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Functional plasticity
'| at dendritic synapses

Zachary F Mainen, Larry F Abbott

Summary

Most synapses are made onto dendrites, Y connections are made onto
dendritic spines, Synaptic Plasticity is thus an intrinsically dendritjc phenomenon,
ificance of the structural, electrical, and molecular properties

and most excitator

dendrites in synaptic
plasticity. The focus is on associative Hebbian Symaptic plasticity, including spike-timing-
dependent forms, mediated by NMDA receptor activation,
Introduction

Synapses channel information

strengthened and weakened by vity flowing through
them, Activity-dependent synaptic plasticity is thought to be fundamental 1o many brain
functions, including refinement of connections during development (reviewed in Katz
and Shatz 1996; Cli

), learning and memory and other forms
torage (reviewed in Martine

ny higher cognitive functions.

between neurons in the brain,

and are dynamically
the patterns of neuronal actj

of information s
by extension, ma
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compartmentalization of chemical messengers or signal tran'sduction ca;;cadzs, [::::;ttizg
synapse specificity. While the basic aspects c.:f these functions are v;re BT Vide,d i
impact of the detailed aspects of the integration and'compa‘rtmenta ization pro ( ty
dendrites is just beginning to be explored. We. foc‘m in pz.lr.ucular on recent experiments
concerning the role of dendritic action potentlmls in pla.sncny.‘ . " y

We argue that the major role of dendrites in synaptic plasticity may be dall fl?l;m-g
the strength of interactions between particular'subsets of QRIS by v1rtu¢i.' oh eir
relative locations within the dendritic tree. This could occur either due' to inhomo-
geneities of electrical signaling across the dendrites or breakdown of cl?ce-mlcal comparlt-
mentalization between synapses. The complex architecture of dendritic a.rl'aors would
facilitate the formation of associations between synapse:f 051 the same dendritic bliancheds
or subparts of the dendritic tree while suppressing associations between synapses locate

i dritic branches. :

OHI: ':';;3;:‘3[2 these spatial aspects of associative synaptic p.lasticit).r, t.here lalreCl 1m;.)lr:r-
tant temporal features as well, A form of Iong-te.rm synaptic plflsncnl): Ea 3 ts;;: e-
timing-dependent plasticity (STDP) may play an important role in sul: . as;c asks a:
distinguishing cause and effect and predicting future outcomes on the basis of previou

experience.

Dendritic spine NMDA receptors as
Hebbian coincidence detectors

Hebb’s postulate | |
Donald Hebb (1949) postulated the following synaptic strengthet.\mg rule: “When
the axon of cell A is near enough to excite cell B or repeatedly or pe'rmstently It)ake}: pulll't
in firing it, some growth process or metabolic change t;.lkt.is place in ?ne or otd.;ets
such that A's efficiency, as one of the cells firing B, is increased. {\s a candi :Jz
mechanism for information storage in the brain, Hebb’s postulate has wnthstt?od.selve :
generations of experimental and theoretical scrutiny like very few other principles o
brain function (reviewed in Brown et al. 1990; Cooper 2005). Nevertheless, as a.compu:
tational or mechanistic description, Hebl's rule clearly d(j'mands much ﬁJTther‘mter:;?
tation and fleshing out. How does a synapse ‘know’ wh.en it has taken part in flilrlrlg::1 se;
How are presynaptic and postsynaptic firing encoded in molecular events at ; e S}t'n }; _
What molecules detect the conjunction of these events? How are the pre- an ‘ po::}::hlzr
tic signals corresponding to one synapse kept ?eparafe from tl}(')se bf:lor‘ltg?mg
synapses? How does a neuron determine which inputs ‘took part’ in ﬁ;’mg i .tic =

Discovery of NMDA receptor-dependent LTP has led to a theory o _syna[lJ I-Ei !
that describes how neurons, dendrites, and synapses implement Hebl‘)lan plasti -|t1Y. s
theory, which we will refer to as the ‘spine-NMDA receptor theory oflll.'ft':;\;’;lefry i
most of the discussion of synaptic plasticity in this chapter. Althc:hug o
still unproven and is lacking in many details, it is.by far the r.nost wndetl?f T::iiections
thoroughly documented account of the mechanisms by which synaptic

between neurons are strengthened.

DENDRITIC SPINE NMDA RECEPTORS AS HEBBIAN COINCIDENCE DETECTORS II

The primary omission from Hebb’s rule is often considered to be the lack of a provision
for decreases in synaptic efficacy. Without a mechanism for depression to complement
synaptic potentiation, the brain would eventually face saturation of synaptic efficacy
and consequent loss of stored information, What conditions aliow for the undoing of
synaptic strengthening or the weakening of connections? A number of different general-
izations of the Hebb rule have been proposed on theoretical grounds (reviewed in Brown
et al. 1990). Two forms of synaptic depression have received particular experimental
attention: homosynaptic long-term depression (LTD) at hippocampal and neocortical
synapses (reviewed in Bear and Malenka 1994), and associative LTD at cerebellar parailel
fiber to Purkinje cell synapses (reviewed in Linden 1994). Of particular interest
with respect to the role of dendrites is depression that is triggered by pairing of action
potentials and EPSPs,

Hebb’s postulate contains an element of causality that has often been overlooked,
the requirement that the presynaptic cell ‘takes part in firing’ the postsynaptic cell {Hebb
1949), which implies that it causes that firing. One way to identify causal, as opposed to
accidental, correlations in firing is through temporal ordering. A presynaptic action

potential that occurs after a postsynaptic response could not have caused that response,
but if presynaptic action potentials at a given synapse consistently arrive immediately
before each postsynaptic spike, they are likely to be causal agents in generating that
response. STDP, a spike-timing-dependent form of long-term plasticity, has exactly the
properties needed to identify such causal relationships. In STDE, pairs of pre-postsynaptic
action potentials that occur in the caysal order, pre-before-post, strengthen the synapse;
whereas those that occur in the acausal order, post-before-pre, weaken it.

Long-term potentiation

Long-term potentiation ( LTP} is a particular form of synaptic strengthening (reviewed in
Bliss and Collingridge 1993) that has been recognized as displaying the essential elements
of Hebb's rule (Kelso ¢t al, 1986; Malinow and Miller 1986; Gustafsson et al. 1987; Brown
et al, 1990). LTP was originally described at synapses made between neurons in
the entorhinal cortex and the granule cells in the dentate gyrus of the hippocampus
(Bliss and Lemo 1973), When this pathway was activated with a brief, high-frequency
stimulus train, a rapid and sustained increase in the strength of subsequent test stimuli
was observed. Subsequent studies revealed similar forms of long-lasting, activity-
dependent synaptic enhancement in all three of the major synapses of the hippocampal
formation, as well as in numerous neocortical regions (reviewed in Bear and Kirkwood
1993; Kirkwood and Bear 1995), amygdala (Chapman et al. 1990; Rogan and LeDoux
1995; Huang and Kandel 1998), striatum (Kombian and Malenka 1994; Calabresi et al,
1996), and other central as well as peripheral synapses (e.g. Brown and McAfee 1982),
The best-studied form of LTP is that which occurs at synapses of Schaffer commissural-
collateral axons from CA3 to CA1 neurons in the hippocampus, The nature of
LTP at other synapses, such as in the dentate gyrus or different neocortical synapses, may
differ in various details that have not been thoroughly characterized. In general, neocor-
tical LTP appears to have mainy similarities to CA1 LTP {(Bear and Kirkwood 1993),

N
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- . . f
Pyramidal cells in many brain regions appear snml'larly eqmpp_ae;iJ in ;;:r;:sss c;t
l);sticity machinery: NMDA receptors, spines, key protein kinases, etc. Neverthe h., X
:: worth keeping in mind the example of LTP at the mossy-fiber to CAJ si/nla;);;, ; u:“
isti ite dissimi TP {reviewed in Johnston et al. ; Nico

i tically quite dissimilar to CA1 LTP { ; ;
N Ic:l‘;\j[:?:riia 1993;5'::)I but may display many of the same essential features (Derljlck and
ﬁartinez 1996). Unless noted, when speaking of LTP, we refer to CA1 LTP, or in some

cortical LT'P, throughout this chapter. o _ ‘
ca:iscl:)e:trast to the general agreement about how LTP is triggered or l.nduced, ;]hm:e is
much more controversy over the nature of the changes underlying synaptic st.reng't enlmg,
) i hanism’, Whether expression involves
nerally referred to as the ‘expression mec .
giesynagtic or postsynaptic changes, or changes on both sides of th;;g?;fsel;rl;as
Eigniﬁcant consequences for information processing (Otllcnakht:; ;; )alial t is,so I:;w}l::
i 1997; Tsodyks and Markram , bu
and Tsodyks 1996; Abbott et al. 5 2 o
i drites than are the mechanisms o !
removed from the function of den : i ‘

'rll“ll:)i:echapter focuses primarily on induction mechanisms or conditions under which

LTP is triggered.

NMDA receptor properties '
A Hebbian synaptic modification requires the detectim:n of coincigcnt I:res-};,n:?:c ;ns;lnp‘::zs;
synaptic activation {Hebb 1949). The response of a coincidence et_e}c.l cu—s]i = afone =
both signals should be qualitatively different frf)m the response to ellt ber i - e].emem
form of coincidence detection can be accomplished relatively simply );J ar ogexamples £
with a supralinear response funct[::?n such ailictl}:;c;sdhi(;lg.oﬁr::::ldeNicou s
molecules capable of functioning in this way are e
The NMDA receptor is a remarkable macror_nol-ecular complex S
i ector underlying LTP. Sensitivity to specific NN!DA receptm: antag
:)Dnli);st};::e;?;::i:Zt.S-phospho:ovalerateI{APY;} is1 sgsg)alztf‘c:)r:]:::;;l I;}:rj::; :Jol;z_a
non of the main form of LTP (Bliss and Collingridge ,.b e Dy
independent dependent forms of LTP hav.e also been describe L
s Ni enka 1995). By virtue of an unusual set of biophys :
f:r‘;i'ti]c?:zt;]?;:(l)\:[l['::dr:::)tor opens on;’y when both thf: presynaptic and p;it:hy::g;
neurons are activated. Specifically, receptor opening.requ}res bolth alpr;e:ny::)arz W
signal (neurotransmitter) and a postsynaptic‘ electrical signal ( ocl:la T
ization). When both occur together, the opening o.f t'he receptor a I:J\‘: e
the postsynaptic neuron and activate Ca?* sensitive enzymes tha

i iati ion. . B
synaptic potentiation or depress _ | b
y'I‘hF:: excitatory neurotransmitter glutamate activates two primary ion

; : N-methyl-
agonists a-amino-3-hydroxy-S—methyl-4—1soxazoleproplona;:;w;;dmcepmrs -
Dilspartate, respectively; reviewed in Edmonds et al. 1995). The

izati i i tic activation,
generally seen as providing the primary depolarization associated with synap _

ization, bemJG

lar
while the NMDA receptors are viewed as a secondary source of depo
primarily involved in plasticity.

ir artificial
(ionotropic) receptors, the AMPA and NMDA receptors (named for theira
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The sensitivity of the NMDA receptor to glutamate is high (ECsq in the 1 pM range;
Patneau and Mayer 1990), making the receptor more sensitive to lower concentrations
of transmitter than the AMPA receptor (ECsp > 100 uM; Patneau and Mayer 1990),
The high affinity of the NMDA receptor is also associated with a slow deactivation rate
following brief applications of glutamate (muitiple time constants from 100 msto>]sg;
Spruston et al. 1995a); meaning that once presynaptically released glutamate binds to the
receptor, it remains bound for a lengthy time period, Therefore, the NMDA receptor acts
as a long-lasting indicator of presynaptic activity. However, these decay-time constants
are more rapid at physiological temperatures, resulting in a briefer NMDA current
(25~30 ms; Feldmeyer et al, 2002).

A crucial and unusual biophysical characteristic of the NMDA receptor is that it
remains ‘silent’ at normal resting potentials and does not Pass current unless the mem-
brane is depolarized. When the receptor is bound by glutamate, the pore of the receptor
opens, but conduction of the channel s blocked by extracellular Mg?* ions (Mayer et al,
1984; Nowak et al, 1984), Depolarization of the postsynaptic membrane expels Mg+
from the channel, allowing it to conduct a mixture of Na*, K*, and Ca2*, Thus, due to the
voltage-sensitivity of the Mg?* black, the conductance of the NMDA receptor is a supra-
linear function of postsynaptic voltage over the range of potentials from rest to around
-20 mV. The kinetics of the Mg** block are rapid (Nowak et al, 1984), so, in contrast to
the slow deactivation of the receptor, the coupling of depolarization to channel block is
generally quite rapid (sub-ms), allowing postsynaptic depolarization to quickly open the
channel tens of milliseconds after the presynaptic action potential (Spruston et al. 19954),
However, the kinetics of Mg2* unblock also have slow components (Spruston et al. 1995a),
which interact with channel kinetics in a time-dependent fashion ( Vargas-Caballero and
Robinson 2003, 2004; Kampa et al. 2004), and the effect is to narrow the effective time
window by which postsynaptic depolarization can trigger NMDA channel opening
(Kampa et al. 2004). It should also be noted that in addition to activation by glutamate
and modulation by Mg, the NMDA receptor is sensitive to a large and diverse array

of molecular signals, including glycine, zinc, polyamines, histamine, pH, redox agents,
neurosteroids, calmodulin, kinases, phosphatases, etc. (reviewed in McBain and
Mayer 1994),

- NMDA receptors display considerable molecular diversity. Functional receptors
are composed of NR1 subunits in combination with members of the NR2 gene family.
Different NR2 subunits confer different physiological and pharmacological properties
on the receptor (reviewed in Feldmeyer and Cull-Candy 1996). In addition, the NR|
subunit also exists in g variety of different splice variants that confer different properties

on the receptor (reviewed in Zukin and Bennett 1995). Developmental and cell-type
Specific regulation of subuni

functionai properties of NM
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within single neurons may also be important, perhaps depending on the class of presy-
naptic afferent (cf. Maccaferri et al, 1998).

The second crucial property of the NMDA receptor is its permeability to Ca2* ions
(MacDermott et al. 1986; Ascher and Nowak 1988). It is through this second messenger
that the receptor couples its activation to downstream enzymes. For example, blockade
of potentiation by intracellular postsynaptic application of Ca®* chelators blocks
LTP (Lynch et al. 1983; Malenka et al. 1988). The location of the synaptic NMDA recep-
tors on dendritic spines is thought to restrict the increase in intracellular [Ca®*] to the
vicinity of the activated synapse (reviewed in Koch and Zador 1993). The basic structural
feature of a head separated from the parent dendrite by a thin neck has been shown,
by computer simulations (Holmes and Levy 1990; Zador et al. 1990) and direct experi-
mental measurement (Svoboda et al. 1996; Hiusser et al, 1997), to hinder diffusion of
molecules between the spine head and the dendritic shaft (and vice versa). Theoretical
and experimental issues regarding the role of dendritic spines and other dendritic com-
partments in compartmentalizing Ca** and other (bio)chemicals are the subject of
Chapters 10and 11,

Electrical integration and compartmentalization by dendrites

The requirement for both glutamate and postsynaptic depolarization for NMDA recep-
tor activation, and the location of these receptors on dendritic spines, form the basis for
a ‘spine-NMDA receptor’ model of Hebbian plasticity. This model can explain three
central aspects of the phenomenology of LTP induction: cooperativity, associativity,
and synapse-specificity (Figure 18.1}. We will discuss these properties in some detail,
as they are essential to the role of dendrites in synaptic plasticity. Two other primary
characteristics of NMDA receptor-dependent LTP, its rapid induction and persistent
expression, while critical to the possible function of LTP in memory storage, are relatively
less important with regard to dendritic function,

Cooperative interactions mediated by dendrites

Cooperativity refers to the requirement for the near-simultaneous activation of a thresh-
old level of synaptic input necessary in order to induce LTP. In practice, cooperativity
has been interpreted as sensitivity either to the frequency of stimulation delivered during
the shock (Bliss and Lamo 1973; Colino et al. 1992) or to the intensity of the extracellular
stimulus used to activate presynaptic axons during a tetanization protocol (Bliss and
Gardner-Medwin 1973; McNaughton et al. 1978; Barrionuevo and Brown 1983).
Consistent with the spine NMDA receptor theory, LTP induction does not appear
to require a certain density of activated synapses or frequency of synaptic activa_.tlol_'l
other than what is necessary to produce the requisite NMDA receptor activatior.i. Direct.
experiments demonstrate that depolarization (applied by a postsynaptic recordmfg, ﬁlg_.c
trode) combined with low-frequency stimulation of presynaptic afferents is sufficient te
induce LTP (Kelso et al. 1986; Wigstrom et al. 1986; Colino et al. 1992). Converseis
membrane hyperpolarization is sufficient to prevent LTP from taking place during
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Fig. 18.1 The basic features of LTP in the hi
pus, showing the principal re
{perforant path, Pp; mossy fi
comm). (B) Field potential
response to perforant path
using a 250-Hz, 200-ms tetanus, Note the increase in slo

;lfz:.'hc: ;23 Lﬁ:ﬂ:rlfgggpszﬁz ‘fgﬁ;w:‘:;a‘rddd;f!ecﬁ;:n).hThe graph plots the siope of the rising phase
1 P PSP indu 1_on at the time of the arrow). () Demonstrati f
Cooperativity, associativity, and synapse-specificity of LTP. The top di i . .
of the arrangement of recording and stimulation electr .d Y o SChem'a“c oo
slice. Two independent inputs (51 and 52) are aclivatedobess i o 'CM e e
side of the extracellular recording electrade in the dendrit?’c ftiltirdu.l‘:trlmzrlt?::tcjtl{r.uosdiiiepr:zict?:s g:‘:lther
. and 52 a strong input. The stopes of the population

a function of time in the lower panels. Tetanic

eld no long-lasting increase in synaptic efficacy, since
vity threshold for LTP. A tetanus to 52 {first closed

y. but no change in 51, demonstrating synapse-
pathways were tetanized together (second open

on produced associative LTP in the weak pathway, S1,
mylation, taken before and after potentiation, are
mission, from Bliss and Collingridge (1993),

ppocampus. (A) Schematic diagram of the hi

. ppocam-
Ig;mrls (CAT CAB énd dentate gyrus {DG)) and excitatory pathways
ers,_ mf,_flmbrla, fim; Schaffer collaterals, Sch; commissural fibers
recordings in the somatic region of the dentate gyrus in vivo in ‘

arrm_m) produced robust LTP in this pathwa
Specificity of the potentiation, When both
and closed arrows), this coincident activati
Representative field Epsps following S1 sti
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high-frequency stimulation that would normally elicit LTP (Eels?hcz‘tt:i; ':3316‘:,:;12;1:::
and Miller 1986). These findings provide key support for .thz i ea: aton o ey
tic activation in cooperativity is media}ted ;hlrlougl;ls[);iafet;ptzc;vz;é?. AN
S eleamge?i‘:rsiltﬂ ;gfst::eal:;;rtt: be related to a threshold for 50fne ot.her
(20""'3"5513’- C(l’OPe"‘:He yresynaptic Ca?*). Nevertheless, under more physgolohglcal
5'3“5“1 '(e‘g. ; tlil\::jend,ril::ic conductances strongly shape the amplitude.and kmetlcjr» of
;Z:i;f:;iicdepolarization, adding an important additional dimension (see Spike-
“'g:ﬁ;‘:‘:i‘i’f":;’lf::s:}'l‘:‘;a]:‘::;‘:;d temporal integration of depolarizatior.l I.Jtroduced l:y
itic i i he cooperativity property
active synapses, and therefore dendritic 1nte'gmt‘1on shal?es t Mo
of LTP induction. Without dendritic e!ectrl'ca'l 1ntel[.l;rat.wn,l::t fofm .
a pathway would not sense each ot.her s activity. The sn‘nph gl
j i i their synaptic inputs. But what exactly :
i:zttil;qa‘:':;etse:::)f:ln::c:::r::z?of the iztegf:-ative pro.cess? How d'oes‘spaual? (;r tel:'ép;c:r;l
imity affect the summation (or other interactions) of active 1nplfts. no :
E::i}:r:::::rdathe full nature of cooperativity and the rules for when LTP will be generated,
i itic integration is necessary. g
’ l::'tttli:jil:iec;::?cd;:ﬁg: tt::r:'(:r:ffectivily isopotential (i.e. voltage ul:;fzrmlgi;rilbzlxll
dendritic branches), then the spatial aspect of de.ndrltlc integration wou . edne e
i Id experience the same postsynaptic depala iz
22r?yiip;?ss;;zizgd:iszifatf::;olr;:?dencfrites are seldom isc»lfoter;tial. As I:ails]le\;j
- i - ignals temporally and attenuate
N CO.""III’“EZT}’;“?;::E:‘; :::zj :3‘)" \I;/aliif ltt}‘:z s:ftive (volgge-dependent) electrical
- tS Pat:; gendritzs are also considered, the rules become potentially mu_ch more
Eé?nplflz;‘e(sChapter 14). The initiation of action potentials an];:l tl-le eictillllte ﬁzlfe Lh;:ﬁp;::?;
i ibution to
gation into the dendritic tree may make an m':porta'nt co'nu;-ll u o e
f these considerations is that t o
i:i‘il;lilriyt;: ):i]lizsrei;;il::ezpr:};ztd:termine to some degree how tl.mt synflpse will ler;tte:]::::
with other active synapses (Chapters 13 and 14). Cur‘nputer s;mu:aNtl:dnS;uriiepm“)
active dendritic conduclances (e.g. voltage-ga‘ted Na c;'hanne set:i e
increase cooperativity (depolarization) among clus.tered coThpa:in o sy
inputs (Mel 1993), and that this may lead to selective strer?g € ? e
::l:ivity is both correlated and dendritically clustered {(Mainen et al. i
1995; Golding et al. 2002; Mehta, 2004; Polsky et al. 2004). . ity of e
The limits of cooperativity requirements h.ave bee‘n tested lIt‘l aa\;amemr s
Frequency of presynaptic activation is certainly an importan }133 e i
tion under most circumstances. This is expected. fora num Z (e B
including the frequency-dependence of presynaptic release pro i:: = c,;az*-dependem
time constant of the postsynaptic membrane, and thels.gegr;s)ltge ‘3; O etece
enzymes such as CaMKII (De Koninck an_d Sc!mlrnan].l t.a’ oat) os il
shown that single, very strong afferent stimuli (Abra‘ am e ((.:ouno e eosias
stimuli paired with maintained intracellular depolarization

Synapses required for the induction process, it has been shown that activation of even a
single presynaptic neurcn is sufficient to induce LTP if postsynaptic depolarization is
applied via a recording pipette (Malinow 199] ). Together, these findings form an
extremely important foundation for the spine NMDA receptor theory, as they appear to
exclude quite convincingly the necessity of activating other coincidence detectors that

Associative interactions mediated by dendrites
In the context of LTP experiments,

associativity refers to the ability of a ‘test’ pathway to
be potentiated when activated t

ogether with a separate ¢

different sets of synapses, Associativ
of postsynaptic depolarization (e.g. by an electrode or b

Synapses, as discussed above, s essentially the same process.
The associative properties of TP were first described in the dentate BYrus in vivo by
pairing weak input from contralateral entorhinal cortex with a stro

ng ipsilateral input
(McNaughton er al. 1978; Levy and Steward 1979; 1983). Concurrent activation of both

potentiate the weak input. These experiments naturally also demonstrated the synapse
specificity of LTP (see below). Later, associativity was also demonstrated in the
CAl region of the hippocampal slice (Barrionuevo and Brown 1983), a preparation
'in which the effects of inhibition and potential circuit complexities were minimized.
Mechanistically, the properties of the NMDA receptor explain in a simple manner

Spatial limits on associativity
As with cooperativity,
Interactions between sets
tential dendritjc tree),

dendritic electrical integration mediates the associative
of synapses. Assuming perfect spatial integration (i.e. an isopo-
the relationship of synapses in the test and conditioning inputs
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i isi — all associations between differ-
o ll::: ts'?:n‘:is: l::ll;s::e) ;i]:lri:r‘jre\:tl.]tl?’ut if neurons are. not isopote.nti'al,
o O‘i palt tion);hip of synapses in the two pathways will modify the assctcmtlwe
fhe“ th? . i lly proximal synapses would be more likely to shan'e depolanzano.n
mtemc“on: EIel’;tma o};eps napses. The contribution of non-isopotential postsynaptic
— rer:lebbi;,n plasticity rule has been simulated (Mainen et al. 1990) and
Compa"tme“: . aticall {Pearlmutter 1995). Although these studies sugp?est that. e]ect‘ro-
;tma!}c’z:tc:er:fl;t?;rllawill :ffect patterns of synaptic strengthening, empirical verification
onl . i
A A imerestingvli:illta:l(;h:rllc:ligsc;:tli]:lng:t:f;neters of associative LTP.
i a

OV: :i):ft;:lrj]et};li:tllint‘:;acll:;t?); ;e(periment is that the locations of active syx:lt;;pls::n ;;:a?::

; i i i . In a structure wi
P r:osl':iele(jct::::t}::lzrliilrzll)letlf::] :cln;l:zi the position of an extracellular
af'ferents” e tde aEITJe used 1o try to localize activated afferents (e.g. A‘ndersen et. ch.
1950, b eliecgroatei:l specificity is nevertheless limited, and the‘preus’e dendritic
1980.)' butft - apses are unknown. It is also unclear how resnflts obtained with .synch.mi
[Ocatslzrcliizatsi?n I:)f relatively large numbers of synapses will resemble physiologica
nou
(i';\w.‘;ot)aglaetts,eertn;fosiLillc(::lti:z‘:g).r Levy and colleagues (White et al. 1?88; 1?90) demo::it;—::l:i(:
a sp:tial specificity of associative LTP ir; thf.:'de:tar:z gsy;::]gln :‘;:;T;f;ﬁfi?stal i

i i active :

d;':}i:);;‘::l?:;ltl‘: ':;:;Pa::li(:‘:: Z:t(::;:ined the dyegree of overlap b:tween var-i;sl:ls;::::
. ' , i ex. The ability of a strong i
o Sti'"'l“l““':d‘ P“tl:‘t“’a)’ilf;zg;: : xiz:l)c:::tarla'l::i:al test input depended on tht.E ai.nount
C?nd::;:;"l;itlss:n tseptwo sets of inputs, with an overlap of >50% needed for significant
of ov
P houth '(Wi?n;tcl::\[;ell?::r)l‘surmised that this spatial specificity arose simply_fron;

oot lturzlt]tligon between synaptic populations, further studi.es z.nc-tl_mlly p;;:z:d
VOImg? 'attlen le of inhibition in the spatial specificity. Blockade of inhibition ;31; o
e ':‘“t‘":a i r(: ractions between non-overlapping synapses { Tomasulo _et al. 19l h. i
B —— ted by computer simulations showing that massive local s lflf 2
'rESL'llt's ‘wer?lﬁi{zrvoltage attenuation alone, would be required to decoupl::gt:;l7 }e{‘r i
mh'b'“o? o ses in these electrotonically compact cells (Holmes and Le\;y (Hc’-lmes
ole of 1 'SY"“P tials in dentate associative LTP remains somewhat unclear o
e 196 I?menb:alow) In disinhibited CALl slices, associative LTI.’ can br;; prt:afsson
;givt:ybiz?li;szeapical d;:ndritic inputs separated by hundreds of microns (Gus
and Wigstrom 1986).

Modification of associativity by inhibition

iti iti e induct
These results stress that inhibition may critically Legulate‘:?mts et
inhibitory ci
i ici -forward and feedback in _
synaptic plasticity. Feed ackiinhibit e
e};(pefimental induction paradigms (unless 1nhlb|E:on is phalr?rcuits fi;n s
are certainly also critical in the physiological activation of local ci

jon of dendritic
ften recruited ill '
lly blocked) and
ocampus

Spike

As mentioned previously,

Sequences, not merely associations,
of Hebbijan plasticity,
Excessively strong,

e —————

probability of TP
‘primed burst’ (Larson and Lynch 1986)

vered at 200-ms interstimulus interval,
ency) is particularly effective in inducing
n of the slice (Pacellj et al. 1989) through
ergic terminals (Davies and Collingridge

induction in a slice preparation. For example,
or ‘theta bursy’ stimulation (brief bursts deli
corresponding to the endogenous theta frequ
LTP because it resuits jn effective disinhibitio

1997; Pare et al. 1998; but see Raastad et al. 1998),

The results of Levy and colleagues (White et al. 1988; 1990) make a fairly strong case
that at least under some conditions, excitatory and inhibitory EPSPs effectively carve out
multiple semi-independent units within the dendritic tree, It wil] be interesting to

-timing-dependent plasticity (STDP)

STDP has the potential, through its spike-
ect of Hebb’s hypothesis, The introductio
iation allows for the memorization and |

and can help control some of th
such as all of the Synapses onto a particul

timing dependence,
n of timing depend-

¢ destabilizing effects
ar neuron becoming




=713

o1
1

| APSES
'i 476 | FUNCTIONAL PLASTICITY AT DENDRITIC SYN

i

STDP has been seen in a variety of different preparatlolnsl;;\'rlszzilannz\zzzg;t
| [ and Nelson 2000), including .cortical slit:(e;,i gh:jn;)l;l:r]ng;;:ll).ebam;e g
|l1ipplocampﬂl disso‘;:;"(?dzg::;:tfzfll'lgt;;f In ordinary STDP, synapses are stren'gt_hen?d |
- e s of spikes in the pre-before-post order and weakened b.y pairings in
e Pa;lnngln addition, a form called anti-STDP with the opposite temporal
e erl;efore- ost weakens synapses) has been observed in the electrosensory
;lelfe[;?zrl]ec:tgiir:i-sh (Belll::’t al. 1997; Han et al. 2000), the cerebellum {Wang et al. 2000)
- . 2004).
g dors'al cl(:Chlea:l ni?fii;iii:igﬁ::::: :li:lsf?cit))/, it was abserved that backward
E‘“:I?’ i t f)stt\:eeyn weak and strong pathways fails to generate LTP ( Levy and Steward
condl'n(?m?ffsseon and Wigstrom 1986; Kelso and Brown 1986}, Th{s matches, at the
lla?os 3I;ysit:::] level, properties of the NMDA receptor and, at t‘he bEhavnim-lslle:;]'j:f;:;
of cﬁassical conditioning. Recall that the effect of srezyga;[;;:?ziltl:éin;?f:clt : thegCha_nnEl
i , while postsynaptic de -
t(z:;ls]:nili]az;:;'ni‘;ls?:::;:l::z;;l(t)l:l(z:gh rapig Mgz*' block and 1'.1nblock (althouglll Seehdls?:si;
i 2+ unblock under NMDA receptor properties above), but only when
o 510‘1" o te. Therefore, one would predict the temporal order of pre- anq po.stsy-
bo‘“’fd t? . l:mtm?ae .critical The presynaptic signal must precede the postsyna.ptlc signal
:azt:‘i:nileg::;:d:w less thzm'the decay time of NMDA glutamate binding to achieve recep-
tgr unblocking, and the reverse order would' not l?e effectwe.‘ e (AFs) it Eneee
More recent studies pairing postsynaptic action I.mtentla sk > 5
d the temporal sensitivity of STDP maore precisely (Markram e al : e
B ; Debanne et al. 1998; Zhang et al. 1998; Feldman 2000}, As in two pathway
o 1'998, DeLannand St.eward 1983; Gustafsson and Wigstrom 1986; Kelsg etal, 1986;;
e e (' erywindow of coincidence is seen in EPSP-AP pairing studies: the BEPS
a" asymmedmc: ostsynaptic action potential in order to induce LTP. In layer 5 neo::inr-
:‘1 usit;fyr::fni:ktll ?ISurmfs a 100-ms interval produced no plasticit(}jf r:iegart(_iles:‘;J gfet:lrt i:ll:
i i ’ iati n EPSPs preceded action
e "lml:;;a;)p;zdcl:lt‘;f:.lf:(;cl:lit;a;:)(:::n‘:;il neuroni, a similar pro-tocol al::
(M‘"km“l;;“ .'th for»;rard pairing and LTD with backward pairing, but w1_th anlegfz)
- d o oral requirement — a conjunction window of ~20 ms (Figure ;r-
mc.)re refine ;;r:)p}\!though as discussed above, this result roughly matches the pr(:fe 3
('Bl - PO;:\ ce‘ tors, this ,time window is shorter than the time scale of NMDA ; = :1,
or ?lil:txate L:;bil:ldin;;. but could reflect the effect of slcn.v Mg** uncll:tlo.ck (;i:n;i -
tZ(Z)r()!;) It is also likely that the efficacy of EPSP-AP pairing d.epenf ds;:d[:iﬁc o
i -ci dent effect of the EPSP arrival, such as.the mactlvatlonﬂo .
" PSP (Hoffman et al. 1997; Magee and Johnston 1997), or the Y
o b‘}: “I:e . ¢ls by the cooperative interaction of EPSPs an-d backpn:llp:tw;ift!hinga et
;i:?nt:r:c?i[:m bo):;sts AP backpropagation in the distal denfintes l;l.{l)to (;l)l )srTDP requi .
row time window (Stuart and Hausser 2.00]; Sjﬁstr(-)m and ;—Ilz::z:‘-:mpagation Sraa
that synapses detect postsynaptic action pote?tlals, m:“ A i
potentials into the dendrites appears to be an importa

B ———— 2 = — — -
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change in the Postsynaptic EPS
(60 pulses at 1 Hz) plotted aga
potential timing was definad by

inst the relative timing of pre-

and postsynaptic activity. Action

the time interval (At) between the onset of the EPSP and the

author.

backpropagating action potentials in
more detail below.

Interestingly, exactly synchronous pairing ma
tion (Debanne et gl,

Plasticity in general and in STDP is examined in

If the order of action pote
Precedes synaptic stimulatio
typically produces no changes
1986; Kelso et a1, 1986; Levy
depression of the paired synap.
1998, Zhang et al. 1998; Fed
asynchronoys pairing of EP

ntial and EPSP is reversed, so that the actjon potential
n, LTP does not occur. However, whereas reverse pairing
in two-pathway associative LTP (Gustafsson and Wigstrom
and Steward 1983), reverse AP-EPSP pairing produces
ses (Markram et al. 1997; Bi and Poo 1998; Debanne et al,
man 2000). A similar result was originally observed with
SPs and depolarizing pulses in CA 1 neurens of cultured
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hippocampal slices (Debanne et al. 1994; 1997). Rem.arkabl.y, the s.witch from n(l;::n:;::
entinti aximal depression may occur with a time Shlf:t of <5 ms ;
S t(:i(rir;tion spike pairing with random temporal ordering equally likely to
PO:dhgczs;'reInb‘:fore-po'st and post-before-pre orderings has been observed to generate
pr 8
e et al. 1994; Feldman 2000}. _ . 1
LT'l]")hi?J;::vttion of bidirectional plasticity mig.ht be explalmed 15:))/ ﬁn::;f:“t?:: Esc::eiz:d
ation follows from a large increase in [Ca?*] while L'I:D follows romf aflor ausained
i t al. 1999), as has been explored in a nufnber of mo g :
'“‘:re"“k( Yaal:ichuonomano 2002; Shouval et al. 2002; Rubin ¢t al. 2005; Bz'idoual et a(i
(2];82)‘"‘(;;; imaging suggests that the spine [Ca?*] achieved is greate:; d;.l;lgngg f;re\:?:n
. airing (Koester and Sakmann 1998; Yuste et al. ‘ - ‘
et : h differences could account for a radical change in
i 20043{;":1:‘;‘:;1;:5‘;;" is unclear, and is the target of simlitlation 5t!.ldie%
:2eafizcz:; ;;r;irzvski 2002). It seems apparent that various co;nbinl:;tl]on:l ?f Sfln'{;.lall
f i i i rying number) could lead to similar
o ‘fx“mple}POf’ti}’;‘é;‘l‘i— ‘il:l:«t:lrzZsE.o :::j‘ tl;:r:,‘:::lfld ?Jeak spine [Ca?*] alone reliz.lbly
afnlf'l't“fies ! Sptl'nular AP-EPSP sequence? Activation of downstream enzymes,zpartlcu-
oK |csense not only amplitude but also temporal properties c‘)f [Ca®] tran-
l;.u'lY Cag[ Klg;:i]::k 1998). Issues regarding Ca?* signaling are dischseq in more detalll
ls;:ll;t ((Syenapsc specificity section}. In slices, induction of LTP by s'pl‘ke-tlml:;gep;;):cl);ou:
ires pairs with the appropriate timing to be repeated ata minimum r .
requ"e;\lp atively, a transient, weak depolarization of the postsynaptic neuron can be
. Hl::: e:ie:]ith sp:’l,(e pairs at lower frequencies (Sjostrom et al. ‘2001). Botl}cll oIf th:r;e
cm:irlenments suggest that [Ca?*] levels must be elevated to a certain Lhr;sho P l{:e:b):
the izati i -frequency LTP might be sup
e “““Sie“tf depo};t‘il:zzz;:i':; :lfgturi:?::l'ofr?: clz:;inu::ily rec);ive. Interestingly, retrc.)gradr;
tl'le b“frﬂge:’ S|.}1'IIIE;[):.’.;1rmabinoid pathways has been implicated in the -gen‘eratlontc:
i?gall)lnfptik:tiiing protocols (Sjéstrom et al. 2003). This pathway 15(111]:2'5;’0ﬂ;
relative};y slow, suggesting that the rapid switch-ctver from LTP to I;:?;::EE, : :g O SR
timing difference arises from a more slowly varying LTD compon
Sug-d enl:?;i:r:sfol}?;ming such as classical conditioning display alssociat‘ive a;l;lgt;Tl;?}:'?sl
effel:-:lls that appear analogous to those of STDP (reviewed in OQI:LH\:aY et
connection assumes that presynaptic input cmtresl?onds 'to o‘r mr osduced e
the conditioned stimulus (CS), while postsynaptic stimulation ;]s pCS o
ditioned stimutus (US). Following pairing of (?S and USI, t. e e
tentiated and can now evoke the response previously exc usive e
pote . ts of these learning paradigms (CS must predict or prece .
"_al req“"e';:el': temporal requirements of STDP. In fact, it has even been o Semactive
t'}:'elye‘:‘::e (:rc:e:ing, US before CS, can cause an aversive C3 t(})1 becoilir:: :rdering :
ET:nrimoto et al. 2004), analogous to the switch from I..TP to LTD <! te;:j 371 o e
ed. Several studies have provided remarkable evidence th.a.t jus o
i?l‘vl:-rlsike-phenomenon in the lateral amygdala mediates the acquisition 0

will also be critically shaped by these

B, S

S-'-’}KE-TIM!NG-DEPENDENT PLASTICITY (STDP) II

(Rogan and LeDoux 1995; McKernan and Shinnijck-
In addition, the appropriate spike ordering ha
of Somatosensory cortex after whisker clipping in r.
role of STDP in this phenomenon (Feldman 2000). Nevertheless, in classical conditioning,
it is not clear whether depolarization rather than, for instance, a neuromodulatory signal
carries information in the US, More complex forms of learning have even less clear rela-
tionships with the cellular properties of synaptic plasticity induction and may call for
entirely new mechanisms, such as the provision of a global reinforcement signal that js
not computed locally by the cell {reviewed by Schultz et af, 1997),
The temporal contingencies introduced by STDP lead to predictions of timing effects

during learning (Minai and Levy 1993; Abbott and Blum 1996; Blum and Abbott 1996;

Gerstner et al. 1996). For example, theoretical analysis led to the prediction that receptive
fields would shift backward upon re,

peated stimulation in a particular temporal sequence
{Abbott and Blum 1996; Blum and Abbott 1996). This effect has been observed in a
remarkably large number of different contexts (Wilson and O'Neill 1998; Mehta et al.
2000; 2002; Engert et al. 2002; Fu et al, 2002; Yao ¢t al. 2004), and it implies that neura|
Systems can spontaneously develop predictive encodings of sensory data on the basis of
experience. While it is clear that the timing dependence of STDP might play a role in
temporal sequence learning and prediction, there are more subtle effects introduced by

Gallagher 1997, Rogan et al. 1997),
s been found during remapping
ats (Celikel et al, 2004), suggesting a

2000; Kempter et al. 2001; Rubin 2001

temporally reversed dependency, has been explored in the cancellation of

electric fields in electrosensing in fish (Roberts and Bell 2000) and in the equalization of
synaptic efficacies along complex dendritic trees {Holmgren and Zilberter 2001;
Goldberg et al. 2002; Rumsey and Abbotr 2004),

If repeated pre- and postsynaptic spike pairs are well separated in time, their effects
on synaptic efficacy roughly sum linearly, at least until saturation occurs. If, however,
multiple spike pairs appear within the duration of the temporal window for
STDP induction, nonlinear interactions become apparent (Senn et al. 2001; Sjostrém
et al. 2001; Froemke and Dan 2002; Wang et al. 2005; Froemke et al. 2006; Kampa et af,

2006). Models of these nonlinear effects are still being developed (Senn ¢t af, 2001;

Badoual ¢t al. 2006), and their functional implications have yet to be worked out.
However, i

s Gutig et al. 2003). The role of anti-STDP, with its

self-generated

Dendritic excitability and synaptic plasticity
The presence of voltage-gated Na*, K*, and Ca2+
Profoundly change the function of the d
14). 1t follows directly that the integrati

channels in the dendritic arbor ntay
endrites in synaptic integration (Chapters 9 and
ve function of the dendrites in synaptic plasticity
active channels. The function of active dendritic
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ing may have as much impact on signaling between synapses as on conveying

maptic s lyto the soma — or somatic signals back to the synapses. 4
SY““P_“C i Is are usually initiated in the axon {reviewed by Stuart r,jt.nl. 1997b),

e poesemee sf oltage-gated Na* channels throughout the dendritic .arbor of
th o IJreselm:edon:ocoréical pyramidal cells (along with favorable electr,lfal load
h'PP.OC“m'Pa :)m omotes the propagation of regenerative curreflts ‘backw.ard into the
;0“::;‘::3):1 (l:L‘rhapters 9 and 14}. Thus, a backpropagating f.‘ctul))n potenit‘ltaeldmf?(): ;e:;z

. iti when a spike has been em
! SY"“lpse; L:Ziuizz:;:}tﬁ:eall?;;:c;;i:ntials in spynaptic pl.asticity has recer?tly
o c f cons:::ierable interest. Under physiological conditions, do these action
becom'e 7 tOP‘:l:_ Ote the postsynaptic depolarization necessary for NMI,)A r.ece.ptor ope.n-
Pm:rll; lﬂstrl?iz éiding \fould bring the physiology even closer to Hebb's principle requir-
zzg-ﬁri:g, of both presynaptic and postsynaptic neurons (Hebb 1949).

i ?
Are backpropagating action potentials necessary?

i i ot strictly necessary for the induc-
IF e de?[(:]}s:/::::utgl?::l:t:j?tf ?S;é:ase?:s :t al. 198;:; Gustafsson e‘t al. 1987;
g(())?d?:gci::liILZOOZ) The depolarization necessary for NMDA rececllntoz ;f;?gf:::g:
. : inj cording pipette under
dir'eCtly Supiliedtby::t:;:l:;zfglf lt::lzlelg?aacroemmong;)r:t:edure for im':luci{)g LTP_ in
oo Send'z s is to voltage clamp the neuron at around 0 mV while stimulating
WhOIe-ce"' recf?r l ti at low frequency (Malinow and Tsien 1990). The. fact that LTP can
PrESY““_Pt'F ::j erec?in the absence of postsynaptic firing suggests the stlmplf: explanat.mn
e i l'mle ence of backpropagating action potentials on LTP is their depolariza-
ﬂ'mt ot ;\I/;Dli\ receptor and the consequent amplification of NMDA-receptor
t'““"’f i 1':1* influx { Koch and Zador 1993; Yuste and Denk 1995; Koester and Sakl:an:
mEd'm“L(i:‘ :tlal 1998; Yuste ¢t al. 1999; Nevian and Sakmann 2004), rathel t ; ;1:)
1998;dS y et:chani-sm such as activation of voltage-gated Ca** channel.s (.but see :.; mm;
. tic action potentials may not be strictly necessary, itis an imp 5
Wh'lle pOStsynl;‘lprlnc to determine under what conditions postsynaptic action potenntic
ﬂnd.dlfﬁcu!t pl.(l) cei in the normal (inr vive) induction of LTP. Bleckade of p.ost;syn:gtic
are in fact e lve(Scharfman and Sarvey 1985} or specific blockade 01" their denmme
b POte"t'.a S (Magee and Johnston 1997) can prevent LTP induction Lfl’!. erEpSps
b“Ckl_’l"c’P“g“t'on e rgparations, AP-EPSP pairing can induce LTP where pamtngl g
o Indsggl o:)arization or high-frequency stimulation fails (Mgrkram e‘ er; -in g
and Prolfzfelg%p). A requirement for action potentials might be m:;r:::,maﬁon =
cz::trelfti)f tl;e spine NMDA receptor theory as a finding that suﬂnth‘r:eesllg“ T,
EPSPs cannot produce enough depolarization. t.o open NN;D- ;‘:.; -,,I:Jal e
tentiation. Thus, synaptic cooperativity .und.erp ysiol g e
f:t{l]:::ttis‘:lecessity for sufficient synaptic depolar!zatlon .to- ;I;i;t;{)c:cz]if e
ated axonally and backpropagating to the dendrites or ini

ic action
i ostsynaptic action
between synapses, but on the ability of one input to generate the postsyn

i i epolarization i
iative interactions would depend not on direct sharmg of d |
Likewise, assoclative in

e e
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tions, including neocortical slices (Markram et al. 1997; Feldman 2000), acute
hippocampal slices {Magee and Johnston 1997), cultured hippocampal slices (Debanne
et al.1998) and dissociated cultures {Bi and Poo 1998), and frog tectal neurons in vivo
(Zhang et al. 1998), are mostly consistent. LTP induced by pairing EPSPs and postsynap-
tic action potentials is usually (Markram et af. 1997; Bi and Poo 1998
1998; Zhang et al. 1998; Feldman 2000), but not always (Magee and Johnston 1997, see
below) blocked by NMDA receptor antagonists. Synapse specificity of EPSP-AP pairing
was demonstrated in tectal neurons (Zhang et al. 199
our knowledge of LTP mechanisms stems from €xperiments using tetanic stimul; {and a
smaller amount from low-frequency pairing with prolonged depolarization), it wi])
be very important to determine whether mechanisms of EPSP-AP-induced LTP are
indeed similar, Experiments such as verifying synapse specificity of induction, establish-
ment of the duration of potentiation, and occlusion of tetanically induced LTP and
action potential pairing-induced potentiation would be useful in this regard,
Extracellular monitoring of EPSP-AP pairing-induced LTP would provide a simple

facilitate the study of issues such as the temporal
ity to pharmacological agents. In whole-cel| pairing
experiments, Postsynaptic action potentials are generated by intracellular current pulses,
but they can also be elicited by antidromic activation of postsynaptic cell axons. Perhaps
surprisingly, such a protocol has not been successfully used. In one
orthodromic~antidromic paring (Jester et al. 1995)

; Debanne et al,

study examining
» conventional NMDA receptor-
» but a form of potentiation known as ‘EPSP-spike’ (E-S)

have supported both intrinsic
Debanne 2003; Xu and Kang 2005),
Regulation of backpropagating action potentials

A variety of mechanisms have been shown to be capable of modulating the spatial extent
of dendritic action potential invasion i

dendritjc location, Indeed, the propertie
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depending on the location of the activated synapses (Froemke et al, 2005; Sjéstrom and
Hiusser 2005). Generally speaking, synapses on a particular dendritic branch are likely to
experience identical action potential signals, while synapses on different branches may
experience distinct action potential signals. For example, under resting conditions in
; pyramidal neurons, action potentials typically do not fully invade the dendritic tree
(Spruston et al. 1995b; Stuart ef al. 1997a); only synapses within the proximal regions of
the dendritic tree would thus be subject to action potential depolarization and experi-
{ ence potentiation. These proximal synapses would therefore form associations with each
other, but not with more distal (uninvaded) synapses. It is possible that invasion of
action potentials may be controlied on a much more local level by up- or downregulation
of the activity of voltage-dependent Na* and K* channels, Thus, similar considerations
might apply to individual subtrees of secondary or even tertiary branches rather than
simply to large-scale proximo-distal specificity. Candidate mechanisms for branch-
specific regulation of backpropagating action potentials include branch-point failures
| (Jaffe et al. 1992; Regehr and Tank 1992; Spruston ¢t al. 1995b; Magee and Johnston
1997), excitatory (Hoffman et al. 1997; Magee and Johnston 1997; Magee et al. 1998;
Stuart and Hiusser 2001) or inhibitory (Buzsaki et al. 1996; Tsubokawa and Ross 1996)
synaptic input, phosphorylation (Hoffman and Johnston 1998; Magee et al. 1998), neu-
romodulatory transmitters (Tsubokawa and Ross 1997; Hoffman and Johnston 1999;
Sandler and Ross 1999), and action potential-dependent inactivation {Colbert et af.
1997; Jung et al. 1997; Mickus et al. 1999).

Whether selective amplification and suppression of the invasion of different regions
of the dendritic tree plays an important role in dendritic plasticity still remains an
intriguing conjecture. However, one very exciting set of studies (Hoffman et al. 1997;
Magee and Johnston 1997; Magee et al. 1998) has gone some way toward demonstrating )
the possibility of branch-specific EPSP-AP pairing in CAl pyramidal neurons. First, F',g' 18.3 B'a‘)Ch'SDE'Clﬁc b
subthreshold EPSPs boost the amplitude of backpropagating action potentials (Magee with Fura-2 via a dendritic pa
and Johnston 1997) by inactivating transient A-type K* channels, which are present
at high density in CAl pyramidal cell dendrites and can control backpropagating
action potential amplitude there (Hoffman et al. 1997). Second, dendritic hyperpolariz- 98rs a very small Ca?* signal in the distal dendi ne antidromic action potentiats {bottom Iine) trig-
ing current injections can prevent induction of LTP by EPSP-AP pairing {Magee and increase in dendritic act; endntes. (c) A 40-ms, 0.3-na Current injection causes an
Johnston 1997), perhaps because such injections can prevent action potential boosting s logated nearest the itic pi . ed Ca?* signal. The largest Ca+ signal
by EPSPs (Magee and Johnston 1997). Third, at the fork of the primary apical dendrite of
CA1 neurons, branch-specific boosting of action potentials can be produced by direct
depolarizing pulses applied to one branch (Figure 18.3) (Magee and Johnston 1997;
Magee et al. 1998). It appears to follow logically, but remains to be demonstrated experi-
mentally, that branch-specific associative LTP can be induced in this way. This might be
accomplished by monitoring two weak {(subthreshold and non-EPSP-boosting) test
pathways applied to separate branches and inducing potentiation by pairing with
a strong (supra-threshold and EPSP-boosting) pathway confined to a single branch (or,
alternatively, direct dendritic depolarization could substitute for the strong pathwayl.
What has been established is that the magnitude, temporal dependence, and even-‘thf ]
sign of spike-timing-dependent plasticity depends strongly on synaptic locatiof

=t— 5% ARE
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_2 via & patch pipette located
» 30 um distal to the sjta shown. The

soma. (b) Optical recordings {average AF/F) from
ed boxes in {a), with the dendritic voltage shown
tials {bottom Jine) induces a Ca2+ signal primarni
the branch point. {c) Current injection (0.2 na) rnto
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(Froemke et al. 2005; Letzkus et al. 2005; Sjostrom and Hiius:r.er 201?5).t .The I;g:l;:tt::lr;
ity ap he backpropagation of action

ticity appears to depend both on t i

?;tpla:tl::lzlr Hpiipusser 2001; Sjostrom and Hiusser 2005) and on the g;:ner;t:or:
ua H . e
of dendritic calcium spikes (Golding et al, 2002; lI((an‘fpa. et Zt;:::gm r;?:“idty
is i i i ike-timing-

itic electrogenesis is spatially cooperative, spi : icit
denlccllrfl::;i(lf)i‘:l co%nplex dependence on the spatial pattern of activated synapses within
cou

the dendritic tree.

Chemical compartmentalization and integration
by dendrites

specifici _
:ynapsseec:::icity ref:yrs to the requirement for an individl'ml synapse tlo bfa presynapt.t-
c:;;;r:;i\Zted in order for it to undergo potentiation during a concintlomni%iszott;):ﬁé
ifici imply a process that is not truly sens
(l:‘cz)‘l:'l:xzzt?z:il:'s;rzl-)z:g ;:syts;(::t:iic aftiiity?but could also result from t:e spr;a::; ;;
D -
plasjticity signal generated after detn;ction otf sui.l:huat fgl;]:;iﬁ;}; ;\ll;;u:ltrllgim?;:mm oo
i naptic
o reg“‘k;t;"g :;elc;\;;:a’i‘lu?:;z::) ?mfiYNelleon 19P‘)8). synapse sPeciﬁcity 'is ofte.n seer.x a.;,ln
(T::;:qgl:iasite for a synaptically based cellular memory m‘echz‘mlsml; The 15::; :,r ::(SJI::O);
zne of computational or storage capacity. I:]ou%hly specz;l;;:fi.:: za;ca ;)::lzn ot
i i i ion, the storage
;fet:ebll:lsl;il:rdc‘:?‘i:tr;dseyl:al:sf:s:n:ya;li:ally 104 or!l:nore. A catastrophic break:owf;c(::
s;napse specificity would clearly degrade. capacity, but it has be’e:: ;;lgu;;io:lz; ]t" :1; -
of semilocal potentiation may be beneﬁa.al.{e.g. Montague st 3 . ” f,mm e
In the hippocampus, synapse specificity of LTP was ehuc rom e
(Andersen et al. 1977; Levy and Steward 19.?‘9}. HO\.wever, t e 'exp:rh;1 e
demonstrating strict synapse specificity durlng LTP induction ;3 :mem[;s o
the documentation of associative and cooperative phenome;a. e
been conducted with dual pathways of stimulated afferents. Typically, ot
imulated by large extracellular electrodes placed some di i
. ;)": S;:'Tfrom one another, either on opposite sides of the recor ing si &
e mr:: loEations along the proximeo-distal axis of the cell. Tl‘1us, the [?rl:r:lse:::eila"y
. ation ivated synapses is not known, but could generally involve elt- er pF 2
!Oca“‘fn_ " a;m;an:ost:( segregated populations of synapses. With the locatllon 0 lact L
‘“terd'glm“-’k own it rzmains possible that specificity breaks down on a spatial an ; s
s sl “]“ 'not ;hese distances {e.g. between neighboring spines on a small eriround
:)s Sm:l:l) r;?)tt:lbelyoin one of the most careful examinations of this issue, the ;::;;;51 et
al;‘:iioj"k 0;' synapse specificity at distances of ::1?0 Hm (Engert anc: lz?rr:earby o
This study used local perfusion to pharmacologically lso'late grousdence s
in cultured hippocampal slices. Because there was no obvious 525{:0 o I
of cross-potentiation on the relationship of the‘ groups of synzlllp o d
these results could be interpreted as supporting an extracellu

into different forms of synaptic plasticity is that the amplitude and duration of local

{Kossel et al, 1990; Schuman and Madison 1994),

According to the spine NMDA receptor model, synapse specificity begins with the
requirement for the presynaptic terminal to release glutamate directly onto NMDA
receptors in order to bind and open them. Nonactivated Syhapses may receive strong
Postsynaptic depolarization, but, without glutamate binding to NMDA receptors, will
not receive the necessary NMDA receptor-mediated Ca2* influx. From this point,
Synapse specificity is believed, first, to rely on the ability of the postsynaptic dendrites to

localize this [Ca2+) signal, and some portion of the signal transduction cascade that it
activates, to the lacale of the synapse. Ultimately,

Achieving synapse specificity may be most problematic with res
modifications that require de novo synthesis of plasticity-
that the initial maintenance of synaptic potentiation is p

Pect to those synaptic
related proteins. It is believed
rovided by covalent modifica-
but that maintenance of the potentiation

transcription in the nucleus followed by ribosomal transtation (either in the cell body
or in the dendrites {Chapter 5)), the machinery cannot be contained entirely within a
given spine synapse. Therefore, some Provision must be made for targeting the newly
ially or exclusively to Potentiated synapses. A number of

be achieved have been proposed (for example, through
a synaptic ‘tag’} (reviewed in Frey and Morris 1998), Quasi-synapse-specific protein
delivery might be achieved by upregulating transation in a branch-specific manner, True
Synapse specificity would still require spine-specific markers or tags,

such as a particular
phasphorylated protein.

Dendritic spine [Ca2+]

NMDA receptors have an unusuall
Westbrook 1987; Ascher and Nowak
NMDA receptor is the flux of CaZ* jon
are located. Insofar as the N

y high permeability to Ca2+ jons (Mayer and
1988). The only well-recognized ‘output’ of the
s into the dendritic spine on which the receptors
MDA receptor is the principal pathway for rises in spine
ivation and spine [Ca?*] activation could be considered
ctors (but see below). The chemical compartmentalization
Provided by the spine (Chapters 10 and | 1) would provide a means of restricti
in [Ca2*] and subsequent activation of Ca2+
enhancement of synaptic strength.

A simple and popular h

ng the rise
-sensitive enzymes that would catalyze the

ypothesis concerning the transduction of Ca2+ signals

e
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ine [Ca?*] rises determine whether potentiation or depression ('or not.?}ling) will oceur
5![J.'s an 1989; Bear and Malenka 1994). A rise in postsynaptic [Ca**] is necessai:y
: l II,T'I]'P and L'I,'D induction, as chelation of Ca’* by intracellular' buffers prevenft::t ;
'OSuction of LTP (Lynch et al. 1983; Malenka ez al. 1988). Following reduction t:)l .a
. try through NMDA receptors (by pharmacological block using APV or hyperfu] ;l;::;_
- i i tal .
i i nduce LTD {Cummings e
ion), a normally LTP-inducing tetanus can i . mm -
g\?i:li)ence for the sufficiency of spine [CaZ*] to mduce.pot.erll]t}atwn or cliepr[ecs:;2;1
ifficult to obtain. Many stimuli which increase spine .
has been somewhat more difficu ! :
s:::h as action potentials or depolarizing voltage pulses, typically do m:):\pdr(.:tfl:f{uceltL'I'il:l
but may produce a transient potentiation (e.g. Kullmann ¢t al. 1.992). 1t 1cuayses
interpreting experiments of this type is that the [Ca?*] actually achleved‘at tes syln P f
o Fknown Protocols for inducing LTP by raising intracellular Ca®* with pll':)to ysis od
cage ' i i lenka et al. 1988; Neveu an
& have yielded mixed results (Male ‘
e Tapout: iability observed in these
i that some of the variability
Zucker 1996a; 1996b). However, it appears i =
i i i d-Ca** compound (Yang et al, .Asp
dies may be avoided with a new cage : al. 199¢ P
:ltilclted rnisi);g Ca?* briefly to high levels consistently produced LTP, Whll; raising :ljzt; to
lower ievels for a sustained period produced LTD (Yang et al. 1f999). ltn tt'estii: :;)rtlolo];r:‘s;
ivi t necessary for potentia
tic activity and glutamate release are no
?;ziy;iplcullmann);t al. 1992; Neveu and Zucker 1996b). The exac.t pa‘:rametelrs c:tf.th'e
required [Ca?*] rise may also depend on the history of the synapse (i.e. ‘meta-plasticity’;
iewed in Abraham and Bear 1996). o ‘
rer:eis widely held that the main function of postsynaptic spines is to compa_rtn;.-;::l.l:e
i
diffusible molecules at a single spine synapse and to prevent tgh;;n Ii;ron])1 othznz\.";s; : : 19933,
i 1988; Holmes and Levy 1990; Koch an : 3
between synapses (Wickens o of s
s Hi 1997). Compartmentalization ¥
boda et al. 1996; Hiusser et al. ipar ! : ;
f:aons(i)ents by spines has been demonstrated with imaging technigusesk(Mulle::gn&
i d Denk 1995; Koester and Sakmann :
Connor 1991; Denk et al. 1995; Yuste an 19 A
i : 99). However, it is not clear from 4
Mainen et al. 1999; Yuste et al. 19 : o e
izati ld hold under various stimulatio .
what extent compartmentalization wou P
ifi icity has recently been demonstrated at synap joa]
Synapse-specific plasticity . : s
inhibi 05), a finding consistent wi
hibitory neurons (Lamsa et al. 2005), : s
":)rrll ;rotn):entalization might be achieved on a much smaller spatial scale thz;f iv;a]ing
; inf{*J There is evidence, for example, in the process of vesicu]ar release, tha:1 C:.l : 959 g) g
nl:ole;:ules are located within a microdomain (<100 n'm; reviewed by NT- ti:n g
the mouth of a Ca®* channel. The role of dendrites in compartmentalizing

signals is treated at length in Chapters 10 and 11.

Role of voltage-sensitive Ca2* channels

i T SOUrces
Although the NMDA receptor is clearly a mz'lin SOI:H'CE of.sp:ne C;ll: ez::;e(;tlgaz+ i
of Ca’* entry into dendritic spines clearly exns.t — in particular, v ittef e
nels and intracellular Ca®* stores. Local uncagm’g of neurotr;ms;;rs o iler o al 19380
in spine [Ca®*] that are sensitive to various C:r-.+ channel b oc_ T e
Blockers of Ca2* release from stores can dramatically reduce spin

e
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some conditions (Empiage et al, 1999; but see Mainen et ai. 1999), Backpropagating
action potentials admit Ca2+ through voltage-sensitive Ca2+ channels (VSCCs) on
dendrites and dendritic spines (Yuste and Denk 1995; Koester and Sakmann 1998;
Magee et al. 1998; Yuste et al, 1999). The amount of Ca2+ entering the spine via NMDA-R
activation and via VSCC activation is of comparable magnitude (e.g. Koester and
Sakmann 1998), although the NMDA-R activation could in theory be greatly increased
during sustained depolarization. These observations support the possibility that
backpropagating APs or even local depolarization could mediate a plasticity signal
independent of NMDA receptor gating.

The actual contribution of VSCCs to associative LTP is stil] controversial. Ca* influx
through VSCCs is not strictly necessary for LTP, as voltage clamping the neuron at the

(Perkel et al. 1993). Furthermore, LTP can be produced in the presence of L-type and
T-type VSCC blockers (e.g. Huang and Malenka 1993; Hanse and Gustafsson 1994;
Bi and Poo 1998). Blockers of other VSCC types {e.g. N, P, Q/R) affect presynaptic
Ca** channels and block transmitter release, making pharmacological dissection of their
roles more difficult to discern. Nevertheless, the possibility of cooperativity between
NMDA receptor and VSCC mediated Ca® entry under particular stimulus conditions
is not excluded by these experiments. Assuming that VSCCs are activated primarily
during action potential invasion and not by subthreshold stimulation (i.e. primarily
high-threshold VSCCs are involved), the participation of VSCCs in L'TP induction would
depend on the extent to which action potentials are elicited and backpropagated duringa
particular induction protocol (Markram et al. 1997). As NMDA receptor-mediated Ca2+
influx depends strongly on the extent to which action potentials are elicited

variables are not measured and depend on the precise stimulation delivered, inconsis-
tent results would be expected, In EPSP-AP pairing experiments, blockade of L-type
VSCCs has been shown to partially prevent potentiation (Magee and Johnston 1997;
Bi and Poo 1998) and can block depression (Bi and Poo 1998), Other forms of

" NMDA receptor-independent {and VSCC-dependent) potentiation have been described

in neurons that also show NMDA receptor-dependent potentiatjon. Some of these,
such as TEA-induced potentiation (e.g. Hanse and Gustafsson 1994), are heterosynap-
tic, but an associative form that requires synaptic stimulation (but not NMDA receptor
activation} has also been reported (Kullmann er al. 1992). The latter study points to
the possibility of a secondary coincidence detector {outside the spine NMDA receptor
theory),

How would the enzymes in a spine distinguish between Ca®* arising from NMDA
receptor influx and that arising from other Ca2* sources? [s it possible that Ca2+ entering
through the NMDA receptor has privileged access to a key enzyme by virtue of extreme
Proximity? The ability of EGTA to prevent LTP induction (Lynch et al, 1983) would
Suggest otherwise, as this chelator does not bind fast enough to prevent Ca2* signaling
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i ivati f fast
the scale of channel ‘microdomains’. Furthermore, photolytic Iact;(vat:c:; ?992)
" a et al. :
OCZz"' buffers can prevent LTP induction upto 1 s afteni-l a tetanus (Mfll if::ate o
i ime to equi
indicati & t remain elevated for enough time
indicating that Ca°* mus - : e
larger spa?ial domains (see Chapter 10 for a discussion 0:'1 diffusion lsts;::“; e N
ld distinguish the presynap
nundrum of how a synapse cou ; ! oA
Thi C: Ca?* from purely postsynaptic sources of Ca?* raises the question ast .to bt
st 0d athway parallel to the NMDA receptor might detect presynaptic e sz
n 13
; 151“0 ainpcandidates for such a detector are the metabotrol?lc glutama;e I’ECS;JH 3
. ZT‘ Rs), which are not permeable to ions but directly activate sec;:on. mes aigns
u ! . » m
(mthwa s. The evidence for the involvement of mGluRs L !,TP "é :J:Fu::tll-:.-es it
lmntrcm):(rs-ial (Selig et al. 1995). mGluRs might contribute addmol}allggg)u:n e C;; n
- . tai, . b
ivati 2* from stores (e.g. Emptage ¢
ia activation of release of Ca . e
"“;:: [Ca?*] remains the coincidence detector and the pr;l-:vli:m rlem.ztl;]ntsh:::;GIUR-
zternatively a downstream enzyme might integrate the Ca sngnad wnd e o
, i i -order
i ting as a more precise, secon
second messenger, thereby ac RIS !
“C“"atec‘]i postsynaptic activity. Further downstream coincidence detectors are also calle
re- an . * -’ - ,
Epon for mechanisms of LTP expression involving presynaptic changes

Concluding remarks

QOur understanding of the physiology of long-term syn?ptic plasticity has biral::l?isf(:lzzla;
i based on spine NMDA receptors as coincidence detectors. e
- l()))s(eas tflc]::'r;ain functions for dendrites in explaining the phenomenology of long
prop:
term plasticity: . = .
| Eictrical integration. Synapses interact by supplying depola:jnza:lhoeni '(1(:: tzgz;pﬁojl:i
. ization) that is sensed eventually by the NMDA rec_eptor. Thus, . gta] e
i dendritic tree is seen as mainly electrical. 'Most.exp.enmen A
on 'Of . ith cell-wide summation of synaptic activity, with little -exl.;vloranonl
ot ho Wllt1 cetive and passive propagation of electrical signals within dendrites
- o'f ho‘i:et tce) ﬁore complex synaptic relationships. The contributions of V(:It:tgre;
:;:Zitgi::éaz*“ channels and coincidence detectors other than the NMDA recepto
still not well understood.

diates a

2. Chemical compartmentalization. Once activated, the. I:MD{: ::::ftti(;; n;:cu"ing

. highly local (spine-specific) biochemicalacascade wit l:lotL L

between synapses. The dendritic tree, particularly throflrlg e e

which excitatory synapses are formed, isolates synapses ?mChemicaI o

se specificity, Thus, the dendrites are seen as acl'uevmg' . i

SY'?“p on, ination of the net effect of synaptic plasticity by T

'“112‘1“0“-. D:Ite"t?ll)ulk spine [Ca®*| is an attractive, but still unpro‘.'en hypﬂ .

:"l;ld ani]sp:::tal.;o:l (t)o believrel:J that the basic dendritic function.s of elec:trtlc:a‘l1 ;?i:f::ions

ansr:hemical compartmentalization are both subie;tbto TP:;:::;;;; -
that point toward the possibility that groups of neighboring

functional units.

interactions between synapses within the dendritic
tree will therefore have a spatial or topological component,

with nearby dendritic location and correlated activity, Thes
largely in the realm of conjecture,

and control the location of pattern

reinforcing synapses
e possibilities remain
and will require experimental means to measure
ed synaptic activity.

4. Chemical integration. Dendrites and spi

semilocal (e.g. branch-speciﬁc) scale.
In addition to the spatial aspects introduced into associative s
by dendritic Structure, temporal contingencies intrinsic to the

induction add to the richness of the basic phenomenon and to its i
ing and memory.

ynaptic modification
process of plasticity
mplications for learn-
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Chapter 19

Stru?tural ﬁasticit_y of dend_rie:—_

Anna Dunaevsky, Catherine §. Woolley

Summary

Many lines of research have demonstrat
mammalian brain, Historically, the concept
into theorjes of learning in which structur

ed structural plasticity of dendrites in the
of structural plasticity has been incorporated
al changes in synaptic connections between
m information storage. However, the fact that

e likely to be distributed within and between
brain regions, combined with the inability to identify individual cells and synapses

involved in learning, makes it difficult to test this hypothesis directly. Even so, a number
of experiments have demonstrated consistent experience- or learning-dependent struc-
tural changes in dendrites and Synapses of cortical structures, Unti] recently, these types

of studies depended upon comparisons of groups of animals, typically a control group

and a group that underwent some form of training. Structural differences between

of training on dendrites and synaptic connections.

advances in time-lapse imaging approaches (i.c. multiphoton
microscopy) allowed the visualization of the same dendrites in culture and

i1 vivo over minutes to morntths, revealing the dynamic nature of dendritic s

In the past several years,

multiple hypothalamic regions. The furt
Structural plasticity in the dend
important in learning, may help to bridge these two approaches b

which to study the learning- and memory-
Produced by hormones,

her observation of similar hormone-induced
rites of hippocampal neurons, which are known to be

Y providing a context in
related consequences of dendritic plasticity

Introduction
The wiring of the adult central nervous s
and structurally stable, Indeed, it had bee
tic connectivity within our brains is nec
However, such a rigid picture of neural

ystem (CNS) classically had been viewed as fixed
1t presumed in the past that stability in the synap-
essary for continuity of memory and personality.
circuitry is now contradicted by over 30 years of




