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Diftferential plastic changes in synthesis and
binding in the mouse somatostatin system
after electroconvulsive stimulation

Olesen MV, Ggtzsche CR, Christiansen SH, Woldbye DPD. Differential
plastic changes in synthesis and binding in the mouse somatostatin system
after electroconvulsive stimulation.

Objective: Electroconvulsive therapy (ECT) is regularly used to treat
patients with severe major depression, but the mechanisms underlying the
beneficial effects remain uncertain. Electroconvulsive stimulation (ECS)
regulates diverse neurotransmitter systems and induces anticonvulsant
effects, properties implicated in mediating therapeutic effects of ECT.
Somatostatin (SST) is a candidate for mediating these effects because it is
upregulated by ECS and exerts seizure-suppressant effects. However, little
is known about how ECS might affect the SST receptor system. The
present study examined effects of single and repeated ECS on the s?/nthesis
of SST receptors (SSTR1-4) and SST, and SST receptor binding ([ |
LTT-SST,g) in mouse hippocampal regions and piriform/parietal cortices.
Results: A complex pattern of plastic changes was observed. In the
dentate gyrus, SST and SSTRI1 expression and the number of hilar SST
immunoreactive cells were significantly increased at 1 week after repeated
ECS while SSTR2 expression was downregulated by single ECS, and
SSTR3 mRNA and SST binding were elevated 24 h after repeated ECS.
In hippocampal CA1 and parietal/piriform cortices, we found elevated SST
mRNA levels 1 week after repeated ECS and elevated SST binding after
single ECS and 24 h after repeated ECS. In hippocampal CA3, repeated
ECS increased SST expression 1 week after and SST binding 24 h after.
In the parietal cortex, SSTR2 mRNA expression was downregulated after
single ECS while SSTR4 mRNA expression was upregulated 24 h after
repeated ECS.

Conclusion: Considering the known anticonvulsant effects of SST, it is
likely that these ECS-induced neuroplastic changes in the SST system
could participate in modulating neuronal excitability and potentially
contribute to therapeutic effects of ECT.
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e The somatostatin (SST) system in mice is modulated in a multifaceted pattern following single and

repeated electroconvulsive stimulation (ECS).

e ECS induces differential changes in SST and synthesis of SST receptors (SSTR1-4) gene expression as
well as SST immunoreactivity and binding in the hippocampus and cortex.
e These alterations could contribute to modulating neuronal excitability and might be associated to the

therapeutic effects of electroconvulsive therapy (ECT).

192

https://doi.org/10.1017/neu.2018.1 Published online by Cambridge University Press


https://doi.org/10.1017/neu.2018.1
mailto:woldbye@sund.ku.dk
https://doi.org/10.1017/neu.2018.1

Limitations

ECS-induced alterations in the somatostatin system

e Asrepeated sham treatment may have a delayed effect on SST and SSTR mRNA expression, the observed
changes in SST and SSTR1 expression 1 week following repeated ECS should be considered with this

limitation.

¢ It remains to be determined to what extent the observed changes in the SST system are essential to the

therapeutic effects of ECT.

Introduction

Although ECT is regularly used to treat patients with
severe major depression, its mode of action still
remains unclear (1). ECT has been found to regulate
several neuropeptide systems, but the implications of
these alterations have not been fully elucidated (2—4).
The anticonvulsive effect of electroconvulsive
seizures (5) has been suggested as one potential
mechanism of action for ECT (6-8). Using ECS, an
animal model of ECT, it has been shown that this
treatment regulates several neuropeptide systems in
the brain with anticonvulsant effect, including
neuropeptide Y, galanin, and thyrotropin releasing
hormone (5,9-14). Thus the therapeutic effects of
ECS might, at least in part, be due to adaptive
modulation of neuropeptide systems with anticon-
vulsant effects (8).

SST is a widely distributed neuropeptide in the
central nervous system that has also been shown to
be regulated by repeated ECS as well as to display
anticonvulsive properties (5,15-19). In patients
diagnosed with major depression, decreased levels of
SST immunoreactivity are found in the cerebrospinal
fluid (CSF) whereas ECT elevates the concentration of
SST (20-25). Consistent with these human findings,
rat studies show that SST immunoreactive (-ir)
neurons are activated by ECS (26) and that repeated
ECS causes increases in SST mRNA expression and
immunoreactivity in the hippocampal formation
(5,27-31). Further, previous studies using tests for
depression-like behaviour show antidepressant-like
effects of SST infusion in rats (32) as well as
decreased immobility by disinhibition of SST
interneurons in mice (33). SST acts via Gy,-protein
coupled receptors (SSTR1-5), leading to a reduction
in cAMP levels (34). While SSTRS is virtually absent
in the brain, SSTR1-4 are located throughout the
brain, including the hippocampal formation and
piriform cortex (35-37), which are brain areas
known to play central roles in seizure regulation
and depression (38,39). Several studies have examined
the receptors responsible for the anticonvulsive effects
of SST, and SSTR4 is believed to be the major
receptor mediating the inhibitory effects on
hippocampal excitatory neurotransmission while
SSTR1, STTR2, and SSTR3 have a significant
but secondary role (40-43). In depressive-like
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behaviours, SSTR2 and SSTR3 in rats (44), and
SSTR4 in mice (45) have been implicated in
antidepressant-like effects.

Aims of the study

No previous studies have examined the effects of ECS
on SSTR subtype expression or SST binding. Likewise,
no studies have explored effects of ECS on SST
synthesis in mice. Thus to further characterise effects of
repeated ECS on the SST system, we studied the effects
of single and repeated ECS on SSTR1-4 and SST
expression, number of hilar SST-ir cells, as well as SST
binding in hippocampal and cortical regions in mice.

Materials and methods
Animals

Adult Naval Medical Research Institute male mice
weighing 30-40¢g (Taconic M&B, Borup, Denmark)
were used. The animals were kept in groups of eight
per cage with a 12-h light/dark cycle and access to
food and water ad libitum. Before being used in the
experiment, the mice were handled daily during 7 days
of acclimatisation to allow adaption to stressful events.
The experiments were conducted in accordance with
guidelines from the Danish Animal Experimentation
Inspectorate and the European Communities Council
Directive of 24 November 1986 (86/609/EEC).

ECS-induced seizures

ECS or sham was delivered for 14 continuous days
(11 a.m. to 1 p.m.) as previously described (10). The
stimulations were administered transcranially via a
metal forceps applied to the skull immediately in front
of the ears using a PSCC-10 pulse-stimulator (DCM
Electronics, Copenhagen, Denmark), which delivers
unidirectional square-wave pulses at a constant current
(15mA, 0.5s, 50Hz, pulse width=10ms). ECS
induced tonic-clonic seizure activity lasting 20-30s
in all mice. The animals were divided into four groups
(n=10 per group): one group received sham-ECS
once daily for 14 days (Sham), a second group was
treated with sham once daily for 13 days followed by
ECS on day 14 (single ECS), a third group was treated
with ECS once daily for 14 days (repeated ECS) while
a fourth group received ECS once daily for 14 days
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followed by 1 week without treatment (repeated
ECS +1 week). Mice from the first three groups were
decapitated 24 h after the last treatment, the fourth
group 7 days after the last ECS. Immediately after,
their brains were removed and frozen in —40°C
isopentane, and kept at —80°C until sectioning.

Sectioning of brains

Brains were mounted on a cryostat (Shandon Inc,
Pittsburgh, PA, USA) using cryo-embed (Ax-lab A/S,
Vedbaek, Denmark) and sliced in 15 pm coronal serial
sections throughout the dorsal hippocampus (Bregma;
AP —1.34mm to —2.54 mm) (46). Sections were thaw-
mounted onto Superfrost Plus slides (VWR International
ApS, Soeborg, Denmark) and stored at —80°C until
further processing.

SST and SSTR in situ hybridisation

In situ hybridisation was conducted as described
previously with minor modifications (47,48). The
slides were defrosted for 30 min at room temperature
(Rt) and post-fixed in ice-cold 4% paraformaldehyde
for 5min, rinsed briefly in 1 xPBS and placed in
1xPBS for S5min. Then the slides were placed in
70% ethanol (EtOH) for 5min before they were
stored in 95% EtOH at 4°C until hybridisation. The
following synthetic DNA antisense oligonucleotide
probes were used; SST mRNA: 5'-CCG-CCA-GAG-
ACT-TCT-GCA-GAA-ACT-GAC-GGA-GTC-TGG-
GGT-CCG-3' (5) and 5'-GTC-TTC-CAG-AAG-
AAG-TTC-TTG-CAG-CCA-GC-3' (49), SSTR1 mRNA:
5'-GCC-TCC-AGA-CTC-CAG-ATT-CTC-GGG-CTG-
GAA-GTC-CTC-CAC-G-3', SSTR2 mRNA: 5-GGC-
GTT-GCT-TGT-CAT-GTC-GTA-GTA-TGG-CTC-
GGT-CTG-GTT-G-3' SSTR3 mRNA: 5-TTC-TTC-
ATC-CTC-CTC-CTC-TTC-AGT-CTT-CTC-TGG-
AGG-TCC-C-3' (37) and SSTR4 mRNA: 5'-CCA-
CAT-AGA-AAG-GCA-TCC-AGC-ATA-GCA-CAA-
AGA-CGG-TCA-CCA-3' (50) (DNA Technology,
Riskkov, Denmark). The probes were labelled in the
3end with [0 S]dATP (1250 Ci/mmol; Perkin
Elmer, Skovlunde, Denmark) by the use of terminal
deoxynucleotidyl-transferase ~ (Roche  Diagnostics,
Germany) and added to a specific activity of 10° cpm/
pl to the hybridisation buffer containing 50% formamide
(v/v), 4 x saline sodium citrate (1 x SSC=0.15M Na(Cl,
0.015M sodium citrate-2H,O, pH="7.0), 10% dextran
sulphate (v/v) and 10mM dithiotretiol. Each slide was
covered with 120 pl hybridisations buffer, coverslipped
with parafilm and left overnight at 42°C. The following
day, slides were briefly rinsed in 1 x SSC, transferred to
1xSSC at 60°C for 30min and rinsed in 1xSSC,
0.1 xSCC, 70% EtOH and 95% EtOH for 1 min at Rr.
Finally, sections were allowed to air-dry for at least
30min before exposing them, together with '“C
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microscales (Amersham Lifescience), to >>S-sensitive
Kodak BioMax MR film (Sigma-Aldrich, Soeborg,
Denmark) for 4 (SST, SSTR2, SSTR3 and SSTR4) or
6 weeks (SSTR1) at —4°C, before being developed in
Kodak GBX developer. Using computer-assisted image
analysis, mRNA levels were determined by measuring
optical density (Bg/g) bilaterally in at least four adjacent
sections from each animal over the dentate hilus (for
SST mRNA), dentate granular layer (for SSTR
mRNAs), hippocampal CA3 and CAl (pyramidal
layers), parietal cortex (all layers) corresponding to
primary somatosensory cortex in the atlas of Paxinos
and Franklin (41), and piriform cortex (all layers).
A person blinded to the treatment of the animals
performed all measurements. The specificity of the
oligoprobes was confirmed by addition of correspond-
ing unlabelled antisense probes (competitive controls).

SST immunoflourescence

SST immunofluorescence was performed as previously
described with minor modifications (51). The slides
were defrosted for 10 min at Rt and subsequently fixed
in 4% paraformaldehyde for 10 min. Then, the slides
were washed twice in PBS for 5 min before incubation
for 30 min in PBS buffer containing 4% bovine serum
albumin and 0.3% Triton X-100 (incubation buffer).
After adding goat anti-SST antibody (1:500; Santa
Cruz Biotechnology, Dallas, TX, USA) in incubation
buffer to the slides they were incubated overnight at
4°C. The slides were subsequently washed three times
in washing buffer (1% bovine serum albumin, 0.3%
Triton X-100 in PBS) for 5 min, incubated with Alexa-
conjugated 488 anti-goat antibody (1 : 200; Invitrogen,
Taastrup, Denmark) in incubation buffer for 1h and
washed twice in PBS for 5min. Finally, cell nuclei
were counterstained with DAPI (Southern Biotech,
Birmingham, AL, USA) and the slides were mounted
with anti-fade mounting medium (DAKO, Glostrup,
Denmark) and digital images were obtained using a
Zeiss Axio Scan.Zl slide scanner. A person blind to
treatment counted the number of SST-ir cells semi-
quantitively bilaterally in the hippocampal hilus of
each section (n =2-6 sections per animal) as visualised
with Zeiss proprietary Zen software (blue edition).

SST binding

SST autoradiography was essentially performed as
previously described (37). Slides were defrosted for
30min at Rt before being preincubated for 20 min
in binding buffer (pH=7.4) containing 50 mM
Tris—HCI, 2mM EGTA, 5mM MgCl,, 0.1 mM
bacitracin and 0.2% bovine serum albumin. Slides
were then incubated for 2h at Ry in binding buffer
containing 50 pM ['*’IILTT-SST,s ([Leu®,
D-Trp?%,'*I-Tyr**]-SST,s, 2200 Ci/mmol; ANAWA


https://doi.org/10.1017/neu.2018.1

Trading SA, Wangen, Switzerland) to visualise total
binding, or supplemented with 1 uM SST,g (American
Peptide, Sunnyvale, CA, USA) to visualise non-
specific binding. After a brief rinse in ice-cold dH,0,
the slides were washed in binding buffer for
2x 10min at Ry, and then briefly rinsed in ice-cold
dH,O before being air-dried. Finally, the slides were
exposed to '’I-sensitive BioMax MS films (Sigma-
Aldrich, Denmark), together with 125 microscales,
for 7 days at 4°C before being developed in Kodak
GBX developer. SST binding was quantified using a
computer-assisted imaging system (Scionlmage;
NIH, Bethesda, MD, USA) measuring optical density
(Bg/g) in at least four adjacent sections from each
mouse bilaterally over the dorsal dentate gyrus
(molecular layer), CA3 (pyramidal layer and strata
oriens, radiatum, and lucidum), CA1 (pyramidal layer
and strata oriens and radiatum), parietal cortex
(defined as above; all layers) and piriform cortex (all
layers). Specific SST binding was calculated by
subtracting non-specific binding from total measured
binding. Measurements were performed by a person
blinded to the treatment of the animals.

Statistical analysis

Data of SST and SSTR1-4 mRNA expression, and
SST binding were analysed using two-way analysis
of variance (ANOVA) followed by Bonferroni-
adjusted post-hoc -test. One-way ANOVA followed
by Dunnett’s post-hoc test was used to analyse SST
immunoflourescence data. The level of significance
was set at p<0.05, and data are presented as
mean =+ standard error of mean.

Results
SST and SSTR1-4 mRNA expression

Single ECS was associated with significant decreases
in SSTR2 mRNA levels in the dentate granular layer
(48%, p<0.001, 95% CI [206, 400]; Figs 1i, j and
2c) and parietal cortex (47%, p<0.001, 95% CI
[68.2, 167]; Figs 1i, j and 3c) compared with sham
(dentate granule cell layer: 95% CI [484, 678],
parietal cortex: 95% CI [164, 284]), returning toward
sham levels after repeated ECS. This tendency was
also seen in the CA3 (48%) and piriform cortex
(47%), but did not reach significance (Figs 2c and 3c,
respectively).

Twenty-four hours after repeated ECS, significant
increases were found in SSTR3 mRNA expression in
the dentate granular layer (37%, p <0.01, 95% CI
[2051, 3582]; Figs 1m, o and 2d) as well as in SSTR4
mRNA expression in parietal cortex (37%, p <0.01,
95% CI [92.8, 157]; Figs 1q, s and 3e), compared
with sham (SSTR3 mRNA: 95% CI [1639, 2471],
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SSTR4 mRNA: 95% CI [73.6, 108]). These elevated
levels returned to sham levels by 1 week after
repeated ECS (Figs 1t and 3e).

Most changes in gene expression were observed
1 week after repeated ECS, when increased levels of
SST mRNA were found in the dentate hilus (113%,
p<0.001, 95% CI [1167, 2278]), hippocampal CA3
(134%, p<0.01, 95% CI [926, 1519]) and CAIl
(111%, p <0.001, 95% CI [1401, 2228]) (Figs 1a, d
and 2a), as well as parietal (113%, p <0.001, 95% CI
[1423, 2186]) and piriform (51%, p <0.001, 95% CI
[1777, 3061]) cortices (Figs la, d, 6 and 3a), as
compared with sham-treated mice (dentate hilus: 95%
CI [573, 1326], CA3:95% CI [116, 931], CA1:95%
CI [326, 1395], parietal coretx: 95% CI [569, 1122],
piriform cortex: 95% CI [1224, 1974]. Neither single
nor repeated ECS induced significant changes in SST
mRINA expression in hippocampal or cortical regions
(Figs 1b, ¢, 2a, and 3a). Similarly, SSTR1 mRNA
levels were increased 1 week after repeated ECS in the
dentate granular layer (170%, p <0.01, 95% CI [19.1,
55.8]; Figs le, h and 2b) compared with sham-treated
mice (95% CI [1.45, 26.3]) whereas no changes were
found with other treatments or in other brain regions
(Figs le-h, 2b, and 3b).

SST immunofluorescence

One week after repeated ECS a significant increase in
the number of hilar SST-ir cells per hilus was found
(39%, p<0.05, 95% CI [7.73, 13.4]) as compared
with sham (95% CI [6.06, 9.14]) while the number of
SST-ir cells was not affected 24 h after single and
repeated ECS (Figs 4a—c).

SST binding

Single ECS caused significant increases in specific
['*IILTT-SST,5 binding in the CAl (39%,
p<0.001, 95% CI [833, 1027]; Figs 1u, v and 2f),
as well as parietal (31%, p<0.01, 95% CI [609,
730]; Figs 1u, v and 3f) and piriform cortices (29%,
p <0.05, 95% CI [498, 605]; Fig. 3f), as compared
with sham-treated mice (CA1:95% CI [617, 719],
parietal cortex: 95% CI [464, 561], piriform cortex:
95% CI [404, 450]). At 24 h after repeated ECS the
effect was even bigger, with increased specific ['*°I]
LTT-SST,g binding occuring in all studied regions
(dentate molecular layer: 49%, p <0.001, 95% CI
[516, 703]; CA3:43%, p<0.001, 95% CI [553,
701]; CA1:44%, p<0.001, 95% CI [845, 1077];
parietal cortex: 69%, p <0.001, 95% CI [782, 951];
piriform cortex: 85%, p <0.001, 95% CI [662, 917])
(Figs lu—g, &, 2f and 3f) as compared with sham-
treated mice (dentate molecular layer: 95% CI [365,
451]; CA3:95% CI [409, 468]; CA1:95% CI [617,
719]; parietal cortex: 95% CI [464, 561]; piriform
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Fig. 1. Autoradiograms show somatostatin (SST) and SSTR1-4 mRNA expression as well as IS LLTT-SST,s binding in the dorsal
hippocampus of mice treated with sham, single electroconvulsive stimulation (ECS), chronic ECS, and chronic ECS + 1 week. Rows
regresent SST mRNA (a—d), SSTR1 mRNA (e-h), SSTR2 mRNA (i-1), SSTR3 mRNA (m-p), SSTR4 mRNA (g-t), as well as
23 LTT-SST,g binding (u—x) and corresponding non-specific binding (y—g) whereas columns represent the four different treatments
Sham (a-y), single ECS (b—z), chronic ECS (c—&), and chronic ECS + 1 week (d—¢). SST mRNA and binding in the piriform cortex
of rats treated with sham and chronic ECS are shown in 6 and &, respectively. Red arrowheads represent significant changes compared
with sham treatment. Scale bar=1mm (a—g) and 0.5 mm (6, 4). SSTR, synthesis of SST receptors.
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Fig. 2. Graphs show effects of sham, single electroconvulsive stimulation (ECS), repeated ECS, and repeated ECS + 1 week on
somatostatin (SST) (a) and SSTR1 (b), SSTR2 (c), SSTR3 (d), and SSTR4 (¢) mRNA expression as well as 5L TT-SST, binding
(f) in the dorsal hippocampus of mice. All values are mean + SEM. **p < 0.01, ***p < 0.001, two-way analysis of variance followed
by Bonferroni post-hoc #-test. SSTR, synthesis of SST receptor; DGhil, hilus of the dentate gyrus; DGgrl, granular layer of the dentate

gyrus; DGmol, molecular layer of the dentate gyrus.

cortex: 95% CI [404, 450]). One week after repeated
ECS, specific ['*’I]LTT-SST,g binding appeared to
remain slightly increased in the CA3/CAl and
cortical areas, but did not reach significance.

Discussion

The present study is the first to explore the effects
of ECS on the SST system in mice. Single or 14
repeated ECS were found to cause differential
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changes in SST and SSTRI1-4 gene expression as
well as SST binding in hippocampal regions and
piriform/parietal cortical regions. Increased SST gene
expression was consistently observed at 1 week after
repeated ECS in all examined brain regions while no
changes were observed 24 h after one single ECS or
14 repeated ECS. We confirmed that SST mRNA
changes were translated into SST peptide synthesis in
the dentate hilus where an increase in the number of
SST-ir cells was found 1 week after repeated ECS but
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Fig. 3. Graphs show effects of sham, single electroconvulsive
stimulation (ECS), repeated ECS, and repeated ECS + 1 week
on somatostatin (SST) (a), SSTR1 (b), SSTR2 (c), SSTR3 (d),
and SSTR4 (e) mRNA expression as well as 5L L TT-SSTo
binding in the parietal and piriform cortices of mice. All values
are mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001, two-way
analysis of variance followed by Bonferroni post-hoc r-test.
SSTR, synthesis of SST receptor; ParCx, parietal cortex; PirCx,
piriform cortex.

not in the other groups. It remains to be determined
whether the increased number of SST-ir cells is due
to de novo expression of SST in new hilar
interneurons or whether these cells already expressed
SST but below the threshold for detection. None-
theless, consistent with these findings in mice, former
studies showed augmented SST mRNA levels or SST
immunoreactivity in rats treated with repeated ECS
but not after single ECS (5,28-31). In a previous rat
study by one of the authors (5), analysis of old data
showed that SST gene expression in the dentate
hilus of rats treated with 14 ECS compared with
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14 sham-ECS was also not significantly elevated
when studied 24h after the last ECS (14 ECS:
208 +38nCi/g, 14 sham: 141 +9nCi/g; Student’s
t-test: t=191, df=7, p=0.10). Likewise, in the
piriform cortex of the same former rat ECS study, 14
ECS did also not cause a significant increase in SST
mRNA. It is not clear why the increase in SST
mRNA was not detectable before after 1 week.
However, in a rat kainate seizure model, expression
of SST mRNA and SST immunoreactivity was also
not significantly increased in several brain regions,
including the subiculum, 24 h after application of
kainate, but were, instead, found to gradually
increase over time from 8 days up to 3 months (52).

No previous studies have investigated the effects
of ECS on SSTR1-4 gene expression in the mouse
brain. Differential changes were observed with
regard to all four studied SSTRs after ECS. Thus,
single ECS caused decreased levels of SSTR2
mRNA in both the dentate granular layer and
parietal cortex. In contrast, repeated ECS (+24h)
resulted in increased SSTR3 and SSTR4 mRNA
levels in the dentate granular layer and parietal
cortex, respectively, and repeated ECS (+1 week)
caused increased SSTR1 mRNA levels in the dentate
granular layer. It should be noted that repeated sham
treatment may act as a stressor having delayed effects
on the expression of SST and SSTR1 mRNA
expression 1 week after repeated ECS. However,
we have previously reported (5) that repeated sham
treatment (14 x) causes an increase in SST mRNA
expression compared with treatment naive animals.
As the mice treated with sham-ECS in the present
study were handled daily (also during the 1 week of
habituation), allowing adaption to stressful events,
we consider it unlikely that our observation results
from stress-related effects. To what extent these
changes translate into changes in subtype-specific
SSTR binding remains to be studied. Nonetheless,
consistent increases in SST binding were observed
after single and/or repeated ECS (+24 h) in all studied
regions, suggesting that overall at 24 h after single or
repeated ECS, SST could cause increased signalling.
There was poor correlation between changes in SST
binding and individual SSTR mRNA levels except
for in the dentate granular layer and parietal cortex
after repeated ECS (+24h) when SST3 mRNA and
SST4 mRNA levels were also elevated, respectively.
This suggests that increases in SST binding after ECS
could be due to mechanisms other than increased
gene expression (e.g. increased SSTR affinities,
reduced SSTR internalisation).

The functional consequences of the complex
neuroplastic changes observed in the SST system
after ECS remain to be determined. However,
considering the inhibitory effect of SST on
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Fig. 4. Graph shows the number of SST-ir cells per hilus in the dorsal hippocampus of mice after sham, single electroconvulsive
stimulation (ECS), repeated ECS, and repeated ECS+1 week (a). All values are mean+SEM. *p <0.05, one-way analysis of
variance followed by Dunnett’s post-hoc test. Photos show SST-ir cells in the dentate hilus (red arrowheads) after sham (b) or
repeated ECS+1 week (c). SST immunoreactivity is green, and nuclei stained with DAPI are blue. Scale bar =50 pum. SST,

somatostatin.

excitatory neurotransmission and seizures (19), it is
likely that the changes could be implicated in
regulating regional excitability in the hippocampus
and piriform cortex, two central regions for regulation
of seizure activity (38,39). Regulations in the
neocortex (i.e. parietal cortex) could also influence
seizure spread. Consistent with this interpretation 14
repeated ECS has previously been shown to be
associated with anticonvulsive effect in kainate-
induced seizures 24 h after the last ECS in rats (5).
As SST binding was increased 24h after the last
repeated ECS in all regions studied in the present
study, this could contribute to an anticonvulsant effect
of ECS. This effect might remain at 1 week after
repeated ECS as SST mRNA levels were increased in
all regions although SST binding was back to sham
levels. Consistent with the interpretation that increased
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SSTR binding after ECS may be associated with
reduced neuronal excitability, a previous study found
that the opposite condition, that is increased seizure
susceptibility after kainate-induced seizures, was
accompanied by decreased SSTR binding in the
hippocampal CA3 and CA1 (53).

The SSTRs that may mediate the anticonvulsant
effect of SST in mice have not fully been elucidated.
Species differences between mice and rats appear to
contribute to blurring the picture (40). However, in
mice, the SSTR4 plays a major role while SSTR2/
SSTR3 (43) and SSTRI1 (41) also contribute. In
addition, functional cooperation has been suggested to
occur between SSTR3/SSTR4 and SSTR2 in mediating
anticonvulsant effects (40). The observed pattern of
SSTR subtype regulation after ECS in the present study
does not present a clear picture and measurements of
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SSTR subtype protein levels and functionality could
throw further light on whether regulations occur that
specifically relate to seizure control.

The working mechanisms of ECT remain to be
determined. However, according to one hypothesis,
anticonvulsant effects of ECT could play a role (5,6).
The anticonvulsive effect observed during a course of
ECT is marked by an increase in seizure threshold
and a decrease in seizure duration (8). This has led to
the proposal that neurotransmitter systems behind
these effects may be involved in the beneficial effects
of ECT (7,8). Taken together with previous studies
demonstrating ECS-related upregulations of other
anticonvulsant neuropeptides like neuropeptide Y,
galanin, and thyrotropin releasing hormone are
upregulated (9-11,13,14), our results indicate that
ECS-induced alterations in the SST system might
also contribute to the therapeutic effect of ECT.
However, it remains to be determined to what extent
the changes in the SST system are involved in the
therapeutic effects of ECT. In conclusion, the present
study shows that ECS-induced neuroplastic changes
in SST and its receptors, yet another antiepileptic
neuropeptide system, could also play a role.

Acknowledgement

The authors thank Birgit H. Hansen for excellent
technical assistance.

Authors’ Contribution: M.V.O. contributed to
study design, performed the majority of the
experiments, analysed the results as well as drafting
of the article and final approval. D.P.D. designed the
study, contributed to interpretation of the results as
well as drafting of the article and final approval. SST
immunoflourescence was conducted by C.R.G. and
S.H.C who also did final approval of the article. All
authors met the ICMJE authorship criteria.

Financial Support

The project was supported by grants from the Danish
Medical Research Council [64750], Ivan Nielsen
Foundation, Psychiatric Basic Research Foundation,
Dr. Sophus Carl Emil Friis and His Wife Olga Doris
Friis’s Foundation, Hede Nielsen Family Foundation,
Aase and Ejnar Danielsen Foundation, Danish
Research Foundation.

Conflicts of Interest

All authors declare that they have no conflict of interest.

Ethical Standards

All experiments were performed in accordance with
guidelines from the Danish Animal Experimentation

200

https://doi.org/10.1017/neu.2018.1 Published online by Cambridge University Press

Inspectorate and approved by the local Ethical
Committee for Experimental Animals. This study is
in compliance with the ARRIVE (Animal Reseach:
Reporting In Vivo Experiments) guideines.

Supplementary material

To view supplementary material for this article,
please visit https://doi.org/10.1017/neu.2018.1

References

1. WENER R, KrystaL A. Electroconvulsive therapy. In Gabbard
GO, and Rush AlJ, editors. Treatment of psychiatric disorders.
Washington, DC: American Psychiatric Press Inc, 2001:
1267-1293.

2. MaTHE AA. Neuropeptides and electroconvulsive treatment.
J ECT 1999;15:60-75.

3. Nemerorr CB, Bisserte G, AkiL H, Fink M. Neuropeptide
concentrations in the cerebrospinal fluid of depressed patients
treated with electroconvulsive therapy. Corticotrophin-
releasing factor, beta-endorphin and somatostatin. Br
J Psychiatry 1991;158:59-63.

4. NikiscH G, MatHE AA. CSF monoamine metabolites and
neuropeptides in depressed patients before and after
electroconvulsive therapy. Eur Psychiatry 2008;23:356-359.

5. MIkkeLseN JD, WoLpBYE DP. Accumulated increase in
neuropeptide Y and somatostatin gene expression of the rat
in response to repeated electroconvulsive stimulation.
J Psychiatr Res 2006;40:153-159.

6. Sackem HA, DeciNa P, ProHovNIK I, MaLitz S, REsor SR.
Anticonvulsant and antidepressant properties of electro-
convulsive therapy: a proposed mechanism of action. Biol
Psychiatry 1983;18:1301-1310.

7. Sackeim HA, LuBer B, kATzZMAN GP et al. The effects of
electroconvulsive  therapy on  quantitative electro-
encephalograms. Relationship to clinical outcome. Arch
Gen Psychiatry 1996;53:814-824.

8. Sackem HA. The anticonvulsant hypothesis of the mechanisms
of action of ECT: current status. J ECT 1999;15:5-26.

9. Borwic TG, WoLpBYE DPD, MIKKELSEN JD. Electroconvulsive
therapy as an anticonvulsant: a possible role of neuropeptide
Y (NPY). J Electroconv Ther 1999;15:93-101.

10. ChrisTiaANSEN SH, WoLpBYE DPD. Regulation of the galanin
system by repeated electroconvulsive seizures in mice.
J Neurosci Res 2010;88:3635-3643.

11. MatHE AA, Husum H, EL KHoury A et al. Search for
biological correlates of depression and mechanisms of action
of antidepressant treatment modalities. Do neuropeptides
play a role? Physiol Behav 2007;92:226-231.

12. Post RM, Putnam F, Unape TW, WEiss SR. Electroconvulsive
therapy as an anticonvulsant. Implications for its mechanism
of action in affective illness. Ann N Y Acad Sci
1986;462:376-388.

13. Sartin A. The role of TRH and related peptides in the
mechanism of action of ECT. J ECT 1999;15:76-92.

14. VEronesi MC, AvrpouBy Y, DomB AJ, Kusek MIJ.
Thyrotropin-releasing hormone d,I polylactide nanoparticles
(TRH-NPs) protect against glutamate toxicity in vitro and
kindling development in vivo. Brain Res 2009;1303:151-160.


https://doi.org/10.1017/neu.2018.1

15.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

BinascHr A, BrRecoLa G, SiMoNATO M. On the role of
somatostatin in seizure control: clues from the hippocampus.
Rev Neurosci 2003;14:285-301.

BuckMASTER PS, OTERO-CORCHON V, RUBINSTEIN M, Low MJ.
Heightened seizure severity in somatostatin knockout mice.
Epilepsy Res 2002;48:43-56.

TaLent MK. QIU C. Somatostatin: an endogenous
antiepileptic. Mol Cell Endocrinol 2008;286:96—-103.
TaLLENT MK, SicGINs GR. Somatostatin acts in CA1 and CA3
to reduce hippocampal epileptiform activity. J Neurophysiol
1999;81:1626-1635.

VEzzant A, Hoyer D. Brain somatostatin: a candidate inhibitory
role in seizures and epileptogenesis. Eur J Neurosci
1999;11:3767-3776.

BisseTtE G, WiDERLOV E, WaLLEUS H et al. Alterations in
cerebrospinal fluid concentrations of somatostatinlike
immunoreactivity in neuropsychiatric disorders. Arch Gen
Psychiatry 1986;43:1148-1151.

GERNER RH, Yamapa T. Altered neuropeptide concentrations
in cerebrospinal fluid of psychiatric patients. Brain Res
1982;238:298-302.

MaTHE AA, RUuporRFER M, STENFORS C, MaNm H, POTTER W,
THeoporssoN E. Effects of electroconvulsive treatment on
somatostatin, neuropeptide Y, endothelin, and neurokinin A
concentrations in cerebrospinal fluid of depressed patients:
a pilot study. Depression 1996;3:250-256.

Post RM, Ruswow DR, KrLinG MA, BERReTTINI W,
GoLp PW. Neuroactive substances in cerebrospinal fluid.
Normal and pathological regulatory mechanisms. Ann N Y
Acad Sci 1988;531:15-28.

Rusmnow DR, GoLp PW, Post RM et al. CSF somatostatin in
affective illness. Arch Gen Psychiatry 1983;40:409—412.
Vecset L, WmErLOV E. Brain and CSF somatostatin
concentrations in patients with psychiatric or neurological
illness. An overview. Acta Psychiatr Scand 1988;78:
657-667.

WoLpBYE DPD, GreiseN MH, Borwic TG, LArRSeN PJ,
MIikkeLseEN JD. Prolonged induction of c-fos in neuropeptide
Y- and somatostatin-immunoreactive neurons of the rat
dentate gyrus after electroconvulsive stimulation. Brain Res
1996;720:111-119.

DaLBy NO, Tonper N, WoLDpBYE DPD, WEST M, FINSEN BR,
BoLwic TG. No loss of hippocampal hilar somatostatinergic
neurons after repeated electroconvulsive shock: a combined
stereological and in situ hybridization study. Biol Psychiatry
1996:40:54-60.

KragH J, TonDER N, FiINsEN BR, Zmmmer J, Borwic TG.
Repeated electroconvulsive shocks cause transient changes
in rat hippocampal somatostatin and neuropeptide Y
immunoreactivity and mRNA in situ hybridization signals.
Exp Brain Res 1994;98:305-313.

Orz1 F, ZoL1 M, PassAReLLI F, FERRAGUTI F, FiescHI C, AGNATI
LF. Repeated electroconvulsive shock increases glial fibrillary
acidic protein, ornithine decarboxylase, somatostatin and
cholecystokinin immunoreactivity in the hippocampal
formation of the rat. Brain Res 1990;533:223-231.
PassareLLl F, Orzi F. Somatostatin  mRNA in the
hippocampal formation following electroconvulsive shock
in the rat. Neurosci Lett 1993;153:197-201.

ZACHRISSON O, MATHE AA, STENFORS C, LINDEFORS N. Limbic
effects of repeated -electroconvulsive stimulation on
neuropeptide Y and somatostatin mRNA expression in the
rat brain. Mol Brain Res 1995;31:71-85.

https://doi.org/10.1017/neu.2018.1 Published online by Cambridge University Press

ECS-induced alterations in the somatostatin system

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

EnGIN E, STELLBRINK J, TREIT D, Dickson CT. Anxiolytic and
antidepressant effects of intracerebroventricular administered
somatostatin: behavioral and neuropsychological evidence.
Neuroscience 2008;157:666-676.

Funcu T, JerrersoN SJ, HopPER A, YEE P-HP, MAGUIRE J,
LuscHer  B. Disinhibition of somatostatin-positive
GABAergic interneurons results in an anxiolytic and
antidepressant-like brain state. Mol Psychiatry 2017;22:
920-930.

Ristor1 C, CAMMALLERI M, MARTINI D et al. Involvement of
the cAMP-dependent pathway in the reduction of
epileptiform bursting caused by somatostatin in the mouse
hippocampus. Naunyn Schmiedebergs Arch Pharmacol
2008;378:563-577.

CamMMALLERI M, Cervia D, LANGENEGGER D et al.
Somatostatin receptors differentially affect spontaneous
epileptiform activity in mouse hippocampal slices. Eur J
Neurosci 2004;20:2711-2721.

FEHLMANN D, LANGENEGGER D, ScHUEBACH E, SIEHLER S,
FreuerBacH D, Hover D. Distribution and characterisation of
somatostatin receptor mRNA and binding sites in the brain
and periphery. J Physiol Paris 2000;94:265-281.

HanNoN JP, Petrucct C, FEHLMANN D, VioLLET C, EPELBAUM
J, Hover D. Somatostatin SST2 receptor knock-out mice:
localization of SST1-5 receptor mRNA and binding in
mouse brain by semi-quantitative RT-PCR, in situ
hybridization histochemistry and receptor auroradiography.
Neuropharmacology 2002;42:396-413.

GaLE K. Subcortical structures and pathways involved in
convulsive seizure generation. J Clin Neurophysiol
1992:9:264-277.

Loscuer W, EBerT U. The role of the piriform cortex in
kindling. Prog Neurobiol 1996;50:427-481.

Aourz N, DE BunpeL D, STrAGIER B et al. Rat hippocampal
somatostatin sst; and sst, receptors mediate anticonvulsive
effects in vivo: indications of functional interaction with
SST2 receptors. Neuropharmacology 2011;61:1327-1333.
CAMMALLERI M, MartiNnt D, TimMpERIO AM, BacnNoLr P.
Functional effects of somatostatin receptor 1 activation
on synaptic transmission in the mouse hippocampus.
J Neurochem 2009;111:1466-1477.

MoneTAa D, RichicHr C, ALPRaNDI M et al. Somatostatin
receptor subtypes 2 and 4 affect seizure susceptibility and
hippocampal excitatory neurotransmission in mice. Eur J
Neurosci 2002;16:843-849.

Qu C, Zeypa T, JonunsoN B, HOCHGESCHWENDER U,
DE Lecea L, TaLLent MK. Somatostatin receptor subtype
4 couples to the M-current to regulate seizures. J Neurosci
2008;28:3567-3576.

EnGIN E, TrerT D. Anxiolytic and antidepressant actions of
somatostatin: the role of sst2 and SST3 receptors.
Psychopharmacol (Berl) 2009;206:281-289.

ScueicH B, Gaszner B, Kormos V et al. Somatostatin
receptor subtype 4 is involved in anxiety and depression-like
behavior in mouse models. Psychopharmacol 2016;101:
204-215.

Paxinos G, FrRaNkLIN B. The mouse brain in stereotaxic
coordinates. San Diego: Academic Press, 2001.
CHRISTENSEN DZ, OLESEN MV, KRISTIANSEN H, MIKKELSEN JD,
WoLpsYE DPD. Unaltered neuropeptide Y (NPY)-stimulated
[35S]GTPgamma$ binding suggests a net increase in NPY
signalling after repeated electroconvulsive seizures in mice.
J Neurosci Res 2006;84:1282-1291.

201


https://doi.org/10.1017/neu.2018.1

Olesen et al.

48.

49.

50.

202

WoLpBYE DPD, NANOBASHVILI A, S@RENSEN AT et al.
Differential suppression of seizures via Y2 and Y5
neuropeptide Y receptors. Neurobiol Dis 2005:;20:
760-772.

PanNELL C, SiMoNIAN SX, GILLIES GE, LuscHER B, HERBISON
AE. Hypothalamic somatostatin and growth hormone-
releasing hormone mRNA expression depend upon GABA
(A) receptor expression in the developing mouse.
Neuroendocrinology 2002;76:93-98.

Bates CM, KeGG H, PetrEVski C, GRADY S. Expression of
somatostatin receptors 3, 4, and 5 in mouse kidney proximal
tubules. Kidney Int 2003;63:53-63.

https://doi.org/10.1017/neu.2018.1 Published online by Cambridge University Press

51.

52.

53.

HunpaHL CA, FAHRENKRUG J, HANNIBAL J. Neurochemical
phenotype of cytoglobin-expressing neurons in the rat
hippocampus. Biomed Reports 2014;2:620-627.

DrexeL M, KircHMAIR E, WIESELTHALER-HOLZL A, PrREIDT AP,
Sperk G. Somatostatin and neuropeptide Y neurons undergo
different plasticity in parahippocampal regions in kainic acid-
induced epilepsy. J Neuropathol Exp Neurol 2012;71:312-329.
PERez J, VEZzANI G, TutkA P, Rizzi M, SchupBacH E, Hover D.
Functional effects of D-Phe-c(Cys-Tyr-D-Trp-Lys-Val-Cys)-
Trp-NH, and differential changes in somatostatin receptor
messenger RNAs, binding sites and somatostatin release in
kainic acid-treated rats. Neuroscience 1995;65:1087-1097.


https://doi.org/10.1017/neu.2018.1

	Differential plastic changes in synthesis and binding in the mouse somatostatin system after electroconvulsive stimulation
	Introduction
	Aims of the study

	Materials and methods
	Animals
	ECS-induced seizures
	Sectioning of brains
	SST and SSTR in�situ hybridisation
	SST immunoflourescence
	SST binding
	Statistical analysis

	Results
	SST and SSTR1&#x2013;4 mRNA expression
	SST immunofluorescence
	SST binding

	Fig. 1Autoradiograms show somatostatin (SST) and SSTR1&#x2013;4 mRNA expression as well as 125I-LTT-SST28 binding in the dorsal hippocampus of mice treated with sham, single electroconvulsive stimulation (ECS), chronic ECS, and chronic ECS�&#x002B;�1�week
	Discussion
	Fig. 2Graphs show effects of sham, single electroconvulsive stimulation (ECS), repeated ECS, and repeated ECS�&#x002B;�1�week on somatostatin (SST) (a) and SSTR1 (b), SSTR2 (c), SSTR3 (d), and SSTR4 (e) mRNA expression as well as 125I-LTT-SST28 binding (f
	Fig. 3Graphs show effects of sham, single electroconvulsive stimulation (ECS), repeated ECS, and repeated ECS�&#x002B;�1�week on somatostatin (SST) (a), SSTR1 (b), SSTR2 (c), SSTR3 (d), and SSTR4 (e) mRNA expression as well as 125I-LTT-SST28 binding in th
	Fig. 4Graph shows the number of SST-ir cells per hilus in the dorsal hippocampus of mice after sham, single electroconvulsive stimulation (ECS), repeated ECS, and repeated ECS�&#x002B;�1�week (a). All values are mean�&#x00B1;�SEM. &#x002A;p�&#x003C;�0.05,
	Supplementary material


