purified synap-
tosomes (50 ug) were incubated with 0.05-100 M of [ SH]DA or -NA at
37°C for 30 min, respectively. After the uptake period, the synaptosomes
were washed three times and resuspended in assay buffer. Radioactivity
was counted by liquid scintillation counting. Nonspecific [*H]NA up-
take was defined as the counts at each NA concentration in the presence
of 1 um desipramine, a specific inhibitor of the NA transporter, and was
subtracted from the total uptake. Nonspecific [°’H]DA uptake was de-
fined as the counts at each DA concentration in the presence of 1 um
GBR12909, a specific inhibitor of the DA transporter, and was subtracted
from the total uptake. To quantify [*H]DA or -NA release from the
synaptosomes, the synaptosomes (50 ug) were incubated with 2.5 um of
[PH]DA or -NA at 37°C for 30 min, respectively. After the uptake period,
the synaptosomes were washed three times and resuspended in assay
buffer. The synaptosomes were induced in assay buffer at 37°C for 30 min
(basal release) or were stimulated with 15 mm KCI containing assay buf-
fer (15 mm K). After the stimulation, radioactivity of the release from the
synaptosomes and remaining in the synaptosomes were counted. The
amount released was calculated as a percentage of the total radioactivity
(the sum of the remaining and released [*H]DA or -NA). Uptake data
were analyzed using the iterative nonlinear fitting software WaveMetrics
IGOR Pro 6.0.

Results

Synaptic transmission in HPC-1/syntaxin 1A knock-out mice
We previously reported that fast synaptic transmission in cul-
tured hippocampal neurons remained unchanged in STX1A ~/~
mice. However, our previous study showed that mice exhibited
impaired LTP in the CALl region in hippocampal slices (Fujiwara
et al., 2006). Thus, we first confirmed the basal synaptic proper-
ties of hippocampal slices from STX1A '~ mice to determine the
effect of the deletion of HPC-1/syntaxin 1A. The presynaptic fi-
ber volley amplitude and initial fEPSP slope were measured in the
CA1 region of several hippocampal slices using a range of stimu-
lus intensities. The resulting input—output curves, which repre-
sent the relationship between the amplitude of the afferent fiber
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Figure 1. Basic synaptic transmission in STXTA ~/~ mice. 4, Input—output curves. The
slope of fEPSP is plotted as a function of the afferent fiber volley amplitude. The linear fit slopes
were not significantly different between WT (n = 10) and STX1A /™ mice (n = 8). B, The
paired-pulse ratio (fEPSP2/fEPSP1) at various interpulse intervals was not significantly different
between WT (n = 19)and STX1A ~/~ mice (n = 17). €, The response to a 50-Hz stimulus train
was not significantly different between WT (n = 13) and STX1A /™ mice (n = 6).

volley and the resulting fEPSPs, were similar between the WT and
STX1A =/~ mice (Fig. 1A). Paired-pulse facilitation (PPF) using
the ratios of the second and first fEPSP slopes at various inter-
pulse intervals was measured to evaluate the effects of the deletion
of HPC-1/syntaxin 1A on the probability of transmitter release in
the hippocampal slices. As shown in Figure 1B, no significant
difference in PPF was observed between the WT and STX1A ~/~
mice. We also examined the temporal pattern of synaptic re-
sponses during repetitive stimulation of Schaffer collaterals at a
relatively high frequency (50 Hz). Repetitive stimulation led to an
initial facilitation followed by depression, but no significant dif-
ference was detected between WT and STX1A ~/~ mice (Fig. 10).

Synaptic plasticity in STX1A ~/~ mice

To determine the effects of the loss of HPC-1/syntaxin 1A on
synaptic plasticity, we analyzed LTP. After recording the stable
baseline responses, LTP was induced by TBS of the Schaffer col-
laterals. TBS produced post-tetanic potentiation in all of the slices
(Fig. 2A). The maximum value of post-tetanic potentiation
within the first 2 min after TBS was 253.9 £ 9.0% for WT mice
and 230.1 = 8.9% for STX1A ~/~ mice. No significant difference
was observed in the level of post-tetanic potentiation (p > 0.1).
The level of LTP at 50—60 min post-TBS was 175.9 = 2.2% for
WT mice and 143.1 + 4.2% for STX1A '~ mice. LTP decreased
significantly in STX1A ~/~ mice (p < 0.01). To confirm whether
the reduction in LTP was influenced by a shift in the release

J. Neurosci., January 4, 2012 - 32(1):381-389 « 383

A CyTYS
350 2 A

£ 300 o sTxiA”

2 250 o o wr

]

)

o

(7]

o

-

Paired-pulse ratio

Time (min)

Figure2. Hippocampal synaptic plasticityin the CA1areain STXTA ~/~ mice. 4, LTP elicited
by TBS, decreased significantly in STX1A =/~ mice (n = 15) compared with WT mice (n = 24).
The mean slope of the fEPSP recorded 0—20 min before TBS was taken as 100%. Insets, Repre-
sentative field EPSPs before and after TBS stimulation are shown. Calibration: 10 ms, 1 mV. B,
Paired-pulse ratio at an interpulse interval of 50 ms. LTP induction was not accompanied by a
shift in transmitter release probability after TBS at time 0 min. The paired-pulse ratio was not
significantly different between WT (n = 19) and STXTA /™ mice (n = 19) after LTPinduction.

probability after TBS, PPF at an interpulse interval of 50 ms was
measured (Fig. 2 B). PPF was not significantly different between
WT and STX1A '~ mice even after LTP induction (p > 0.2).

Reduced hippocampal LTP could be rescued by forskolin or
robust synaptic stimulation
Late-phase LTP induced by TBS requires an elevation in cAMP
and the activation of PKA (Nguyen and Kandel, 1997). We inves-
tigated whether pharmacological activation of adenylyl cyclase
during TBS could enhance LTP induction and maintenance. Bath
application of forskolin (Fsk; 10 uM), an adenylyl cyclase activa-
tor, beginning 15 min before the induction of LTP restored LTP
induction and maintenance in STX1A ~/~ mice to the levels ob-
served in WT mice (p > 0.6) (Fig. 3A). Even so, Fsk did not
further enhance LTP in WT mice (p > 0.9). At the concentration
used here (10 uM), Fsk alone did not cause lasting potentiation as
compared with the baseline in either WT or STX1A /™ mice.
In this study, we used 12 bursts of TBS, which is sufficient to
induce near maximal LTP (Arai and Lynch, 1992). To confirm
the possibility that the reduction in LTP in STX1A ~'~ mice was
caused by a rise in the stimulus strength required for the induc-
tion of LTP, more robust stimulation was used to induce LTP.
Specifically, 12 bursts of TBS were provided twice at 20-s intervals
(Fig. 3B). In WT mice, this protocol did not cause enhanced
potentiation (p > 0.8), suggesting that 12 bursts of stimulation
are sufficient to induce maximal LTP. The protocol, however,
facilitated LTP induction and maintenance in STX1A ~/~ mice to
the levels seen in the WT mice (p > 0.6). The bath application of
KT5720 (1 um), a selective inhibitor of PKA, to hippocampal
slices from STX1A '~ mice reverted facilitated LTP induced by
the robust stimulus protocol (p < 0.05) (Fig. 3C). KT5720 also
decreased LTP in WT mice induced by the robust stimulus pro-
tocol (p < 0.05). These results suggest that the cAMP/PKA sig-
naling cascade did not function normally when 12 bursts of
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Figure3.  Effectof Fskand robust presynapticstimulation on LTP.A, In STXTA /™ mice, Fsk,
an adenylyl cyclase activator, rescued LTP induction and maintenance to levels seen in WT mice
(n = 12). Fsk was bath-applied for 15 min before LTP induction. Fsk alone did not elicit lasting
potentiation (n = 3).In WT mice, Fsk did not further enhance LTP (n = 9). The mean slope of
fEPSPs recorded 0 —20 min before the application of Fsk was taken as 100%. B, Robust presyn-
aptic stimulation (arrow: 12 bursts of TBS provided twice at 20-s intervals) rescued LTP induc-
tion and maintenance tolevels seenin WT mice (n = 16). In WT mice, the protocol did not result
in enhanced potentiation (n = 10). The mean slope of fEPSPs recorded 0—20 min before TBS
was taken as 100%. C, The application of T um KT5720, a selective inhibitor of PKA, to the bath
solution reverted rescued LTP induction by robust presynaptic stimulation (arrow) in
STX1A /" mice (n = 6). KT5720 also decreased LTP induced by the robust presynaptic stim-
ulation in WT mice (n = 4). The application of DMSO alone had no effect on STX1A '~ mice
(n=4).

stimulation was provided at the synapse in the hippocampal CA1
region in STX1A ™/~ mice.

Effect of monoamine on LTP induction and maintenance
We previously reported that in STX1A ~/~ mice, though the con-
tent of 5-HT was significantly increased in the hippocampus,
5-HT release from hippocampal slices was significantly reduced
(Fujiwara et al., 2010). Because HPC-1/syntaxin 1A is widely ac-
cepted to regulate exocytosis of synaptic vesicles, it is possible that
release of other monoaminergic neuromodulatory transmitters is
also reduced. There is cumulative evidence that neuromodula-
tory transmitters, including monoaminergic systems, are in-
volved in the induction of LTP (Staubli and Otaky, 1994;
Schimanski et al., 2007). In particular, NA and DA are key-
modulators of LTP induction via activation of the cAMP/PKA
signaling cascade.

To determine the involvement of monoaminergic neuro-
modulators in LTP impairment, we examined the amount of

Mishima et al. @ Impaired Catecholamine Systems in STX1A KO Mice

Table 1. Monoamines and their metabolite contents in hippocampus

WT (n = 16) STKIA™' (n=16)
NA (ng/mg protein) 4.56 = 0.64 3.52 = 1.07
MHPG (ng/mg protein) 0.44 = 0.04 0.37 = 0.12
MHPG/NA 0.09 = 0.01 0.13 = 0.03
DA (ng/mg protein) 247 =033 3.57 = 0.72
DOPAC (ng/mg protein) 117 £0.12 0.86 = 0.16
DOPAC/DA 0.37 = 0.03 0.19 = 0.03**
5-HT (ng/mg protein) 574 =036 8.23 = 0.40**
5-HIAA (ng/mg protein) 1.42 £ 030 1.21 £0.10
5-HIAA/5-HT 0.25 = 0.05 0.15 = 0.01

Data shown are mean = SE. **p < 0.01.

three monoaminergic neuromodulatory transmitters (NA, DA,
and 5-HT), and their metabolites (MHPG, DOPAC, and
5-HIAA) in hippocampal slices from each genotype (Table 1). As
previously reported, the amount of 5-HT was significantly in-
creased in hippocampal slices of STX1A ~/~ mice, while the
amount of NA, DA, MHPG, DOPAC, and 5-HIAA was not dif-
ferent among genotypes. Although MHPG/NA ratio and
5-HIAA/5-HT ratio were unchanged, the DOPAC/DA ratio was
decreased in STX1A ~/~ mice, indicating a decrease in turnover
of DA. In addition, we also used in vivo microdialysis to measure
monoamine release induced by high-K* stimulation (Fig. 4).
Basal levels of NA in the hippocampus were 0.52 * 0.08 nmin WT
mice and 0.42 = 0.08 nm in STX1A ™/~ mice. Basal levels of DA in
the hippocampus were 0.31 = 0.05 nM in WT mice and 0.29 =
0.05 nm in STX1A '~ mice, and basal levels of 5-HT in the hip-
pocampus of WT and STX1A ~/~ mice were 0.67 *+ 0.08 nM and
0.49 = 0.05 nM, respectively. There were no significant differ-
ences in basal monoamine levels among genotype. In microdialy-
sis studies, 100 mm KCl was perfused through the microdialysis
probe into the hippocampus for 30 min. High-K *-induced NA
release was 270.4 £ 35.5%baseline in WT mice and 142.1 *
6.5%baseline in STX1A ~'~ mice. High-K "-induced DA release
was 371.6 * 33.5%baseline in WT mice and 215.0 * 28.3%base-
line in STX1A ™/~ mice. Stimulus-induced NA and DA release
were significantly reduced in STX1A ~/~ mice (Fig. 4 B, C). High-
K "-induced 5-HT release was 1284.5 * 214.5%baseline in WT
mice and 696.5 = 207.9%pbaseline in STX1A ~/~ mice. Stimulus-
induced 5-HT release showed a tendency to decrease in
STXIA ~/~ mice, but this decrease was not statistically signif-
icant (p = 0.06) (Fig. 4D).

HPC-1/syntaxin 1A modulates the activity of NA transport-
ers, 5-HT transporters, and DA transporters (Sung et al., 2003;
Quick, 2003, 2006; Carvelli et al., 2008). To confirm whether
deletion of HPC-1/syntaxin 1A affect NA and DA clearance,
transporter function was assessed in WT and STXIA ~/~ mice by
synaptosomes prepared from whole brain (Table 2). NA trans-
porter function was assessed by measuring [ *H|NA uptake. There
were no significant differences in either V, ,, or K ,,, demonstrating
that NA uptake activity is not altered in STX1A ~/~ mice compared
with WT mice. Similarly, DA transporter function was assessed in
WT and STX1A ~/~ mice by measuring [ *H] DA uptake. There were
no significant differences in either V, . or K, demonstrating that
DA uptake activity is not altered in STX1A ~/~ mice compared with
WT mice. High-K™ (15 mm K) stimulus-induced NA and DA re-
lease was further examined by synaptosomes prepared from whole
brain (Table 2). Although there was no significant difference in basal
NA release among genotypes, stimulus-induced NA release was sig-
nificantly decreased in STX1A ™/~ mice (p < 0.001). Similarly,
stimulus-induced DA release was compared in WT and STX1A ~/~
mice. Although there was no significant difference in basal DA re-
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Figure 4.

(n=75).

Table 2. Catecholamine uptake and release in synaptosome

WT STXIA '~
NA DA NA DA
Uptake
K, (am) 426 = 0.16 (4) 538 = 0.02 (4) 6.58 = 2.18(5) 475 =051 (5)
Vinax (pmol/mg 1.98 = 0.15 (4) 1.73 = 0.10 (4) 1.68 = 0.27 (5)  1.83 = 0.28 (5)

protein/min)
Release
Basal (% total) 3.78 *0.29 (9) 4.71 = 0.23(9) 3.68 = 0.20(9)  5.11 = 0.24(9)
15mumK 9.93 029 (9) 9.02 * 0.74 (9) 8.17 = 0.14 (9)*** 6.47 = 0.60 (9)*
(% total)

Data shown are mean = SE (n). ***p << 0.001, *p << 0.05.

lease among genotypes, stimulus-induced DA release was signifi-
cantly decreased STX1A /™ mice (p < 0.05).

We next examined the possibility that decreased levels of
monoamine release are involved in LTP impairment in CA1 hip-
pocampal slices. After a stable baseline response for 15 min, NA
(10 uMm) was bath-applied for 15 min before LTP induction. The
application of NA persistently reduced the evoked response,
which faded soon after drug washout in both WT and STX1A '~
mice (Fig. 5A). NA enhanced the amplitude of LTP 50-60 min
after TBS to 161.3 = 3.7% in STX1A /" mice (p > 0.9). In
comparison, the induction of LTP was not affected in WT mice at
50-60 min (p > 0.4). The a;-, a,- and B-adrenergic receptor
subtypes have been reported to be expressed in the CA1 region of
the hippocampus. To examine which subtype of receptor is re-

Time (Hr)

Basal and stimulation-induced monoamine release in the hippocampus. 4, Basal levels of monoamine release. Basal
monoamine levels showed a tendency to decrease in STXTA ~/~ mice, but the decrease was not statistically significant. B, Effect
of High-K ™ (100 mw, perfusion from microdialysis probe) on hippocampal NA levels. Time course of extracellular NA in the
hippocampus. High-K * stimulation was delivered at time 0 for 30 min. In STXTA ~/~ mice (n = 4), High-K ™ was less effective
in increasing hippocampal NA levels when compared with WT mice (n = 4). , Effect of High-K ™ on hippocampal DA levels. Time
course of extracellular DA levels in the hippocampus. High-K * stimulation was delivered at time 0 for 30 min. In STX1A ~/~ mice
(n = 3), High-K ™ was less effective in increasing hippocampal DA levels when compared with WT mice (n = 4). D, Effect of
High-K * on hippocampal 5-HT levels. Time course of extracellular 5-HT in the hippocampus. High-K * stimulation was delivered
at time 0 for 30 min. High-K *-induced 5-HT release was not significantly different between WT (n = 5) and STXTA ~/~ mice

had no effect on the induction of LTP in
WT slices (p > 0.9) (172.3 * 3.3% at
50—-60 min). Bath application of phenyl-
ephrine (100 uM), an «;-adrenergic re-
ceptor agonist, or clonidine (10 um), an
a,-adrenergic receptor agonist, for 15
min before TBS significantly suppressed
LTP induction in WT mice, but it had
no effect on the induction of LTP in
STX1A ™'~ slices (data not shown).

The application of DA (10 uM) to hip-
pocampal slices for 15 min slightly en-
hanced the synaptic response in the CAl
area (Fig. 6A). The induction of LTP by
TBS was significantly enhanced to 171.7 = 8.0% at 50—60 min by
DA in STX1A ™/~ mice (p > 0.8), but was not further enhanced
in WT mice (p > 0.4) (186.3 = 2.1% at 50—60 min). After ob-
serving that treatment with DA enhanced LTP induction in
STX1A '~ mice, we then examined the requirement of G-
protein-coupled D1/D5 receptors for LTP induction in WT mice.
The application of the G,-protein-coupled D1/D5 receptor ago-
nist SKF38393 (20 uMm) to hippocampal slices for 15 min slightly
enhanced the synaptic response in the CAl area (Fig. 6 B). The
induction of LTP by TBS was significantly enhanced to 187.9 =
6.3% at 50—60 min by SKF38393 in STX1A ~/~ mice (p > 0.2),
but was not further enhanced in WT mice (p > 0.4) (185.3 =
3.4% at 50—60 min). As shown in Figure 6C, the application of
the D1/D5 receptor antagonist SCH23390 (0.5 uM) to hippocam-
pal slices for 15 min had no effect on the induction of LTP in WT
slices (p > 0.6) (166.0 * 2.6% at 50—60 min). We next examined
the effect of 5-HT on LTP induction. The application of 5-HT
had no effect on LTP induction in STXIA '~ slices compared
with control STX1A ™/~ slices ( p <0.01), while induction of LTP
was significantly suppressed in WT slices to levels seen in
STX1A "/~ slices following 5-HT application (p < 0.01) (data
not shown).

Blockade of B-adrenergic or dopaminergic D1/D5 receptors
were not alone sufficient for reduction of LTP induction and
maintenance in WT mice. If STX1A ™/~ mice showed impair-
ment in exocytosis of dense-core vesicles, both adrenergic and
dopaminergic systems could be affected. To confirm this possi-
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Figure 5.  Effect of noradrenergic receptor activation on LTP. 4, Bath application of NA (10
um) enhanced LTP induction and maintenance in STX1A ~/~ mice (n = 9), but had no effectin
WT mice (n = 13). NA was bath-applied for 15 min before LTP induction. NA alone did not elicit
lasting potentiation (n = 3). The mean slope of fEPSPs recorded 0 —20 min before the applica-
tion of NA was taken as 100%. B, Bath application of IS0 (1 wm) enhanced LTP induction and
maintenancein STX1A ~/~ mice (n = 7), but had no effectin WT mice (n = 6). The mean slope
of fEPSPs recorded 0—20 min before the application of ISO was taken as 100%. C, Blockade of
adrenergic 3-receptor by bath application of propranolol (PRO; 1 um) alone was insufficient to
reduce LTP induction and maintenance in WT mice (n = 4). The mean slope of fEPSPs recorded
0-20 min before the application of PRO was taken as 100%.

bility, we then induced LTP under conditions of catecholamine
depletion by 3-Iodo-L-tyrosine (3IT), a tyrosine hydroxylase in-
hibitor. Short-term bath application of 3IT (250 um) induced
sustained depression of basal activity (82.7 £ 1.1% at 50—60
min), but had no effect on LTP induction in WT mice (p > 0.2)
(Fig. 7A; 174.7 £ 24.1% at 50— 60 min). Whereas long-term bath
application of 31T reduced LTP induction, even after robust pre-
synaptic stimulation (12 bursts of TBS were provided twice at
20-s intervals) was applied in WT mice (p < 0.01) (Fig. 7B;
147.8 = 5.5% at 50—60 min). Under these conditions, 3IT was
bath-applied for at least 2 h before LTP induction and during
recording. We confirmed that levels of NA and DA, but not
5-HT, in hippocampal slices were significantly reduced by this
long-term application of 31T (Fig. 7C). Under conditions of cat-
echolamine depletion, additional application of NA (p > 0.2) or
DA (p > 0.7) for 15 min before TBS addition to the bath solution
rescued LTP induction (Fig. 7D; NA, 192.1 = 7.3% at 50— 60; DA,
188.4 + 17.9% at 50—60). The above results showed that the
exogenous application of catecholamine restored the induction
of LTP under catecholamine depleted conditions. To examine
whether induction of LTP is restored by enhancing endogenous
catecholamine in the slice, we applied NA or a DA selective re-
uptake inhibitor. We found that application of desipramine, a
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Figure 6.  Effect of dopaminergic receptor activation on LTP. A, Bath application of DA (10
um) enhanced LTP induction and maintenance in STX1A ~/~ mice (n = 5), buthad no effectin
WT mice (n = 10). DA was bath-applied for 15 min before LTP induction. The mean slope of
fEPSPs recorded 0 —20 min before the application of DA was taken as 100%. B, Bath application
of SKF38393 (SKF; 20 wum) enhanced LTP induction and maintenance in STX1A " mice(n =
4), but had no effectin WT mice (n = 4). The mean slope of fEPSPs recorded 0 —20 min before
the application of ISO was taken as 100%. C, Blockade of dopaminergic D1 receptors by bath
application of SCH23390 (SCH; 10 wm) alone was insufficient to reduce LTP induction and
maintenance in WT mice (n = 6). The mean slope of fEPSPs recorded 020 min before the
application of SCH was taken as 100%.

NA reuptake inhibitor, to hippocampal slices for 15 min en-
hanced induction of LTP by TBS to 174.7 * 4.2% at 50—60 min
in STX1IA ™/~ mice (p > 0.8) (Fig. 8A), but did not enhance
induction of LTP by TBS in WT mice (p > 0.8) (180.0 = 7.5% at
50-60 min). Application of GBR12935, a DA reuptake inhibitor,
to hippocampal slices for 15 min also enhanced induction of LTP
by TBS to 181.9 * 5.2% at 50—60 min in STX1A ™/~ mice (p >
0.7) (Fig. 8 B), but did not in WT mice by TBS (p > 0.9) (174.5 =
6.9% at 50—60 min).

Discussion

The present study was designed to investigate the neural function
of HPC-1/syntaxin 1A in synaptic plasticity. HPC-1/syntaxin 1A
operates as a neuronal t-SNARE (target SNARE) to form a
SNARE complex by interacting with SNAP-25 and VAMP2/syn-
aptobrebin in synaptic transmission. The deletion of SNAP-25 or
VAMP2/synaptobrebin causes a severe reduction in evoked syn-
aptic transmission in mouse central synapses (Schoch et al., 2001;
Washbourne et al., 2002). We previously found that STX1A -/
mice exhibited normal fast synaptic transmission using cultured
hippocampal neurons (Fujiwara et al., 2006). Moreover, in this
study, we found no significant differences in fast synaptic trans-
mission via clear synaptic vesicles, alterations in the input—output
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Figure 8.  Endogenous catecholamine activation enhanced LTP. A, Bath application of de-

sipramine (DES; 0.1 um) enhanced LTP induction and maintenance by TBS in STXTA ~/~ mice
(n =5), but had no effect in WT mice (n = 5). DES was bath-applied for 15 min before LTP
induction. The mean slope of fEPSPs recorded 0 —20 min before the application of DES was taken
as 100%. B, Bath application of GBR12935 (GBR; 0.1 wum) enhanced LTP induction and mainte-
nance by TBSin STXTA ~/™ mice (n = 5), but had no effectin WT mice (n = 5). The mean slope
of fEPSPs recorded 0 —20 min before the application of GBR was taken as 100%.

Inhibition of tyrosine hydroxylase causes reduction of LTP in the CA1 area. A, Bath application of 31T (250 m),
a tyrosine hydroxylase inhibitor, induced sustained depression of basal activity (n = 6), but had no effect on LTP induction
and maintenance (n = 6). 3IT was bath-applied for 15 min before LTP induction. B, Long-term application of 3IT reduced
LTP induction by TBS (n = 9), even after robust presynaptic stimulation was applied in WT mice (TBS, 2 times; n = 4). (,
NA (n = 11) and DA levels (n = 15), but not 5-HT levels (n = 15) in hippocampal slices were significantly reduced by
long-term application of 3IT. D, 31T was bath-applied for at least 2 h before LTP induction and during recording. Additional
application of IS0 (1 um) (n = 4) or DA (10 wm) (n = 5) to the bath solution rescued LTP induction by TBS in WT mice.

20 40 60 change may affect synaptic plasticity. The

physiological significance of the occurrence
of these two isoforms and their differential
distribution remains to be elucidated.

Although induction of LTP at excit-
atory synapses in the CAl region of the
hippocampus is primarily dependent on
the activation of NMDA-type glutamate
receptors (Bliss et al., 2006), neuromodu-
lators such as NA (Katsuki et al., 1997;
Thomas et al,, 1996), DA (Huang and
Kandel, 1995) and 5-HT (Normann and
Clark, 2005) strongly influence the process as well. Monoamin-
ergic involvement of LTP induction and maintenance is also sup-
ported by reports that have measured the concentrations and
temporal dynamics of such neuromodulators during LTP (Frey
et al., 1990; Harley, 1991; Bronzino et al., 2001). These reports
showed thatlocal NA and DA concentrations could rise to several
times the basal value upon tetanus stimulation during induction
of LTP. HPC-1/syntaxin 1A is involved in monoaminergic neu-
rotransmission by regulating exocytosis of dense-core synaptic
vesicles. In this study, monoamine release induced by high-K ™
stimulation was decreased in STX1A ~/~ mice, although the con-
tent of catecholamine in hippocampal slices did not differ be-
tween genotypes (Fig. 4, Table 2). These results suggest that
absence of HPC-1/syntaxin 1A disrupts the monoaminergic sys-
tem during LTP induction. This finding is further supported by a
report that showed abnormal glucose-stimulated release of insu-
lin from pancreatic 8 cells of STX1A ~/~ mice (Ohara-Imaizumi
etal., 2007). Insulin release displays a biphasic pattern, a rapidly
initiated and transient first phase preceding a sustained second
phase in WT B-cells. However, STX1A ~/~ B-cells showed fewer
previously docked granules with no fusion during the first phase,
while second-phase fusion was preserved.

NA modulates synaptic function via the activation of
G-protein-coupled adrenergic receptors, including o -, o,- and
B-receptors. We found that the application of NA or ISO caused
no further enhancement of LTP amplitude in WT mice.
B-Adrenoceptor activation by ISO has previously been reported
to be ineffective in LTP in response to four trains of high-
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frequency stimulation (Gelinas et al., 2008). Several studies have
shown that the activation of B-adrenoceptors selectively en-
hances the induction and maintenance of LTP in response to
weak, subthreshold synaptic stimulation (Thomas et al., 1996;
Katsuki et al., 1997). DA also enhances the induction and main-
tenance of LTP via postsynaptic D1/D5 receptors (Otmakhova
and Lisman, 1996; Swanson-Park et al., 1999; Navakkode et al.,
2007; Sajikumar et al., 2008) by lowering the stimulus strength
required for the induction of LTP (Swanson-Park et al., 1999; Li
et al., 2003). DA and NA postsynaptically activate adenylate cy-
clase through their D1/D5- or B-adrenergic receptors, respec-
tively. This activation causes a transient increase in cAMP, which
in turn activates PKA (Raman et al., 1996; Navakkode et al.,
2010). Our study shows that impairments in LTP can be rescued
by Fsk, a pharmacological activator of adenylyl cyclase. A rela-
tively high concentration of Fsk (50 uM) can induce LTP in re-
sponse to low-frequency test stimulation typically used to
monitor the strength of synapses (Otmakhov et al., 2004), indi-
cating that sufficient activation of the cAMP/PKA signaling cas-
cade can lower the stimulus strength required for LTP induction.
The impairment of LTP at CA1 synapses in hippocampal slices
prepared from STX1A /" mice was also rescued by increased
stimulation. Because the decrease in release of endogenous cate-
cholamine during TBS resulted in an increase in the stimulus
strength required for LTP induction, it is reasonable that the
robust LTP induction protocol can restore LTP in STX1A ™/~
mice (Fig. 3B). Consistent with previous reports (Schimanski et
al., 2007; Stramiello and Wagner, 2008), pharmacological block-
ade of B-adrenergic or dopaminergic D1/D5 receptors alone was
not sufficient to reduce LTP amplitude, but we found that cate-
cholamine depletion by long-term application of 3IT reduced
LTP amplitude even after robust presynaptic stimulation in WT
mice. These results indicate that postsynaptic adenylyl cyclase could
be turned on sufficiently by alternate activation of B-adrenergic re-
ceptors or dopaminergic D1/D5 receptors, to lower the stimulus
strength required for LTP induction. Indeed, we could restore LTP
induction of STX1A ~/~ mice not only by exogenously applied cat-
echolamine but also by endogenously released catecholamine in the
presence of a monoamine transporter antagonist such as desipra-
mine and GBR12935. Together, these results strongly suggest that
absence of STX1A ™/~ reduces LTP amplitude at the CA1 synapse by
disrupting catecholaminergic systems. Although HPC-1/syntaxin
1A is involved in catecholaminergic neurotransmission, the under-
lying molecular mechanism remains poorly understood.

Memory storage and spatial learning induce LTP in CA1 syn-
apses (Pastalkova et al., 2006; Whitlock et al., 2006). The neural
circuitry of fear conditioning has been extensively studied and
is thought to depend upon the hippocampus as well as the
amygdala (LeDoux, 2000). Both neural areas were innervated by
noradrenergic and dopaminergic pathways from the locus
ceruleus and the ventral tegmental area, respectively. STX1A ™/~
mice exhibited impaired consolidation of conditioned fear mem-
ory by weak training but not by strong training (Fujiwara et al.,
2006). From this behavioral phenotype, we expect the relation-
ship to impaired CA1 LTP induction, which could be restored by
robust synaptic stimulation (Fig. 3B), because decreased cate-
cholamine levels during LTP induction increase the stimulus
strength required for LTP. This expectation is supported by stud-
ies that show adrenergic signaling in the hippocampus is critical
for the retrieval of contextual and spatial memories (Murchison
et al., 2004, 2011). To clarify the relationship between impaired
synaptic plasticity and behavioral abnormalities in STX1A =/~
mice, additional behavioral analyses are needed.

Mishima et al. @ Impaired Catecholamine Systems in STX1A KO Mice

In summary, HPC1/syntaxin 1A-null mice showed impair-
ment of LTP maintenance and disruption of catecholamine re-
lease in the hippocampus. Recent reports have confirmed that
NA and DA control the persistence of LTP in the CA1 (Swanson-
Park et al., 1999; Yang et al., 2002). Impaired LTP restored by
activation of NA or DA receptors suggests the involvement of
HPCl1/syntaxin 1A in the catecholaminergic system via exocyto-
sis of dense-core synaptic vesicles.
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