Synapse Journal

Copy of e-mail Notification

Synapse Published by Wiley-Liss

Dear Author,

Your page proofs are available in PDF format; please refer to this URL address
http://115.111.50.156/jw/retrieval.aspx?pwd=bec64c04059b

Login: your e-mail address
Password: bec64c04059b

The site contains 1 file. You will need to have Adobe Acrobat Reader software to read these files. This is free
software and is available for user downloading at http://www.adobe.com/products/acrobat/readstep.html. If you
have the Notes annotation tool (not contained within Acrobat reader), you can make corrections electronically and
return them to Wiley as an e-mail attachment (see the Notes tool instruction sheet). Alternatively, if you would
prefer to receive a paper proof by regular mail, please contact Sankar/Prashant/Balaji (e-mail:
wileysupport@kwglobal.com, phone: ++91 44 42058888, extn.: 310). Be sure to include your article number.

This file contains:

Author Instructions Checklist

Adobe Acrobat Users - NOTES tool sheet
Reprint Order Information

Color Reproduction form

Copyright Transfer Agreement

Return fax form

A copy of your page proofs for your article

After printing the PDF file, please read the page proofs carefully and:

1) indicate changes or corrections in the margin of the page proofs;

2) answer all queries (footnotes A,B,C, etc.) on the last page of the PDF proof;
3) proofread any tables and equations carefully;

4) check that any Greek, especially "mu", has translated correctly.

Special Notes:

Within 48 hours, please fax or e-mail the following to the address given below:

1) original PDF set of page proofs,
2) Color Reproduction form



Synapse Journal

Copy of e-mail Notification

3) TIFF or EPS files of figures for correction (if necessary),
4) Signed Copyright Transfer Agreement (if not previously returned),
5) Return fax form

Return to:

Production Editor, SYN

Cadmus Professional Communications,
300 West Chestnut Street, Suite A
Ephrata, PA 17522-1987

(See fax number and e-mail address below.)

If you experience technical problems, please contact Prashant/Sankar/Balaji (e-mail: wileysupport@kwglobal.com,
phone: +91 (44) 4205-8888 (ext.217)). Be sure to include your article number.

If you have any questions regarding your article, please contact me.
PLEASE ALWAYS INCLUDE YOUR ARTICLE NO. ( 2010-Oct-0009.R1 ) WITH ALL CORRESPONDENCE.

This e-proof is to be used only for the purpose of returning corrections to the publisher.
Sincerely,

Production Editor, SYN

E-mail: jrnlprodsyn@cadmus.com

Tel: 717-721-2622
Fax: 717-738-9478 or 717-738-9479



WILEY

Publishers Since 1807

**IMMEDIATE RESPONSE REQUIRED***
Please follow these instructions to avoid delay of publication.

[] READ PROOFS CAREFULLY
¢ This will be your only chance to review these proofs.
* Please note that the volume and page numbers shown on the proofs are for position only.

[ ] ANSWER ALL QUERIES ON PROOFS (Queries for you to answer are attached as the last page of your proof.)

* Mark all corrections directly on the proofs. - Note that excessive author alterations may ultimately result in delay of
publication and extra costs may be charged to you.

[] CHECK FIGURES AND TABLES CAREFULLY
e Check size, numbering, and orientation of figures.
* All images in the PDF are downsampled (reduced to lower resolution and file size) to facilitate Internet delivery.
These images will appear at higher resolution and sharpness in the printed article.
+ Review figure legends to ensure that they are complete.
¢ Check all tables. Review layout, title, and footnotes.

] ADDITIONAL COPIES
e [f you wish to purchase additional copies of the journal in which your article appears, please contact Kim Lloyd at

(201) 748-8839, fax (201) 748-8888, or E-mail at klloyd@wiley.com
RETURN [ JPROOFS
DCOLOR REPRODUCTION FORM
[lcTA (if you have not already signed one)

RETURN WITHIN 48 HOURS OF RECEIPT VIA FAX TO 717-738-9478 or 717-738-9479

QUESTIONS? Production Editor, SYN

Phone: 717-721-2622
E-mail: jrnlprodsyn @cadmus.com
Refer to journal acronym (SYN) and article production number



Softproofing for advanced Adobe Acrobat Users = NOTES tool

NOTE: ACROBAT READER FROM THE INTERNET DOES NOT CONTAIN THE NOTES TOOL USED IN THIS PROCEDURE.

Acrobat annotation tools can be very useful for indicating changes to the PDF proof of your article. By
using Acrobat annotation tools, a full digital pathway can be maintained for your page proofs.

The NOTES annotation tool can be used with either Adobe Acrobat 6.0 or Adobe Acrobat 7.0. Other
annotation tools are also available in Acrobat 6.0, but this instruction sheet will concentrate on how to
use the NOTES tool. Acrobat Reader, the free Internet download software from Adobe, DOES NOT
contain the NOTES tool. In order to softproof using the NOTES tool you must have

the full software suite Adobe Acrobat Exchange 6.0 or Adobe Acrobat 7.0 installed on your computer.

Steps for Softproofing using Adobe Acrobat NOTES tool:

1. Open the PDF page proof of your article using either Adobe Acrobat Exchange 6.0 or Adobe
Acrobat 7.0. Proof your article on-screen or print a copy for markup of changes.

2. Go to Edit/Preferences/Commenting (in Acrobat 6.0) or Edit/Preferences/Commenting (in Acrobat
7.0) check “Always use login name for author name” option. Also, set the font size at 9 or 10 point.

3. When you have decided on the corrections to your article, select the NOTES tool from the Acrobat
toolbox (Acrobat 6.0) and click to display note text to be changed, or Comments/Add Note (in Acrobat
7.0).

4. Enter your corrections into the NOTES text box window. Be sure to clearly indicate where the
correction is to be placed and what text it will effect. If necessary to avoid confusion, you can use your
TEXT SELECTION tool to copy the text to be corrected and paste it into the NOTES text box window.
At this point, you can type the corrections directly into the NOTES text box window. DO NOT correct
the text by typing directly on the PDF page.

5. Go through your entire article using the NOTES tool as described in Step 4.

6. When you have completed the corrections to your article, go to Document/Export Comments (in
Acrobat 6.0) or Comments/Export Comments (in Acrobat 7.0). Save your NOTES file to a place on
your harddrive where you can easily locate it. Name your NOTES file with the article number
assigned to your article in the original softproofing e-mail message.

7. When closing your article PDF be sure NOT to save changes to original file.
8. To make changes to a NOTES file you have exported, simply re-open the original PDF
proof file, go to Document/Import Comments and import the NOTES file you saved. Make changes

and reexport NOTES file keeping the same file name.

9. When complete, attach your NOTES file to a reply e-mail message. Be sure to include your name,
the date, and the title of the journal your article will be printed in.



FWILEY-BLACKWELL

Additional reprint purchases

Should you wish to purchase additional copies of your article, please
click on the link and follow the instructions provided:
https://caesar.sheridan.com/reprints/redir.php?pub=10089&acro=SYN

Corresponding authors are invited to inform their co-authors of the
reprint options available.

Please note that regardless of the form in which they are acquired,
reprints should not be resold, nor further disseminated in electronic form,
nor deployed in part or in whole in any marketing, promotional or
educational contexts without authorization from Wiley. Permissions
requests should be directed to mail to: permissionsus@wiley.com

For information about ‘Pay-Per-View and Article Select’ click on the
following link: wileyonlinelibrary.com/aboutus/ppv-articleselect.html



mailto:permissionsus@wiley.com
http://www.wileyonlinelibrary.com/aboutus/ppv-articleselect.html

COPYRIGHT TRANSFER AGREEMENT

Date: Contributor name:

WILEY-
BLACKWELL

Contributor address:

Manuscript number (Editorial office only):

Re: Manuscript entitled

(the “Contribution”)

for publication in

(the “Journal”)

published by

Dear Contributor(s):

("Wiley-Blackwell").

Thank you for submitting your Contribution for publication. In order to expedite the editing and publishing process and enable Wiley-Blackwell to
disseminate your Contribution to the fullest extent, we need to have this Copyright Transfer Agreement signed and returned as directed in the Journal's
instructions for authors as soon as possible. If the Contribution is not accepted for publication, or if the Contribution is subsequently rejected, this
Agreement shall be null and void. Publication cannot proceed without a signed copy of this Agreement.

A. COPYRIGHT

1. The Contributor assigns to Wiley-Blackwell, during the full term of copy-
right and any extensions or renewals, all copyright in and to the Contribution,
and all rights therein, including but not limited to the right to publish, repub-
lish, transmit, sell, distribute and otherwise use the Contribution in whole or in
part in electronic and print editions of the Journal and in derivative works
throughout the world, in all languages and in all media of expression now
known or later developed, and to license or permit others to do so.

2. Reproduction, posting, transmission or other distribution or use of the final
Contribution in whole or in part in any medium by the Contributor as permit-
ted by this Agreement requires a citation to the Journal and an appropriate
credit to Wiley-Blackwell as Publisher, and/or the Society if applicable, suitable
in form and content as follows: (Title of Article, Author, Journal Title and
Volume/Issue, Copyright © [year], copyright owner as specified in the Journal).
Links to the final article on Wiley-Blackwell's website are encouraged where
appropriate.

B. RETAINED RIGHTS

Notwithstanding the above, the Contributor or, if applicable, the Contributor’s
Employer, retains all proprietary rights other than copyright, such as patent
rights, in any process, procedure or article of manufacture described in the
Contribution.

C. PERMITTED USES BY CONTRIBUTOR

1. Submitted Version. Wiley-Blackwell licenses back the following rights to
the Contributor in the version of the Contribution as originally submitted for
publication:

a. After publication of the final article, the right to self-archive on the Con-
tributor’s personal website or in the Contributor’s institution’s/femployer’s
institutional repository or archive. This right extends to both intranets and
the Internet. The Contributor may not update the submission version or
replace it with the published Contribution. The version posted must contain
a legend as follows: This is the pre-peer reviewed version of the following
article: FULL CITE, which has been published in final form at [Link to final
article].

b. The right to transmit, print and share copies with colleagues.

2. Accepted Version. Re-use of the accepted and peer-reviewed (but not
final) version of the Contribution shall be by separate agreement with Wiley-
Blackwell. Wiley-Blackwell has agreements with certain funding agencies
governing reuse of this version. The details of those relationships, and other
offerings allowing open web use, are set forth at the following website:
http:/Avww.wiley.com/go/funderstatement. NIH grantees should check the
box at the bottom of this document.

3. Final Published Version. Wiley-Blackwell hereby licenses back to the
Contributor the following rights with respect to the final published version of
the Contribution:

a. Copies for colleagues. The personal right of the Contributor only to send
or transmit individual copies of the final published version in any format to
colleagues upon their specific request provided no fee is charged, and
further-provided that there is no systematic distribution of the Contribu-
tion, e.g. posting on a listserve, website or automated delivery.

b. Re-use in other publications. The right to re-use the final Contribution or
parts thereof for any publication authored or edited by the Contributor
(excluding journal articles) where such re-used material constitutes less
than half of the total material in such publication. In such case, any modifi-
cations should be accurately noted.

c. Teaching duties. The right to include the Contribution in teaching or
training duties at the Contributor’s institution/place of employment includ-
ing in course packs, e-reserves, presentation at professional conferences,
in-house training, or distance learning. The Contribution may not be used
in seminars outside of normal teaching obligations (e.g. commercial semi-
nars). Electronic posting of the final published version in connection with
teaching/training at the Contributor’s institution/place of employment is
permitted subject to the implementation of reasonable access control
mechanisms, such as user name and password. Posting the final published
version on the open Internet is not permitted.

d. Oral presentations. The right to make oral presentations based on the
Contribution.

4. Article Abstracts, Figures, Tables, Data Sets, Artwork and Selected
Text (up to 250 words).

a. Contributors may re-use unmodified abstracts for any non-commercial
purpose. For on-line uses of the abstracts, Wiley-Blackwell encourages but
does not require linking back to the final published versions.

b. Contributors may re-use figures, tables, data sets, artwork, and selected
text up to 250 words from their Contributions, provided the following
conditions are met:

(i) Fulland accurate credit must be given to the Contribution.

(i) Modifications to the figures, tables and data must be noted.
Otherwise, no changes may be made.

(iii) The reuse may not be made for direct commercial purposes, or for
financial consideration to the Contributor.

(iv) Nothing herein shall permit dual publication in violation of journal
ethical practices.

CTA-A



D. CONTRIBUTIONS OWNED BY EMPLOYER

1. If the Contribution was written by the Contributor in the course of the
Contributor's employment (as a “work-made-for-hire” in the course of
employment), the Contribution is owned by the company/employer which
must sign this Agreement (in addition to the Contributor’s signature) in the
space provided below. In such case, the company/employer hereby assigns to
Wiley-Blackwell, during the full term of copyright, all copyright in and to the
Contribution for the full term of copyright throughout the world as specified in
paragraph A above.

2. In addition to the rights specified as retained in paragraph B above and the
rights granted back to the Contributor pursuant to paragraph C above, Wiley-
Blackwell hereby grants back, without charge, to such company/employer, its
subsidiaries and divisions, the right to make copies of and distribute the final
published Contribution internally in print format or electronically on the Com-
pany’sinternal network. Copies so used may not be resold or distributed externally.
However the company/employer may include information and text from the
Contribution as part of an information package included with software or
other products offered for sale or license or included in patent applications.
Posting of the final published Contribution by the institution on a public access
website may only be done with Wiley-Blackwell’s written permission, and payment
of any applicable fee(s). Also, upon payment of Wiley-Blackwell's reprint fee,
the institution may distribute print copies of the published Contribution externally.

E. GOVERNMENT CONTRACTS

In the case of a Contribution prepared under U.S. Government contract or
grant, the U.S. Government may reproduce, without charge, all or portions of
the Contribution and may authorize others to do so, for official U.S. Govern-

ment purposes only, if the U.S. Government contract or grant so requires. (U.S.
Government, U.K. Government, and other government employees: see notes
atend)

F. COPYRIGHT NOTICE

The Contributor and the company/employer agree that any and all copies of
the final published version of the Contribution or any part thereof distributed
or posted by them in print or electronic format as permitted herein will include
the notice of copyright as stipulated in the Journal and a full citation to the
Journal as published by Wiley-Blackwell.

G. CONTRIBUTOR’'S REPRESENTATIONS

The Contributor represents that the Contribution is the Contributor’s original
work, all individuals identified as Contributors actually contributed to the Con-
tribution, and all individuals who contributed are included. If the Contribution
was prepared jointly, the Contributor agrees to inform the co-Contributors of
the terms of this Agreement and to obtain their signature to this Agreement or
their written permission to sign on their behalf. The Contribution is submitted
only to this Journal and has not been published before. (If excerpts from copy-
righted works owned by third parties are included, the Contributor will obtain
written permission from the copyright owners for all uses as set forth in Wiley-
Blackwell's permissions form or in the Journal’s Instructions for Contributors,
and show credit to the sources in the Contribution.) The Contributor also
warrants that the Contribution contains no libelous or unlawful statements,
does not infringe upon the rights (including without limitation the copyright,
patent or trademark rights) or the privacy of others, or contain material or
instructions that might cause harm or injury.

CHECK ONE BOX:

|:| Contributor-owned work
ATTACH ADDITIONAL SIGNATURE

PAGES AS NECESSARY Contributor’s signature Date
Type or print name and title
Co-contributor’s signature Date
Type or print name and title

D Company/Institution-owned work

(made-for-hire in the o )

course of employment) Company or Institution (Employer-for-Hire) Date
Authorized signature of Employer Date

D U.S. Government work Note to U.S. Government Employees

A contribution prepared by a U.S. federal government employee as part of the employee’s official duties, or
which is an official U.S. Government publication, is called a “U.S. Government work,” and is in the public
domain in the United States. In such case, the employee may cross out Paragraph A.1 but must sign (in the
Contributor’s signature line) and return this Agreement. If the Contribution was not prepared as part of the
employee’s duties or is not an official U.S. Government publication, itis not a U.S. Government work.

|_| U.K. Government work
(Crown Copyright)

Note to U.K. Government Employees

The rights in a Contribution prepared by an employee of a U.K. government department, agency or other

Crown body as part of his/her official duties, or which is an official government publication, belong to the
Crown. U.K. government authors should submit a signed declaration form together with this Agreement.
The form can be obtained via http://www.opsi.gov.uk/advice/crown-copyright/copyright-guidance/
publication-of-articles-written-by-ministers-and-civil-servants.htm

|_| Other Government work

Note to Non-U.S., Non-U.K. Government Employees

If your status as a government employee legally prevents you from signing this Agreement, please contact

the editorial office.

|_| NIH Grantees Note to NIH Grantees

Pursuant to NIH mandate, Wiley-Blackwell will post the accepted version of Contributions authored by NIH
grant-holders to PubMed Central upon acceptance. This accepted version will be made publicly available
12 months after publication. For further information, see www.wiley.com/go/nihmandate.

CTA-A



WILEY

Publishers Since 1807

COLOR REPRODUCTION IN YOUR ARTICLE

Color figures were included with the final manuscript files that we received for your article. Because of the
high cost of color printing, we can only print figures in color if authors cover the expense.

Please indicate if you would like your figures to be printed in color or black and white. Color images will be
reproduced online in Wiley Online Library at no charge, whether or not you opt for color printing.

Failure to return this form will result in the publication of your figures in black and white.

JOURNAL SYN APSE VOLUME ISSUE
TITLE OF MANUSCRIPT
NO. OF
MS. NO. COLOR PAGES AUTHOR(S)
No. Color Pages Color Charges No. Color Pages Color Charges No. Color Pages Color Charges

1 500 5 2500 9 4500
2 1000 6 3000 10 5000
3 1500 7 3500 11 5500
4 2000 8 4000 12 6000

***Please contact jrnlprodsyn@cadmus.com for a quote if you have more than 12 pages of color*™*

[0 Please print my figures in black and white

[ Please print my figures in color $
[ Please refer to Editorial office instructions regarding my figures.
*nternational orders must be paid in currency and drawn on a U.S. bank
Please check one: [0 Check enclosed O Bill me [0 Credit Card
If credit card order, charge to: [0 American Express [0 vVisa [0 MasterCard
Credit Card No Signature Exp. Date
BILL TO: Purchase
Name Order No.
Institution Phone
Address
Fax

E-mail




WILEY

Publishers Since 1807

SYNAPSE

111 RIVER STREET, 87H FLOOR, HOBOKEN, NJ 07030

Telephone Number: o  Facsimile Number:

To: Production Editor, SYN

Fax: 717-738-9478 or 717-738-9479

From:

Date:

Re:

Pages (including
cover sheet)

Message:



J_ID: ZB0 Customer A_ID: 2010-Oct-0009.R1 Cadmus Art: SYN20906 Date: 18-JANUARY-11 Stage: | Page: 1

SYNAPSE 00:000-000 (2011)

Bidirectional Synaptic Plasticity
Induced by Conditioned Stimulations
With Different Number of Pulse at
Hippocampal CAl Synapses: Roles of
N-Methyl-pD-Aspartate and Metabotropic
Glutamate Receptors

JUI-CHENG HSU,' SIN-JHONG CHENG,? HSIU-WEN YANG,? HUI-JU WANG,* TSAI-HSIEN CHIU,!
MING-YUAN MIN,? anp YI-WEN LIN®* AQ2
Department of Physiology, National Yang-Ming University, Taipei, 102, Taiwan Q
2Department of Life Science and Institute of Zoology, College of Life Science, National Taiwan University,
Taipei 106, Taiwan
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“Department of Sports Medicine, China Medical University, Taichung, 404, Taiwan
5Graduate Institute of Acupuncture Science, China Medical University, Taichung, 40402, Taiwan

KEY WORDS LTP; LTD; hippocampus; pulse number; NMDA; mGluR5

ABSTRACT In the mammlian brain, the hippocampus has been established as a
principle structure for learning and memory processes, which involve synaptic plastic-
ity. Althought a relationship between synaptic plasticity and stimulation frequency
has been reported in numerous studies, little is known about the importance of pulse
number on synaptic plasticity. Here we investigated whether the pulse number can
modulate bidirectional plasticity in hippocampal CA1l areas. When a CAl area was
induced by a paired-pulse (PP) with a 10-ms interval, the strength of the synapse was
altered to form a long-term depression (LTD), with a 68 * 4% decrease in expression.
The PP-induced LTD (PP-LTD) was blocked by the metabotropic glutamate receptors
subtype 5 (mGluR5) antagonist MPEP, suggesting that the PP-LTD relied on the acti-
vation of GluR5. In addition, this modulation of LTD was protein kinase C (PKC)- and
Group II mGluR-independent. However, when increasing the pulse number to 4 and 6,
potentiated synaptic strength was observed, which was N-methyl-D-aspartate receptor
(NMDAR)-dependent but mGluR5-independent. Surprisingly, when blocking mGluR,
the synaptic efficacy induced by triple-pulse stimulation was altered to form a long-
term potentiation (LTP) with a 142 *= 7% enhancement, and was further blocked by
NMDA antagonist APV. Following treatment with APV and PKC blocker chelerythr-
ine, the LTP expression induced by 4- and 6-pulse stimulation was switched to LTD.
We suggest that CAl synaptic plasticity is regulated by the result of competition
between NMDA and mGluR5 receptors. We suggest that the pulse number can bidirec-
tionally modulate synaptic plasticity through the activation of NMDA and mGluR5 in
hippocampal CA1 areas. Synapse 00:000-000, 2011. ©2011 Wiley-Liss, Inc.

INTRODUCTION
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LTP and LTD are considered models of such bidirection- DOI 10.1002/syn.20906
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N-methyl-p-aspartate receptor (NMDAR) activation
followed by postsynaptic Ca®" influx, instigating the
triggering of Ca®"-dependent signaling pathways
(Bliss and Collingridge, 1993; Malenka and Bear,
2004; Malenka and Nicoll, 1999). According to the
BCM theory (Beggs, 2001; Dudek and Bear, 1992),
the direction of the change in synaptic strength is
modulated by the activation of NMDA-dependent
Ca®" signaling. A small to moderate amount of
NMDA-dependent Ca®* signaling leads to LTD,
whereas a larger activation causes LTP (Dudek and
Bear, 1992; Mulkey and Malenka, 1992).

LTP can be induced with high-frequency stimula-
tion (HFS) or low-frequency stimulation (LFS) paired
with postsynaptic membrane depolarization (Lin
et al., 2003, 2006). In contrast, LTD can be induced
with (a) relatively LFS from 1 to 3 Hz; (b) presynaptic
LFS with a small postsynaptic potentiation; (c) two
independent pathways paired within a narrow period
of time (Bear and Melanka., 1994; Lin et al., 2008).
HFS causes a large influx of calcium into the postsy-
naptic membranes, which leads to LTP induction via
activation of calcium-dependent signaling transduc-
tion, such as calcium/calmodulin-dependent protein
kinase II, adenylyl cyclase, protein kinase, and mito-
gen-activated protein kinase (Lin et al., 2003, 2006).
However, LF'S depolarizes a relatively small number
of NMDA receptors, leading to LTD via activation of
phosphatases, including calcineurin (Mulkey et al.,
1993, 1994).

Another induction of LTD expression at the hippo-
campal CAl synapses was required for the paired-
pulse at low frequency (referred as to PP-LTD), causing
activation of metabotropic glutamate receptor (mGluR)
but not NMDAR (Kin et al., 2003; Otani and Connor,
1998). mGluR-LTD can also be induced by applying
mGluR5 agonist (R,S)-3,5-dihydroxyphenylglycine
(DHPG) by pharmacology (Palmer et al., 1997). PP-
LTD and DHPG share a common signaling pathway
mechanism, because PP-LTD was blocked by mGluR
antagonists (Kemp and Bashir, 1999). Interestingly,
LFS-induced LTD may be regulated developmentally,
as LTD can be induced in slices from young animals
within 4 to 6 weeks (Yang et al., 2002). In contrast,
recent studies have reported that paired-pulse LF'S can
reliably induce LTD in adult animals (Alarcon et al.,
2004; Huang and Kandel, 2006). Therefore, the
switching mechanism of NMDAR-dependent LTD to
PP-induced mGluR-dependent LTD remains unclear.

It is well documented that a low frequency of 1 Hz
and PP stimulation at a low frequency can robustly
induce LTD, which is NMDAR- and mGluR5-depend-
ent, in the hippocampus. PP stimulation for a short
period can also induce age-related LTP. Our hypothe-
sis states that the paired-pulse number for low-
frequency stimulation can affect the bidirectional
plasticity. To verify our hypothesis, pulse numbers

Synapse

from 1 to 6 were applied with a 10-ms interval for 10
min to hippocampal CA1l areas. Our results showed
that different pulse numbers can bidirectionally mod-
ulate synaptic plasticity by activation of NMDAR and
mGluR5 receptors. We believe that these results will
provide a better understanding of pulse number
responses and bidirectional plasticity as they relate to
natural burst firing.

MATERIALS AND METHODS
Experimental animals

Male Sprague-Dawley rats weighing 150 to 200 g
were used in this study. Rats were free access to food
and water. The usage of these animals was approved
by the Institute Animal Care and Use Committee of
China Medical University and followed the Guide for
the use of Laboratory Animals (National Academy
Press).

Electrophysiology

Adult male SD rats were anesthetized with halo-
thane and decapitated. The brains were quickly
removed and placed in ice-cold artificial CSF (ACSF)
containing the following (mM): 119 NaCl, 2.5 KClI, 26.2
NaHCO3, 1 NaH,PO,, 1.3 MgSO,, 2.5 CaCly, and 11
glucose (the pH was adjusted to 7.4 by gassing with 5%
C0O5-95% Oy). Transverse hippocampal slices (450 um
thick) were cut with a vibrating tissue slicer (Campden
Instruments, Loughborough, UK) and transferred to
an interface-type holding chamber at room tempera-
ture (25°C). The slices were recovered for at least 90
min and then were transferred to an immersion-type
recording chamber, perfused at 2 ml/min with ACSF
containing 100 pM picrotoxin at room temperature.
The border between the CA1 and CA3 areas was cut to
prevent epileptiform discharge of pyramidal neurons
(Lin et al., 2003, 2008). For extracellular field potential
recording, a glass pipette filled with 3M NaCl was
positioned in the stratum radiatum of the CA1l area,
and the field excitatory postsynaptic potential (fEPSP)
was recorded. Bipolar stainless steel stimulating elec-
trodes (Frederick Haer Company, Bowdoinham, ME)
were placed in the striatum radiatum to stimulate
Schaffer collateral branches. The fEPSP was elicited
by adjusting the intensity of stimulation to about
40-50% of maximum response which population spikes
after fEPSP began to appear. Stable baseline fEPSP
activity was recorded by applying a short-duration
voltage pulse (~1 ms) at the determined intensity ev-
ery 30 s for at least 10 min. Different pulse stimula-
tions were used to induce LTP and LTD expression
from 1 to 6 pulses at 10 ms intervals. All signals were
filtered at 2 kHz using the low-pass Bessel filter pro-
vided with the amplifier and digitized at 5 kHz using a
CED micro 1401 interface running Signal software
(Cambridge Electronic Design, Cambridge, UK). All

ID: nareshrao Date: 18/1/11 Time: 12:45

Path: N:/3b2/SYN#/Vol00000/110002/APPFile/JW-SYN#110002




J_ID: ZB0O Customer A_ID: 2010-Oct-0009.R1 Cadmus Art: SYN20906 Date: 18-JANUARY-11

Stage: | Page: 3

F1

PULSE NUMBER AND BIDIRECTIONAL SYNAPTIC PLASTICITY

drugs were purchased from Sigma (St. Louis, MO).
The initial slopes of the fEPSP were measured for data
analysis. Synaptic responses were normalized to the
average of the baseline. The average size of the slope
of the fEPSPs recorded from the last 10 min after
different pulse stimulation was used for statistical
comparisons. All data are presented as the mean *+
standard error. Statistical significance was tested by
paired ¢-test and Mann-Whitney U test. P < 0.05 was
considered statistically significant.

RESULTS
Application of prolonged paired-pulse (PP)
stimulation at low frequency induces LTD at
CAl synapses

First of all, we confirmed that the novel LTD
expression in CAl areas was induced by PP stimula-
tion (Lin et al., 2003), which is two pulses with a
10-ms interpulse interval (IPI) at 0.167 Hz for 10
min. PP-induced LTD (PP-LTD) decreased to 68 = 4%
of the baseline (n = 16 slices, P < 0.01, paired ¢-test,
Fig. 1A). However, the application of single-pulse
stimulation at 0.167 Hz for 10 min did not result in a
significant change in synaptic efficacy (Fig. 1B, 96 =
4% of baseline, n = 13, P = 0.12, paired ¢-test). These
results suggest that the induction of PP-LTD required
a two-stimuli pattern. Furthermore, the induction of
PP-LTD was not required for the activation of NMDA
receptors, as demonstrated by adding NMDAR antag-
onist APV. Following the application of 50 uM APV in
a bath, PP stimulation can reliably induce LTD (Fig.
1C, 79 = 3% of baseline, n = 10 slices, P < 0.01,
paired ¢-test).

Induction of PP-LTD is required for the
activation of group I mGluR, including
mGluR5, but not NMDA receptors

It has been shown that LTD induced by PP stimula-
tion with an IPI of 50 ms at 1 Hz for 15 min was not
NMDAR-dependent but was Group I mGluR-depend-
ent (Bear et al., 2001; Kemp and Bashir, 2001). We
speculated that PP-LTD was also dependent on the
activation of Group I mGluR, including mGluR5
receptors. To test this possibility, we first examined
whether the chemical activation of Group I mGluR
could induce LTD. The application of 40 uM of Group
I mGluR agonist, DHPG, for 10 min resulted in sig-
nificant LTD expression (65 = 3% of baseline, n = 6,
P < 0.01, paired ¢-test). The expression was measured
40 min after washing of DHPG. Second, we chose to
examine whether DHPG saturated the Group I
mGluR-dependent LTD. After repeated DHPG appli-
cation (three times at 10-min intervals), saturated
LTD expression resulted (45 = 2% of baseline, n = 7
slices, P < 0.01, paired ¢-test). After the application of
DHPG thrice, PP stimulation led to an altered plas-
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Fig. 1. Application of PP stimulation at low-frequency induced

LTD and was NMDAR-independent. A: Application of PP stimula-
tion with a 10 ms interval for 10 min resulted in LTD expression.
B: Single-pulse stimulation did not significantly alter the synaptic
efficacy. C: Induction of LTD by PP stimulation was NMDAR-inde-
pendent.

ticity of 90 = 5% (n = 7 slices, P = 0.13, paired ¢-test,
Fig. 2B) of the baseline; this recording was made 35
to 40 min after the final application of DHPG.
DHPG-saturated LTD was occluded in the formation
of PP-LTD, which suggests that the mechanism of
PP-LTD is similar to DHPG-LTD. It has been
reported that DHPG-induced LTD is independent of
PKC activation (Schnabel et al.,, 1999, 2001). We
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Fig. 2. Paired-pulse (PP) stimulation induced LTD and was
NMDA receptor-independent but mGluR5-dependent. A: Applica-
tion of DHPG induced a significant LTD. B: PP stimulation did not
further induce LTD after DHPG saturation. C: DHPG-LTD was
found to be PKC-independent by the addition of 3 uM chelerythrine,

further examined the role of PKC in PP-LTD. Follow-
ing the addition of 3 uM chelerythrine, a PKC
blocker, to the bath, PP-LTD was still inducible in
CAl areas (Fig. 2C, LTD = 78 *= 4% of baseline, n =
6, P < 0.01, paired ¢-test). The phenomenon was also
observed when wusing another PKC blocker, GF
109203X (Fig. 2D, LTD = 82 *= 5% of baseline, n = 6,
P < 0.01, paired ¢-test). Thus, PP-LTD was independ-
ent of PKC activation.

DHPG-induced LTD is mediated by the mGluR5
subtype of Group I mGluR (Faas et al., 2002; Man-
naioni et al., 2001). Therefore, we examined the effect
of the mGluR5 pathway on PP-LTD by applying 5 uM
MPEP, a specific mGluR5 blocker. As shown in Figure
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a PKC blocker. D: DHPG-LTD was found to be PKC-independent by
the addition of 1 M GF 109203X, a PKC blocker. E: DHPG-LTD
was found to be mediated by the mGluR5 subtype of Group I
mGIuR by application of its blocker, MPEP. F: DHPG-LTD was
Group IT mGluR-independent.

2E, under the conditions of an MPEP bath, PP-LTD
was completely blocked in CAl areas (101 = 5% of
baseline, n = 12 slices, P = 0.98, paired ¢-test). We
also examined whether Group II mGluRs played any
role in PP-LTD. Following the application of 250 nM
LY341495, a specific Group II mGluRs blocker (Kings-
ton et al., 1998), PP-LTD was not affected by blocking
of the mGluR5 pathway in CA1l areas (LTD = 74 +
5% of baseline, n = 8 slices, P < 0.01, paired ¢-test,
Fig. 2F). Taken together, in CA1l areas, LTD induced
by the application of 10-min PP stimulation with a
10-ms IPI at 100 Hz was an analog of DHPG-LTD.
PP-LTD was mediated by mGIluR5 but not by Group
II mGluRs.
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Fig. 3. Pulse stimulation can induce LTP expression by the
mechanism of activation of NMDAR and PKC. A: Application of
conditioned stimulation with a burst of three pulses did not alter
synaptic efficacy. B: Application of four pulses induced LTP expres-

Pulse number stimulation bidirectionally
regulates synaptic plasticity through activation
of NMDA and mGluR in hippocampal CAl areas

It is well known that the application of a theta
burst, which consists of four stimulation pulses at
100 Hz, can induce LTP at CA1 synapses (Yang et al.,
2002), whereas the application of two stimulation
pulses at 100 Hz induces LTD, as shown here and by
Lin et al. (2003). It would therefore be of interest to
investigate the effect of application of conditioned
stimulation with different pulse numbers on synaptic
plasticity. The application of conditioned stimulation
with a burst of three pulses at 100 Hz did not result
in a significant change in synaptic efficacy (107 *= 9%
of baseline, n = 13 slices, P = 0.41, Fig. 3A), while
conditioned stimulation with bursts of four or six
pulses at 100 Hz induced a significant LTP of 154 *
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sion. C: Application of six pulses induced LTP expression. D: The
4-pulse stimulation-induced LTP was NMDA-dependent. E:
The 6-pulse stimulation-induced LTP was NMDA-dependent. F:
The 4-pulse stimulation-induced LTP was PKC-dependent.

16% and 163 *= 10%, respectively (Figs. 3B and 3C).
In the conditioned stimulation, bursts of different
numbers of pulses were given at 0.167 Hz for 10 min.
The LTP induced by conditioned stimulation with
bursts of four and six pulses was NMDAR-dependent
(Figs. 3D and 3E, 100 = 2% and 97 + 8%, n = 8, P =
0.89 and 0.68, respectively). LTP induction was
blocked by the addition of 50 pM APV to the bath.
These results showed a pulse-number-dependent
bidirectional synaptic plasticity at CAl synapses.

It is likely that LTP of a high magnitude was induced
to counteract the expression of LTD mediated by
mGluR5 when conditioned stimulation with a large
number of pulses was used. Hence, we tested the effect
of a specific blocker of mGluR5 on the application of
conditioned stimulation with a moderate number of
pulses (three pulses) in the burst. Notably, when
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Fig. 4. Pulse number stimulation can alter the synaptic
strength by activating NMDAR and mGluR5. A: LTP can be
induced by the addition of MPEP with 3-pulse stimulation. B: LTP
induced with MPEP under 3-pulse stimulation was NMDA-depend-
ent. C: LTP induced by the application of four pulses was mGluR5-

blocking the possibility of LTD induction by adding
MPEP to the bath, LTP induction by 3-pulse stimula-
tion was observed (142 + 7% of baseline, n = 13 slices,
P < 0.01, Fig. 4A). This induction of LTP was NMDA-
dependent, as demonstrated by applying 50 uM APV to
the bath (95 = 6% of baseline, n = 11, P = 0.39, Fig.
4B). Interestingly, bath addition of MPEP did not have
a significant effect on the magnitude of LTP induced by
conditioned stimulation with 4- or 6-pulse bursts (Figs.
4C and 4D, 140 + 8 and 143 += 8%, n = 6, P < 0.01,
respectively). These observations were consistent with
results that showed that blocking of NMDAR only
eliminated LTP induction rather than LTD expression
mediated by mGluR5. It has been shown that activa-
tion of PKC could cause desensitization of mGluR5,
thereby inhibiting DHPG-LTD (Rush et al., 2002). It is
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independent. D: LTP induced by the application of six pulses was
mGluR5-independent. E: LTP can be switched to LTD expression by
the application of NMDA and PKC blockers with 4-pulse stimula-
tion. F: LTP can be switched to LTD expression by the application
of NMDA and PKC blockers with 6-pulse stimulation.

possible that PKC is activated by conditioned stimula-
tion with 4- or 6-pulse bursts. LTD was not able to
counteract LTP expression, which explained the signif-
icant augmentation effect of MPEP application on the
magnitude of LTP induced by conditioned stimulation
with 4- or 6-pulse bursts. To test this possibility, cheler-
ythrine and APV were both added to the bath to block
PKC and NMDAR, respectively. Under these condi-
tions, the application of conditioned stimulation with
4- or 6-pulse bursts resulted in a LTD of 70 = 2%
(Fig. 4E). Similar results were also observed with four-
pulse stimulation and chelerythrine application
(Fig. 4F, 83 = 4%, n = 6, P < 0.05). These results sug-
gested that synaptic efficacy can be bidirectionally
regulated by different pulse number stimulation via
the activation of NMDA and mGluR5 receptors.
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DISCUSSION

It is known after long-term study that NMDAR and
mGluR can bidirectionally regulate frequency-depend-
ent synaptic plasticity, but it remains unclear whether
they can influence pulse number-dependent synaptic
plasticity. In this study, the bidirectional plasticity we
demonstrated could be modulated through the pulse
number, which activated NMDAR and mGluR. When
single-pulse stimulation was delivered in hippocampal
CA1l areas, no change in synaptic efficacy was
observed. With an increase in pulse number to paired
pulses with a 10-ms IPI, LTD was successfully induced
and maintained for 30 min. PP-LTD was NMDAR-,
PKC-, and Group II mGluR-independent but mGIluR5-
dependent. It was shown that MPEP blocked this
induction and no further depression occurred after
saturated DHPG-induced LTD. Furthermore, when we
altered the pulse number from 3 to 6, the synaptic effi-
cacy was massively altered. With three stimulation
pulses, the synaptic strength was no longer depressed
but was unchanged as compared with basal stimula-
tion. When four or six stimulation pulses were deliv-
ered, the synaptic strength was potentiated, the mech-
anism of which was through activation of NMDAR and
PKC. Furthermore, NMDAR-dependent LTP expres-
sion was also observed with 3-pulse stimulation when
applying MPEP to unmask the effect of mGluR5 on
synaptic plasticity.

It is well-known that field potential oscillations at a
theta rhythmic frequency are important for the glean-
ing of new information about the hippocampus (Huh
et al., 2010) and are implicated in novel spatial explo-
ration. Modulation of synaptic efficacy during learn-
ing and memory occurs in a short period, with ento-
rhinal-hippocampal network oscillations at a theta
frequency playing a large role in this process. Theta
burst stimulation, which consists of high-frequency
theta oscillations, has been used to induce LTP in in
vitro investigations (Yang et al., 2002). Hippocampal
neurons are often either silent or discharge a single
spike in normal physiological signaling during
arousal (O’Keefe, 1976) but fire complex spike bursts
in the learning process (Gothard et al., 2001). The
high-frequency spike bursts significantly potentiate
synaptic plasticity and lead to LTP, learning, and
memory recall (Harris et al., 2001; Yang et al., 2002).
Under real physiological conditions, locomotion-
induced theta oscillations can successfully induce LTP
in freely-behaving animals (Orr et al., 2001). This
phenomenon is crucial and is usually observed in the
hippocampus during exploration. Under pathological
conditions, such as Alzheimer’s and Parkinson’s dis-
ease, hippocampal neurons can deliver theta rhythm
stimulation but fail to induce LTP, leading to learning
deficit (Yang et al., 2002). Here, we have used low-fre-
quency stimulation with different pulse numbers to

identify its effect on synaptic plasticity. Our findings
suggested that four to six pulses can induce LTP, the
mechanism of which is through activating NMDA
receptors. In contrast, 2-pulse stimulation can induce
LTD by activating mGluR5 receptors.

Recently, it has been reported that altered burst fir-
ing patterns in the hippocampus have altered effica-
cies depending on the distinguishable receptors acti-
vated during the stimulation periods - this is called
burst plasticity. Alteration of this plasticity does not
require synaptic depolarization, especially the activa-
tion of AMPA or NMDA receptors; in contrast, it
depends on synergistic activation of mGluR1, mGluR5,
and muscarinic receptors (Moore et al., 2009). There-
fore, it is interesting to examine how the synaptic plas-
ticity of EPSPs is potentiated with increasing numbers
of burst firings delivered by a train of somatic current
injections. This differs from synaptic plasticity due to
the resistance to NMDA blockage (Moore et al., 2009).
Accordingly, it is desirable to investigate the relation-
ship between pulse number and synaptic plasticity at
a relatively low-frequency stimulation. Our results
show that with increasing pulse number, synaptic
plasticity can be switched from LTD to basal level and
even LTP expression. This important finding is distin-
guished from previous studies, which show that the
synaptic strength can be altered by high-frequency
burst stimulation. Our results reveal that synaptic effi-
cacy can also be modulated by relatively low-frequency
stimulation with different pulse numbers.

Neurons can undergo potential mechanisms by mod-
ifying the firing frequency and spike pattern, referred
to as synaptic plasticity. The synaptic plasticity can be
potentiated by delivering the pairing of physiologically
relevant presynapse with coincident postsynaptic
burst discharge of neurons. Previous studies have
reported that burst pulses mimicking a natural pat-
tern delivered to CA1l neurons can raise the excitatory
recurrent circuit of the CAS3 region. King et al.
reported that CA1l pyramidal neurons were discharged
by direct current injection or extracellular stimulation
in rats (King et al., 1999). In the Schaffer collateral
branches, pairing physiological activation with burst
discharge can significantly increase the excitability
and discharge probability. This synaptic plasticity was
also observed in the amygdale (Rogan et al., 1997) and
in the auditory cortex (Ahissar et al., 1992). Further-
more, it is also well-documented that theta bursts at a
high-frequency can clearly induce LTP expression
(Yang et al., 2002). Herein, we report that four and six
pulses can simulate the natural firing property of the
hippocampal Schaffer collateral branches. Stimulation
patterns of a low- and high-frequency inducing pulse-
number-dependent LTP share the common NMDAR-
dependent mechanism

LTD is most commonly induced by prolonged (15
min) low-frequency stimulation, leading to an increase
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in the relatively small but long-term influx of Ca®"
through NMDAR. Interestingly, brief high-frequency
stimulation with partial blockage of NMDAR can also
produce LTD (Cummings et al., 1996). Moreover, PP
stimulation at low frequency can also induce LTD, the
mechanism of which is through activation of mGluR5
and ERK (Volk et al., 2006). The same phenomenon
can be also induced by application of mGluR5 agonist
DHPG (Huang and Hsu, 2006). These results support
the hypothesis that PP stimulation can induce suffi-
cient Ca®" influx, contributing to LTD expression. In
contrast, single-pulse stimulation of synapses was not
able to generate a postsynaptic spike to activate
enough NMDAR to cause a large calcium influx lead-
ing to LTD.

Huang et al. reported that the synaptic plasticity
induced by PP stimulation at 1 Hz is bidirectional
(Huang et al., 2006). The direction of synaptic efficacy
depends on the number of stimulation pulses and the
timing of pulses. Classical stimulation of a prolonged
single pulse at 1 Hz for 15 min can reliably induce
LTD in young animals. However, brief PP stimulation
for 10 min induces LTD in adult animals (Huang
et al.,, 2006). These results demonstrated that a
shorter induction period of 1 to 3 min dramatically
induced LTP, whereas a longer period led to LTD;
they also suggested that, in 1.5- to 2-month-old mice,
PP stimulation can only induce early LTP that decays
with time within 90 min. In contrast, the same
manipulation induces the expression of late-LTP in
12- to 18-month-old mice (Huang et al., 2006). This
stimulation protocol inducing late-LTP is dependent
on NMDAR activation and voltage-dependent calcium
channels. In comparison, we show that PP stimula-
tion can successfully induce LTD in hippocampal CA1
areas. This result is consistent with previous studies
showing that the number of stimulation pulses is im-
portant for synaptic strength.

In conclusion, we report that the pulse number can
modulate bidirectional plasticity in hippocampal CA1l
areas. When PP stimulation was delivered, the synap-
tic strength was decreased to 68 * 4% as LTD induc-
tion. PP-LTD was found to be mGluR-dependent,
because LTD was not further induced in completely
DHPG-treated slices. Increasing the pulse number to
4 or 6 potentiated synaptic efficacy; this was NMDAR-
dependent but mGluR5-independent, as single- and
triple-pulse stimulation could not alter synaptic effi-
cacy further. We suggest that this may due to the bal-
ance of activating NMDA and mGluR5 receptors. With
the blockage of mGluR5, the strength of the synapse
was potentiated to express LTP, and was further
blocked by an NMDAR antagonist. Interestingly, fol-
lowing treatment with NMDAR antagonist APV and
PKC blocker chelerythrine, the potentiated synaptic
strength switched to LTD. We highly suggest that
NMDAR and mGluR can bidirectionally modulate the

Synapse

expression of synaptic strength in hippocampal CAl
areas.
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