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aptic transmission via somatostatin receptor 4 signaling.

the number of excitatory synapses.

\_

(Background: Little is known about the function of activity-induced factors secreted by interneurons.
Results: Activity-induced somatostatin expression and secretion reduced dendritic spine density and lowered excitatory syn-

Conclusion: Somatostatin reduced the density of morphological and functional excitatory synapses.
Significance: Somatostatin, an interneuron-derived secreted factor, can function to prevent epileptiform activity by reducing
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Neuronal activity regulates multiple aspects of the morpho-
logical and functional development of neural circuits. One
mechanism by which it achieves this is through regulation of
gene expression. In a screen for activity-induced genes, we iden-
tified somatostatin (SST), a neuropeptide secreted by the SST
subtype of interneurons. Using real time quantitative PCR and
ELISA, we showed that persistent elevation of neuronal activity
increased both the gene expression and protein secretion of SST
over a relatively prolonged time course of 48 h. Using primary
hippocampal neuronal cultures, we found that SST treatment
for 1 day significantly reduced the density of dendritic spines,
the morphological bases of excitatory synapses. Furthermore,
the density of pre- and postsynaptic markers of excitatory syn-
apses was significantly lowered following SST treatment,
whereas that of inhibitory synapses was not affected. Consis-
tently, SST treatment reduced the frequency of miniature excit-
atory postsynaptic currents, without affecting inhibition.
Finally, lowering the endogenous level of SST receptor subtype 4
in individual hippocampal pyramidal neurons significantly
blocked the effect of SST in reducing spine density and excit-
atory synaptic transmission in a cell autonomous fashion, sug-
gesting that the effect of SST in regulating excitatory synaptic
transmission is mainly mediated by SST receptor subtype 4.
Together, our results demonstrated that activity-dependent
release of SST reduced the density of dendritic spines and the
number of excitatory synapses through postsynaptic activation
of SST receptor subtype 4 in pyramidal neurons. To our knowl-
edge, this is the first demonstration of the long term effect of
SST on neuronal morphology.

Neuronal activity is critical to the normal development of
neural circuits (1-6). Of the wide array of mechanisms by
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which neuronal activity regulates neural circuit development,
an important one is through regulating the expression of small
secreted molecules, which have the potential and capability of
affecting a large number of cells. Activity-induced expression of
secreted molecules, such as BDNF and neuronal activity-regu-
lated pentraxin (Narp), have been shown to modulate many
aspects of neuronal function, including the development of
axonal and dendritic arbors, morphological changes of den-
dritic spines, the formation of synapses, and plasticity of synap-
tic transmission (7-9). Compared with our knowledge of the
function of secreted factors from projecting glutamatergic neu-
rons such as hippocampal pyramidal neurons, relatively little is
known about the effect of activity-induced factors secreted by
interneurons. However, because interneurons are much fewer
in number compared with projecting neurons, one would imag-
ine that secretion of diffusible factors by interneurons could be
an important mechanism by which they communicate with the
large number of neighboring projecting neurons.

In a microarray screen for activity-induced genes using pri-
mary hippocampal neuronal cultures, we identified somatosta-
tin (SST),” a neuropeptide synthesized and secreted by the SST
subtype of interneurons, which represent ~30% of total
interneurons in the neocortex and hippocampus (10 —12). This
result was consistent with previous studies implicating a role
for SST in epilepsy (13, 14). Although SST was not the secreted
molecule with the highest fold change in our microarray anal-
ysis, its broad expression in hippocampal and cortical interneu-
rons drew our attention to its likely function during activity-de-
pendent development. SST, first discovered in 1973 (15), is
present in two bioactive forms, SST-14 and SST-28, with
SST-14 being the predominant form in the brain (16). SST
interneurons are dendrite-targeting interneurons displaying

2 The abbreviations used are: SST, somatostatin; mEPSC, miniature excitatory
postsynaptic current; mIPSC, miniature inhibitory postsynaptic current;
DIV, day(s) in vitro; KA, kainic acid; TTX, tetrodotoxin; qPCR, quantitative
PCR; MAP, microtubule-associated protein; SSTR4, SST receptor subtype 4;
GIuR2, AMPA-selective glutamate receptor 2; vGluT1, vesicular glutamate
transporter 1; vVGAT, vesicular GABA transporter; GABA,Ra1, GABA , recep-
tor subtype a1; GAD67, glutamate decarboxylase 67.
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low spike threshold and spike rate adaptation (11, 17, 18). An
important subgroup, known as Martinotti cells in the neocortex
and oriens-lacunosum molecular neurons in the hippocampus,
modulates the excitability of pyramidal cells by negatively reg-
ulating the summation of synaptic inputs in apical dendrites
(19-22). Martinotti cells also mediate disynaptic inhibition
between pyramidal cells and recurrent feedback inhibition onto
presynaptic pyramidal neurons, thereby preventing excessive
and recurrent excitation in neuronal circuits (22-24).

Consistent with the function of SST-positive interneurons in
reducing the excitability of targeting pyramidal neurons, SST is
generally considered an inhibitory factor that can be secreted
from axonal terminals through dense core vesicles (13) or
through local dendritic release (25). Acute application of SST to
hippocampal slices has been shown to increase two types of
potassium currents: the voltage-sensitive M-current (26, 27)
and a voltage-insensitive leak current (28), resulting in hyper-
polarization of the neurons. Acute application of SST to hip-
pocampal cultures and slices also reduced excitatory transmis-
sion via presynaptic block of glutamate release (29, 30). These
reported effects of SST on reducing neuronal excitability and
excitatory synaptic transmission are consistent with its anti-
epileptic effect (14, 31). However, most of the previously
described effects of SST are fast acting and relatively short lived,
in that they were reversed upon washout. Whether SST also
had longer lasting effects is relatively unknown.

In this study, we found that treating primary hippocampal
neuronal cultures with SST for the relatively extended period of
24 h significantly reduced the density of dendritic spines, the
morphological bases of excitatory synapses in glutamatergic
projecting neurons. Furthermore, the frequency of miniature
excitatory postsynaptic currents (mEPSCs) was also signifi-
cantly reduced following SST treatment, whereas that of mini-
ature inhibitory postsynaptic currents (mIPSCs) was not
affected. Consistently, the number of excitatory synapses, as
measured by the density of the postsynaptic marker AMPA-
selective glutamte receptor 2 (GluR2), and that of the presyn-
aptic marker vesicular glutamate transporter 1 (vGluT1) were
significantly lowered following 24 h of SST treatment, whereas
those of the inhibitory synaptic markers, vesicular GABA trans-
porter (VGAT) and GABA, receptor al (GABA , Ral), were
not altered. Furthermore, knocking down the endogenous level of
SST receptor subtype 4 (SSTR4) in pyramidal neurons abolished
the effect of SST in reducing dendritic spine density and mEPSC
frequency. In summary, we found that SST, secreted by the SST
subtype of interneurons, can reduce the density of dendritic spines
and lower the number of excitatory synapses in hippocampal
pyramidal neurons, via postsynaptic SSTR4 activation.

EXPERIMENTAL PROCEDURES

Hippocampal Neuronal Cultures and Transfection—High
density mixed neuronal-glial cultures were prepared from post-
natal day 0 Sprague-Dawley rat pups as previously described
(32, 33) and according to procedures approved by the Institu-
tional Animal Care and Use Committee of the Institute of Neu-
roscience of the Chinese Academy of Sciences (Shanghai,
China). The dentate gyrus was removed during the dissection,
leaving CA1 and CA3 pyramidal neurons as the main glutama-
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tergic neuronal types in the preparation. For electrophysiologi-
cal recordings and immunocytochemistry, neurons were trans-
fected with GFP using the calcium phosphate method at days in
vitro (DIV) 8 and assayed at DIV 11-13. For spine density anal-
ysis, the neurons were transfected with the fluorescent protein
tdTomato (34) (gift of Dr. Zilong Qiu, Institute of Neurosci-
ence) using the calcium phosphate method at DIV 8-10 and
fixed at DIV 15 and 16. The low transfection efficiency of this
method ensures that the fluorescently labeled, transfected neu-
ron is surrounded by untransfected presynaptic contacts.

DNA Constructs and Pharmacological Treatment—The
SSTR4 RNAi sequence, cloned into pSuper vector, was targeted
against the sequence GCAGCTTCTGAATCTGTTT. Specifi-
cally, the complementary oligonucleotides GATCCCC-
GCAGCTTCTGAATCTGTTTttcaagagaAAACAGATTCA-
GAAGCTGCTTTTTGGAAA and AGCTTTTCCAA-
AAAGCAGCTTCTGAATCTGT TTtctcttgaaAAACAGAT-
TCAGAAGCTGCGGG were synthesized, annealed into dou-
ble-stranded DNA, and inserted into the HindIII and BglII
restriction sites of pSuper.

Pharmacological treatments included 20 um bicuculline
(Tocris), 10 um kainic acid (KA; Tocris), 10 mm KCI (Sigma), 0.5
uM tetrodotoxin (TTX; Fisheries Science and Technology
Development), and 1 um SST (Sigma). Cultured neurons were
treated with pharmacological reagents for 4 —48 h as indicated.
For in vivo KA injections, postnatal day 14 rats or 2-month-old
glutamate decarboxylase 67 (GAD67)-GFP heterozygous mice
(gift of Dr. Yuchio Yanagawa, Kyoto University) (35) were intra-
peritoneally injected with KA at 3.5 or 15 ug/g, respectively,
and sacrificed 6 or 24 h later.

Microarray Analysis, Real Time Quantitative PCR (qPCR),
and ELISA—Primary hippocampal neuronal cultures were
treated with bicuculline and/or TTX for 4 or 48 h as indicated.
On DIV 12, total RNA was extracted using the TRIzol reagent
(Invitrogen). Microarray analysis was performed using Agilent
whole rat genome microarray (G4131F-014879) by Shanghai
Biotechnology Corporation (Shanghai, China), according to
the manufacturer’s protocols. Three independent culture prep-
arations were assayed, and the results, measured as fold change
relative to untreated control of each batch, were averaged.

For brain mRNA isolation, rats were deeply anesthetized
with intraperitoneal injection of 0.7% sodium pentobarbital.
Hippocampi were dissected, and total RNA was extracted using
the TRIzol reagent (Invitrogen) following the manufacturer’s
instructions.

For real time qPCR experiments, mRNA was reverse tran-
scribed by oligo(dT) priming using SuperScriptlIl reverse tran-
scriptase (Invitrogen), following the manufacturer’s protocols.
The primers used for qPCR were: SST (forward, GCCAC-
CGGGAAACAGGAACTGG; reverse GGGTGCCATGGC-
TGGGTTCG); and GAPDH (forward, CTGCCCAGAACAT-
CATCCCT; reverse, TGAAGTCGCAGGAGACAACC). Real
time qPCRs were performed using SYBR Green Master Mix
(TaKaRa) on an ABI PRISM 7000 sequence detection system
(Applied Biosystems). All of the reactions were performed in
triplicates, and the relative amount of SST mRNA (normalized
to GAPDH) was calculated using the comparative C. method
(36). To assay the level of secreted SST, the medium of cultured
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neurons was harvested and assayed using an SST ELISA kit
(EK-060-03; Phoenix Pharmaceuticals, Inc.) following the man-
ufacturer’s instructions.

Immunostaining, Image Acquisition, and Analysis—Immu-
nocytochemistry for hippocampal neuronal cultures was car-
ried out as previously described (32). For surface GluR2 stain-
ing, GluR2 antibody (mouse, 1:200, Millipore) was added to the
medium of cultured neurons for 15 min at 37 °C prior to fixa-
tion. Other primary antibodies included: microtubule-associ-
ated protein 2 (MAP2, chick, Millipore, 1:1000), MAP2 (mouse,
Sigma, 1:500), SST (goat, Santa Cruz, 1:500), GABA (rabbit,
Sigma, 1:1500), Bassoon (guinea pig, Synaptic Systems, 1:500),
Bassoon (mouse, Stressgen, 1:500), vGluT1 (guinea pig, Milli-
pore, 1:500), VGAT (rabbit, Synaptic Systems, 1:500), and
GABA ,Ral (rabbit, Alomone Labs, 1:200).

Immunohistochemistry in brain slices was carried out using
GADG67-GFP heterozygous mice (35), according to standard
protocols as previously described (37). The following primary
antibodies were used: SST (goat, Santa Cruz, 1:200) and GFP
(rabbit, Invitrogen, 1:500). The nuclei were labeled using TO-
PRO-3 (1:2500, Invitrogen). Alexa Fluor 488, 568, or 633 sec-
ondary antibodies (Invitrogen) were used at 1:1000 for neuro-
nal cultures and at 1:500 for brain slices.

Images (Z-stacks) were acquired on a Zeiss LSM Pascal laser
scanning confocal microscope (Jena, Germany) using a 20X
Plan-Apochromat objective (N.A. = 0.8) at 1 X optical zoom for
SST immunostaining in culture and brain slices and a 63X oil
immersion Plan-Apochromat objective (N.A. = 1.4) at 2X opti-
cal zoom for synaptic puncta analyses. Analysis of synaptic
puncta was carried out as previously described (32) using cus-
tom macros. Puncta density refers to the number of puncta per
micrometer of dendrite, whereas integrated intensity refers to
the average intensity of puncta in the selected dendritic seg-
ment (GFP fluorescence or MAP2 immunostaining). For anal-
ysis of spine density and size, the spines were manually counted,
and the lengths of dendrites and the sizes of spines were meas-
ured with ImageProPlus software (MediaCybernetics). All of
the images were analyzed blindly.

Electrophysiological Recordings in Cultured Neurons—
Whole cell patch clamp recordings were carried out at room
temperature on DIV 11-13 neurons using a Multiclamp 700B
amplifier (Molecular Devices) as previously described (32). The
extracellular solution contained 129 mm NaCl, 5 mm KCI, 30
mM glucose, 25 mm HEPES, 2 mm CaCl,, 1 mm MgCl, (pH 7.3,
310 mOsm). For mEPSC recordings, 0.5 um TTX and 50 um
picrotoxin (Tocris) were added to the extracellular solution; for
mlIPSC recordings, 0.5 um TTX and 5 um NBQX (Tocris)
were added. Analysis of mPSCs was performed blindly using
the Mini Analysis Program (Synaptosoft) with an amplitude
threshold of 3 pA for mEPSCs or 5 pA for mIPSCs. Cumulative
distributions were generated using 150 consecutive mPSCs,
averaged across all cells.

Western Blot Analysis—For assaying the efficiency of SSTR4
RNAI, the RNAi plasmid was transfected into neuronal cultures
using electroporation. On DIV 6, neurons were harvested with
radioimmunoprecipitation assay lysis buffer containing prote-
ase inhibitor mixture tablets (Roche Applied Science). Western
blot was performed and quantified as previously described (38).
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Primary antibodies included: GAPDH (1:10,000, Kangchen
Bio-tech) and SSTR4 (1:1500, Santa Cruz Biotechnology).

Statistical Analysis—For all imaging and electrophysiology
experiments, statistical analyses were carried out using two-
tailed unpaired Student’s ¢ test (for sample pairs) or one-way
analysis of variance (for three or more conditions). Cumulative
distributions were compared using the Kolmogorov-Smirnov
two-sample test. At least three independent culture prepara-
tions were used per experiment. The results are shown as the
means = S.E., and # represents the number of neurons for elec-
trophysiological and morphological analyses. For real time
qPCR and ELISA, 7 represents the number of independent cul-
ture preparations or the number of animals. All of the results
statistically different from control are marked. *, p < 0.05; **,
p <0.0L;** p < 0.001.

RESULTS

The Expression and Secretion of SST Were Increased Follow-
ing Increased Neuronal Activity—In a screen for activity-in-
duced genes in DIV 12 primary hippocampal neuronal cultures,
we identified SST, a neuropeptide synthesized by ~30% of cor-
tical and hippocampal interneurons (10-12). Global elevation
of neuronal activity using the GABA , receptor antagonist bicu-
culline (20 um) significantly increased SST expression at both
the 4- and 48-h time points (Fig. 1A4). Importantly, the elevation
in SST expression was specific to activity changes, because co-
incubation with the sodium channel antagonist TTX (blocks
action potentials, 0.5 um) abolished the effect of bicuculline
treatment on inducing SST mRNA expression (Fig. 14). These
results were further confirmed by global application of various
pharmacological reagents that elevate neuronal activity via dis-
tinct mechanisms, including bicuculline (20 um) to block
GABA , receptor-mediated inhibition, KA (10 um) to increase
excitatory synaptic transmission through activation of the
AMPA and kainate subtypes of ionotropic glutamate receptors,
and depolarizing neurons with elevated extracellular potassium
(10 mm KClI). Real time qPCR results showed that the mRNA
level of SST was significantly elevated following all three
manipulations at both the 4- and 48-h time points (Fig. 1B),
further demonstrating that the expression of SST was activity-
dependent. To examine whether neuronal activity also regu-
lated the expression of SST in vivo, postnatal day 14 rats were
intraperitoneally injected with KA (3.5 ug/g) and sacrificed for
analyses 6 or 24 h later. Consistent with our results from cul-
tured neurons, the hippocampal mRNA level of SST was signif-
icantly increased 6 and 24 h following KA injection (Fig. 1C),
demonstrating that elevated neuronal activity can induce SST
expression iz vivo. Because SST is a secreted neuropeptide, we
next asked whether neuronal activity also regulated the secre-
tion of SST. Harvesting the medium of neuronal cultures at 4,
12,24, and 48 h following initiation of bicuculline treatment, we
found that the level of SST in the medium was significantly
increased at the 24- and 48-h time points, as assayed by ELISA
(Fig. 1D). Thus, neuronal activity induced SST secretion, but
with a slower time course than changes in its gene expression.
Taken together, these results showed that global and persistent
elevation of neuronal activity increased SST expression both in
vitro and in vivo and also enhanced its secretion.
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FIGURE 1. Neuronal activity increased the expression and secretion of SST. A, microarray results from three independent hippocampal neuronal culture
preparations showed that SST mRNA level was significantly elevated following global activity elevation with bicuculline (Bic.) and blocked by co-application of
TTX (Bic.,4h:1.43 = 0.005, p < 0.001; Bic., 4 h + TTX: 1.03 = 0.02, p > 0.05; Bic., 48 h: 2.14 = 0.15, p < 0.01; Bic., 48 h + TTX: 0.45 = 0.06, p < 0.001). B, real time
gPCRresults from additional culture preparations showing that the SSTmRNA level was significantly increased following different manipulations that elevated
neuronal activity for 4 or 48 h (Bic., 4 h: 1.66 = 0.26, p < 0.05; Bic., 48 h:2.79 = 0.71, p < 0.05; KA 4 h: 2.05 = 0.27,p < 0.01; KA 48 h: 3.01 = 0.41, p < 0.01; KCI
4h:2.16 £0.31,p < 0.01;KCI48 h:5.03 + 0.73, p < 0.01). C, real time gPCR results showed that SST expression in the hippocampus was up-regulated following
KA injection in vivo (KA 6 h: 1.78 = 0.14, p < 0.01; KA 24 h: 1.72 = 0.08, p < 0.001). D, ELISA results showed that the level of SST in the medium of hippocampeal
neuronal cultures was elevated following bicuculline treatment (4 h: 1.02 = 0.07, p > 0.05; 12 h: 1.36 £ 0. 15, p > 0.05; 24 h: 1.65 * 0.26, p < 0.05; 48 h: 5.78 *
1.80, p < 0.05).In all experiments, the mRNA or protein levels were normalized to that of untreated controls. The results are shown as the means = S.E.n, shown
as white numbers in the bars, represents the number of independent culture preparations (A, B, and D) or the number of rats (C). *, p < 0.05; **,p < 0.01; *** p <

0.001. Ctrl, control.

Where did the additional SST come from? In theory, it could
either be from elevated SST expression and secretion in SST
interneurons or ectopic expression of SST in neurons that nor-
mally do not express it. To address this question, we co-immu-
nostained for SST, GABA, and MAP2 (neuronal marker) in DIV
12 hippocampal cultures. We found that under all of the con-
ditions examined, including basal and activity elevation using
48 h of bicuculline, KA, or KCl treatments, SST expression was
restricted to GABAergic interneurons (Fig. 2A). These results
demonstrated that SST is expressed in DIV 12 neuronal cul-
tures and that furthermore its cell type specificity is not altered
following activity elevation.

To further examine whether this was also the case in vivo, we
used the GAD67-GFP knock-in mice, which expressed GFP
specifically in interneurons under the endogenous GAD67 pro-
moter (35). We found a high level of co-localization between
SST and GFP immunoreactivity in the CA1 region of the hip-
pocampus (Fig. 2B), both under control conditions and 24 h
following seizure induction through in vivo KA injection, fur-
ther demonstrating that activity elevation does not affect the
cell type specificity of SST expression.

Long Term SST Treatment Reduced the Density of Dendritic
Spines and Excitatory Synapses, without Affecting Inhibitory
Synapses—Having shown that SST expression and secretion
are both induced by elevation in neuronal activity, we next
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asked what could be its likely effect on neuronal morphology
and function. The relatively long delay between the activity-
induced increase in SST expression at 4 h (Fig. 1, A and B) and
detectable increases in its secretion at 24 h (Fig. 1D) is tempo-
rally quite distinct from its previously described effects on neu-
ronal excitability and synaptic transmission (14), which were
fast acting and short-lived. Instead, they are more consistent
with slow acting changes that occurred over an extended
period, such as alterations in neuronal morphology. To assay
the effects of SST on neuronal morphology, we applied 1 um
SST to DIV 14 and 15 hippocampal neuronal cultures to assay
its effect on the dendritic spine density of pyramidal neurons
24 h later. We found that SST treatment significantly lowered
spine density (Fig. 3, A and B), without affecting the average size
of spines (Fig. 3C). Because dendritic spines are the morpholog-
ical bases of excitatory synapses (39, 40), we next asked whether
the reduction in spine density was due to lowered density of
excitatory synapses.

Hippocampal neuronal cultures (DIV 10-12), treated with 1
uM SST for 24 h, were immunostained with vGluT1, a presyn-
aptic marker of excitatory synapses, together with the active
zone marker Bassoon. Only vGluT1 puncta co-localizing with
Bassoon were considered synaptic. As compared with control
untreated neurons, SST-treated pyramidal neurons had signif-
icantly reduced vGluT1 puncta density, measured as puncta

S

VOLUME 288+-NUMBER 4+JANUARY 25,2013



>
»
n
1

Merge

SST *GABA'/SST*

74178 (96.3% )

83188 (95.7% )

75177 (98% )

89/94(95.1% )

w

GAD67-GFP

Nucleus Merge

SST *GFP'/SST*

54/57 (94.7% )

Ctrl

51154 (94.4% )

FIGURE 2. SST was specifically expressed in interneurons following activ-
ity elevation in vitro or in vivo. A, representative images of SST, GABA, and
MAP2 immunostaining of DIV 12 primary hippocampal neurons, treatments
as indicated. The scale bar is 50 wm. The number of neurons co-labeling with
SST and GABA (SST* GABA™), as a percentage of total SST immunopositive
neurons (SST™) is quantitated to the right of each example. B, representative
images of the CA1 region of GAD67-GFP mice, untreated or 24 h following KA
injection, channels as labeled. The scale bar is 50 um for the top row of each
condition and 20 um for the zoomed images (white boxes of top images) in
the bottom row of each condition. The number of the neurons co-immunos-
taining with SST and GFP (SST* GFP™), as a percentage of total SST immuno-
positive neurons (SST*), is shown to the right of each example. Ctrl, control;
Bic., bicuculline.

number per unit length of dendrite (MAP2 immunostaining or
GFP fluorescence) and no significant change in the integrated
intensity of the average punctum (Fig. 3, D and F). Similarly, the
density of postsynaptic AMPA subtype of glutamate receptors,
as measured by surface GluR2 co-localizing with Bassoon, was
also significantly reduced, whereas the integrated intensity of
the average GluR2 punctum was not affected (Fig. 3, E and G).
In contrast to the significant reduction in the density of gluta-
matergic synapses, the density of GABAergic inhibitory syn-
apses, as measured using VGAT and GABA,Ral, was not
affected by SST treatment (Fig. 3, H-K). Together, these results
demonstrated that SST treatment specifically reduced the den-
sity of excitatory glutamatergic synapses, without affecting
GABAergic synapses.
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SST Treatment Reduced Excitatory Synaptic Transmission
without Affecting Inhibition—To determine whether the
observed effect of SST in reducing the density of dendritic
spines (Fig. 3, A and B), and pre- and postsynaptic markers of
excitatory synapses (Fig. 3, D—G), also lowered the number of
functional excitatory synapses, we performed whole cell patch
clamp recordings on SST-treated neurons. We found that 24 h
of SST treatment significantly reduced the frequency of
mEPSCs without affecting the amplitude of the average minia-
ture event (Fig. 4, A-D). This reduction in mEPSC frequency is
consistent with the observed reduction in the puncta density of
vGluT1 and GluR?2 (Fig. 3 D-G) and the lowered spine density
(Fig. 3, A and B) providing further evidence that SST treatment
significantly reduced the number of excitatory synapses, both
morphologically and functionally. Consistent with the lack of
changes in vGAT and GABA  Ral (Fig. 3, H-K), we did not
detect any changes in the amplitude or frequency of
mIPSCs (Fig. 4, E-H).

The Effect of SST on Dendritic Spines and Excitatory Trans-
mission Is Mediated by Postsynaptic SSTR4—Having shown
that SST treatment significantly reduced dendritic spine den-
sity and the number of excitatory synapses on pyramidal neu-
rons, we next asked through what mechanism are these effects
mediated. SST receptors, of which there are five subtypes
(SSTR1-5), are G protein-coupled receptors (41—43). Previous
reports showed that SSTR4 is the main SST receptor subtype in
CA1 and CA3 regions of the hippocampus (44, 45). Because the
hippocampal neuronal cultures used in all our experiments
were mixed hippocampal CA1/CA3 cultures with the dentate
gyrus removed during dissection, we surmised that SSTR4
would be the predominant SST receptor subtype in our cul-
tures. We thus designed a SSTR4-specific RNAi construct and
showed that it effectively reduced the level of SSTR4 (Fig. 5A).
Transfecting hippocampal pyramidal neurons with control or
SSTR4 RNAi constructs, we showed that although reducing the
endogenous level of SSTR4 by RNA interference did not affect
spine density per se, it completely blocked the effect of SST
treatment on reducing spine density (Fig. 5, B and C). SSTR4
RNAI did not affect the size of dendritic spines (Fig. 5D). Con-
sistently, SSTR4 RNAi also completely blocked the effect of SST
treatment on reducing mEPSC frequency, without affecting
mEPSC amplitude or frequency by itself (Fig. 5, E-H).
Together, these results suggest that the effects of SST in reduc-
ing the number of morphological and functional excitatory syn-
apses are mediated through SSTR4 on pyramidal neurons.

DISCUSSION

In this study, we demonstrated a role for the activity-induced
neuropeptide SST in regulating the morphology and function
of excitatory synapses. Specifically, we showed that relatively
long term treatment (24 h) of hippocampal neurons with SST
significantly reduced the density of dendritic spines (Fig. 3, A
and B), the density of pre- and postsynaptic markers of excit-
atory synapses (Fig. 3, D-G), and the frequency of mEPSCs (Fig.
4, A-D), without affecting inhibition (Figs. 3, H-K, and 4, E-H).
We further showed that these effects of SST were mediated
through the postsynaptic action of SSTR4 expressed on hip-
pocampal pyramidal neurons (Fig. 5). Together, these results
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FIGURE 3. SST treatment reduced the density of dendritic spine, as well as that of pre- and postsynaptic markers of excitatory synapses, without
affecting inhibitory synapses. A, representative images of the dendritic spines of control (Ctrl) neurons or those treated with SST. The scale bar is 5 um. B,
quantitation of dendritic spine density following SST treatment (control: 3.03 = 0.19; SST: 2.22 = 0.14, p < 0.01). C, SST treatment did not affect the size of
dendritic spines: p > 0.05. D, E, H, and |, representative images of dendrites (labeled with MAP2 or GFP) immunostained with Bassoon and co-stained with
VGIuT1 (D), surface GIuR2 (sGIuR2, E), vGAT (H), or GABA ,Ra1 (/). The dendritic segment within each white box is shown as a zoomed image below. The scale bar
is 20 um for full frame images and 5 um for the zoomed images. F, SST treatment reduced the density of synaptic vGIuT1 (control: 1 = 0.05; SST: 0.80 = 0.07,
p < 0.05), without affecting the integrated intensity of vGIuT1 puncta (control: 1 = 0.05; SST: 0.96 =+ 0.05, p > 0.05). G, SST treatment reduced the density of
synaptic GIuR2 (control: 1 = 0.09; SST: 0.73 £ 0.07, p < 0.05), without affecting the integrated intensity of synaptic GIuR2 puncta (control: 1 = 0.04; SST: 1.02 =
0.05, p > 0.05).J, SST treatment did not affect the density (control: 1 == 0.11;SST: 1.04 = 0.09, p > 0.05) or integrated intensity (control: 1 = 0.07; SST:0.94 =+ 0.08,
p > 0.05) of synaptic vVGAT puncta. K, the density (control: 1 = 0.06; SST: 0.98 = 0.07, p > 0.05) or integrated intensity (control: 1 = 0.05; SST: 1.05 * 0.08, p >
0.05) of synaptic GABA ,Ra1 was not affected by SST treatment. The results are shown as the means = S.E. n, shown as white numbers in the bars, represents the
number of neurons. *, p < 0.05; **, p < 0.01.

suggest a role for SST, secreted by the SST subtype of interneu-  sion, which were fast acting and did not last long (26 -28, 30),
rons, in specifically down-regulating the number of excitatory the effects we describe here take place over a more extended
synapses on pyramidal neurons following persistent and global  period. This is likely because morphological changes, especially
elevation of neuronal activity. We propose that these morpho- ones involving the removal of existing synapses and spines,
logical and functional changes induced by long term SST treat-  likely take place over the course of hours, rather than minutes
ment likely contribute to its previously described anti-epileptic (46, 47). This time course is consistent with the relatively slow
effect (31). induction in the gene expression and secretion of SST following

In contrast to the previously described effects of SST on global activity elevation (Fig. 1). The acute effect of SST on
potassium channel activity and excitatory synaptic transmis- excitatory transmission was shown to act through activation of
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FIGURE 4. SST treatment reduced the frequency of mEPSCs, without affecting mIPSCs. A, representative mEPSC traces and average waveforms from Ctrl
or SST-treated neurons. B, SST treatment did not affect the amplitude of mEPSCs (control: 15.62 = 1.05 pA; SST: 14.73 = 0.78 pA, p > 0.05) but significantly
reduced their frequency (control: 1.28 * 0.18 Hz; SST: 0.64 = 0.10 Hz, p < 0.01). C and D, cumulative probability plot of mEPSC amplitudes (p > 0.05, C) and
intereventintervals (p < 0.01, D). E, representative mIPSC traces and average waveforms from control and SST-treated neurons. F, SST treatment did not affect
the amplitude (control: 25.67 = 1.37 pA; SST: 23.62 * 0.64 pA, p > 0.05) or frequency (control: 0.75 * 0.11 Hz; SST: 0.72 = 0.10 Hz, p > 0.05) of mIPSCs. G and
H, cumulative distributions of mIPSC amplitudes (p > 0.05, G) or interevent intervals (p > 0.05, H). The results are shown as the means = S.E. n, shown as white
numbers in the bars, represents the number of neurons. **, p < 0.01.

its presynaptic receptor (29). In contrast, here we showed that release and postsynaptic SST receptors, such as SSTR4: expressed
the long term effect of SST on spine density was mediated by on pyramidal neurons, mediating the effect of SST in regulating
SSTR4 expressed on postsynaptic pyramidal neurons (Fig. 5). the density of dendritic spines and excitatory synapses.

Thus, pre- and postsynaptic SST receptors seem to mediate dis- SST is thought to be an anti-epileptic agent based on follow-
tinct functions, with presynaptic receptors affecting transmitter  ing observations: 1) the expression and release of SST were
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FIGURE 5. The effects of SST on spines and mEPSCs were mediated by postsynaptic SSTR4. A, the SSTR4 RNAi (R4 RNAI) was efficient in reducing the level
of SSTR4 in hippocampal neurons (R4 RNAi: 0.32 = 0.08, p < 0.01). B, representative images of dendritic spines, conditions as indicated. The scale bar is 5 um.
C, SSTR4 RNAi blocked SST-induced reduction in dendritic spine density (control: 3.83 = 0.21; SST: 2.98 = 0.16, p < 0.05 versus control; R4 RNAi: 3.78 £ 0.22,p >
0.05 versus control; R4 RNAi + SST: 3.99 + 0.24, p > 0.05 versus R4 RNAI). D, none of the treatments affected the size of dendritic spines: p > 0.05 for all
conditions. E, representative mEPSC traces and average waveforms, conditions as indicated. F, SSTR4 RNAi blocked the effect of SST on reducing mEPSC
frequency (control: 0.79 =+ 0.16 Hz; SST: 0.36 =+ 0.05 Hz, p < 0.05 versus control; R4 RNAi: 0.78 = 0.15 Hz, p > 0.05 versus control; R4 RNAi + SST:0.79 = 0.15 Hz,
p > 0.05 versus R4 RNAI). G, cumulative distribution of interevent intervals (SST versus control: p < 0.001; R4 RNAi versus control: p > 0.05; R4 RNAi + SST versus
R4 RNAi: p > 0.05). H, SSTR4 RNAi did not affect mEPSC amplitude in control or SST-treated conditions. p > 0.05 for all conditions. The results are shown as the
means * S.E. n, shown as white numbers in the bars, represents the number of neurons. *, p < 0.05; **, p < 0.01. Ctrl, control.

increased following seizures (14, 48 —50); 2) SST application in  nisms such as long term potentiation. Given the prominence of
hippocampal slices reduced neuronal firing and epileptiform  SST-immunoreactive interneurons in the hippocampus and
activity (31); 3) injection of SST into the mouse brain reduced neocortex, representing approximately one-third of total
seizure, whereas application of anti-SST serum into mouse interneurons (10—12), the effects of SST, such as its ability to
brain increased it (51); 4) SST knock-out mice have a shorter reduce dendritic spine density following activity elevation, are
latency for stage 5 seizures (52), while SSTR4 knock-out mice likely to be physiologically important to the development and
displayed increased seizure sensitivity in both the pentyle- stability of neural circuits.

netetrazole and kainic acid models (53). Our results, demon-
strating a role for the interneuron-secreted neuropeptide SST — Acknowledgments—We thank Dr. Yuchio Yanagawa for the GAD67-
in mediating activity-induced reduction in the density of den- ~ GFP mice and Dr. Zilong Qiu for the tdTomato construct. We thank
dritic spines and excitatory synapses through postsynaptic Zongfang Wb.m’ Yuan Lu and Shunji He for excellent technical sup-
SSTR4 signaling, provide further insight into the molecular portand Heling Song and Yirong Peng for the microarray samples. We

mechanism through which SST achieves its anti-epileptic are grateful to colleagues at the Institute of Neuroscience and mem-
offect bers of the Yu laboratory for suggestions.
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