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Abstract

The thalamocortical (TC) input to layer IV provides the major pathway for ascending sensory
information to the mammalian sensory cortex. During development there is a dramatic refinement
of this input that underlies the maturation of the topographical map in layer IV. Over the last ten
years our understanding of the mechanisms of the developmental and experience-driven changes in
synaptic function at TC synapses has been greatly advanced. Here we describe these studies that
point to a key role for NMDA receptor-dependent synaptic plasticity, a role for kainate receptors and
for a rapid maturation in GABAergic inhibition. The expression mechanisms of some of the forms
of neonatal synaptic plasticity are novel and, in combination with other mechanisms, produce a layer
IV circuit that exhibits functional properties necessary for mature sensory processing.

Introduction

The facial vibrissae (whiskers) of rodents are somatotopically represented in the primary
somatosensory cortex by cylindrical arrangements of neurons known as barrels (Woolsey and
Van der Loos, 1970). Sensory information from the whiskers passes via the brain stem and
thalamus to layer IV neurons in “barrel cortex” (Fig. 1 A). Anatomical (Woolsey and Van der
Loos, 1970) and electrophysiological (Welker, 1971) studies show that each whisker projects
preferentially to a single barrel. In adult animals this preference is seen in electrophysiological
recordings from layer 1V as a short latency (5-10 ms) response to deflection of only the
corresponding principle whisker mediated by activation of the thalamocortical (TC) input.
Layer IV neurons also show responses to stimulation of non-principal whisker stimulation, so-
called surround receptive field (SRF) responses, but unlike the principle whisker responses,
these are thought to involve cortico-cortical connections (Armstrong-James and Callahan,
1991;Armstrong-James et al., 1991). This receptive field is, however, subject to experience-
dependent plasticity: if all but one whisker is trimmed, short latency responses to deflection of
the remaining whisker appear in other barrels. This plasticity in layer IV is most prominent if
the whiskers are trimmed within the first postnatal week, although other forms of intracortical
plasticity persist later in development (Diamond et al., 1993;Diamond et al., 1994;Fox, 1992,
2002;Wallace and Fox, 1999). Thus the first postnatal week represents a period of enhanced
plasticity in layer 1V, similar to critical periods described for other forms of experience-
dependent plasticity, for example in the visual system.
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A slice preparation has been developed in which the TC afferents are preserved for in vitro
electrophysiological studies (Fig. 1 B—F). In this preparation electrical stimulation in the
ventrobasal complex (VB) of the thalamus allows the study of monosynatically activated TC
synapses (Agmon and Connors, 1991), something which has been possible for auditory
(Cruikshank et al., 2002) and visual cortex (MacLean et al., 2006) only relatively recently.
This preparation together with the ease of anatomically identifying the barrel field both
histochemically (Woolsey and Van der Loos, 1970) and also in unstained slices (Agmon and
Connors, 1991), and the well-defined mapping of whiskers to barrels, makes the barrel cortex
auniquely well-placed model for studying the synaptic mechanisms underling the development
of the sensory map. Such studies have shown that a number of mechanisms are involved in
mediating this development and refinement of the cortical map. NMDA receptor-dependent
long-term plasticity occurs at the TC synapse only during the critical period for layer IV
experience-dependent plasticity (Crair and Malenka, 1995) and results in a switch to fast
AMPA receptor-mediated synaptic transmission from slow kainate receptor-mediated
transmission (Bannister et al., 2005;Daw et al., 2006;Kidd and Isaac, 1999). At the same time
TC afferents projections refine to within individual barrels in a manner dependent on synaptic
activity (Lu etal., 2006;Persico et al., 2001;Schlaggar and O'Leary, 1991) and cortical neurons
migrate to the edge of the barrels whilst their dendrites become orientated towards the centre,
a process that may also require activity (Inan et al., 2006;Iwasato et al., 2000).

Long-term Potentiation (LTP) at TC Synapses

LTP is a long-lasting and activity-dependent increase in synaptic strength (Bliss and
Collingridge, 1993). A variety of stimulation protocols both artificial and pseudo-natural have
been used that result in an increase in synaptic transmission in many brain areas (Malenka and
Bear, 2004). Although the mechanisms mediating this increase in synaptic transmission may
vary depending on the synapse being studied, the majority of these mechanisms require
activation of the NMDA subtype of glutamate receptors. The potential of such mechanisms to
produce long-term changes in the weight of transmission at a particular synapse make LTP a
likely candidate as the synaptic mechanism underlying certain forms of learning and memory
(Eichenbaum, 1996;Malenka and Bear, 2004).

There is considerable evidence that NMDA receptor-dependent long-term synaptic plasticity
is necessary for the correct formation and refinement of receptive fields in the barrel cortex.
Animals in which the barrel cortex is chronically treated with the NMDA receptor antagonist,
AP5, during the first postnatal week fail to develop the precise topographical map and exhibit
deficient experience-dependent receptive field plasticity (Fox et al., 1996;Schlaggar et al.,
1993). Additionally, NMDA receptor-dependent LTP can be induced in vitro at TC synapses
by pairing presynaptic stimulation with postsynaptic depolarisation. LTP at these synapses can
only be induced between postnatal days 3 and 7 (P3-7) (Barth and Malenka, 2001;Crair and
Malenka, 1995), a time period very similar to the critical period for layer IV experience-
dependent receptive field plasticity (Foeller and Feldman, 2004;Fox, 1992,2002) (Fig. 2). In
visual cortex, neuronal activity and synaptic plasticity are also thought to be important for the
development of the cortical representation of sensory information (Malenka and Bear, 2004).
In particular ocular dominance plasticity (ODP), in which the representation of a spared eye
increases whilst the representation of a closed eye decreases (LeVay et al., 1980), has been
studied as a model for experience-dependent visual cortex plasticity during development.
Rearing animals in the dark extends both the critical period for ODP and LTP in visual cortex
(Kirkwood et al., 1995) and blocking retinal activity by injecting tetrodotoxin in the open eye
prevents ODP showing the requirement for activity in this form of plasticity (Antonini and
Stryker, 1993). Again a role for NMDA receptor-dependent LTP is supported by the finding
that NMDA receptor antagonists also prevent ODP (Bear et al., 1990;Daw et al., 1999).
Blockade of NMDA receptors also reduces responses to visual stimulation complicating the
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conclusions of these studies. Subsequently, however, the same effect has been shown by
knocking down activity of NR1 subunits using antisense DNA, a manipulation that does not
affect visual responses (Roberts et al., 1998). These findings lend further support to the idea
that experience-dependent plasticity in primary sensory systems involves NMDA receptor-
dependent synaptic plasticity. A number of genetic and pharmacological manipulations have
been studied for their affect on LTP and LTD in visual cortex and on ODP (Daw et al.,
2004). Many of these studies have found that manipulations affecting plasticity, especially
LTD, also prevent ODP (Beaver et al., 2001b;Choi et al., 2002;Fischer et al., 2004b;Hensch
etal., 1998a;Liu et al., 2003a); however mGIluR2 (Renger et al., 2002) and PKA R1f (Hensch
et al., 1998b) knock out mice lack LTD but show normal ODP. Thus, there are examples of
dissociation between long-term synaptic plasticity mechanisms and ODP, indicating that the
precise connection between the two phenomena is not fully understood.

Although it is generally agreed that Ca2* influx through NMDA receptors is necessary for LTP
induction at most synapses, exactly how this leads to an increase in postsynaptic response
remains a matter of much debate (Bliss and Collingridge, 1993;Malenka and Bear,
2004;Malenka and Nicoll, 1999;Malinow and Malenka, 2002). There are a number of possible
expression mechanisms for LTP: a presynaptic mechanism could involve an increase in the
probability of neurotransmitter release or an increase in the amount of neurotransmitter released
per quantum, and postsynaptically an increase in the number or conductance of AMPA
receptors may mediate the increase in synaptic strength. LTP is associated with an increase in
response to exogenously applied AMPA e.g.(Davies et al., 1989;Montgomery et al., 2001),
interpreted as a postsynaptic change in receptors, but there is also a decrease in the number of
failures of synaptic transmission that is commonly observed e.g.(Isaac et al., 1996;Malinow
and Tsien, 1990),and classically interpreted as a presynaptic increase in probability of release.
The existence of “silent” synapses, which express only NMDA receptors but can express
AMPA receptors after LTP induction (Isaac, 2003), is a postsynaptic mechanism consistent
with both the above findings. Indirect evidence for the existence of such silent synapses was
provided using coefficient of variance analysis of synaptic responses at hippocampal CAl
inputs (Kullmann, 1994) and subsequently confirmed with direct experiments (Isaac et al.,
1995;Liao et al., 1995). Other interpretations of the electrophysiological phenomenon of the
silent synapse have been proposed, based on the higher affinity for glutamate that NMDA
receptors have compared with AMPA receptors. The “spillover’ hypothesis is based on
glutamate spilling over from one synapse and activating NMDA receptors in neighbouring
synapses (Kullmann and Asztely, 1998). In the ‘whispering synapse’ hypothesis a low
concentration of synaptically released glutamate due to incomplete synaptic vesicle fusion
produces only NMDA receptor-mediated responses at synapses containing both AMPA and
NMDA receptors (Choi et al., 2003). Although these mechanisms may contribute to silent
synapses, there is now a large body of evidence supporting the idea that a fraction of
glutamatergic synapses contain postsynaptic NMDA receptors but no postsynaptic AMPA
receptors, and that one LTP expression mechanism is the rapid incorporation of AMPA
receptors at silent synapses (Isaac, 2003).

The role of silent synapses in the expression of LTP at TC synapses was investigated using the
TC slice (Isaac et al., 1997). The existence of silent synapses was directly demonstrated using
low intensity stimulation in thalamus to activate one or a few TC axons. Under these conditions
synaptic responses were evoked that were mediated by NMDA receptors but not by AMPA
receptors. Such synapses are silent at resting membrane potentials due to the voltage-dependent
Mg?2* block of NMDA receptors. An LTP induction protocol resulted in the appearance of
AMPA receptor-mediated EPSCs at these synapses, thus causing an ‘unsilencing’. In addition,
it was shown that the occurrence of silent synapses decreases with development such that silent
synapses are not detected by postnatal day 8-9 (Fig. 2). This developmental decrease closely
matches the developmental loss of the ability to induce LTP at these synapses (Crair and
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Malenka, 1995) supporting the idea that unsilencing is an important mechanism for TC LTP.
Subsequent evidence for the presence of silent TC synapses has come in the form of differing
short-term plasticity of AMPA and NMDA receptor-mediated synaptic currents (Yanagisawa
etal., 2004) although these data appear to contradict finding of other groups at the same synapse
(Gil et al., 1997;Gil et al., 1999;Kidd et al., 2002).

Long-term Depression (LTD) at TC Synapses

In addition to LTP, a synapse-specific long-term depression (LTD) of synaptic transmission
can be induced by a period of low-frequency stimulation (LFS, typically 900 stimuli at 1 Hz)
(Dudek and Bear, 1992;Mulkey and Malenka, 1992) or a pairing protocol (Goda and Stevens,
1996), which, like LTP, is NMDA receptor dependent (Dudek and Bear, 1992). LTD at TC
synapses in visual cortex could explain aspects of plasticity in the visual system (Blakemore
and Van Sluyters, 1974), and models reproducing many elements of plasticity in visual cortex
depend on the existence of LTD (Bear et al., 1987;Bienenstock et al., 1982;Malenka and Bear,
2004). The existence of LTD had been demonstrated at layer IV cells in visual cortex (Dudek
and Friedlander, 1996); however subsequent work on barrel cortex using the TC slice
preparation studied LTD specifically at TC synapses. Since the LFS protocol typically used to
study hippocampal LTD may damage axons in the immature TC slices, a pairing protocol was
chosen to test for the presence of LTD at TC synapses (Feldman et al., 1998). This protocol
reliably induced LTD in very young animals but, similar to LTP, the amount of plasticity
induced exhibited a developmental reduction with little or no depression remaining by P10-
12 (Fig. 2). This form of LTD is NMDA receptor-dependent and pathway specific, similar to
the prototypic form of LTD originally described in the hippocampus (Dudek and Bear,
1992;Mulkey and Malenka, 1992). In addition, minimal stimulation experiments were used to
study the expression mechanisms of LTD at TC synapses. This form of LTD caused a decrease
in potency (amplitude of the synaptic response excluding failures) that completely accounted
for the magnitude of LTD (Feldman et al., 1998). This finding indicates that LTD does not
reverse LTP at this input by resilencing synapses and argues against the idea that LTD leads
to the elimination of inappropriately targeted synapses for the TC inputto layer IV barrel cortex,
at least (Goodman and Shatz, 1993). Rather it suggests that LTD modulates the efficacy of
synapses previously unsilenced by LTP. Alternatively, it is possible that LTD could cause the
complete silencing of synapses but that this may take longer to develop or require a stronger
LTD induction protocol.

Recent work has demonstrated that activity patterns much more akin to those observed in vivo
in primary sensory cortical areas can induce LTP and LTD (Dan and Poo, 2006). Such spike
timing dependent synaptic plasticity can be induced in layer 11/111 of barrel cortex, both LTP
and LTD (Feldman, 2000) and evidence from in vivo studies suggest that LTD, in particular,
may be an important mechanism contributing to experience-dependent plasticity in barrel
cortex (Celikel et al., 2004;Glazewski et al., 1998).

Role of Protein Kinases in Barrel Cortex Plasticity

Post-translational modifications in the form of protein kinase-dependent phosphorylation
involving a wide variety of kinases and postsynaptic proteins has been shown to be important
in a number of forms of synaptic plasticity (Roche et al., 1994;Soderling and Derkach,
2000;Song and Huganir, 2002). Kinase activity has also been implicated in plasticity in the
barrel cortex. Knock out (Glazewski et al., 1996) or mutation (Glazewski et al.,
2000;Hardingham et al., 2003) of calcium/calmodulin-dependent kinase Il (CaMKII), an
enzyme necessary for LTP (Malenka and Nicoll, 1999;Silvaetal., 1992), blocks both receptive
field plasticity and NMDA receptor-dependent LTP in barrel cortex. In addition, a recent study
has identified a role for PKC in regulating synaptic strength at TC synapses in barrel cortex
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(Scott et al., 2006). In this study it was shown that postsynaptic PKC activation increases
synaptic strength and that PKC activity is required for LTP at TC inputs in neonatal barrel
cortex.

There is considerable evidence for a role of PKA signalling in barrel cortex development and
plasticity. The first identified mutant mouse strain that lacks barrels, barrelless, has a loss of
function mutation in the gene encoding adenylate cyclase | (Abdel-Majid et al., 1998;Welker
et al., 1996), which activates PKA via production of cAMP The barrelless mouse exhibits a
deficit in TC afferent clustering, suggesting a presynaptic role for AC1; however this mutant
also exhibits a prominent disruption of AMPA receptor surface expression and LTP and LTD
in layer IV neurons, also demonstrating a postsynaptic phenotype (Lu et al., 2003). Moreover,
blockade of PKA prevents TC LTP and knockout of the PKA regulatory subunit 11
(PKARIIB) results in defective barrel formation and lack of LTP through a postsynaptic
mechanism, without affecting TC afferent clustering (Inan et al., 2006). Interestingly, a recent
study shows that PKA knock out mice do not exhibit disrupted barrel cortex development,
although the PKARIIB knock out does exhibit a barrel cortex phenotype and reduced synaptic
GIuR1 levels in layer IV (Watson et al., 2006). A presynaptic role of AC1 is also implicated
by the finding that barrelless mice exhibit defective short-term plasticity (Lu et al., 2006). This
effect on short-term plasticity may be via the presynaptic active zone protein Rab3-interacting
molecule 1a (RIM 1a), which is involved in the regulation of transmitter release. RIM1a. is a
phosphorylation target of AC1/PKA and a RIM1a knockout mouse exhibits similar barrel
pattern phenotype to the barrelless mouse (Lu et al., 2006). Thus, there is evidence for a role
of AC1/PKA in barrel cortex development and synaptic plasticity, acting both pre- and
postsynaptically, although the role and mechanisms appears to be complex suggesting a
disconnect between structural and synaptic plasticity. The critical role of PKA in sensory cortex
development and plasticity is further supported by studies in visual cortex in which knock-outs
of PKARIIB exhibit a lack of ODP and LTD, although LTP is unaffected (Fischer et al.,
2004a). In addition, direct blockade of PKA in visual cortex also blocks ODP (Beaver et al.,
2001a) and LTP and LTD (Liu et al., 2003b). However, in this study knockout of AC1 and
ACS8, the two cortically expressed Ca2*-stimulated adenylate cyclases, did not affect ODP or
synaptic plasticity, indicating the PKA activation via the canonical adenylyl signalling pathway
is not necessary for visual cortex plasticity. Thus AC/PKARIIB/PKA signalling clearly plays
arole in barrel cortex and visual cortex development and plasticity; however, the exact
mechanisms remain to be fully elucidated.

BDNF in Barrel Cortex Development and Plasticity

Expression of the mRNA for the neurotrophin, brain-derived neurotrophic factor (BDNF), is
transiently increased following sensory stimulation (Rocamora et al., 1996) and optical
mapping of the NMDA and AMPA receptor-mediated responses to thalamic stimulation in
BDNF knock-out mice reveal a pattern similar to that seen in mice that had previously
undergone whisker deprivation (Itami et al., 2000). These findings suggest that BDNF is
important for the experience-dependent development of barrel cortex. Barrel formation,
however, is unaffected in the BDNF knock-out although ultra-structural studies show that
whisker stimulation does not result in new synapse formation that occurs in wild-type animals
(Genoud et al., 2004). Consistent with this, BDNF knock-out mice have a higher proportion
of silent synapses at TC inputs than do wild types, and an LTP pairing protocol will not cause
unsilencing in these knock outs unless BDNF is exogenously applied at the same time (Itami
et al., 2003). Moreover, unsilencing of silent synapses during LTP is prevented by inhibition
of the TrkB tyrosine kinase activity, the receptor for BDNF. Both BDNF and NGF have also
been implicated in visual cortex experience-dependent plasticity (Cabelli et al., 1995;Maffei
etal., 1992;Prakash et al., 1996;2004), and this has led to the hypothesis that thalamic afferents
may compete for a limited supply of neurotrophin required for their development (Katz and
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Shatz, 1996). The recent results in barrel cortex provide additional evidence for a direct role
of BDNF in synaptic plasticity underlying cortical map plasticity. TC afferents may require
both activity and BDNF to cause an unsilencing of silent synapses. TC afferents may compete
for a limited supply of BDNF during early development and thus BDNF could limit the number
of functional synapses generated in the map.

Kainate Receptors at TC Synapses

The glutamate ionotropic receptors are subdivided into the NMDA, AMPA and kainate classes
(Collingridge and Lester, 1989;Hollmann and Heinemann, 1994). Although NMDA and
AMPA receptors have been extensively studied, the lack, until recently, of selective ligands
that allow kainate receptor-mediated responses to be distinguished from AMPA receptor-
mediated currents, initially made the study of kainate receptors difficult. This changed with
the development of the selective AMPA receptor antagonist GYKI 53655 (Wilding and
Huettner, 1995) and the subsequent development of selective kainate receptor antagonists and
knock out mice (Bleakman and Lodge, 1998;Lerma, 2003). Kainate receptor-mediated EPSCs
were first identified at the CA3 mossy fibre synapse (Castillo et al., 1997;Vignes and
Collingridge, 1997). Repetitive stimulation of the mossy fibre pathway resulted in a dual
component EPSC, the slow component of which was sensitive to the non-selective AMPA/
kainate antagonist CNQX, but resistant to GYKI 53655, and thus mediated by kainate
receptors. Similarly, a dual component EPSC can be evoked in layer 1V cells of the barrel
cortex by single shock thalamic stimulation in the presence of the NMDA receptor antagonist
APV (Kidd and Isaac, 1999). The GYKI-resistant, CNQX-sensitive slow component at the TC
input has a similar decay time constant (~150 ms) to the kainate receptor-mediated current in
CA3 neurons, but unlike the mossy fibre-CA3 synapse the |-V relationship for the kainate
receptor-mediated current is strongly rectifying. This type of rectification has previously been
shown for heterologously expressed kainate receptors containing unedited Ca%*-permeable
GIuR5 or 6 subunits and is produced by a voltage-dependent block of the channel by
intracellular polyamines (Bowie and Mayer, 1995;Kamboj et al., 1995;Ruano et al., 1995). In
some experiments, TC EPSCs were evoked that contained a fast AMPA component but no
slow kainate component or vice versa (Kidd and Isaac, 1999). Spontaneous EPSCs (SEPSCs),
however, only ever showed a single component, fast or slow. This suggests that the evoked
dual component EPSCs at developing TC inputs to layer IV barrel cortex neurons are the result
of the activation of two separate types of synapse: those containing only AMPA receptors and
those containing only kainate receptors.

The quantal properties of these AMPA receptor and kainate receptor-mediated EPSCs were
investigated in more detail in experiments in which extracellular Ca?* was replaced with
Sr2*(Bannister et al., 2005). Like Ca2*, Sr2* supports action potential dependent release of
neurotransmitter, but is much less efficient. This results in a smaller evoked synchronous EPSC
that is followed by a barrage of quantal miniature EPSCs (mEPSCs) lasting up to 1s after axon
stimulation (Goda and Stevens, 1994). The two main advantages of this technique are that the
quantal properties of transmission can be studied in systems where mEPSC frequency is
ordinarily prohibitively low (as is the case in neonatal layer 1V barrel cortex), and that the
source of the mEPSCs is known. Thus the use of Sr2* allows mEPSCs to be evoked at TC
synapses thus enabling quantal transmission to be studied at this input. In these experiments
fast-rising AMPA receptor-mediated mEPSCs were evoked in the presence of Sr2* in cells
which also exhibited a dual AMPA and kainate receptor-mediated evoked EPSC in
extracellular [Ca?*] in the absence of Sr2*. In addition, slow-rising slow-decaying kainate
receptor-mediated mEPSCs were also recorded in a subset of cells, with an amplitude ~20 %
of that of the AMPA receptor-mediated events. Most importantly no dual component mEPSCs
were observed providing further evidence that AMPA receptors and kainate receptors never
co-localize at the same TC synapse. Despite the smaller peak amplitude of these slow kainate

Mol Cell Neurosci. Author manuscript; available in PMC 2007 August 27.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Daw et al.

Page 7

receptor-mediated mEPSCs the charge transfer is almost five times greater than that for the
AMPA receptor-mediated mEPSCs; this is due to the slow kinetics of the kainate receptor-
mediated currents and indicates that they may provide more postsynaptic drive than the fast
AMPA receptor-mediated component of transmission.

When the effect of LTP induction on the kainate receptor-mediated component of TC EPSCs
was investigated it was found that whilst LTP causes an increase in the AMPA receptor-
mediated component combined with a reduction in the slow kainate receptor-mediated
component (Kidd and Isaac, 1999). This, together with the segregation of AMPA and kainate
receptors at separate synapses, suggests that LTP expression involves the rapid conversion of
slow kainate receptor-mediated transmission to fast AMPA receptor-mediated transmission.
The mechanism for this change could be a receptor switch at individual synapses, for example
involving the rapid removal of kainate receptors combined with a rapid recruitment of AMPA
receptors. Alternatively, LTP could cause a presynaptic inactivation of KA receptor containing
synapses and a coincident activation of different AMPA receptor containing inputs onto the
same cell. However, the former type of mechanism seems a simpler explanation for the data.

The relative contribution of kainate receptor-mediated transmission decreases with
development during the first postnatal week (Kidd and Isaac, 1999).This decrease involves a
reduction in quantal content independent of changes in quantal amplitude (Bannister et al.,
2005), suggesting that this mechanism occurs in vivo during early postnatal development (Fig.
2). The consequences of the rapid switch from slow kainate receptor- to fast AMPA receptor-
mediated transmission at the TC input was recently addressed using recordings made from
layer 1V cells whilst sequentially monitoring TC EPSCs in voltage clamp and EPSPs in current
clamp (Daw et al., 2006). Consistent with the previous report (Kidd and Isaac, 1999) an LTP
induction caused a robust potentiation of the fast AMPA receptor-mediated component of the
EPSC and a reduction in the slow component of the EPSC. The consequence of this was a
variable effect on EPSP amplitude but a very consistent speeding of EPSP kinetics. The change
in EPSP kinetics caused by LTP had a profound influence on the timing of action potentials
generated by suprathreshold synaptic responses (Daw et al., 2006). Prior to LTP induction,
action potentials evoked by TC EPSPs showed a large and highly variable latency when
compared to other cells (Fricker and Miles, 2000,2001;Jonas et al., 2004). The induction of
LTP caused a substantial and consistent decrease in both the latency and the variability of the
latency. However, LTP caused only a variable change in the probability of an EPSP evoking
an action potential; some cells showed a large increase in firing probability with LTP while
others exhibited no change or a reduction. In addition, similar changes in EPSP kinetics and
action potential timing to those produced acutely by LTP induction are observed during
development in the first postnatal week, suggesting that a similar LTP-like process may occur
in vivo during this developmental period (Daw et al., 2006).

Thus development or induction of LTP results in action potentials evoked in layer IV neurons
by TC stimulation that exhibit the high timing precision. Such timing precision is thought to
be necessary for information processing in mature somatosensory cortex (Celikel et al.,
2004;Foffani et al., 2004;Ghazanfar et al., 2000;Panzeri et al., 2001). If such precisely timed
action potentials are desirable, the role of the slow kainate receptor-mediated EPSP in neonatal
animals is not immediately apparent. One possibility is that the slow EPSP may be allowing a
wide time window for synaptic integration and thus promote neonatal synaptic plasticity. Daw
et al also tested this idea, and found that the slow kainate receptor-mediated EPSP produced
increased temporal summation and that the change in EPSP kinetics with LTP reduced the
window for integration (Daw et al., 2006). This suggests that the switch from slow, kainate
receptor-mediated to fast, AMPA receptor-mediated transmission results in a change from a
state that favours long temporal integration of inputs, which may be important for
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developmental plasticity, to precise coincidence detection that is likely to be important for
mature information processing.

Mechanisms Contributing to the Close of the Critical Period

The molecular mechanisms defining the duration of the critical period are not well understood.
One hypothesis is been that a change in NMDA receptor subunit composition produces a
reduction in the ability to induce synaptic plasticity that may contribute to the end of the critical
period in barrel cortex and in visual cortex. Functional NMDA receptors are composed of
heteromeric tetramers containing a combination of NR1 subunits and NR2 or NR3 subunits
(Wenthold et al., 2003). In the neocortex NMDA receptors primarily contain NR1 and either
NR2A or NR2B subunits with a switch from mostly NR1/NR2B heteromers shortly after birth
to mixed NR1-NR2A&B-containing receptors at older ages (Monyer et al., 1994;Sheng et al.,
1994;Watanabe et al., 1992). Pure NR1/NR2B channels exhibit slower channel kinetics than
those containing NR2A subunits (Flint et al., 1997;Vicini et al., 1998) and this has led to the
suggestion that an increase in NR2A content causes the shortening of NMDA receptor channel
kinetics observed during development (Carmignoto and Vicini, 1992) and is responsible for
the end of the critical period both for ocular dominance plasticity (ODP) in visual cortex and
for barrel cortex plasticity. The basis for this theory is that a shorter NMDA receptor-mediated
EPSC would not allow sufficient Ca2* entry for LTP induction. A series of studies showed that
manipulating the visual experience of the animal can affect the developmental progression
from NR2B to NR2A expression in visual cortex. Specifically, dark rearing extends NR2B
expression whilst subsequent exposure to light results in a rapid switch to NR2A (Philpot et
al., 2001;Quinlan et al., 1999a;Quinlan et al., 1999b). Dark-rearing also extends the critical
period for ODP, and the correlation with changes in the NR2B to NR2A switch supports the
idea that this mechanism may contribute to the ending of the critical period for ODP. However,
another study found that the change in both subtype and kinetics of NMDA receptors coincides
with the onset rather than the end of the critical period (Roberts and Ramoa, 1999).

At TC inputs in barrel cortex there is also a change in subunit composition from NR2B- to
NR2A-containing NMDA receptors, as determined by sensitivity to the NR2B-selective
antagonist ifenprodil, and this correlates well with the end of the layer IV critical period for
LTP and for experience-dependent plasticity (Barth and Malenka, 2001). Surprisingly, this
switch in subunit composition does not produce a change in kinetics of the NMDA receptor-
mediated EPSC, although a speeding of kinetics does occur later in development. Another
study, however, reported a simultaneous change in NMDA receptor kinetics and subunit
composition, and showed that ifenprodil blocks TC LTP (Lu et al., 2001). These findings
indicate that NR2B is required for TC LTP and the reduction in expression of this subunit may
be responsible for the loss of synaptic plasticity in layer IV barrel cortex at the end of the first
postnatal week. However, Lu et al also found that NR2A knock-out mice exhibit exactly a
similar critical period for TC LTP compared to wild type and show no deficit in experience-
dependent plasticity of the anatomical barrel map (Lu et al., 2001). Thus, a simple switch from
NR2B to NR2A alone is not responsible for the end of the critical period. Given the apparent
correlation between the critical period and NMDA receptor subunit expression in two areas of
sensory cortex (somatosensory and visual) that develop at different ages, it seems likely that
there is a link between these two events. However, the role of the NMDA receptor subunit
switch is still unclear and this issue appears to be complex.

In visual cortex there is considerable evidence for a maturation of GABAergic inhibition as an
important mechanism regulating the timing of the critical period (Hensch, 2004;Rozas et al.,
2001). Genetic or pharmacological disruption of inhibition alters the critical period for ODP
suggesting that maturation of the inhibitory:excitatory balance is required for the opening of
the critical period in visual cortex (Hensch, 2004;Hensch et al., 1998a) . However, other work
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indicates that inhibition may act as a ‘gate’ leading to closure of the critical period (Kirkwood
and Bear, 1994;Rozas et al., 2001). The role of the developmental regulation of excitatory-
inhibitory balance in plasticity and critical period timing has not been addressed in layer IV
barrel cortex. The layer IV critical period occurs much earlier in development compared to
visual cortex, at a time when GABAergic transmission may still be immature (Owens and
Kriegstein, 2002). Indeed, GABA 4 receptor-mediated transmission is found to be depolarising
in neonatal cortex and may contribute to excitation rather than inhibition (Ben-Ari et al.,
1989;0wens and Kriegstein, 2002). In barrel cortex there is evidence for depolarizing
GABAergic transmission in the first postnatal week (Agmon et al., 1996;Daw et al., 2006).
However recent work (Daw, Ashby and Isaac, unpublished observations) demonstrates that
GABAergic interneurons are not integrated into the layer IV network at this age, but are rapidly
recruited in a feed forward circuit at the end of the first postnatal week (Fig. 3). This recruitment
of feed forward GABAergic transmission also precisely coincides with a switch from
depolarising to hyperpolarizing GABAA receptor-mediated responses, producing the rapid
development of fast hyperpolarizing inhibition at the end of the first postnatal week. This
correlates well with the end of the layer 1V critical period, providing support for the idea that
a switch in excitatory-inhibitory balance may also be important in defining the end of the layer
IV barrel cortex critical period, as has been suggested in visual cortex. A critical test of this
hypothesis, however, remains to be performed.

In summary, a combination of mechanisms likely produces the close of the critical period for
experience-dependent plasticity in layer 1V barrel cortex and in visual cortex. It is difficult to
make direct comparisons between these two critical periods because they occur at different
developmental stages and are mediated by different cortical layers. However, accumulating
evidence suggests that appropriate regulation of the excitatory-inhibitory balance may be the
common effector in producing the close of the critical period, and there appear to be a number
of similarities in mechanisms producing this regulation of the circuit.

Conclusions

Primary sensory cortical areas contain topographical representations of their corresponding
sensory input, and these representations refine during development in response to sensory
experience. This experience-dependent plasticity occurs most prominently during a narrow
postnatal time window, known as the critical period, the timing of which varies according to
sensory modality (Fox, 1992;Hensch, 2004;Hubel and Wiesel, 1970). The development of a
barrel cortex slice preparation in which the TC afferents are maintained (Agmon and Connors,
1991) has allowed great advances in our understanding of the synaptic and molecular
mechanisms of developmental and experience-dependent plasticity in layer IV barrel cortex.
This approach has also allowed comparisons to be made with plasticity mechanisms in other
sensory cortical regions, most notably visual cortex. Such studies indicate that NMDA
receptor-dependent forms of synaptic plasticity (LTP and LTD) are likely to be important
synaptic mechanisms underlying the experience-dependent regulation of synaptic strength
required for refinement of the map. In addition, some of these mechanisms are also required
for formation of the distinct cytoarchitecture of the barrel cortex. However, in only a few cases
has a direct causality been demonstrated between synaptic plasticity and map plasticity.
Moreover, there are also studies showing a dissociation between LTP/LTD and receptive field
plasticity. Thus it is clear that there is not a simple relationship between synaptic plasticity and
map plasticity; more work will be required to determine the precise relationship between these
synaptic and systems-level phenomena.

Several novel mechanisms and functional consequences of neonatal synaptic plasticity at the
synapse level have been described. The switch from slow NR2B-containing NMDA and
kainate receptor-mediated transmission at TC synapses to faster NR2A and AMPA receptor-
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mediated transmission has been characterized. This has profound consequences for the
induction of synaptic plasticity, and the development of coincidence detection and information
processing in barrel cortex. Finally, a rapid maturation of GABAergic transmission occurs
towards the end of the first postnatal week that has similarities with the maturation of
GABAEergic circuits in visual cortex thought to contribute to the closing of the critical period
for ODP.

Taken together, these studies show that the neonatal TC input to layer IV barrel cortex favours
temporal summation and a long integration window at the expense of precise coincidence
detection. This likely serves to enable a strong drive of layer IV by neonatal TC synapses and
promote induction of long-term synaptic plasticity at this input at a time when excitatory
circuitry in neocortex is poorly developed. The switch to fast excitation and strong feed forward
inhibition at the end of the first postnatal week alters the mode of operation to produce a circuit
capable of high precision coincidence detection that is required for mature information
processing. This likely also makes a major contribution to the close of the critical period in
layer IV by producing much less favourable conditions for the induction of long-term synaptic
plasticity.
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Fig 1.

Electrophysiological recordings from neurons in layer 1V barrel cortex in the thalamocortical
(TC) slice preparation. (A) Schematic of the afferent pathway from the whiskers to barrel
cortex. Inset: cytochrome oxidase C-stained tangential section through layer 1V of barrel cortex
showing the distinctive cytoarchitechnure. Reproduced from (Feldman and Brecht, 2005).
(B) Cytochrome oxidase C-stained TC slice from 2 week old rat. The ventroposteriomedial
nucleus of thalamus (VPM) that receives ascending sensory input from the whiskers, and the
barrel cortex are indicated. Reproduced from (Petersen and Sakmann, 2000) (C) Unstained TC
slice from P5 mouse as it appears in recording chamber during an electrophysiology
experiment. Highlighted by the yellow box is a stellate cell (SC) filled with the fluorescent dye
Alexa-594 during a whole-cell patch-clamp recording (Daw, Ashby and Isaac, unpublished).
(D) High power image of the region highlighted in C, showing a whole-cell recording from an
SC (patch electrode can be seen as the out of focus shadow in bottom left hand corner). (E) 2-
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photon image (flattened projection of Z-stack, contrast inverted for display) of an SC filled
with Alexa-594 during patch clamp recording. (F) TC synaptic responses recorded during a
whole-cell patch-clamp recording from an SC evoked by electrical stimulation of VPM
thalamus. Top is an EPSC (voltage-clamp recording) and bottom EPSP (current clamp
recording); responses collected in the same cell in response to the same stimulus (Daw, Ashby
and Isaac, unpublished).
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Fig 2.

Developmental profile for synaptic properties and long-term synaptic plasticity at TC synapses
in layer IV barrel cortex. Each parameter is plotted as a % of the maximum value. The critical
period for experience dependent plasticity in layer 1V is also shown for comparison.
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Fig 3.

Developmental profile of GABAergic inhibition in layer IV barrel cortex. GABAa PSC Eey
is the reversal potential of the pharmacologically isolated GABA, receptor-mediated PSC
evoked in stellate cells (SCs) by local stimulation in layer 1\VV/V border (measured using
gramicidin perforated patch recordings). GABA PSC : AMPA EPSC ratio is the ratio of the
TC EPSC and the disynaptic GABAergic PSC evoked in individual SCs in response to TC
stimulation. IN-SC connection probability and IN-SC ulPSC (unitary IPSC) amplitude values
are determined from paired recordings of fast spiking (FS) interneurons and SCs. IN EPSP :
SC EPSP is the TC EPSP evoked in FS interneurons and SCs, and is determined from
simultaneous recordings combined with thalamic stimulation. Inset top right: schematic
showing the circuit for feed forward inhibition. All data from Daw, Ashby and Isaac,
unpublished.

Mol Cell Neurosci. Author manuscript; available in PMC 2007 August 27.

GABA, Receptor PSC E,, (mV)



