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ABSTRACT
REBEKAH CORLEW: Experience-dependent regulation of presynaptic
NMDA receptors (preNMDARS) and their role in neurotransmission and

synaptic plasticity
(Under the direction of Benjamin D. Philpot)

Many aspects of synaptic development, plasticity, and neurotransmission
are critically influenced by NMDA-type glutamate receptors (NMDARS).
Moreover, dysfunction of NMDARs has been implicated in a broad array of
neurological disorders, including schizophrenia, stroke, epilepsy, and neuropathic
pain. Though NMDARs are classically thought to be postsynaptic, recent
evidence demonstrates that presynaptic NMDARs (preNMDARSs) also exist and
have critical roles in synapse function and plasticity. One of the most fascinating
areas of research for postsynaptic NMDARs is how they are modified with
development and experience and how their changing roles in synaptic
transmission and synaptic plasticity change with sensory driven activity. Only a
small number of studies have suggested that preNMDARs are modified with
experience and a mechanism for this change has been speculative at best. Also
highly speculative is the question of how preNMDARs are able to function
tonically. In this dissertation | hope to satisfy both queries with one solution. |
will attempt to explain how preNMDARs are tonically active and how this can

explain their developmental and possibly experience-dependent modifications.



Chapter 1 reviews the current knowledge of the role of preNMDARSs in synaptic
transmission and plasticity, in the neocortex, and a discussion of the prevalence,
function, and development of these receptors. Chapter 2 provides the first
evidence of developmental control of preNMDAR expression, function, and role
in synaptic plasticity. Chapter 3 answers the most perplexing question that
plagues the study of preNMDARs “how do they overcome their Mg®* block to be
tonically active?” Here, evidence is presented that preNMDARSs contain the
novel subunit NR3A which is substantially less Mg?* sensitive allowing
preNMDARs to be tonically active. Thus, the developmental loss of NR3A would
cause the preNMDAR to loose its tonic activity though not its ability to enhance
spontaneous release in Mg?* free solution. Chapter 4 suggests that preNMDARSs
may not be subject only to developmental control but may also be modified by
experience. Chapter 5 explores how altered visual experience modifies
preNMDARs at different points in development. Chapter 6 discusses how these
findings will contribute to the study of preNMDARS, clinical outcomes of this

research, and possible future directions.
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Chapter 1:
Presynaptic NMDA Receptors: Newly Appreciated Roles in Cortical
Synaptic Function and Plasticity
This chapter was published with Daniel J. Brasier, Daniel E. Feldman, and

Benjamin D. Philpot in The Neuroscientist (2008) Dec; 14(6): 609-25

1.1  Overview

NMDA-type receptors (NMDARS) are ionotropic glutamate receptors that
act as non-specific cation channels which are permeable to sodium, calcium, and
potassium. These receptors are hetero-tetrameric transmembrane proteins
which contain two NR1 (NMDA receptor 1) and two NR2 or NR3 subunits
(Dingledine et al., 1999). NMDARs exhibit a voltage-dependent block by
extracellular magnesium, causing them to be outwardly rectifying; however, this
block varies in strength depending on the type of NR2 or NR3 subunit(s)
expressed (Monyer et al., 1992; Cull-Candy et al., 2001; Sasaki et al., 2002)
NMDARs were first discovered as postsynaptic receptors at glutamatergic
synapses, and have since been shown to be involved in many aspects of
synaptic transmission, dendritic integration, synaptic and neuronal maturation,
and plasticity throughout the brain. Given the diverse roles of NMDARS, it is not
surprising that NMDAR dysfunction is thought to contribute to neurological and

psychiatric disorders, including neurodegenerative conditions, stroke, epilepsy,



neuropathic pain, and schizophrenia (Meldrum, 1994; Cull-Candy et al., 2001;
Kristiansen et al., 2007; Lau and Zukin, 2007) . As a result, NMDARSs are targets
for many therapeutic drugs (Chen and Lipton, 2006). Recently, NMDARs have
joined the list of ionotropic receptors that can also function presynaptically (briefly
discussed below). Presynaptic NMDARs (preNMDARSs) may be molecularly and
pharmacologically distinct from classical postsynaptic NMDARs. PreNMDARs
share some functions with postsynaptic NMDARS such as involvement in long-
term synaptic depression (LTD) (although by a distinct mechanism than
postsynaptic NMDARSs). PreNMDARs also have some novel functions such as
regulation of presynaptic release probability and short-term plasticity. It is
possible that some of the cellular- and network-level functions previously
attributed to postsynaptic NMDARSs are, in fact, mediated by preNMDARs.

Here we summarize the growing understanding of cortical preNMDARS.
In an effort to elucidate the possible mechanisms by which preNMDARs
modulate synaptic function, we briefly compare cortical preNMDAR activity with
preNMDAR function at other central synapses (see Table 1.1 and How do
preNMDARSs regulate release?). We argue that without knowing the specific
contribution of preNMDARSs versus postsynaptic NMDARS to neurotransmission
and plasticity, it is impossible to understand NMDAR regulation of cortical
development, or to rationally design pharmacotherapies for NMDAR-related
diseases. Specific involvement of preNMDAR in diseases is now being
considered, including in epilepsy (Yang et al., 2006) and fetal alcohol spectrum

disorder (Valenzuela et al., 2008).
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1.2 Synapse regulation by presynaptic ligand-gated ion channels
Many neurotransmitters activate presynaptic receptors that modulate
presynaptic function. Some of these presynaptic receptors are metabotropic
receptors (e.g., GABAg receptors and mGluRs) that can modulate
neurotransmitter release via second messenger systems, affect presynaptic
voltage-sensitive calcium channels (VSCCs), and/or directly alter the release
machinery itself. Other presynaptic receptors are ligand-gated ion channels,
including GABAA, receptors, glycine receptors, kainate receptors, and most
recently, NMDARs (MacDermott et al., 1999; Khakh and Henderson, 2000;
Engelman and MacDermott, 2004; Pinheiro and Mulle, 2008). Particularly well
characterized among these are the presynaptic kainate receptors, which are
present at several synapse classes in neocortex and hippocampus (Contractor et
al., 2001; Lauri et al., 2006; Sun and Dobrunz, 2006; Pinheiro et al., 2007) and
the presynaptic glycine receptors, which are present at the Calyx of Held in the
auditory brainstem (Turecek and Trussell, 2001; Trussell, 2002; Awatramani et
al., 2005). Activation of presynaptic ionotropic receptors generally enhances
synaptic release, while presynaptic metabotropic receptors typically decrease
release probability (Vitten and Isaacson, 2001; Pinheiro and Mulle, 2008),
although this trend is not universal (Casado et al., 2000; Casado et al., 2002;
Bardoni et al., 2004). Heterogeneity in presynaptic receptor expression across
synapses, including preNMDAR expression, contributes to the diversity of

synapse function and plasticity in the central nervous system (CNS).



1.3 Tools for identifying preNMDARs

While postsynaptic NMDARs were first observed in 1963 (Curtis and
Watkins, 1963), the possibility that preNMDARs exist and that they can regulate
synaptic transmission has arisen relatively recently. There are likely several
reasons for the lag in the identification of preNMDARS. First, preNMDARs
appear to be less prevalent than postsynaptic NMDARs. Second, preNMDAR
functions appear to be most pronounced during a small window of early
development. Third, and perhaps most significant, recent technological
advances have allowed for the selective blockade of postsynaptic NMDARS
allowing physiological effects of preNMDARS to be measured.

How have preNMDARSs been identified thus far? Two general approaches
for detecting the presence / function of preNMDARSs have been used. The most
common approach has been measuring the electrophysiological effect of
blocking preNMDARS on spontaneous neurotransmitter release frequency. If
preNMDARs on terminals function to increase spontaneous release frequency
onto a postsynaptic cell, then blocking those receptors should transiently
decrease the frequency of these events, recorded as miniature excitatory
postsynaptic currents (MEPSCs). Provided that postsynaptic NMDARSs are first
blocked, the subsequent effects can be attributed to preNMDARSs (Berretta and
Jones, 1996; Woodhall et al., 2001; Sjostrom et al., 2003; Bender et al., 200643,
Corlew et al., 2007; Brasier and Feldman, 2008) (Fig. 1.1A & B). This technique
has been by widely used and accepted for the detection of preNMDARS that

affect the frequency of spontaneous release. However, there are two major
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Figure 1.1 Physiological and anatomical methods to detect preNMDARS.
(A) Schematic of mMEPSC recording paradigm (Corlew 2007). (B) Example
(reproduced with permission from Beretta and Jones 1996) to illustrate the
approach. After first blocking postsynaptic NMDARS, subsequent bath
application of the NMDAR antagonist of D-APV (2-amino-5 phosphonopentanoic
acid) reduces the frequency of SEPSCs measured in L2 entorhinal cortex
neurons. (C & D) Example of anatomical evidence for preNMDARSs in L2/3 of the
rodent neocortex suggested by postembedding immunogold for an antibody that
recognizes both NR2A and NR2B. (Figure is courtesy R. Weinberg, University of
North Carolina.) Presynaptic labeling with 10 nm gold patrticles is indicated by
arrowheads.



criticisms to using this approach. Although postsynaptic NMDARs can be ruled
out, the relevant NMDARSs are only presumed to be presynaptic, but could in fact
be located on another non-postsynaptic structure. Given the rapid change in
spontaneous release, however, the most parsimonious explanation is that they
are located on presynaptic terminals. The second criticism is that even if
preNMDARSs affect spontaneous release, they may not necessarily play a role in
action potential-evoked release. To test this, some groups have begun looking at
changes in the rate of short-term synaptic depression (or facilitation) to a train of
stimuli as a read-out of evoked release probability, because the rate of short-term
synaptic depression is, typically, inversely related to release probability. To
assess a preNMDAR role in evoked transmitter release, postsynaptic NMDARS
can first be blocked, and then changes in the rate of synaptic depression at a
specific class of synapses can be measured in response to NMDAR application.
As above, the postsynaptic NMDARs are first blocked so any change in the rate
of synaptic depression is likely due to preNMDARs (Fig. 1.2).

In addition to electrophysiological approaches, immuno-peroxidase and
immunogold electron microscopy (EM) has been used to identify preNMDARS.
Immuno-peroxidase staining is a very sensitive assay in which an enzymatic
reaction increases the size of the reporter signal for maximum detection (Fig.
1.8B), and several studies have used this approach to positively identify

preNMDARs (Aoki et al., 1994; DeBiasi et al., 1996; Charton et al., 1999).
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Figure 1.2 PreNMDARSs enhance action potential-evoked neurotransmission.
Evidence that preNMDARs modulate evoked transmitter release between pairs

of L5 pyramidal neurons in primary visual cortex. (A) With postsynaptic NMDARs
blocked by voltage-clamping the postsynaptic neuron at -90mV, preNMDAR
blockade decreases EPSC amplitude and short-term synaptic depression.
Sample recording showing averaged responses before (a) and during (b)
application of APV. (B) APV wash-in reversibly decreased responses to 30 Hz
spiking between pairs of L5 neurons recorded in voltage-clamp at -90 mV.
Reproduced with permission from Sjostrom and others (2003).



Unfortunately the increase in signal with the immuno-peroxidase EM
approach comes at the cost of precise subcellular localization within the
presynaptic terminal. A more precise localization method is to use gold particles
for a secondary antibody (Fig. 1.1C, D). Few studies have examined the putative
expression of preNMDARs using immunogold electron microscopy (Aoki et al.,
2003), but evidence is accumulating that preNMDARSs have a precise localization
to presynaptic membranes, where they are well-positioned to alter
neurotransmitter release (Jourdain et al., 2007). The relatively limited
identification of preNMDARSs could be due to several factors, including a low
prevalence of preNMDARs compared to postsynaptic NMDARs, age- or region-
specific expression of preNMDARSs (discussed below), or to the simple fact that

very few studies have bothered to examine the possibility that preNMDARS exist.

1.4  Physiological evidence for preNMDARS in cerebral cortex
Physiological evidence that preNMDARS regulate spontaneous synaptic
transmission has been found at a wide array of cortical synapses. The first
evidence was at glutamatergic synapses in layer 2 (L2) of entorhinal cortex,
where bath application of the NMDAR antagonist APV decreased the frequency
of spontaneous mMEPSCs, even when postsynaptic NMDARs had been
previously blocked intracellularly. This suggested that preNMDARSs normally act
to enhance spontaneous neurotransmitter release (Berretta and Jones, 1996)
(Fig. 1.1B). Subsequently, NMDAR agonists were shown to enhance mEPSC

frequency in both L2 and L5 of entorhinal cortex. This effect was blocked by the



NR2B subunit-specific antagonist ifenprodil, suggesting that the relevant
preNMDARs contain NR2B (Woodhall et al., 2001). Similar effects of
preNMDARSs were subsequently observed at excitatory synapses in L2/3, L4, and
L5 of the rodent V1 (Sjostrom et al., 2003; Corlew et al., 2007; Li and Han, 2007;
Li et al., 2008), CA1 of the hippocampus (Mameli et al., 2005), dentate gyrus
(Jourdain et al., 2007), entorhinal cortex (Yang et al., 2006), and in L2/3 of S1
(Bender et al., 2006b; Brasier and Feldman, 2008). In addition to the
aforementioned studies in the neocortex and hippocampus, there is also
compelling evidence for preNMDARSs function in the spinal cord (Liu et al., 1997,
Bardoni et al., 2004), the cerebellum (Glitsch and Marty, 1999; Casado et al.,
2000; Casado et al., 2002; Duguid and Smart, 2004) reviewed in (Duguid and
Sjostrom, 2006), and amygdala (Humeau et al., 2003). Therefore, there is an
abundance of evidence that preNMDARSs function widely throughout the central
nervous system and may qualify as a general mechanism of modulating
spontaneous neurotransmitter release.

In addition to affecting spontaneous release, it is now clear that
preNMDARs also modulate evoked (action potential-driven) transmitter release.
For example, blockade of presumptive preNMDARS decreases unitary synaptic
responses between L5 pyramidal cells in V1 (Sjostrom et al., 2003) (Fig. 1.2) and
at synapses between L4 and L2/3 pyramids (L4-L2/3 synapses) in S1 (Bender et
al., 2006b; Brasier and Feldman, 2008). Paired pulse facilitation (PPF) increases
and coefficient of variation (CV)? decreases during this effect, reflecting

decreased presynaptic release probability. These experiments were performed
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with postsynaptic NMDARSs blocked, indicating that the relevant NMDARSs that
regulate evoked release are non-postsynaptic, presumably preNMDARS.
PreNMDAR modulation of evoked release is only evident during high-frequency
burst stimulation in L5 of primary visual cortex, but occurs with sparse stimulation
(two action potentials at 33 ms inter-spike interval) at L4-L2/3 synapses in S1
(Sjostrom et al., 2003; Brasier and Feldman, 2008). These data indicate that
preNMDARSs are active during conditions of modest synaptic activity in acute
slices, and this endogenous activation of preNMDARS helps to maintain higher
probabilities of evoked neurotransmitter release, compared to release probability
when preNMDARs are blocked. Thus, preNMDARs enhance the probability of

both spontaneous and evoked neurotransmitter release.

1.5 Anatomical evidence for presynaptic NMDARSs in cerebral cortex

The physiological findings described above indicate that non-postsynaptic,
presumably presynaptic, NMDARSs exist, which influence transmitter release.
While presynaptic localization of NMDARSs is the simplest explanation for the
effects on presynaptic transmitter release, it remains possible that the relevant
receptors are actually on another nearby neuron or glial cell, which signals to the
presynaptic terminal via an unknown mechanism. Thus, an important line of
evidence indicating that putative preNMDARSs are actually localized on
presynaptic terminals comes from electron microscopy (EM) studies indicating
that NMDAR subunits are physically present at cortical presynaptic terminals

(Fig. 1.1C, D). In 1994, Aoki and colleagues observed immuno-peroxidase
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labeling of the NMDAR subunit NR1 in axons and presynaptic terminals in V1
from postnatal day (P) 30 rats (Aoki et al., 1994). Sparse labeling for the NR2B
subunit has also been observed in presynaptic terminals from neocortex of 5-6
month-old rats (DeBiasi et al., 1996; Charton et al., 1999). Using immunogold
labeling, NMDAR protein has also been found in presynaptic terminals of the
hippocampal dentate gyrus (Jourdain et al., 2007). Together these studies
confirm the presence of NMDAR protein at presynaptic cortical terminals. In
addition to the neocortex (Aoki et al., 1994; DeBiasi et al., 1996; Charton et al.,
1999; Fujisawa and Aoki, 2003; Corlew et al., 2007) and hippocampus (Siegel et
al., 1994; Charton et al., 1999; Jourdain et al., 2007), preNMDARSs have also
been observed using EM in the spinal cord (Liu et al., 1994; Lu et al., 2005) and
amygdale (Farb et al., 1995; Pickel et al., 2006).

In EM studies, NMDAR immuno-staining in presynaptic terminals is often
sparse, and substantially less intense than postsynaptic staining. This suggests
a relatively low number of preNMDARS, at least in rats > P25, when most EM
studies have been performed. (See Developmental regulation of preNMDARS,
below, for evidence that preNMDAR expression is substantially higher in young
animals.) Another reason for sparse staining may be selective expression of
preNMDARSs at specific classes of excitatory terminals. Consistent with this idea,
physiological evidence reveals functional preNMDARSs at ascending L4-L2/3
synapses onto L2/3 pyramidal cells in S1, but not at horizontal, L2/3-L2/3

synapses onto the same postsynaptic neurons, or on local L4-L4 synapses made
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Figure 1.3 Synapse-specific expression of preNMDARs. PreNMDARs are
located on layer (L) 4-L2/3 synapses, but not on L2/3-L2/3 synapses or on L4-L4
synapses in the rodent somatosensory cortex. (A) Recording set-up for these
experiments. Top: Representative experiment testing the effect of D-APV on
AMPA-EPSCs evoked on the L2/3 cross-columnar pathway (L2/3-L2/3) and on
L4-L2/3 inputs to the same postsynaptic cell. Amplitude of the first AMPA-EPSC
on each pathway. Insets: Pairs of AMPA-EPSCs before (black) and during (grey)
D-APV application. Bottom: Mean effect of D-APV on first AMPA-EPSC
amplitude for L2/3-L2/3 inputs (triangles) and simultaneously measured L4-L2/3
inputs (circles). Bars represent population means (* = p < 0.05). (B) Differential
interference contrast image of example synaptically coupled L4 excitatory cells,
with regular-spiking pattern for these cells. Postsynaptic EPSCs elicited by a pair
of presynaptic spikes before (black) and after (grey) 50uM D-APV application for
the regular-spiking pair above. Lack of effect of D-APV on amplitude of the first
UEPSC for one representative cell pair. Mean effect of D-APV application on first
UEPSC amplitude. Reproduced with permission from Brasier and Feldman 2008.
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by the same presynaptic neurons (Brasier and Feldman, 2008) (Fig. 1.3). This
input- and target-specific expression of preNMDARSs parallels synapse-specific
expression of other presynaptic metabotropic and ionotropic receptors (Scanziani
et al., 1998; Sun and Dobrunz, 2006) and may be a general mechanism for
establishing synapse-selective release properties. The molecular mechanisms
by which preNMDARs and other presynaptic receptors are targeted to a specific
subset of terminals are not known, and there appear to be differences in
preNMDAR expression between cortical regions (Corlew et al., 2007; Brasier and

Feldman, 2008).

1.6 How do preNMDARSs regulate release?

NMDARs generate depolarization and are permanent to calcium, either of
which could enhance synaptic release probability via calcium-mediated signaling
pathways. Which of these pathways is most relevant, and what downstream
signaling events lead to modulation of release, are not known. Many potential
mechanisms exist, and it is even possible that preNMDARS signal through an
unknown, non-voltage dependent, non-calcium dependent mechanism. Here we
consider several broad signaling motifs that may be involved in preNMDAR-
mediated enhancement of transmitter release (Fig. 1.4).

Direct depolarization of the terminal. PreNMDARSs may act by causing
depolarization of the presynaptic terminal. For example, at the Calyx of Held,
activation of presynaptic ionotropic glycine receptors causes subthreshold

depolarization of the terminal, which results in modest calcium influx through
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Figure 1.4 Schematic of possible mechanisms for preNMDAR-enhancement
of neurotransmitter release. There are three potential signals (green)
emanating directly from the preNMDAR that could modulate release: direct Ca**
entry, depolarization leading to the opening of VSCCs, and current-independent
effects. The two ultimate mechanisms (blue) for expression of increased release
are direct triggering of release by Ca®" signals, or indirect signaling that changes
the probability of release. Signaling to one of these ends could be carried out
directly by Ca®*, or by several different intermediates (red): an amplified Ca**
signal through calcium-induced calcium release (CICR), kinases/phosphatases
that alter future Ca®* entry, or increased Ca*" -sensitivity of release machinery.
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VSCCs, which in turn increases the probability of release to a subsequent action
potential (Awatramani et al., 2005). Such depolarization of the

presynaptic terminal may be a general mechanism by which presynaptic
ionotropic receptors, including preNMDARS, enhance release probability
(Engelman and MacDermott, 2004).

Calcium influx through preNMDARs. Calcium influx through preNMDARS,
rather than depolarization, could be the initial trigger for modulation of release.
Recently, preNMDAR enhancement of spontaneous miniature inhibitory post-
synaptic current (mIPSC) frequency at synapses onto cerebellar Purkinje cells
has been shown to be independent of VSCCs, consistent with a direct effect of
calcium through preNMDARs (Glitsch, 2008). However, whether cortical
preNMDARSs act independent of VSCCs remains unknown.

The end result of either preNMDAR-mediated depolarization of the
terminal or direct calcium entry would be an increase in presynaptic Ca*. This
Ca** may then act directly on release machinery, for example by activating
synaptotagmin and triggering vesicle fusion. Alternatively, Ca®* may act to
increase release probability via one of several more indirect pathways. First,
Ca** may enhance the function of other calcium sources to facilitate subsequent
transmitter release. For example, increasing the association of presynaptic
vesicle proteins with VSCCs could prime transmitter-containing vesicles so that
subsequent VSCC activation more efficiently triggers transmitter release (Kim
and Catterall, 1997; Catterall, 1998). Second, the Ca®" signal could act by

partially saturating endogenous calcium buffers, which can lead to an increase in
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free calcium when VSCCs open during a subsequent action potential (Felmy et
al., 2003). Third, many protein kinases and phosphatases depend on calcium
and could be activated by preNMDARSs to modify function of various presynaptic
ion channels or biochemical pathways, even including modifications of the
release machinery itself. In support of this idea, postsynaptic NR2B-containing
NMDARs have been found to closely associate with calcium/calmodulin-
dependent protein kinase Il (Strack et al., 2000); if such association exists for
preNMDARSs, calcium-dependent kinase activity would be even more plausible.
Indeed, preNMDARSs at the cerebellar parallel fiber to Purkinje synapse have
been proposed to activate presynaptic nitric oxide (NO) synthase and trigger an
anterograde NO signal which controls LTD at this synapse (Casado et al., 2000;
Casado et al., 2002) although whether the relevant NMDARSs are truly
presynaptic has been questioned (Shin and Linden, 2005). Finally, indirect
signaling may occur through Ca?* release from internal stores. Evidence for this
pathway is found in presynaptic inhibitory terminals onto cerebellar Purkinje cells,
where calcium influx through preNMDARSs triggers calcium-induced calcium
release (CICR) via presynaptic ryanodine receptors, resulting in depolarization-
induced potentiation of inhibition (Duguid and Smart, 2004). For a summary of
preNMDAR action in the central nervous system (see Table 1.1).

The dizzying array of possible mechanisms by which preNMDARs might
alter neurotransmission at different central synapses highlights the diverse roles
they could play. Which putative mechanisms are involved in their function at

different synapses is likely to be an important question over the next few years.
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Whether similar mechanisms act at different synapses or whether each class of
preNMDAR-expressing synapse has a unique set of mechanisms that underlie
the enhancement of transmitter release is a crucial question to understanding the

general principles that regulate synaptic transmission.

1.7 Endogenous activation of preNMDARs

To conduct ionic current, most NMDAR subtypes require glutamate
binding, binding of glycine (or D-serine) at the glycine site, and depolarization to
relieve voltage-dependent magnesium block. How these requirements are met
for preNMDARS is not yet clear. The first issue is what is the source of glutamate
that activates preNMDARs? Cortical preNMDARSs contain the NR2B subunit
(Woodhall et al., 2001; Sjostrom et al., 2003; Yang et al., 2006; Brasier and
Feldman, 2008; Li et al., 2008), which confers high affinity for glutamate (Laurie
and Seeburg, 1994; Priestley et al., 1995). This opens the possibility that low
ambient levels of glutamate might tonically activate cortical preNMDARs. Such
tonic activation has been observed for postsynaptic NMDARSs in slice
preparations (Sah et al., 1989; Cavelier and Attwell, 2005; Le Meur et al., 2007),
but see (Herman and Jahr, 2007). Tonic activation of preNMDARs by ambient
glutamate is indicated by studies in which NMDAR antagonists decreased
MEPSC frequency in slices in which all action potential (AP) activity was blocked
by tetrodotoxin TTX (Berretta and Jones, 1996; Woodhall et al., 2001; Sjostrom
et al., 2003; Corlew et al., 2007; Li and Han, 2007; Li et al., 2008). These

findings demonstrate that ambient glutamate, present in slices without action
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potential-evoked release, is sufficient to functionally activate preNMDARS.
Notably, the ability of preNMDARSs to modify mEPSC frequency is apparent at
physiological temperatures, but is absent at room temperature unless glutamate
concentration is enhanced by high-frequency synaptic activity or blockade of
excitatory amino acid transporters (Cavelier and Attwell, 2005; Bender et al.,
2006b; Brasier and Feldman, 2008). Importantly, preNMDAR enhancement of
release is not saturated by ambient glutamate because application of NMDAR
agonists enhances mEPSC frequency (Woodhall et al., 2001; Brasier and
Feldman, 2008). These data suggest that activity-dependent changes in local
glutamate concentration might dynamically regulate preNMDAR activation, and
therefore release probability.

The cellular source of glutamate for preNMDARS remains unclear.
PreNMDARSs only contribute to evoked release at L5 pyramidal cell synapses
when the presynaptic cell fires bursts, suggesting that preNMDARSs act as
autoreceptors for glutamate that builds up with release from the presynaptic
terminal (Sjostrom et al., 2003). As such, preNMDARs may help maintain a high
release probability in the face of continuous firing. Presynaptic kainate receptors
act in a similar autocrine fashion to depolarize terminals and enhance transmitter
release (Sun and Dobrunz, 2006). Unlike presynaptic kainate receptors, whose
effect on release gradually increases with subsequent spikes within a burst,
preNMDARSs affect transmitter release even during the first action potential in a
burst (Sjostrom et al., 2003). This difference may owe to the comparatively low

affinity for glutamate of presynaptic kainate receptors versus NR2B-containing
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NMDARs (Pinheiro et al., 2007). Glutamate for preNMDAR activation can also
arise from postsynaptic dendritic release of glutamate, which allows preNMDARSs
to modulate GABAergic synapses in the cerebellum (Duguid and Smart, 2004).

Glia may also play a key role in dynamically regulating glutamate
concentration for preNMDAR activation. Astrocytes have recently been shown to
contain glutamate vesicles which undergo exocytosis when stimulated by
prostaglandins, tumor necrosis factor-alpha, or mGIuR agonists (Bezzi et al.,
1998; Bezzi et al., 2001; Bezzi et al., 2004). In the hippocampal perforant path to
granule cell synapse, whole-cell stimulation of synaptically associated astrocytes
increases MEPSC frequency (Jourdain et al., 2007) (Fig 1.5A). This effect was
prevented when astrocytic exocytosis was blocked or when preNMDARs were
blocked with NR2B-selective antagonists. Furthermore, immuno EM revealed
NR2B-containing preNMDARSs in the extrasynaptic portion of excitatory perforant
path terminals, closely apposed to the vesicles of synaptically associated
astrocytes (Jourdain et al., 2007) (Fig. 1.5B). These findings strongly suggest
that dynamic glial release of glutamate contributes to activation of preNMDARS.
It will be vital to test whether other preNMDARSs (including in neocortex) are
regulated by a similar mechanism.

A second issue is whether preNMDARSs are functionally regulated by
availability of glycine or other ligands at the glycine binding site. Glycine binding
is required for preNMDAR function, because blockade of the glycine binding site

fully prevents the effects of preNMDARs on mEPSCs in primary visual cortex.
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Figure 1.5 Glutamate released from astrocytes can regulate
neurotransmitter release. (A) Electrical stimulation (stim) of an astrocyte (AST)
increases miniature excitatory synaptic currents recorded in a granule cell (GC)
in the dentate gyrus of the hippocampus. (B) Electron micrographs showing
NR2B gold particles in extrasynaptic membranes (arrows) of nerve terminals
(Ter) making asymmetric synapses with dendritic spines (Sp) in the dentate
molecular layer and an associated astrocytic process (Ast). Inset shows at higher
magnification NR2B particles apposed to an astrocytic process that contains
synaptic like microvesicles (arrowheads). Scale bars, 100 nm. Reproduced with
permission from Jourdain and others (2007).
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However, exogenous application of D-serine (a selective agonist for the glycine
site) does not enhance mEPSC frequency (Awobuluyi et al., 2007). Thus, unlike
the postsynaptic NMDAR, the glycine site on preNMDARs may be saturated
under physiological conditions, which may be due in part to the relatively high
affinity NR2B-containing and possibly NR3A-containing NMDARSs have for
glycine (Kew et al., 1998). In addition to glycine and D-serine, preNMDAR
function is modulated by other amino acids. Taurine, an endogenous analogue
of glycine, has been found to increase the preNMDAR-mediated enhancement of
Schaffer collateral fiber volley amplitude without affecting the postsynaptic
NMDAR-mediated enhancement of field EPSC slope (Suarez and Solis, 2006).
A third issue is the source of depolarization for preNMDAR activation. The
fact that preNMDAR blockade alters mEPSC frequency when spikes are blocked
by TTX (Berretta and Jones, 1996; Sjostrom et al., 2003; Corlew et al., 2007; Li
and Han, 2007; Brasier and Feldman, 2008; Li et al., 2008) indicates that
preNMDARSs actively enhance release even when depolarization from sodium
spikes is absent. This could indicate that (i) resting potential in terminals is
sufficiently depolarized to partially relieve Mg®* block of preNMDARS, (ii)
preNMDARSs may exhibit less voltage-dependence than classical postsynaptic
NMDARSs, or (iii) preNMDAR modulation of release may not require current flow.
Although a relatively depolarized resting potential is a possibility because the
presynaptic terminal is a small, high input resistance compartment that would be
readily depolarized by small local excitatory currents, this idea is speculative and,

at least in the Calyx of Held terminals where it can be measured, the resting
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membrane potential is close to -80mV (Duguid and Smart, 2004; Awatramani et
al., 2005). Itis possible that preNMDARSs lack a voltage-activated component, as
this has been observed in some receptor subtypes. In particular, heteromeric
NMDAR channels containing the obligatory NR1 subunit with either NR2C,
NR2D, NR3A, or NR3B subunits (perhaps in addition to NR2B subunits) would
be expected to exhibit less basal magnesium block compared to postsynaptic
NMDARs composed primarily of NR1 with NR2A and/or NR2B (Monyer et al.,
1992; Cull-Candy et al., 2001; Sasaki et al., 2002). Notably, preNMDARSs in CA1
hippocampus of very young (<P5) rats have been suggested to contain NR2D
subunits (Mameli et al., 2005). Thus, determining the molecular composition of
preNMDARs will be crucially important to understanding their voltage
dependence and their function under physiological conditions.

The function of preNMDARs might also be subject to neuromodulation. In
hippocampal slices from <P5 rats, the excitatory neurosteroid pregnenolone
sulfate increases MEPSCs frequency. This effect is blocked by bath application
of NMDAR antagonists, including the NR2C/NR2D-selective antagonist PPDA,
but not by selective blockade of postsynaptic NMDARs. An endogenous
pregnenolone sulfate-like neurosteroid was found to be released by postsynaptic
depolarization and to enhance preNMDAR function (Mameli et al., 2005), raising
the possibility that preNMDARs may be an important site of neuromodulatory

control of release probability and network excitability.
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1.8 RoleinLTD

NMDARs are required for many forms of synaptic plasticity, including long-
term potentiation (LTP) and depression (LTD) (Bliss and Collingridge, 1993;
Collingridge and Bliss, 1995; Malenka and Bear, 2004). While postsynaptic
NMDARSs are well established to trigger induction of classical forms of LTP and
LTD, as best defined at CA3-CA1 excitatory synapses in hippocampus, recent
studies indicate that preNMDARSs, rather than postsynaptic NMDARS, mediate at
least one prominent form of plasticity, spike timing-dependent LTD (tLTD), at
some synapses.

Spike timing-dependent plasticity (STDP) is a physiologically realistic form
of bidirectional synaptic plasticity in which LTP or LTD is induced in response to
the precise timing between presynaptic spikes (and the excitatory postsynaptic
potentials (EPSPSs) they elicit) and postsynaptic spikes (Magee and Johnston,
1997; Markram et al., 1997; Dan and Poo, 2006). Spike timing-dependent LTP
(tLTP) is induced when presynaptic spikes precede postsynaptic spikes by < 20
ms, while tLTD is induced when presynaptic spikes follow postsynaptic spikes by
up to 20-50 ms. STDP occurs throughout the neocortex (Egger et al., 1999;
Feldman, 2000; Sjostrom et al., 2001; Froemke and Dan, 2002) and has
functional properties that may underlie development, plasticity, and competition
within sensory maps. In particular, tLTD may underlie deprivation- and
experience-induced weakening of sensory responses during receptive field
plasticity (Sjostrom et al., 2001; Allen et al., 2003; Celikel et al., 2004; Dan and

Poo, 2006).
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NMDAR activation is necessary for most forms of cortical STDP. At
several synapses in young rodents, including L4-L2/3 synapses in
somatosensory and visual cortex, and synapses between L5 pyramidal neurons
in visual cortex, the induction of tLTD has been found to specifically require
preNMDARSs, but not postsynaptic NMDARSs (Sjostrom et al., 2003; Bender et al.,
2006b; Corlew et al., 2007; Rodriguez-Moreno and Paulsen, 2008) (Fig. 1.6).
This was elegantly shown at unitary L4-L2/3 synapses in mouse S1, using dual
whole-cell recordings of synaptically connected L4 and L2/3 neurons.
Postsynaptic or presynaptic NMDA receptors were selectively blocked by internal
application of the NMDAR pore blocker MK-801 into the pre- or postsynaptic
neuron. tLTD was completely blocked by presynaptic MK-801, but was
unaffected by postsynaptic MK-801. This indicates that LTD involved
presynaptic, but not postsynaptic, NMDARSs, and rules out the possibility that glial
NMDARs are required in tLTD (Rodriguez-Moreno and Paulsen, 2008).

PreNMDAR-dependent tLTD requires postsynaptic calcium elevation and,
in the S1 at least, activation of postsynaptic group | mGIluRs, and is expressed as
a reduction in the probability of neurotransmitter release, implicating a retrograde
signal (Bender et al., 2006b; Nevian and Sakmann, 2006). This retrograde signal
involves the well-established endocannabinoid retrograde signaling pathway,
which mediates many forms of short- and long-term synaptic plasticity
(Chevaleyre et al., 2006), because postsynaptic synthesis of endocannabinoids
and activation of presynaptic cannabinoid type 1 (CB1) receptors are required for

tLTD (Sjostrom et al., 2003; Bender et al., 2006b).
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Figure 1.6 Induction of long-term depression (LTD) requires preNMDARs. (A & B)
Extracellularly evoked L4-L2/3 excitatory postsynaptic currents (EPSPSs) in
somatosensory cortex (S1). (A) In L4-L2/3 S1 connections, robust timing-dependent
LTD can be induced in control experiments (closed circles) by repetitively pairing
postsynaptic action potentials followed closely by EPSPs (pairing indicated by gray bar).
LTD is observed even when postsynaptic NMDARSs are blocked with iMK-801 (open
circles), but not when APV (2-amino-5-phosphonopentanoic acid) is bath applied (not
shown). (B) Bath-applying the endocannabinoid agonist AEA (arachidonyl ethanolamide)
induces a lasting LTD at L4-L2/3 synapses (indicated by a reduction of EPSP slope,
normalized to baseline). Prior blockade of pre- and postsynaptic NMDARs with bath-
applied D-APV blocks this AEA-induced LTD (no reduction in EPSP slope from
baseline), whereas postsynaptic NMDAR blockade with MK-801 does not block AEA-
induced LTD (not shown). (C—H), Synaptically coupled L4-L2/3 excitatory pairs in the
S1. (C) iIMK-801 (gray) completely blocks induction of timing-dependent long-term
potentiation (tLTP), while control (no iMK-801) neurons (black) exhibit normal LTP. Inset,
EPSP before (1) and 30 min after (2) the LTP pairing protocol. (D) Postsynaptic MK-801
did not block tLTD. (E) Summary of (C & D). (F) During paired recordings, presynaptic
MK-801 did not block the induction of tLTP. (G) Presynaptic MK-801 completely blocks
tLTD. (H) Summary of (F & G). Control tLTP refers to values obtained using extracellular
stimulation. (E & H) The numbers of slices are shown in parentheses. All error bars are
S.E.M. *=p <0.05, ** = p < 0.01. Reproduced with permission from (A & B) Bender
(2006), and (C & H) Rodriguez-Moreno and Paulsen (2008).
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Thus, tLTD at these synapses involves both preNMDAR and CB1 signaling
(Sjostrom et al., 2003; Bender et al., 2006b; Nevian and Sakmann, 2006).

Such CB1- and preNMDAR-dependent, presynaptically expressed tLTD is
common in neocortex, at least during early postnatal development (Corlew et al.,
2007), but is not universal (Froemke et al., 2005). Currently, there is no
explanation for why some forms of LTD are preNMDAR-dependent while others
are postsynaptic NMDAR-dependent. In addition to tLTD, it is tempting to
speculate that more forms of preNMDAR-dependent plasticity exist, but have not
been discovered due to assumptions (based on analogy to CA3-CAl synapses in
hippocampus) that postsynaptic NMDARs generally mediate plasticity. The
prevalence of multiple, distinct forms of LTD throughout the brain, including
preNMDAR-CB1 LTD, and the recent discovery of preNMDAR-dependent LTP in
the amygdale (Humeau et al., 2003), indicate that plasticity at CA3-CA1
synapses may not be canonical and underscore the need to test specifically for
pre- versus post-synaptic NMDAR involvement in specific forms of synaptic

plasticity.

1.9 Role of preNMDARs in CB1/preNMDAR-dependent LTD

How might preNMDARSs contribute to tLTD? Coincidence detection for
STDP, and for Hebbian plasticity generally, is widely posited to be performed by
postsynaptic NMDARs (Dan and Poo, 2006). In one standard STDP model,
presynaptically released glutamate strongly activates postsynaptic NMDAR

currents when release is rapidly followed by depolarization from postsynaptic
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spikes, leading to calcium influx that is supralinear compared to glutamate
release or postsynaptic spikes alone. This supralinear calcium is thought to drive
LTP induction. In contrast, post-leading-pre spike order drives sublinear calcium
influx, leading to LTD (Shouval and Perrone, 1995; Koester and Sakmann,
1998). While this model may hold at synapses that exhibit postsynaptic NMDAR-
dependent STDP, calcium from postsynaptic NMDARSs is not required to drive
tLTD at synapses which exhibit preNMDAR/CB1-dependent tLTD (Sjostrom et
al., 2003; Bender et al., 2006b; Duguid and Sjostrom, 2006; Corlew et al., 2007;
Corlew et al., 2008). Thus, at these synapses, postsynaptic NMDARs cannot
perform coincidence detection for tLTD, and the induction of tLTD must involve
separate coincidence detection mechanisms than those for tLTP (Bender et al.,
2006b; Nevian and Sakmann, 2006). Induction of tLTD at these synapses may
involve preNMDARs and CB1 receptors (Sjostrom et al., 2003; Duguid and
Sjostrom, 2006).

Whether and how preNMDARSs contribute to coincidence detection for
preNMDAR-dependent, CB1-dependent tLTD is debated. In one hypothesis,
presynaptic spikes provide glutamate and depolarization to activate preNMDARS,
postsynaptic spikes evoke endocannabinoid release to activate CB1 receptors,
and coincident activation of preNMDARs and CB1 receptors triggers tLTD
(Sjostrom et al., 2003; Duguid and Sjostrom, 2006) (Fig. 1.7A). Consistent with
this model, exogenous cannabinoid agonists induce tLTD at synapses between

L5 pyramidal cells in visual cortex, and this effect is blocked when preNMDARSs
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Figure 1.7 Two models showing preNMDAR involvement in the coincidence
detection of spike timing-dependent LTD. (A) It has been proposed in L5 of
visual cortex (Sjostrom et al., 2003) that postsynaptic action potentials trigger the
release of endocannabinoids in a mechanism similar to short-term depression
caused during depolarization-induced suppression of inhibition. When
presynaptic activity follows this cannabinoid release in a short time window, it
coincidently activates preNMDARSs and presynaptic CB1 receptors to trigger LTD
induction. Reproduced with permission from Sjostrom and others (2003). (B)
Schematic for a possible postsynaptic coincidence detector for CB1-mediated
tLTD. Black, pathway for mGluR-dependent cannabinoid synthesis. Red,
pathway for VSCC- and calcium-dependent cannabinoid synthesis. Purple,
potential synergistic pathways that increase cannabinoid production in response
to appropriately timed pre- and postsynaptic spikes. Presynaptic NMDARs play a
modulatory role in LTD in this hypothesis. Schematic based on data in Bender
and others 2006.
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are blocked by APV, indicating that coincident activation of CB1 receptors and
preNMDARSs is required for this form of synapse weakening. Also consistent with
this model, prolonging the half-life of endogenously released cannabinoids
broadens the timing window for tLTD within the STDP rule (Sjostrom et al.,
2003). However, a potential difficulty with this model is that endocannabinoid
synthesis, release, and retrograde signaling must occur with ~10 ms precision,
which may be faster than possible for endocannabinoid signaling (Heinbockel et
al., 2005). Another difficulty is that, at least at L4-L2/3 synapses in S1, tLTD can
be induced even when preNMDARs are blocked during post-leading-pre spike
pairing, indicating that these receptors do not participate in coincidence detection
for tLTD (Bender et al., 2006a).

An alternative hypothesis is that preNMDARSs do not contribute to
millisecond-scale coincidence detection of pre- and postsynaptic activity during
tLTD induction, but rather act on a slower time scale to modulate tLTD induction.
In this model, rapid coincidence detection for tLTD occurs through a separate,
postsynaptic mechanism. One such mechanism is suggested by findings at L4-
L2/3 synapses in S1, where tLTD requires postsynaptic VSCCs and group |
MGIuRs, both of which are upstream of endocannabinoid synthesis (Bender et
al., 2006b) (Fig. 1.7B). Calcium and mGIluR activation are known to drive
endocannabinoid synthesis, and joint activation of these pathways greatly
facilitates endocannabinoid synthesis and cannabinoid-dependent plasticity
(Hashimotodani et al., 2005; Chevaleyre et al., 2006). According to this model,

presynaptic spikes provide glutamate to activate mGIluRs, postsynaptic spikes
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drive calcium entry through VSCCs, and appropriately timed, near-coincident
activation of these two pathways leads to synergistic endocannabinoid synthesis
and release. The retrograde endocannabinoid signal then instructs the
presynaptic terminal to express LTD. While acute blockade of preNMDARS
during post-pre spike pairing does not block tLTD at this synapse, persistent
blockade of preNMDARSs for many minutes prior to pairing does block tLTD
(Bender et al., 2006b). This suggests that preNMDAR activity is required on long
time scales for tLTD induction, but not for rapid coincidence detection during
pairing. This model does not predict strong synapse specificity for tLTD, since
post-pre pairing at one synapse would generate cannabinoid signals that could
diffuse retrogradely to neighboring synapses and drive heterosynaptic LTD. In
contrast, the model proposed by Sjostrom et al. (2003) predicts that only those
presynaptic terminals which are active within milliseconds of postsynaptic
activation would experience coincident activation of preNMDARs and CB1
receptors, and would undergo LTD. Future studies need to distinguish between

these distinct tLTD models.

1.10 Developmental regulation of preNMDARS role in neurotransmission
and plasticity

Despite the large body of evidence reviewed above, preNMDARS are not
found at all synapses, in all brain areas, in all studies. Some explanation is
offered by a growing body of evidence indicating that the function of preNMDARS

decreases dramatically over development. One of the first suggestions that
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preNMDARSs are regulated over development came from a study in the CA1
region of the hippocampus, where the neuromodulatory effects of pregnenolone
sulfate on preNMDARs was observed only during a brief window of postnatal
rodent development (<P5) (Mameli et al., 2005). While this effect might arise at
any point along the neuromodulatory pathway, it was hypothesized that the loss
of function arose from a decline in preNMDAR function due to a developmental
loss of NR2D-containing preNMDARSs. The presence of NR2D permits NMDARSs
to function at hyperpolarized potentials and, thus, could account for the ability of
preNMDARSs to be tonically active in the absence of strong depolarization
(Mameli et al., 2005). The developmental loss of NR2D might then increase
voltage-dependence of preNMDARSs, effectively disabling their function. In
support of this interpretation, while preNMDARSs may facilitate tonic transmitter
release at the CA3-CALl synapse only in young (<P5) mice (Mameli et al., 2005)
they may continue to alter evoked transmitter release at older ages (Suarez et
al., 2005; Suarez and Solis, 2006). Thus, with a change in the subunit
composition of preNMDARSs, their ability to participate in spontaneous and
evoked transmitter release might change.

Several studies now indicate that preNMDAR function attenuates with
development, although the developmental timing of this attenuation varies in
different regions of the brain. For example, unlike the early loss of preNMDAR
function observed in the hippocampus (Mameli et al., 2005), preNMDAR function
in entorhinal cortex L5 pyramidal neurons is not lost until late in development

(Yang et al., 2006). Specifically, preNMDARs enhance the frequency of
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spontaneous excitatory postsynaptic currents (SEPSCs) at 5 weeks of age in the
entorhinal cortex, but this effect is absent by 5 months (Yang et al., 2006).
Although the time course for the developmental loss of preNMDARSs is different
between the hippocampus and entorhinal cortex, a change in preNMDAR subunit
composition may underlie the loss of preNMDAR function in both regions
(Mameli et al., 2005; Yang et al., 2006). To examine this possibility in the
entorhinal cortex, the investigators took advantage of the observation that
preNMDARSs, but not postsynaptic NMDARSs, are thought to contain the NR2B
subunit in L5 pyramidal neurons at 5 weeks of age. Accordingly, the NR2B
agonist R025-6981 could effectively reduce the frequency of SEPSCs at 5 weeks
of age but not at 5 months of age, indicating that NR2B-containing preNMDARSs
were no longer contributing to the spontaneous release probability.

A profound developmental reduction in preNMDAR functions has been
observed in V1 (Corlew et al., 2007), suggesting that this might be a general
feature of preNMDAR expression. In the mouse primary visual cortex, the ability
of preNMDARSs to enhance spontaneous release probability onto cells in L2/3,
L4, and L5 is completely lost at 3 weeks of age (Fig. 1.8). Consistent with this
observation, there is a dramatic reduction in the anatomical expression of
terminals containing preNMDARSs; while roughly 60% of presynaptic terminals
contain the obligatory NMDAR subunit NR1 in L2/3 asymmetric (excitatory)
synapses at P16, only 30% do so at P27. This will be explored further in Chapter

2. While there are several possible explanations for the total loss of preNMDAR
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Figure 1.8 Evidence for a developmental reduction in preNMDAR functions.
(A) D,L-APV (or D-APV where indicated) strongly reduced AMPAR-mediated
MEPSC frequency from baseline in L2/3, L4, and L5 pyramidal cells in the visual
cortex of mice at P7-20 but not older mice. Sample sizes are given within the
bars. (B) Immuno-electon microscopy for the obligatory NR1 subunit of the
NMDAR reveals a developmental decrease in presynaptic, but not postsynaptic,
NR1. Electron micrograph in L2/3 of visual cortex of a (B1) P16 mouse,
demonstrating an NR1-positive terminal (t+) forming a synapse onto a NR1
positive spine (s+) and (B,) from a P27 mouse, demonstrating an unlabeled
terminal (t-) forming a synapse onto a labeled dendrite (d+). Scale bar 250 nm.
(C) Scatter plot from four mice (2 at each age) quantifying the selective loss of
presynaptic, but not postsynaptic, NR1 over development. Reproduced with
permission from Corlew and others (2007).
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functions in spontaneous release without the complete loss of expression at P27,
one parsimonious explanation is that the reduction in preNMDAR expression is
also coupled to a change in preNMDAR subunit composition. Such an
observation would be consistent with the mechanisms suggested for the
developmental loss of preNMDARSs in entorhinal cortex and hippocampus.
Moreover, a role for preNMDARSs in supporting evoked neurotransmitter release
in the adult neocortex has not been tested to date.

What is the physiological outcome of a developmental decrease in
preNMDARs? Neurotransmitter release probability decreases significantly during
early development, causing some synapses to switch with age from displaying a
depressing response with pairs or bursts of stimulation to a facilitating response
(Bolshakov and Siegelbaum, 1995; Choi and Lovinger, 1997; Pouzat and
Hestrin, 1997; Reyes and Sakmann, 1999; Dekay et al., 2006). The timing for
these observed changes in presynaptic function coincides roughly with the
developmental decrease in preNMDAR function in the hippocampus (Mameli et
al., 2005), entorhinal cortex (Yang et al., 2006), and visual cortex (Corlew et al.,
2007). Therefore, a reduction in preNMDAR function might contribute to a
developmental decrease in release probability, which may be a general property
of early circuit formation. Synaptic terminals may require a high release
probability to facilitate synapse formation during early synaptogenesis (Rumpel et
al., 2004). When synaptic connections become more stable, the need for that
high release probability may decrease as connections can be strengthened and

weakened by changes on the postsynaptic side.
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As presynaptic and postsynaptic receptor properties change with
development, synaptic plasticity mechanisms may be forced to adapt to these
changes (Yasuda et al., 2003; Frenkel and Bear, 2004; Nosyreva and Huber,
2005; Yashiro et al., 2005; He et al., 2006; Jo et al., 2006). The mechanisms of
synaptic plasticity cannot be studied without reference to development: even the
pre- versus postsynaptic locus induction and expression of LTP and LTD can
vary with development (Nosyreva and Huber, 2005; Corlew et al., 2007; Crozier
et al., 2007). As preNMDARs are lost during development of the L4-L2/3
pathway in visual cortex, there is a developmental switch from the involvement of
preNMDARSs to postsynaptic NMDARs in LTD (Corlew et al., 2007). Thus, while
preNMDARs can contribute to the properties of neurotransmission and act as
coincidence detectors for tLTD induction during early life, the role of postsynaptic

NMDARs in tLTD increases as that of preNMDARSs diminishes.

1.11 Activity-dependent and disease-induced changes in preNMDARSs
While postsynaptic NMDAR expression and function are sensitive to
experience-driven changes in neural activity levels (Carmignoto and Vicini, 1992;
Hestrin, 1992; Monyer et al., 1994; Philpot et al., 2001a), it was only recently that
similar activity dependence has been observed for preNMDARs. For example, in

cultured cerebellar GABAergic neurons, where preNMDARs may act as
heteroreceptors for glutamate to increase GABA release, the developmental loss
of preNMDARSs can be accelerated by treatment with NMDA (Fiszman et al.,

2005). While there may be several mechanisms that underlie this activity-
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dependent change in preNMDAR function, it is possible that changes in activity
levels may alter the subunit composition of preNMDARs and/or their expression
at the synapse (due to differential receptor trafficking). In support of this idea,
pharmacological blockade of NMDARSs in vivo rapidly increases the presence of
presynaptic NR2A subunits, and decreases that of NR2B subunits, in both
postsynaptic spines and presynaptic terminals of adult rat visual cortex (Aoki et
al., 1994; Fujisawa and Aoki, 2003). The time scale (<30 min) of these changes
suggest an activity-dependent modification in preNMDAR trafficking, and
changes in activity levels may uniquely alter the trafficking of the various NMDAR
subtypes.

If modulating activity in vivo similarly alters expression and function of
preNMDARSs, then changes in preNMDAR function could occur during, or
contribute to, neurological disorders such as epilepsy that involve large-scale
changes in network activity and excitation. Chronic changes in neural activity
levels in epileptic patients have been shown to affect NMDAR function and
expression (Dalby and Mody, 2001; Avanzini and Franceschetti, 2003; Morimoto
et al., 2004). However, few studies have considered the possibility that
preNMDARSs may be affected. One recent study in rodents indicates that
epileptic activity could affect the function of preNMDARs. Specifically,
preNMDARs were reinstated, or their normal developmental down-regulation
prevented, in the adult entorhinal cortex following 2-4 weeks of lithium-
pilocarpine treatment to induce seizures (Yang et al., 2006). In these mice, the

recurrent seizure activity recovered a high frequency of SEPSCs that could be

37



A control B control C control
Ro 25-6981 (1 pM) Ro 25-6981 (1 pM) Ro 25-6981 (1 uM)

p—————— T o T
) T g E

200 ms 500 ms 500 ms

D E F

-
o

-

-

cumulative probability
cumulative probability

c = control
Ro = Ro 25-6981 Ro = Ro 25-6981

¢ = control c = control

Ro = Ro 25-6981

cumulative probability

o
(=]
(=]

3 6 2 4 0 2 4
IEI (s) IEl (s) IEl (s)

(=]
o

Figure 1.9 Developmental and activity-dependent regulation of preNMDAR
functions. Presynaptic NR2B-containing receptors enhance spontaneous
release in the entorhinal cortex of young rats and epileptic adults, but not in
normal adults. (A-C) Voltage-clamp recordings of SEPSCs in a layer 5 neurons in
a slice from (A) a 4-week-old rat, (B) a 5-month-old rat, and (C) and a 5-month-
old epileptic rat. Blockade of NR2B receptors with Ro 25-6981 decreases the
frequency of SEPSCs only in young and epileptic rats. Postsynaptic NMDARs
are blocked by intracellular MK-801. (D-F) Corresponding pooled data for inter-
event interval of the SEPSCs from control and Ro 25-6981 recordings.
Reproduced with permission from Yang and others (2006).
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decreased by the NR2B-specific antagonist Ro 25-6981. Littermate controls with
no seizures had no increase in SEPSCs, and the frequency of SEPSCs in these
control mice was not affected by Ro 25- 6981 application (Yang et al., 2006) (Fig.
1.9). These data indicate that the ability of preNMDARS to enhance spontaneous
transmitter release was enhanced in a seizure model, although it has not yet
been determined whether this increase was causal to, or a consequence of,
increased neural activity. In support of the idea that preNMDARs may be
involved in some forms of epilepsy, it is interesting to note that gabapentin, a
drug prescribed to treat epilepsy, may act to decrease neurotransmitter release

via preNMDARs (Suarez et al., 2005).
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Chapter 2:
Developmental switch in the contribution of presynaptic NMDA receptors
(preNMDARS) to long-term depression (tLTD)

This chapter was published with Yun Wang, Haben Ghermazien, Alev Erisir,
and Benjamin D. Philpot in The Journal of Neuroscience Sep 12;
27(37):9835-45

2.1 Introduction

NMDA receptor (NMDAR) activation is required for many forms of learning
and memory as well as sensory system receptive field plasticity, yet the relative
contribution of pre- and postsynaptic NMDARSs over cortical development
remains unknown. Here we demonstrate a rapid developmental loss of
functional presynaptic NMDARs (preNMDARS) in the neocortex. PreNMDARS
enhance neurotransmitter release at synapses onto visual cortex pyramidal cells
in young mice (< postnatal day 20; P20), but they have no apparent effect after
the onset of the critical period for receptive field plasticity (>P21). Immuno-
electron microscopy revealed that the loss of preNMDAR function is due in part
to a 50% reduction in the prevalence of preNMDARs. Coincident with the
observed loss of preNMDAR function, there is an abrupt change in the
mechanisms of timing-dependent long-term depression (tLTD). Induction of tLTD
before the onset of the critical period requires activation of pre but not

postsynaptic NMDARSs, while the induction of tLTD in older mice requires



activation of postsynaptic NMDARs though the requirement of pre NMDARs at
this stage is unknown. By demonstrating that both pre- and postsynaptic
NMDARs contribute to the induction of synaptic plasticity, and that their relative
roles shift over development, our findings define a novel, and perhaps general,
property of synaptic plasticity in emerging cortical circuits.

Synaptic connections in sensory cortices such as the primary visual cortex
are initially sculpted in an experience-independent manner, allowing rough
cortical maps and receptive field properties to emerge in the absence of sensory
experience (Rakic, 1977; Mower et al., 1985; Stryker and Harris, 1986; Horton
and Hocking, 1996; Crowley and Katz, 1999; Feller and Scanziani, 2005). This is
followed by a relatively brief “critical period” of postnatal life where receptive field
properties are additionally refined in an experience-dependent manner (Fox and
Zahs, 1994; Berardi et al., 2000; Sengpiel and Kind, 2002; Hensch, 2004).
Activation of the NMDA-type glutamate receptors (NMDARS) is required for many
experience-dependent forms of plasticity as well as some forms of activity-
dependent plasticity that do not rely on sensory experience (Bear and
Rittenhouse, 1999; lwasato et al., 2000; Malenka and Bear, 2004). Thus, an
important goal is to establish the precise role of NMDARs in key forms of cortical
plasticity, and whether this changes over development.

NMDARs were traditionally thought to exert their influences
postsynaptically, and their presynaptic existence has been largely ignored. A
surprising finding is that NMDARSs are anatomically expressed presynaptically

(Aoki et al., 1994; Charton et al., 1999) and these presynaptic receptors are
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involved in both neurotransmission and plasticity (Berretta and Jones, 1996;
Woodhall et al., 2001; Casado et al., 2002; Humeau et al., 2003; Bardoni et al.,
2004; Duguid and Smart, 2004; Mameli et al., 2005; Duguid and Sjéstrom, 2006;
Lien et al., 2006; Yang et al., 2006). For example, tLTD between layer (L) 5
pyramidal cells in the visual cortex requires the simultaneous activation of
preNMDARSs and cannabinoid receptors (Sjostrom et al., 2003). This tLTD is
expressed presynaptically as a reduction in the probability of neurotransmitter
release. PreNMDARs are also involved in the induction of tLTD at L2/3 in barrel
cortex and visual cortex of young rodents (Bender et al., 2006b; Li and Han,
2006). While growing evidence suggests an important role for preNMDARSs early
in development (Lien et al., 2006), it remains unknown whether preNMDARSs are
regulated in a laminar or developmental fashion.

Here we examined the laminar and developmental profile of preNMDAR
function in the visual cortex, a well-studied model for sensory map plasticity (Fox
and Zahs, 1994; Katz and Shatz, 1996; Bear and Rittenhouse, 1999; Berardi et
al., 2000; Sengpiel and Kind, 2002; Hensch, 2004; Taha and Stryker, 2005;
Hofer et al., 2006b). We demonstrate that while preNMDARSs function to
enhance spontaneous neurotransmission onto pyramidal neurons in L2/3, L4,
and L5 early in development, there is an abrupt loss of this function at the onset
of the critical period. Furthermore, pre- but not postsynaptic NMDARs are
required for the induction of tLTD at the L4-L2/3 synapse during the pre-critical

period. At the onset of the critical period, however, a dramatic loss of
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preNMDARs appears to trigger the emergence of a postsynaptic requirement of

NMDARs for tLTD though a remaining presynaptic requirement was not tested.

2.2  Materials and Methods

Subjects. C57BL/6 mice were purchased from Charles River laboratories and
used between P7 and P84. Mice were maintained on a 12:12 light:dark cycle
and fed ad libitum. All experiments were performed under the animal care
guidelines for Tufts University School of Medicine, the University of Virginia, and
the University of North Carolina at Chapel Hill.

Cortical slice preparation: Mice were anesthetized with pentobarbital sodium (40

mg/kg, i.p.) and decapitated upon disappearance of corneal reflexes. Brains
were rapidly removed and immersed in ice-cold dissection buffer (composition in
mM: 87 NaCl, 2.5 KCI, 1.25 NaH,PO4, 25 NaHCO3, 75 sucrose, 10 dextrose, 1.3
ascorbic acid, 7 MgCl,, and 0.5 CaCl;) bubbled with 95% O, and 5% CO,. The
visual cortex was rapidly dissected and 350 uM coronal slices were prepared
using a vibrating microtome (Leica VT100S). Slices were allowed to recover for
20 min in a submersion chamber at 35°C filled with warmed ACSF (124 mM
NaCl, 3 mM KCI, 1.25 mM Na,PO4, 26 mM NaHCO3;, 1 mM MgCl,, 2 mM CacCl,,
and 20 mM D-glucose, saturated with 95% O3, 5% CO;; ~315 mOsm and pH
~7.25) and then kept at room temperature until use. For recordings, visual cortex
slices were placed in a submersion chamber, maintained at 30°C, and perfused

with oxygenated ACSF.
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Voltage-clamp recordings. Patch pipettes were pulled from thick-walled

borosilicate glass with open tip resistances of 3-6 MQ when filled with one of two
internal solutions either containing (in mM) 102 cesium gluconate, 5 TEA-
chloride, 3.7 NaCl, 20 HEPES, 0.3 sodium guanosine triphosphate, 4 magnesium
adenosine triphosphate, 0.2 EGTA, 10 BAPTA, and 5 QX-314 chloride (Alomone
Labs, Jerusalem, Israel) or containing 20 KCI, 100 (K)Gluconate, 10 HEPES, 4
(Mg)ATP, 0.3 (Na)GTP, 10 (Na)Phosphocreatine with pH adjusted to 7.25 and
osmolarity adjusted to ~300 mOsm with sucrose or ddH,0O. Cells were voltage-
clamped in the whole-cell configuration using a patch-clamp amplifier (Multiclamp
700A; Molecular Devices), and data were acquired and analyzed using pPCLAMP
9.2 software (Molecular Devices). For current-voltage (I-V) curves, voltage was
adjusted for the 16mV junction potential, which was empirically determined for
the internal solution. Changes in series resistance were monitored throughout
the experiment by giving a test pulse and measuring the amplitude of the
capacitive current. Only cells with series resistance < 30 MQ were included for
analysis. No series resistance compensation was applied. Input resistance was
monitored throughout the experiment by measuring the amplitude of the steady-
state current, filtered at 2 kHz, evoked from a test pulse. Only cells with <30%
change in Rinput, Rseries, @aNd lhoiding, Or <100 pA change for lnoiding Were included for
analysis. EPSCs were evoked from a stimulating electrode (two-conductor
cluster electrodes with 75 yM tip separation, FHC Inc., Bowdoin, ME.). NMDAR

currents were pharmacologically isolated by modifying the standard ACSF to
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contain 4 mM Mg”, 4 mM Ca**, 1 MM glycine, 50 uM picrotoxin, and 40 uM
DNQX or 20 uM CNQX.

MEPSC recordings Excitatory miniature excitatory postsynaptic currents

(mEPSCs) were recorded in the presence of blockers for voltage-gated sodium
channels (tetrodotoxin, TTX; 200 nM) and GABAA receptors (picrotoxin; 50 uM)
as well as 1 uM glycine. We recorded AMPA receptor-mediated mEPSCs at
negative holding potentials (-80 mV) to block the postsynaptic NMDAR currents,
and measured mEPSC amplitude and frequency before, during, and after bath
application of the NMDAR antagonist D-APV (50uM) or D,L-APV (100 uM).
Comparisons were made for (1) the last 4 minutes of a 10 minute baseline
period, (2) the last 4 minutes of an 8-10 minute window following application of
100 uM D,L-APV, and (3) the last 4 minutes following drug washout lasting 15-20
minutes. We also performed experiments of the same duration without drug
application as a demonstration of the stability of the recordings. Events were
identified by their rapid rise time (<3 ms), and were detected using an automatic
template detection program (pCLAMP, Molecular Devices) (Clements and
Bekkers, 1997). The detection threshold remained constant for the duration of
each experiment. All events were manually verified, and only events with a
monotonic rise time and exponential decay were included in the analysis.
Normalized frequency and amplitudes were used for mEPSC data analysis.
Over 150 events, with an average of ~700 events, were analyzed for each data

point for each cell.
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tLTD induction and short-term plasticity The internal recording solutions used for

these experiments consisted of (in mM): 100 (K)Gluconate, 20 KCI, 4 (Mg)ATP,
10 phosphocreatine, 0.3 GTP, 10 Hepes, with pH adjusted to 7.25 and osmolarity
adjusted to 290-295 mOsm. Some solutions also contained 0.4% biocytin and/or
MK-801 (0.5-1 mM). Picrotoxin (50 uM) was included in the bath solution for a
subset of recordings. In the younger age group experiments recorded in the
presence or absence of picrotoxin were combined, as they yielded similar results,
consistent with previous observations that the properties of spike timing-
dependent plasticity are similar with and without the blockade of inhibition
(Feldman, 2000; Froemke and Dan, 2002). In the P23-30 age group however,
tLTD could only be induced in the presence of picrotoxin to block inhibition.
Therefore, at this age group experiments with and without picrotoxin were kept
separate. L2/3 pyramidal cells were recorded in current-clamp, and weak
stimulation was delivered to L4, which makes a particularly strong and vertically
organized projection to L2/3 (Burkhalter, 1989). Extracellular stimulation
produced a monophasic and fixed latency response, which we interpreted as
predominately consisting as coming from L4 or other vertical inputs. We feel that
it is unlikely that we are activating local axon collaterals, as we never evoked
antidromic action potentials at the low stimulation intensities used in these
studies. Baseline stimulation was delivered once every 15-18 seconds. After a
10-15 minute stable baseline, action potential (AP) and excitatory postsynaptic
potential (EPSP) pairings were delivered 75-100 times (@ ~0.2Hz) with a

postsynaptic action potential produced by brief (<5 ms) depolarization followed 5-
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25 ms later by an EPSP evoked by L4 stimulation. After pairing, and in a few
instances after an additional 5 minute period without stimulation, stimulation was
delivered for 30 minutes at baseline frequencies. Short-term plasticity (i.e. the
rate of synaptic depression) was compared before and after pairing by
stimulating 6 pulses at 30 Hz.

Synaptic depression analysis A change in the amount of synaptic depression

between the baseline responses and the responses after the induction of tLTD
was quantified using a short-term depression (STD) index described by Sjostrom
et al. (2003). The change in the amount of synaptic depression observed in a
train of six EPSPs evoked at 30 Hz was compared between the average
responses in the first 10 minutes (baseline) and the last 10 minutes (post-
induction). Net amplitudes for each EPSP were used. The STD index is equal to
the ratio (post-induction/baseline) of EPSP4 — the average ratios of EPSP, all
normalized to the ratio of EPSP;.

Electron microscopy (EM) Mice were given an overdose of Nembutal, and

perfused transcardially with heparinized Tyrode solution for 3 minutes, followed
by a mixture of 4% paraformaldehyde and 0.5% gluteraldehyde, for 15 minutes.
Fixatives were dissolved in 0.1M phosphate buffer (PB) at pH 7.4. After
perfusions, brains were kept within the skull and postfixed overnight in the same
fixative. A vibrating microtome was used to cut 60 uM sections coronally through
the visual cortex. Sections were treated with 1% NaBH, to terminate the cross-
linking actions of the fixatives, and stored free-floating at 4°C in 0.01M phosphate

buffered saline (PBS) containing 0.05% sodium azide. To prepare slices for pre-
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embedding immunocytochemistry, sections were rinsed and treated in 1% bovine
serum albumin (BSA) in PBS for 30 minutes, and they were incubated in a 1
pg/ml dilution of polyclonal rabbit anti-NR1 (Chemicon, CA) in PBS with 1% BSA
and 0.05% NaNs, for three days at room temperature. The sections were then
rinsed and incubated in a biotinylated goat anti-rabbit (Vector Labs, CA) for 2
hours, followed by 2 hours incubation in HRP-conjugated avidin-biotin complex
(ABC; Vector Labs, CA). Immunoreactivity was visualized using
diaminobenzidine (DAB; 0.05%) and H20; (0.001%). Deletion of primary
antibodies eliminated all specific staining discernible at the EM level.
Immunostained sections were fixed with 2% glutaraldehyde in PB for 10
minutes, followed by 1% osmium tetroxide for 1 hour. Sections were then
dehydrated in a series of alcohols, infiltrated with liquid resin (Embed 812, EMS,
PA), and placed between two sheets of clear acetate (Aclar; Ted Pella, CA). The
resin was allowed to polymerize overnight at 60°C. Sections were drawn with the
aid of camera lucida, and the areas to be analyzed by EM were cut and placed
on flat surfaces of Beem capsule caps. These capsules then were filled with
resin and left in a 60°C oven, until the resin in the capsule polymerized.
Trapezoids that contained a strip of cortex from the pial surface to the white
matter were prepared, and ultrathin sections were cut using an ultramicrotome
(Leica UMC). Ultrathin sections were oriented near-parallel to the surface of
vibratome sections, maximizing the area of tissue-EPON interface where most of
the antibody penetration can be expected and allowing reliable laminar analysis.

Sections were examined on a JEOL JEM1010 microscope.
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To determine cortical layer borders on the resin-embedded sections,
capsule-embedded sections were drawn using camera lucida, and certain
landmarks, such as the border of cell-sparse layer 1, and the position of tissue
within the resin block, were marked. The drawings from each block were then
compared to ultrathin sections obtained from those blocks, and the position of
L2/3 was determined within the resin trapezoid. For quantitative EM analysis, the
synapse was used as the main counting unit. From each immunostained brain,
at least 50 adjacent but non-overlapping images were captured at 10,000X
magnification, using a 16Mpixel CCD camera (SIA). The images were examined
at 35- 60,000X final magnification using Image-Pro Express software.
Systematic sweeps were used to locate synapses on each image. Then, the
experimenter judged if the pre- or postsynaptic elements of the synapse
contained any label, and evaluated the type of synaptic contact (symmetric or
asymmetric). A second experimenter who was blinded to the experimental
conditions reevaluated the images to confirm the quantitative analysis.

Identification of synapses and the DAB label was performed with the
following considerations. A synaptic terminal was identified by the presence of at
least one synaptic vesicle in contact with a plasma membrane, at least three or
more vesicles within the same profile, and the parallel alignment of the
postsynaptic plasma membrane with that of the terminal. A postsynaptic density
was deemed DAB positive, if it contained an accumulation of black DAB
chromagen at the postsynaptic membrane. The chromagen accumulation was

darker and irregularly shaped in contrast to the unlabeled postsynaptic densities.
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The criterion to classify a presynaptic terminal as DAB positive was the presence
of any discernible black DAB accumulation anywhere in the terminal. Typically,
DAB accumulation either uniformly filled the terminal, or appeared as patches of
label attached to the presynaptic membrane or nonsynaptic membranes. From
the counts of synapses that are unlabeled or displayed labeling in the
presynaptic terminal, or at the postsynaptic density, we calculated (1) the
prevalence of presynaptic labeling (N presynaptic label x100 / N all synapses),
(2) the prevalence of postsynaptic labeling (N postsynaptic label x 100 / N all
synapses), and (3) the ratio of presynaptic / postsynaptic label. The number of
synapses that were encountered in each brain ranged from 159-420. The
difference in the number of synapses examined from each brain was an outcome
of the presence of different number of synapses within a predetermined number
of images captured from each brain. Every synapse from all images was
included in the analysis. Two brains each at P16 and P27 were analyzed. The
experimenter analyzing the data was blind to both the age of the animal and to
the expected outcome.

Pharmacological agents purchased from Sigma (St. Louis, MO).

Statistics Means are reported as +S.E.M, unless specified otherwise. The
nonparametric Kruskal-Wallis test was used to determine statistical significance
of cumulative probability histograms. Student’s t tests for were used at the p <
0.05 significance level, except where significance was corrected to p < 0.0045 for

multiple comparisons using the Bonferroni-Dunn method (Fig. 2.3).
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2.3 Results
2.3.1 Postsynaptic hyperpolarization or MK-801 block postsynaptic NMDARs

To probe for the presence of functional presynaptic NMDARs
(preNMDARS) in visual cortical pyramidal cells, we used an established protocol
in slices from mice aged P7-P84 (Berretta and Jones, 1996; Sjostrom et al.,
2003; Bender et al., 2006b; Yang et al., 2006). In this strategy, postsynaptic
NMDARSs are first blocked with strong hyperpolarization. Then, the subsequent
effects of bath applying the NMDAR antagonist D,L-APV (100 uM) are measured
to reveal the effect that the remaining, presumably presynaptic, NMDARs have
on spontaneous neurotransmitter release (Fig. 2.1A). To validate this approach,
we first pharmacologically isolated NMDAR-mediated EPSCs and examined the
current-voltage (I-V) relationship at the L4-L2/3 synapse. L4 stimulation was
adjusted to evoke ~100 pA response at +40 mV. The synaptically evoked
NMDAR currents exhibited strong rectification generated from Mg?* block (Mayer
et al., 1984; Nowak et al., 1984), showing that <4% of the current remained at -
80 mV compared to what would be expected from a linear |-V relationship (Fig.
2.1B). Although strong hyperpolarization clearly blocks evoked NMDAR
currents, we also wanted to verify that it blocked NMDAR currents driven by
spontaneous neurotransmitter release. Our findings demonstrate that D,L-APV
has no effect on the amplitude or kinetics of mMEPSCs recorded at -80 mV in the
presence of TTX (200 nM) (Fig. 2.1C), suggesting that the NMDAR component of
the mMEPSCs was either absent or so small that is was below the detection level.

To demonstrate that functional postsynaptic NMDARSs can be detected in
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Figure 2.1 Postsynaptic NMDAR function can be blocked with hyperpolarization or
MK-801 in the postsynaptic recording pipette (iMK-801). (A) Model explaining t
experimental protocol for detecting functional preNMDARs. After blocking postsynaptic
NMDARs with hyperpolarization, the role of preNMDARSs on synaptic transmission can
be tested by blocking the remaining preNMDARSs with bath application of D,L-APV. (B)
Normalized current-voltage (I-V) relationship at the L4—L2/3 synapse of
pharmacologically isolated NMDAR-mediated excitatory postsynaptic currents (EPSCs).
L4 stimulation was adjusted to evoke a ~100 pA response at +40 mV. Dotted line is a fit
to the linear portion of the I-V relationship. Note the strong block of NMDAR currents by
hyperpolarization (n=11, average age of animals ~P24). (C) Top: D,L-APV blocks the
NMDAR component of mEPSCs recorded at -60 mV in 0.1 mM Mg?*. Bottom: D,L-APV
has no postsynaptic effect on the amplitude or kinetics of MEPSCs recorded at -80 mV
in 1 mM Mg?*, suggesting that the mEPSC currents are mediated by AMPA receptors
and that the NMDAR component is non-existent. (D) Synaptic input-output (I-O)
relationship for L2/3 cells recorded with (open circles) and without (filled circles) iIMK-
801. Inset: traces for control and iIMK-801 I-O curves. Note that iMK-801 blocks more
than 96% of the NMDAR current evoked at 20 pA, which is our average stimulation
intensity. (E) Synaptic I-V relationship for the same cells shown in (D) showing that,
with iIMK-801 and a stimulation of 30 pA, the NMDAR current is completely blocked
(n=4) compared to control (n=5) at -65mV corrected for a junction potential measured at
16mV. Inset: traces for the I-V recordings.
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mEPSC recordings in the absence of Mg®* block, we showed that D,L-APV
blocked a long duration current recorded at -60 mV in low Mg®* (0.1mM)(Fig.
2.1C). These observations demonstrate that hyperpolarization is an effective
means for blocking postsynaptic NMDAR currents.

Postsynaptic NMDARSs can also be blocked by including 0.5-1 mM MK-
801 in the postsynaptic recording pipette (iIMK-801) (Berretta and Jones, 1996;
Bender et al., 2006b). Notably, the postsynaptic block of NMDARs with iMK-801
does not act by spillover into the extracellular medium (see (Bender et al., 2006b)
and results in Fig. 2.5). By examining the input output (I-O) relationship of L2/3
cells recorded at +40 mV with and without iMK-801, we demonstrate that iMK-
801 blocks more than 96% of the NMDAR current evoked at 20 yA, which was
our average stimulation intensity for further experiments utilizing this technique.
On average we evoked 38+12.8 pA responses under control conditions (n=6) but
only 1.4+1.8 pA responses with iIMK-801 (n=7; p=0.0076), similar to the >90%
block of NMDAR currents that has been observed previously using iMK-801
(Berretta and Jones, 1996; Bender et al., 2006b). With iIMK-801 and using a
stimulation intensity of 30 pA, the NMDAR current measured at -65mV is
completely blocked (0.22+5.42 pA; n=4) compared to control (-35.13+22.78 pA,

n=5) (Fig. 2.1E).
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2.3.2 PreNMDARs facilitate spontaneous neurotransmitter release in the
visual cortex of young mice (<P20) but not older mice (>P21)

To probe for functional preNMDARSs in L2/3 at P16, we first blocked
postsynaptic NMDARSs with hyperpolarization to -80 mV. We then measured the
effects of bath applying D,L-APV on the frequency and amplitude of mMEPSCs
recorded in TTX. mEPSCs are evoked by spontaneous neurotransmitter
release, and their frequency typically depends on presynaptic properties, whilst
their amplitude depends on postsynaptic properties. Under these conditions,
D,L-APV reversibly attenuated the frequency of mMEPSCs in L2/3 pyramidal cells
(Fig. 2.2A-C ; p=0.002, Kruskal-Wallis test), without affecting their amplitude or
kinetics (Fig. 2.1C and 2.2C). Notably, control cells recorded for the same
duration, but without D,L-APV application, showed no change in mEPSC
frequency or amplitude (Fig. 2.2D). In a subset of experiments D-APV was used
to confirm that the decrease in frequency was due to a block of NMDARs and not
an effect of L-APV on mGIluRs (Thoreson and Ulphani, 1995; Lieske and
Ramirez, 2006). Taken together these observations indicate that preNMDARs
tonically enhance the frequency of spontaneous release in young animals.

The observation of preNMDARSs in L2/3 visual cortex of young mice
prompted us to establish whether there are laminar or developmental differences
in their function. We chose to assay preNMDARs in 4 age groups: before eye-
opening (P7-P11), after eye-opening (P13-P20), during the peak of the critical
period for ocular dominance plasticity (P21-P27)(Gordon and Stryker, 1996), and

in adulthood (P74-P84). We found that the reduction in mEPSC frequency by
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Figure 2.2 PreNMDARs tonically increase the probability of
neurotransmitter release onto L2/3 pyramidal cells in the mouse visual
cortex. (A) Example recording from a L2/3 pyramidal cell from a P16 mouse
demonstrating that 100 uM D,L-APV reversibly reduces mEPSC frequency.
Events are indicated by “«”. (B) Example experiment demonstrating that the
reduction in mEPSC frequency by D,L-APV is reversible. (C) Cumulative
probability histograms from a L2/3 pyramidal cell at P16 demonstrating D,L-APV
application reversibly increases mEPSC inter-event interval without affecting
amplitude. (D) Representative data from a single cell demonstrating that neither
inter-event interval nor amplitude changed in the absence of D,L-APV treatment.
The control cell was recorded for the same duration as experiments in which D,L-
APV was applied.
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D,L-APV was not limited to L2/3 at P16, as D,L-APV similarly reduced mEPSC
frequency in L2/3, L4, and L5 in mice from P7-11 and P13-P20 (Fig. 2.3A and
Table 2.1; p’'s < 0.0045, paired t-tests with a Bonferroni correction for 11 separate
tests). However, there was a striking absence of an effect by D,L-APV in L2/3
and L5 in older mice (P21-P27 and P74-P84; Fig. 2.3A and Table 2.1; p’s >
0.05), arguing that functional preNMDARs are lost. Several lines of evidence
indicate that the reduction in mEPSC frequency in young mice was due to a
presynaptic change in neurotransmitter release and was not mediated by a
postsynaptic mechanism (e.g. rundown or reduced postsynaptic AMPA receptor
number). (1) The reduction in mMEPSC frequency by D,L-APV was reversible
(Fig. 2.2B, 2.3B; frequency in D or D,L-APV = 75.3 + 5.0 % baseline, p=0.0003;
frequency after D,L-APV washout = 99.6 + 5.0 % baseline, p=0.93 n=15). (2) We
did not observe a significant reduction in mEPSC frequency in control cells that
were recorded for a similar duration (Fig. 2.3B). (3) There was no significant
change in mEPSC amplitude or kinetics by D,L-APV application in all lamina at
all ages studied (Fig. 2.2D, Fig. 2.3C,D; Table 2.1). Collectively, our data show
that there is a developmental loss in the ability of preNMDARSs to facilitate

neurotransmitter release in the visual cortex of young mice.
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Table 1. Data from mEPSC recordings (means = SEM)

~Pa (P7-P11) ~P16 (P13-P20) ~P26 (P23-P30) ~P80 (P72-P90)
13 L4 L5 123 L4 L5 1213 L4 L5 1213 14 L5
Sample size ? 8 7 7 9 5 6 n 4 0 4
Incing (PA) —d467 £ 244 —2B0L£81 —265 =46 —600 =89 —51.2£82 —807 =194 —454 =57 —Bl2 £ 253 —1506 =3 -S58=1-WMI=xN3 —52=T77
Rigur (ME2) 4ABEST 3957 MIES 202F153 B0 MM MTE1B 15936 MWW 161242 M E16 166 = 65
R, IM0Y) 6604 206+18 191+£23 200+09 81T 178+12  WT+24 B89 WNSE14 192+12 B8*18 2635
Amplitude (ph) base-
lime 2308 M5x14 WIE14 16704 BIE08 MAE0T7  WSE16 17322 HB1=12 1W4=18 12609 Mo=16
Amplitude (pA}in APV 215209 19516 M7 £10 155205 NI£07 106 MAx1I 16304 BI=11 172214 22207 16.0 = 25
Frequency (Hz) base-
line 14 £ 06 1404 0401 4006 4607 31=07 4110 nd=z4a2 16 =04 47=24 3E=09 19 =06
frequency (Hz)inAPY 1205  10=03 03=01 30=05 33=05 19+04 41=10 122247 18204  46=24 3609 2005
Tiecay (M) baseline 37003 5713 50004 40x02 4502 51x03 47202 4306 58=03 7628 55=x08 43204
Tiecuy (MS)iN APY is=03 5205 5607 4301 4602 54=X03 4503 4TX06 6.2 =04 74=22 S54=04 45 =06
Rise time {ms) baseline 1.0 = 0.1 12202 1301 1201 1401 20x01 L= 01 10=x03 1L6=01 1604 1300 16=03
Rise time {ms)inAPY ~ 1.0£01 13202 14202 12x01 14201 21202 16=01  10=02 16201 1605 1301 14£02
Area{pA-ms)baseline 694 =51 735115 Gl6X68 55232 4B4T29 66932 66T B4 A4 BI NIx55 8123040838 54550
Area(pA-ms)inAPY 67252 773136 56054 51932 46829 649*36 55661 45367 95245 7242202 3921x32 60.1 = 42
Table 2. Data forimmuno-EM labeling of NR1
Number of Percentage of Percentage of
Number of Number of Number of synapses with NR1  synapses with NR1 synapses with NR1 Ratio of presynaptic/
synaptic terminals  synapseswith  unlabeled at the postsynaptic  at the presynaptic at the postsynaptic postsynaptic NR1
Animal #  Age  examined presynaptic NR1  presynaptic terminals density terminal density labeling
1 P16 240 145 95 185 60.42 77.08 0.7838
2 P16 420 254 166 319 60.48 75.95 0.7962
3 P27 254 78 176 214 30.71 84.25 0.3644
4 P27 159 46 13 120 2893 7547 0.3833
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Figure 2.3 Developmental loss of functional preNMDARSs in visual cortex.
(A) Averaged data demonstrating that D,L-APV strongly reduced mEPSC
frequency in L2/3, L4, and L5 pyramidal cells in mice aged P7-P11 and P13-P20,
suggesting the presence of functional preNMDARs. D,L-APV had no effect in
L2/3, L4, or L5 cells in mice aged P21-P27 or P74-P84. D-APV was used in a
subset of experiments at P13-20 in layer 2/3 and showed the same effect on
mEPSC frequency. (B) The reduction in mEPSC frequency was reversed with
washout of either D,L-APV or D-APV. No significant rundown in mEPSC
frequency was observed in control cells not exposed to D,L-APV but recorded for
a similar duration. (C & D) No significant changes in mEPSC amplitude were
observed in any of the groups. “*” in (A & B) indicate significance of p<0.0045
corrected for multiple tests using the Bonferroni-Dunn method, and sample sizes
are given within the bars. The mEPSC frequency and amplitude in (A-B) were
normalized to the averaged baseline values before D,L-APV application.

58



2.3.3 Developmental reduction in presynaptic / postsynaptic NR1

One parsimonious explanation for the developmental loss of preNMDAR
function is that fewer synapses contain preNMDARSs in older mice. To test this,
we used EM to examine the pre- and postsynaptic prevalence of asymmetric
(excitatory) synapses in L2/3 containing the NR1 subunit, which is obligatory for
NMDAR function (Fig. 2.4). We examined a total of 1073 synapses from two
brains each at P16 and P27 (Table 2.2). While the percent of synapses
containing NR1 at the postsynaptic density was similar in P16 and P27 brains
(77% and 75% at P16, and 84% and 75% at P27), there was a 50%
developmental reduction in NR1 at presynaptic sites (Fig. 2.4E). Specifically, a
majority (>60%) of presynaptic terminals contained NR1 in each of two brains at
P16 (n=240 and 420 synapses examined), while only a minority (<31%) of the
presynaptic sites were labeled in two P27 brains (n=254 and 159 synapses
examined). The same data revealed approximately a 50% developmental
reduction in the ratio of pre- versus postsynaptic localization of NR1 (Table 2.2).
Because the prevalence of postsynaptic NR1 was unchanged during
development, it is unlikely that the developmental reduction in presynaptic NR1
could be due to differences in either the quality of the perfusions or age-
dependent differences of antibody penetration into the tissue. Thus, the
anatomical reduction in preNMDARSs is consistent with our physiological data
demonstrating a dramatic developmental loss of functional preNMDARSs in
facilitating spontaneous neurotransmitter release over this time course,

suggestive of a causal relationship.
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Figure 2.4 The presence of presynaptic NR1 is down-regulated with
development. (A) Electron micrograph in L2/3 of a P16 mouse demonstrating
an NR1 positive terminal (t+) making a synapse with a spine that is also NR1
positive (s+). An NR1 negative presynaptic terminal (t-) making an asymmetric
synapse onto an NR1 negative spine (s-) is present in the same field. Scale bar =
250 nanometers, applies to (A-D). Arrows indicate aggregations of DAB in
presynaptic terminals. (B) In a section from L2/3 of another P16 mouse, a
diffusely labeled terminal (t+) is seen forming a synapse onto a spine (s+) that
contains NR1 label at the postsynaptic density. (C) At P27, most synapses
exhibit postsynaptic, but not presynaptic, NR1. An unlabeled terminal (t-) forms a
synapse onto a labeled dendrite (d+). (D) In a section from another P27 mouse
an NR1 positive terminal (t+) makes a synapse onto an NR1 positive spine (s+).
(C) Scatter plot from 4 mice (two at each age) quantifying the selective loss of
presynaptic, but not postsynaptic, NR1 over development. Note that 30% of
terminals still contain NR1 at P27.
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2.3.4 Developmental switch in the role of pre- and postsynaptic NMDARs
intLTD

What is the functional significance of this developmental loss of
preNMDARs to synaptic plasticity during development? PreNMDARSs in young
rodents have been implicated in tLTD (Sjostrom et al., 2003; Bender et al.,
2006b), a form of synaptic plasticity thought to be important for the acquisition of
receptive field properties (Dan and Poo, 2006). Thus, we predicted that the
developmental loss of preNMDARSs in L2/3 would either abolish the ability to
induce tLTD or that there would be a different induction mechanism for tLTD later
in development. To test these possibilities, we used a standard tLTD induction
protocol by repeatedly pairing a postsynaptic action potential (AP) in a L2/3
pyramidal cell closely followed (5-25 ms) by an excitatory postsynaptic potential
(EPSP) evoked by L4 stimulation. In young mice (P13-P17), AP-EPSP pairings
produced strong tLTD (Fig. 2.5A, B; 43.6 + 5.6 % baseline slope, n=13, p<0.007).
Similarly, robust tLTD could be induced when the NMDAR antagonist MK-801
was included in the recording electrode to block postsynaptic NMDARs (Berretta
and Jones, 1996; Bender et al., 2006b) (Fig. 2.5C; 36.2 £ 9.1 % baseline, n=9,
p=0.017). However, bath application of D,L-APV prevented induction of
significant tLTD in young mice (Fig. 2.5D; 95.3+9.0 % baseline, n=13, p=0.80),
suggesting that the synaptic weakening relied on activation of pre- and not
postsynaptic NMDARs. Notably, these data also serve as an additional control
showing that iIMK-801 is not acting by spillover into the extrasynaptic medium,

otherwise iIMK-801 would have blocked tLTD in a manner similar to D,L-APV.
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Figure 2.5 PreNMDARs are required for tLTD at L4-L2/3 synapses in young
(<P20) mice. (A) Example of tLTD induced at L4-L2/3 synapses by AP-EPSP
pairings in a P13 mouse. (B) Averaged data from control cells demonstrating the
strong depression in EPSP slope (43.6 + 5.6 % baseline slope, n=13, p<0.007)
induced with AP-EPSP pairings. (C) Strong tLTD could be induced with AP-
EPSP pairings even when postsynaptic NMDARs were blocked by inclusion of
MK-801 in the internal recording solution (iMK-801) (36.2 + 9.1 % baseline, n=9,
p<0.018). This suggests that postsynaptic NMDARs are not required for tLTD
induction in these young mice. (D) Induction of tLTD was prevented by bath
application of the NMDAR antagonist D,L-APV (95.319.4 % baseline, n=13,
p>0.798), arguing that preNMDARs are required for the induction of tLTD.
Because the inclusion of picrotoxin in the recording ACSF had no effect on the
induction of tLTD at this early stage each condition contains experiments with
and without picrotoxin.
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To determine if the tLTD in young mice was expressed as a presynaptic
reduction in neurotransmitter release, we analyzed synaptic depression in a high-
frequency stimulus train of 6 pulses at 30Hz before and after tLTD induction.
The short-term depression (STD) index was used as a measure of changes in
synaptic depression (see Methods). In the STD index, a negative number
indicates that a manipulation reduces the rate of short-term depression.
Because higher rates of short-term depression are generally associated with a
higher initial probability of neurotransmitter release, a negative STD index
indicates that a manipulation is likely to have lowered the probability of
neurotransmitter release. By analyzing the STD index on the same cells shown
in Fig. 2.5, we observed that the rate of synaptic depression during stimulation
was reduced after AP-EPSP pairings under control conditions (Fig. 2.6A, B; STD
index=-0.30+£0.11, n=13) and when the recording electrode contained MK-801
(Fig. 2.6C; STD index=-0.24+0.09, n=9). When AP-EPSP pairings were made
during the bath application of D,L-APV to block all NMDARSs, there was no
change in the STD index (Fig. 2.6D; STD index= -0.005+0.09, n=13). Therefore,
in young mice, the induction of tLTD in L2/3 requires the activation of
preNMDARs to reduce the probability of neurotransmitter release.

In contrast to the failure of iIMK-801 to block tLTD in younger mice,
postsynaptic blockade of NMDARs with iMK-801 in older mice (P23-30)
prevented the induction of tLTD in L2/3 pyramidal cells (Fig. 2.7B; n=7 p=0.79).
Notably, in control conditions, AP-EPSP pairings significantly reduced synaptic

strength in the visual cortex of these older mice (Fig. 2.7A; 67.7 £ 7.0 % baseline,
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Figure 2.6 Analysis of synaptic depression indicates that tLTD induction in
P13-17 mice is expressed as a decrease in release probability. (A) Sample
waveform of 6 pulses evoked by 30 Hz stimulation before and after AP-EPSP
pairings. This example recording was made with iMK-801. (B) In the control
conditions the rate of synaptic depression at L4—L2/3 connections was reduced
after tLTD produced by AP-EPSP pairings, (STD index= -0.30£0.11, n=13),
suggesting the pairing protocol caused a lasting reduction in neurotransmitter
release. The STD index was used here as a measure of synaptic depression
(see Methods). (C) AP-EPSP pairing induction of tLTD made with iMK-801 also
produced a reduction in the rate of synaptic depression (STD index= -0.24+0.09,
n=9), indicating that the pairing-induced reduction in neurotransmitter release did
not require activation of postsynaptic NMDARs. (D) There was no significant
change in synaptic depression when tLTD is blocked by bath application of D,L-
APV (STD index= -0.0051£0.09, n=13). While there was no difference between
the STD index for control and iIMK-801 experiments p=0.7, the STD index for
these experiments combined were different from the STD index of the APV
experiments (p <0.03) suggesting a role for presynaptic NMDARs in the tLTD.
Data are from the same cells in Figure 2.5.
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Figure 2.7 Postsynaptic NMDARs are required for tLTD induction in critical
period mice (P23-30). (A) Example of tLTD induced at L4—L2/3 synapses by
AP-EPSP pairings in a P13 mouse. (B) In P23-P30 mice, AP-EPSP pairings
induced a small degree of tLTD (67.7 = 7.1 % baseline; n=5, p=0.02). (C) No
tLTD was induced when postsynaptic NMDARs were blocked by iMK-801 (n=7,
p> 0.79), suggesting that the activation of postsynaptic NMDARSs is required for
the full expression of the depression. (D) No tLTD was induced when inhibition
(no picrotoxin in the recording ACSF) (95.7 + 21.0 % baseline; n=8, p=0.30).
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n=5, p=0.018). Collectively, these data demonstrate that tLTD can be induced in
the L4-L2/3 pathway in the visual cortex of mice aged P23-30, but the induction
at this older age requires postsynaptic NMDARs. These results however, do not
rule out the possibility that preNMDARSs are also required for tLTD at this stage.
Interestingly, we found another developmental shift in the capacity for
tLTD induction that depended on the presence of intact inhibition in the slice. We
had initially found that, in the P13-20 animals, tLTD induced either in the
presence of intact inhibition, or with inhibition blocked in the entire slice by
including 50uM picrotoxin in the ACSF. Because the amount and nature of the
tLTD did not differ between the two conditions and they were combined. In the
older group however, we found that blocking inhibition with picrotoxin was
required for tLTD induction as LTD could not be induced in the absence of
picrotoxin (Fig. 2.7D; 95.7 + 21.0 % baseline, n=8, p=0.30).
To determine if the tLTD in older mice was also expressed as a presynaptic
reduction in neurotransmitter release, we analyzed the STD index and observed
that the rate of synaptic depression during stimulation was decreased after AP-
EPSP pairings under control conditions (Fig. 2.6A, B; STD index=-0.72+0.42,
n=11). 4 of these experiments showed an increase in STD while 7 showed a
decrease. Therefore, in older mice, the induction of tLTD in L2/3 requires the
activation of postsynaptic NMDARs and is expressed at least in part by a
decrease in neurotransmitter release. Though a change in STD index after tLTD
induction suggests a presynaptic tLTD mechanism we can not rule out the

possibility that the tLTD is being simultaneously expressed postsynaptically.
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Figure 2.8 Analysis of synaptic depression indicates that tLTD induction in
P26-28 mice is expressed as a decrease in release probability. (A) Sample
waveform of 6 pulses evoked by 30 Hz stimulation before and after AP-EPSP
pairings. (B) The rate of synaptic depression at L4—L2/3 connections was
reduced after tLTD produced by AP-EPSP pairings, (STD index=-0.72+0.42,
n=11). The STD index was used here as a measure of synaptic depression (see
Methods).
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2.4  Discussion

A vast area of neuroscience research is dedicated to the study of
NMDAR-mediated synaptic plasticity (Malenka and Bear, 2004). To date, most
research has concentrated on the role of postsynaptic NMDARSs, while the role
and even the very existence of presynaptic NMDARs (preNMDARs) have been
controversial or largely ignored. This disregard may be in large part due to the
unanswered question “how are preNMDARs tonically activated?“. This question
has two major parts. The first part relates to the source of glutamate and has
been recently explored by several labs. Jourdain et al 2007 showed that
preNMDARSs in the hippocampus are activated by vesicular release of glutamate
from juxtaposed astrocytes. Le Meur et al 2007 recorded tonic NMDA current in
hippocampal cells mediated by ambient interstitial glutamate released from glia.
The other part of this question relates to the necessity for removal of Mg2+ block
for NMDAR activation, and has been less explored, but there are two popular
possibilities. One possibility is, as suggested by Jourdain et al 2007, that the
high input resistance of presynaptic terminals might allow for the voltage
dependent removal of Mg2+ with very small excitatory currents. The second
possibility, which will be explored further in Chapter 3, is that the preNMDARSs
contain subunits that are less sensitive to the voltage dependent block by Mg?*.
The NMDAR subunits NR2C, D, and NR3A, all show less voltage sensitivity and
are expressed in visual cortex.

Regardless of these unanswered questions, the role of preNMDARs is

important to consider, as studies in different cell types, pathways, brain regions,
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species, and ages have found varying roles for presynaptic and postsynaptic
NMDARSs in synaptic plasticity (for example, see (Sjostrom et al., 2003; Malenka
and Bear, 2004; Froemke et al., 2005; Bender et al., 2006b; Duguid and
Sjostrom, 2006)). Our study focused on the function of preNMDARSs and their
putative role in LTD, specifically within the developing mouse visual cortex. Our
data make four key observations demonstrating that the role of preNMDARS in
synaptic transmission and plasticity is highly age-dependent. (1) PreNMDARs
are present and contribute to the spike timing-dependent induction of LTD in the
neocortex of young animals. This is consistent with the observations that there
appears to be little or no need for postsynaptic NMDARs in the induction of tLTD
for pyramidal neurons in L5 (Sjostrom et al., 2003) or L2/3 (present study). (2)
The tLTD induced in young animals is at least in part expressed as a presynaptic
reduction in neurotransmitter release although an additional postsynaptic
contribution to expression was not ruled out. (3) The tonic function of
preNMDARs is lost in development, at least in the assays used here. (4) The
developmental loss of preNMDARs may be compensated for by the emergence
of a postsynaptic role for NMDARs in the induction of tLTD although it can’t be
ruled out that there remains a role for preNMDARSs at this stage as well. Our
data thus highlight the changing functions of preNMDARSs over development and
provide the first evidence for a developmental switch in the involvement of
NMDARSs in timing-dependent plasticity.

The loss of functional preNMDARSs has a clear mechanistic importance for

the induction of tLTD, but what is the cellular basis of this loss? An obvious
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possibility, which we tested, is that the prevalence of preNMDARSs decreases
with development. Here we show the first anatomical data to indicate both that
NMDARs are present presynaptically at the majority of synapses in L2/3 early in
development (P16) and that their prevalence is reduced to 50% over the next ten
days. The developmental decrease in preNMDAR prevalence correlates
temporally with a loss in their contribution to neurotransmitter release, suggesting
a causal relationship. However, there may be additional contributing factors to
the loss of preNMDAR function, as our anatomical data also indicate that
preNMDARSs remain at approximately 30% of the synapses even when we no
longer observe their effect on mEPSC frequency. At least five possibilities exist
for why we observe a complete loss of functional preNMDARSs in these older
mice despite our anatomical evidence that preNMDARs remain at a small subset
of synapses. First, the number of NMDARSs remaining at individual boutons may
be below a threshold needed to have a measurable impact on neurotransmitter
release. Second, preNMDARs may undergo a developmental change in their
subunit composition rendering them less effective. Because functional
preNMDARs in both the visual cortex (Sjostrom et al., 2003) and the entorhinal
cortex (Woodhall et al., 2001) are thought to contain NR2B subunits, the
developmental increase in the relative expression of NR2A to NR2B NMDAR
subunits in the visual cortex (Nase et al., 1999; Quinlan et al., 1999a; Quinlan et
al., 1999b) may contribute to the loss of preNMDAR function. Third, the inputs
that maintain preNMDARSs later in development may not often participate in the

spontaneous release of neurotransmitter. Fourth, preNMDARs may become
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functionally uncoupled during development from the neurotransmitter release
machinery. A final possibility is that the remaining preNMDARs may lose their
efficacy due to a developmental reduction in a co-factor that is necessary for
them to exert their influences. For example, coincident activation of preNMDARSs
and endocannabinoid receptors is necessary for the induction of tLTD between
L5 cells of young mice (Sjostrom et al., 2003), thus a change in endocannabinoid
function could alter preNMDAR function. Although we did not observe a
functional role for preNMDARSs at later stages of development, one may become
apparent in assays other than the ones used in this study.

Our data add to recent literature suggesting that preNMDARSs are
regulated in a developmental and activity-dependent manner (Mameli et al.,
2005; Yang et al., 2006). For example, the neurosteroid pregnenolone increases
the probability of glutamate release through preNMDARSs in the CA3—CA1
hippocampal synapse, and this effect is thought to be lost at P5 due to a
decrease in NR2D-containing NMDARs (Mameli et al., 2005). A similar but much
more gradual reduction in preNMDAR function occurs in layer 5 of the rat
entorhinal cortex, where their function is pronounced at ~5 weeks of age and only
modest at ~5 months of age (Yang et al., 2006). Notably, in the entorhinal
cortex, preNMDAR function can also be regulated in an activity-dependent
manner, as the induction of seizures in adults restores juvenile levels of
preNMDAR function (Yang et al., 2006). The combined data demonstrate that
preNMDAR function can be bidirectionally regulated to alter neurotransmitter

release. The developmental loss of preNMDARs may be a general feature of
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neural development, and the time course for this loss could be highly dependent
on brain region. We also stress that there may be important differences between
species and that this study was performed in mice. Further studies are needed
to explore these possibilities.

Why might a mechanistic switch in the induction of synaptic plasticity be
important for emerging cortical circuits? We and others (Nosyreva and Huber,
2005) suggest that it may be beneficial to modify synaptic strength by altering the
presynaptic probably of release at a time of early circuit formation when
postsynaptic sites neither contain many AMPA receptors nor are stabilized.
However, when postsynaptic AMPA receptor numbers increase and cortical
circuits are being stabilized via the experience-dependent weakening or
elimination of synapses, this may be performed more effectively through a
postsynaptic mechanism. Consistent with this idea, there is a developmental
loss of preNMDARSs in the visual cortex coincident with (1) the developmental
loss of AMPA receptor “silent synapses” (Rumpel et al., 2004) and (2) the onset
of the critical period for deprivation-induced loss of inputs (Gordon and Stryker,
1996). Analogous developmental changes in presynaptic mechanisms occur in
other receptor systems, as a presynaptic role for kainate receptors in
neurotransmitter release has been observed only in the first postnatal week of
rodent hippocampus and cortex development (Kidd and Isaac, 1999; Lauri et al.,
2006). Moreover, a presynaptic to postsynaptic switch in the involvement of
metabotropic glutamate receptors has been observed to occur over the first few

weeks of postnatal development in the hippocampus, and this underlies a

72



developmental switch in the pre- versus postsynaptic expression of metabotropic
glutamate receptor-mediated LTD (Nosyreva and Huber, 2005). Thus, a
common theme during brain development may be that plasticity mechanisms are
more likely to affect presynaptic release in emerging cortical circuits when there
is a high signal to noise ratio, but as synapses become stabilized, it becomes
more efficacious to alter synaptic strength via postsynaptic mechanisms. In
addition to changing the properties of synaptic plasticity, the developmental loss
of the ability of preNMDARSs to support neurotransmitter release may also help
explain the general observation that synapses switch from depressing to
facilitating during development in many brain regions (Pouzat and Hestrin, 1997,
Reyes and Sakmann, 1999).

Our findings add to a growing body of literature that the properties of
synaptic plasticity must be studied within a developmental context (Yasuda et al.,
2003; Frenkel and Bear, 2004; Nosyreva and Huber, 2005; Yashiro et al., 2005;
He et al., 2006; Jo et al., 2006). Our data also raise the exciting possibility that
preNMDARSs might regulate plasticity during a pre-critical period early in
development but that postsynaptic NMDARs may be critically involved in
experience-dependent synaptic plasticity later in development. Given the
observations that preNMDARs exist early in development in the hippocampus
(Mameli et al., 2005), entorhinal cortex (Woodhall et al., 2001; Yang et al., 2006),
and visual cortex (present study) but not at later stages of maturation, we
suggest that the development loss of preNMDAR function may be an important

and general property of early circuit formation.
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Chapter 3:
PreNMDARs contain the novel NMDAR subunit NR3A
This chapter is a modified version of a manuscript being prepared for
submission and is the joint effort of Larsen R. and Corlew R.

3.1 Introduction

The NMDA-type glutamate receptor (NMDAR) is critical for many forms of
experience-dependent plasticity (Kirkwood and Bear, 1994; Katz and Shatz,
1996) and the proper development of the brain (lwasato et al., 2000; Perez-
Otano and Ehlers, 2005). In the visual cortex, NMDAR activation is required for
neurons to acquire normal ocular-dominance and orientation selectivity (Roberts
et al., 1998; Ramoa et al., 2001). A general assumption has been that NMDARs
influence the experience-dependent development of these stimulus-selective
properties via a postsynaptic mechanism. (Kirkwood and Bear, 1994; Katz and
Shatz, 1996). There is now evidence that NMDARs can also powerfully alter the
presynaptic release of neurotransmitter through both short-term and long-lasting
synaptic modifications (Sjostrom et al., 2003; Bender et al., 2006b; Duguid and
Sjostrom, 2006; Corlew et al., 2007; Corlew et al., 2008; Rodriguez-Moreno and
Paulsen, 2008; Banerjee et al., 2009). We have recently demonstrated that
presynaptically-acting NMDARs (preNMDARSs) both enhance the spontaneous

release of neurotransmitter and are required to induce timing-dependent long-



term depression of synaptic strength (tLTD) in the visual cortex of young mice
(Corlew et al., 2007; Corlew et al., 2008). Despite the role of preNMDARSs in
these important aspects of synaptic function and plasticity, little is known about
how preNMDARs function or why their functional influences diminish with age.
One particularly intriguing feature of preNMDARSs is their tonic activity
(Berretta and Jones, 1996), suggesting that preNMDARSs can influence neuronal
communication on a moment-to-moment basis. Because the NMDAR ionophore
is typically blocked by magnesium (Mg?*) at hyperpolarized potentials, it remains
unknown how preNMDARSs can be spontaneously active. Several possibilities
exist to explain the tonic activity of preNMDARs. First, given the high input
resistance of the synaptic terminal, local depolarization of the presynaptic
terminal may be sufficient to relieve the magnesium block (Jourdain et al., 2007,
Corlew et al., 2008). However, this idea is speculative and is tempered by
studies in which presynaptic terminal membrane potentials have been measured
in the Calyx of Held, where the resting membrane potential is close to -80mV
(Duguid and Smart, 2004; Awatramani et al., 2005). Second, it is conceivable
that the binding of glutamate and glycine to preNMDARSs can influence
neurotransmitter release in the absence of ion flow. Currently, there is little
evidence for this idea. Third, preNMDARs may lack block by Mg2+ at
hyperpolarized potentials, allowing them to be tonically active (Mameli et al.,
2005; Rodriguez-Moreno and Paulsen, 2008). This possibility seems promising
because NMDARs are composed of the obligatory NR1 subunit in combination

with NR2A-D and/or NR3A-B subunits. While most NMDARSs in the neocortex
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are composed of NR2A and NR2B, which are strongly blocked by Mg**,
NMDARs which contain NR2C, NR2D, NR3A, or NR3B subunits exhibit less
basal Mg?* block (Burnashev et al., 1992; Cull-Candy et al., 2001; Sasaki et al.,
2002).

Here we tested the composition of preNMDARSs onto layer (L) 2/3
pyramidal cells in the juvenile mouse primary visual cortex (V1). We
demonstrate that the NR3A subunit is required for the ability of preNMDARs to
enhance neurotransmitter release. We also show that the requirement for NR3A
to affect spontaneous release relies on the Mg?* insensitivity of the receptor, as
preNMDAR functions can be restored in low Mg?* conditions. Because the
developmental loss of NR3A coincides with the loss of preNMDAR functions, we
also tested whether the low Mg?* condition could restore tonic activity of
preNMDARSs in older mice (Ciabarra et al., 1995; Corlew et al., 2007; Corlew et
al., 2008). These data demonstrate an essential role for NR3A-containing
NMDARs in supporting a novel form of neurotransmitter release in the

developing visual cortex.

3.2 Materials and Methods

Subjects Mice were obtained and housed as described in Chapter 2, with the
exception that both NR2A KO and NR3A KO mice were used, as well as their
wild-type controls. NR2A KO mice were generously supplied by S. Nakanishi

(Kyoto, Japan, (Kadotani et al., 1996)), but re-derived on a C57BL/6 background
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by Charles River Laboratories. NR3A KO mice were generously provided by
Stuart Lipton.

Cortical slice preparation Cortical slice preparation was identical to methods

described in Chapters 2 and 4 (Yashiro et al., 2005; Corlew et al., 2007).

Voltage-clamp recordings Voltage-clamp recordings and mEPSC analysis were

performed in an identical fashion as in Chapter 2, except that all recordings were
performed with MK-801 in the postsynaptic recording pipette to block all

postsynaptic NMDARSs.

3.3 Results
3.3.1 NR2B-containing preNMDARs enhance spontaneous
neurotransmitter release i

NR2B-containing preNMDARs are required to enhance spontaneous
neurotransmitter release in several regions of the brain (Woodhall et al., 2001;
Brasier and Feldman, 2008), including the visual cortex (Li et al., 2008).
Accordingly, we confirmed this in L2/3 cells of juvenile mouse visual cortex. As
described in Chapter 2 (Corlew et al., 2007), we used a common method to
measure spontaneous release probability: analyzing the effect of blocking
preNMDARs on the frequency of miniature excitatory postsynaptic currents
(mEPSCs). By including the NMDAR blocker MK-801 in the postsynaptic
recording pipette, we first block all postsynaptic NMDARs in the recorded cell for
the entire length of the experiment. Including MK-801 in the postsynaptic

recording pipette has been shown to block nearly all of the NMDAR currents in
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the postsynaptic cell, but does not leak out to measurably affect any other cells
(Bender et al., 2006b; Corlew et al., 2007; Brasier and Feldman, 2008). Action
potential-evoked activity is blocked with 200nm tetrodotoxin TTX during the
recording, so that only action potential-independent spontaneous release of
single vesicles is measured. The GABAa receptor antagonist picrotoxin (50um)
is also included to block mIPSCs and possible shunting inhibition on mEPSCs.
After a steady 10 min baseline is recorded, the NR2B specific antagonist
ifenprodil (3uM) is bath-applied to block all NR2B-containing NMDARs in the
slice. Because the postsynaptic NMDARs were already blocked, a change in
frequency of mMEPSCs indicates a change in spontaneous release probability due
to blocking of the preNMDARs. Amplitude of the mEPSCs was analyzed to
insure that there is no postsynaptic effect of Ifenprodil. Ifenprodil reliably reduced
the frequency but not the amplitude of MEPSCs in L2/3 pyramidal cells in young
(postnatal day (P) 13-18) mouse V1 (83.8 £ 4.1%, n = 12, p < 0.02) (Fig 3.1) (R.
Larsen unpublished data). To ensure that there was no decrease in mEPSC
frequency over time, recordings with ifenprodil were interleaved with control
experiments in which normal ACSF was added to the bath instead of ACSF-
containing ifenprodil. Indeed, the decrease in mEPSC frequency was due to the
application of ifenprodil, as control recordings showed no decrease in mEPSC
frequency (107.4 £ 11.9%, n = 7) and the normalized values of the change with
ACSF / ifenprodil application was also significant (p < 0.04). This confirms that
the NR2B NMDAR subunit is required for the function of preNMDARSs to enhance

spontaneous neurotransmitter release.
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Figure 3.1 NR2B-containing preNMDARs enhance spontaneous
neurotransmitter release. (A-B) Sample voltage-clamp recordings of AMPAR-
mediated mEPSCs from L2/3 pyramidal cells during baseline and drug
application periods (control (A), or the selective NR2B-containing NMDAR
antagonist ifenprodil (B)). mEPSC events are indicated by “+”. (C-D) Amplitude
and inter-event interval cumulative probability histograms from the above cells
during baseline and control/ifenprodil application. (E) Combined data comparing
the normalized amplitude and frequency changes during the control (white) and
ifenprodil (black) recordings. Bars illustrate the average with S.E.M. while
individual experiments are plotted as points within the bars. In this and
subsequent figures, sample sizes are given within the bars. * = p < 0.05.
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3.3.2 PreNMDARSs do not require the NR2A subunit

Several studies have tested the requirement of the NR2A subunit in the
action of preNMDARSs on spontaneous release (Li et al., 2008) and evoked
release (Chamberlain et al., 2008; Li et al., 2009), as well as the preNMDARSs
role in tLTD (Banerjee et al., 2009). Here we use a genetic approach to show
definitively that preNMDARSs do not require the NR2A subunit to enhance
spontaneous neurotransmitter release in mouse V1. We used the same methods
as described above except that the general NMDAR antagonist APV is used as
in Chapter 2 (Corlew et al., 2007) instead of ifenprodil and mice are NR2A
knockout (NR2A KO) and NR2A wild type (WT). In WT mice, we show the
expected decrease in mEPSC frequency with APV application (80.0 £ 4.9%, n =
7, p <0.03) (R. Larsen and R. Corlew unpublished data) (Fig. 3.2A, C). This
decrease is similar to that normally seen with APV application at this age (Corlew
et al., 2007). In the NR2A KO mice, mEPSC frequency decreases to the same
degree as in the wild type (83.5 £ 6.3%, n =7, p <0.05) (Fig. 3.2B, D, E),
indicating that the absence of NR2A has no detrimental effect on preNMDARSs.

Therefore preNMDARSs do not require the NR2A subunit.

3.3.3 NR3A-containing preNMDARs enhance spontaneous
neurotransmitter release

We previously showed that, while the function of preNMDARSs is down-
regulated with development at around P20, the expression of NMDARSs only

decreases by 50%, at least for NR1 (Corlew et al., 2007). Therefore,
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Figure 3.2 The NR2A subunit is not required for the ability of preNMDARs
to promote neurotransmitter release. (A-B) Sample voltage-clamp recordings
from L2/3 pyramidal cells during baseline and APV application periods in WT (A)
and NR2A KO (B) mice. Events are indicated by “+”. (C-D) Amplitude and inter-
event interval cumulative probability histograms from the above cells during
baseline and APV application. (E) Combined data comparing the normalized
amplitude and frequency changes during the APV recordings in WT (white) and
NR2AKO (black) mice. Bars illustrate the average with S.E.M. and individual
experiments are plotted as points within the bars. * = p < 0.05.
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preNMDARs are present later in development (~P26) but unable to enhance
neurotransmitter release probability. This decrease in function, but not
expression, could be due to the developmental down-regulation of a subunit that
is less Mg2+ sensitive than either NR2A or NR2B. The developmental expression
profile of the Mg2+ insensitive receptor should match that of the developmental
loss of function that we have previously reported for the preNMDAR (Corlew et
al., 2007). NR3A is a novel NMDAR subunit whose expression in the cortex
follows this same developmental decrease (Corlew et al., 2007). We have also
confirmed this developmental profile in the visual cortex. In wild type C57B6
mice, NR3A protein is high until P16, when it starts to decline and is at extremely
low levels by P26 (M. Henson unpublished data). The inclusion of NR3A may
allow the preNMDAR to act tonically by removing its Mg®* block. We tested the
preNMDARs requirement for the NR3A subunit by using the same mEPSC assay
used above to test for the NR2A subunit. We recorded the frequency of
mMEPSCs in L2/3 pyramidal cells in V1 of NR3A KO and WT mice while blocking
postsynaptic NMDARs. When APV was applied, mEPSC frequency, but not
amplitude, decreased in the WT animals (73.1 £ 5.9%, n = 8, p < 0.007) (Fig.
3.3A, C, E). This decrease did not occur in the NR3A KO animals (99.9 + 8.8%,
n =10) (Fig. 3.3B, D, E) and the normalized values were different between the
WT and NR3A animals (p < 0.03) (Fig 3.3E). Therefore, preNMDARSs onto L2/3
pyramidal cells in mouse V1 require the NR3A subunit in order to tonically

enhance spontaneous neurotransmitter release.
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Figure 3.3 The NR3A subunit is required for the ability of preNMDARs to
enhance spontaneous neurotransmitter release. (A-B) Sample voltage-clamp
recordings from L2/3 pyramidal cells during baseline and drug application periods

in WT (A) and NR3A KO (B) mice. Event
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3.3.4 Mg?® insensitivity of the NR3A subunit allows the preNMDAR to be
tonically active

If, later in development, and in the NR3A KO mouse, preNMDARs are in
fact present without the NR3A subunit they may still be able to enhance
spontaneous neurotransmitter release when the Mg?* is absent from the
recording solution. We tested for this Mg®* free enhancement, first in the
NR3AKO mouse. We again recorded the effect of blocking preNMDAR with APV
in NR3AKO mice, but this time used ACSF free of Mg®*. As a control, we
measured mEPSC frequency for the same duration without adding APV, thus
ensuring that there is no decrease in mEPSC frequency over time in Mg®*-free
ACSF (107.9 £ 11.7%, n = 13) (Fig. 3.4A, C). APV application, however, did
decrease mEPSC frequency in Mg?* free ACSF (85.3 + 8.6%, n = 12, p < 0.05)
(Fig. 3.4B, D). For comparison, recordings of NR3A KO mice in regular (1mM)
Mg** +APV are re-plotted in Fig. 3.4E from figure 3.3E (99.9 + 8.8%, n = 10).
Therefore, while NR3A is not required for the ability of the preNMDAR to
enhance the probability of neurotransmitter release, it is required for its tonic

activation.

3.3.5 Developmental loss of the NR3A subunit leaves the preNMDAR
functional but Mg®* sensitive
These findings suggest that the previously reported developmental

decrease in preNMDARs may not be due to a complete loss of the receptor, but
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Figure 3.4 Low Mg* recovers the ability of preNMDARs to enhance
neurotransmitter release in the absence of NR3A. (A-B) Sample voltage-
clamp recordings in Mg?* free ACSF from L2/3 pyramidal cells in NR3A KO mice
during baseline and drug application periods (control (A), APV (B)). Events are
indicated by “+”. (C-D) Amplitude and inter-event interval cumulative probability
histograms from the above cells during control/APV application. (E) Combined
data comparing the normalized amplitude and frequency changes during the
control (C) and APV (D) recordings in NR3AKO mice. Bars illustrate the average
with S.E.M. and individual experiments are plotted as points with in the bars. * =

p < 0.05.
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Figure 3.5 Low Mg* recovers the ability of preNMDARSs to enhance
neurotransmitter release in older mice. (A) Sample voltage-clamp recording
in normal Mg®* (1mM) ACSF from L2/3 pyramidal cells in P26? mouse during
baseline and APV application periods. (A-B) Recordings in Mg®* free ACSF from
L2/3 pyramidal cells in P23-30 mice during baseline and APV application periods
(control (A), APV (B)). Events are indicated by “+”. (C-D) Amplitude and inter-
event interval cumulative probability histograms from the above cells comparing
baseline and control/APV periods. (E) Combined data comparing the normalized
amplitude and frequency changes during the control + APV, Low Mg®* — APV,
and Low Mg?* +APV. Bars illustrate the average with S.E.M. and individual
experiments are plotted as points with in the bars * p < 0.05.
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only a loss of the tonic activation of the preNMDAR. We hypothesized that the
loss of this tonic activation is due to the developmental loss of NR3A. To test this
possibility, we replicated the measurements that we made previously in older
mice (P23-30) but used Mg?* free solution. We first recorded the effect of APV
application in L2/3 pyramidal cells in V1 of P23-30 mice in regular (1mM) Mg?*.
We again show that at this age APV has no effect on either the amplitude or the
frequency of mMEPSCs (108.7 £ 9.3%, n = 9) (Fig. 3.5A, D, G). We then
confirmed that the frequency and amplitude of mMEPSCs is stable for the length of
a control experiment in Mg?* -free ACSF but no APV (101.5 + 5.0%, n = 6) (Fig
3.5B, E, G). Finally, we showed that adding APV in Mg®*-free ACSF revealed the
ability of preNMDARSs to enhance spontaneous release at this older age; mEPSC
frequency decreased significantly from baseline (81.7 £ 6.6%, n =9, p < 0.03)
(Fig. 3.5C, F, G), and normalized values for APV application were significantly
different from Low Mg®* —APV (p < 0.05) and regular Mg®* +APV ( p < 0.03)

(Fig.3.5G).

3.4  Discussion

Here we have resolved a question that has plagued the study of
preNMDARs since their discovery. How are preNMDARSs tonically active despite
their Mg?* block? After confirming many previous results that show that
preNMDARs require the NR2B subunit, we identified another required subunit.
We first suspected the NR3A subunit as a likely candidate for inclusion in the

preNMDAR because it is dramatically less Mg sensitive than the NR2 subunits
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and its developmental expression pattern in the neocortex follows the same
developmental profile as the preNMDAR. We have previously reported that
preNMDARs are tonically active to increase spontaneous neurotransmitter
release in the visual cortex during the first 3 weeks—but not after the fourth
postnatal week—in a mouse. The NR3A subunit is similarly expressed in the
neocortex at high levels only during the first three weeks and then drops off
dramatically. The loss of one subunit, and not the whole preNMDAR, reconciles
anatomical data that suggest that the preNMDAR is only slightly down-regulated
during development while the function of the receptor is completely lost (Corlew

et al., 2007).

3.4.1 NR2B-containg preNMDARs enhance spontaneous glutamate release
There is both anatomical and functional evidence that preNMDARSs are
composed of at least one NR2B subunit. Anatomical evidence indicates that
NR2B subunits are expressed in the neocortex (Fujisawa and Aoki, 2003), spinal
cord (Boyce et al., 1999), and hippocampes (Jourdain et al., 2007). There is also
compelling functional evidence that preNMDARSs contain the NR2B subunit in the
visual and somatosensory cortecies (Sjostrom et al., 2003 ; Bender et al., 2006a;
Brasier and Feldman, 2008 ; Li et al., 2009), entorhinal cortex (Yang et al., 2006),
and cerebellum (Chamberlain et al., 2008). NR2B containing preNMDARs are
required for enhancing spontaneous (Sjostrom et al., 2003; Li et al., 2008) and
evoked (Sjostrom et al., 2003; Li et al., 2009) neurotransmitter release, and

induction of synaptic plasticity (Banerjee et al., 2009). Here we confirm that
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NR2B-containing preNMDARs in L2/3 pyramidal cells in V1 of young mice (P13-
18) are tonically activated to enhance spontaneous glutamate release.

Because of the seemingly ubiquitous requirement for NR2B in
preNMDARs it is tempting to ascribe the unique properties of the preNMDAR to
the inclusion of NR2B. For example, there are suggestions that preNMDARSs are
insensitive to Mg?* block because NR2B-containing NMDARSs are slightly less
Mg** sensitive compared to NR2A (Corlew et al., 2008). The developmental
profile of preNMDARSs has also been suggested to be caused by the
developmental down-regulation of the NR2B subunit (Yang et al., 2006). But
NR2B is a less than satisfying explanation because the NR2B subunit is only
slightly less Mg?* sensitive than the NR2A subunit (Monyer et al., 1992).
Additionally, NR2B'’s developmental down-regulation has a very shallow decline
that does not correlate with the developmental loss of function that has been
reported for preNMDARSs (Corlew et al., 2007). Nevertheless we do show that
preNMDARs require NR2B though it is likely not responsible for their tonic

activation.

3.4.2 NR2A subunit does not enhance spontaneous glutamate release
Though there is much evidence for a requirement for NR2B in
preNMDARSs enhancement for evoked and spontaneous release, as well as a
role in plasticity, there is very little evidence of a requirement for NR2A. There
are a few anatomical reports of NR2A expression in presynaptic terminals of rat

neocortex and cerebellum (DeBiasi et al., 1996; Aoki et al., 2003; Duguid and
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Smart, 2004). And two studies also suggest that NR2A containing preNMDARSs
enhance evoked release on Shaffer collateral axons in the hippocampus (Mallon
et al., 2004; Suarez and Solis, 2006). However, the drug that was used to test
this, NVP-AAMO77, has since been shown to be highly non-specific in rodent
brain (Neyton and Paoletti, 2006) and it has not been tested for a possible action
on NR3A containing NMDARs. In our mEPSC assay, we were unable to show a
requirement for the NR2A subunit. This is the first time that this has been
confirmed by using a genetic modification to knock out NR2A subunits. Previous
studies have shown the lack of NR2A containing preNMDARS using specific
NR2A antagonists NVP-AAMO077 and Zn?**. The two functional studies (Mallon et
al., 2004; Suarez and Solis, 2006) that show a role for NR2A in evoked release
may reflect a difference between brain regions, or there may be a difference in
the roles of preNMDARs depending on their subunit configuration. The reported
NR2A requirement in preNMDARs has been suggested to involve preNMDARs
located in axons and activated to enhance excitability (Mallon et al., 2004;
Suarez and Solis, 2006). Furthermore, there may be differences in timeline of
expression as the studies showing NR2B containing preNMDARSs are primarily in
very young animals (Sjostrom et al., 2003; Yang et al., 2006; Corlew et al., 2007;
Corlew et al., 2008) and the evidence for NR2A is shown in older animals (Mallon
et al., 2004; Suarez and Solis, 2006). Our results show that in L2/3 pyramidal
cells in V1 of young mice the NR2A subunit is not required for enhancement of

spontaneous glutamate release.
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3.4.3 Other possible subunits

NR2D subunit activation has recently been suggested to be required for
the induction of preNMDAR-mediated tLTD in the L4 — L2/3 synapse in rodent
barrel cortex (Banerjee et al., 2009). We attempted to determine whether NR2D
might also be required for the preNMDARSs’ enhancement of spontaneous
release. We used UBP141 (the most specific antagonist for NR2D/2C available)
and the one that was used in Banerjee et. al 2009 (Banerjee et al., 2009).
Unfortunately, we found that UBP141 not only decreased mEPSC frequency in
our recordings, but also significantly decreased the amplitude (R. Larsen
unpublished) suggesting a block of AMPAR-mediated currents. We further
tested UBP141 on AMPAR-mediated currents and found that, indeed, UBP141
does partially block AMPAR currents (R. Larsen unpublished). It is possible that
the decrease in mEPSC frequency is due to a decrease in amplitude. Therefore,
we are unable to test for its presence in preNMDARs by this assay. Perhaps
future anatomical analysis would be instructive. However, our previous findings
that both NR2B and NR3A are required for the activation of preNMDARs make it
unlikely that NR2D is also involved. Another possibility is that there are two
different populations of preNMDARSs with different subunit compositions. One
report in barrel cortex suggests that preNMDARs contain the NR2B subunit in the
L2/3-L2/3 connection while in the L4-L2/3 connection, preNMDARSs contain
NR2D (Rodriguez-Moreno and Paulsen, 2008). Our data would suggest that all
preNMDARs require NR3A but the other subunit could be NR2B or another

subunit. In order to test this, we can record evoked activity in the L4-L2/3
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connection and in the L2/3-L2/3 connection and use ifenprodil to selectively block
NR2B containing receptors. We can analyze the probability of release, as in
Chapter 2, by looking at the synaptic depression before and after ifenprodil is
added. If there are two separate populations of preNMDARSs, then we would
expect to see a decrease in synaptic depression with ifenprodil application in one
of the pathways, but not the other. We have already tested the requirement for
NR3A in preNMDARs enhancement of evoked activity in the L4-L2/3 synapse in
V1 of young mice. (R. Larsen and R. Corlew unpublished). While application of
APV increases paired pulse facilitation in WT mice (indicating preNMDARSs which
contribute to glutamate release probability), it does not change paired pulse
facilitation in NR3A KO mice (R. Larsen and R. Corlew unpublished). Therefore,
the NR3A subunit is required for preNMDARSs’ mediated enhancement of
spontaneous and evoked glutamate in the young visual cortex at least in the L4-

L2/3 synapse.

3.4.4 PreNMDARs are NR1/NR3A/NR2B tri-heteromeres

The culmination of the ifenprodil experiments and the NR3A KO
experiments lead us to conclude that preNMDARSs are tri-heteromeric receptors
containing NR2B, NR3A and NR1 subunits. This hypothesis is consistent with
findings that NR3A typically co-immunoprecipitates with NR1 and NR2 subunits
(Perez-Otano et al., 2001). Importantly, ifenprodil (which blocks preNMDAR
functions) antagonizes both NR1/NR2B diheteromers and NR1/NR2B/NR3A

trineteromeric receptors (Smothers and Woodward, 2003). While NR3A slightly
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reduces the permeability of NMDARs (Perez-Otano et al., 2001), these receptors
lack block by Mg?®* (Sasaki et al., 2002), which allows them to be activated by
glutamate in the absence of strong depolarizations. The developmental profile of
NR3A perfectly matches the time-course for the loss of preNMDARSs.
Furthermore, because NR3A-containing NMDARSs have a high glycine affinity
(Nilsson et al., 2007), the observation that preNMDARs contain NR3A could
explain why presynaptic, but not post-synaptic, NMDARs are saturated by
glycine at rest (Li and Han, 2006). One study came to the conclusion that
preNMDARs are unlikely to contain NR3A because D-serine enhanced mEPSC
frequency (Li and Han, 2006), but this conclusion was based the authors’
erroneous belief that D-serine was an antagonist of NR3A-containing NMDARs.
However, a recent study convincingly demonstrated that D-serine is an agonist of
NR3A-containing NMDARs (Yao and Mayer, 2006), so the re-interpretation of

these studies provides further evidence that preNMDARs may contain NR3A.

3.4.5 Maturity quiets the receptor but does not completely remove it

We show that without the NR3A subunit in a NR3A KO, preNMDARSs can
still affect spontaneous release if the Mg?* is withheld from the recording solution.
These data also explain the developmental loss of the functional receptor. While
the preNMDAR appears to be completely lost with development, anatomical
evidence suggests that the receptor is still present, though to a lesser degree.
The presence of the receptor in the older animal was also confirmed. At a time

when NR3A subunit is at extremely low levels in the visual cortex, the
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preNMDAR appears to be non-functional. However, its activity can be restored

with the exclusion of Mg2+ from the ACSF. The function of this “quiet” receptor in
the adult is unknown. The Mg?* sensitive receptor might function much more like
the classic coincidence detector, representing an important, long-term modulator

in the presynaptic terminal (Bender et al., 2006b).
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Chapter 4:

Visual deprivation modifies both presynaptic glutamate release and
composition of pre/perisynaptic/extrasynaptic NMDA receptors in adult
visual cortex.

This chapter was published with Koji Yashiro and Dr. Benjamin D. Philpot

in The Journal of Neuroscience (2005) Vol. 25(50, pp:11684 —11692

4.1 Introduction

Use-dependent modifications of synapses have been well described in the
developing visual cortex, but the ability for experience to modify synapses in the
adult visual cortex is poorly understood. We have found that 10 days of late-
onset visual deprivation (LOVD) modifies both pre- and postsynaptic elements at
the layer (L) 4 to 2/3 connection in the visual cortex of adult mice, and these
changes differ from those observed in juveniles. While dark-rearing (DR) in
juvenile mice modifies the subunit composition and increases the current
duration of synaptic NMDA receptors (NMDARS), no such effect is observed at
synapses between L4 and L2/3 pyramidal neurons in adult mice. Surprisingly,
LOVD in adult mice enhances the temporal summation of NMDAR-mediated
currents induced by bursts of high-frequency stimulation. The enhanced

temporal summation of NMDAR-mediated currents in deprived cortex could not



be explained by a reduction in the rate of synaptic depression, because our data
indicate that LOVD actually increases the rate of synaptic depression.
Biochemical and electrophysiological evidence instead suggest that the
enhanced temporal summation in adult mice could be accounted for by a change
in the molecular composition of NMDARSs at peri-/extrasynaptic sites. Our data
demonstrate that the experience-dependent modifications observed in the adult
visual cortex are different from those observed during development. These
differences may help explain the unique consequences of sensory deprivation on
plasticity in the developing versus mature cortex.

Sensory experience modifies cortical circuitry by inducing use-dependent
changes in synapses (Katz and Shatz, 1996), and these modifications are
generally thought to be more dramatic in developing animals than in adults.
Monocular deprivation has been a well-studied model for critical period plasticity
since the pioneering studies of Wiesel and Hubel (Wiesel and Hubel, 1963).
Their finding that cortical neurons lose responsiveness to the deprived eye only if
the deprivation begins early in life has led to the assumption that the adult cortex
lacks the capacity for experience-dependent modifications.

There is a growing consensus, however, that the adult cortex maintains
greater plasticity than originally thought (Buonomano and Merzenich, 1998;
Gilbert, 1998; Tagawa et al., 2005). For example, monocular deprivation shifts
the ocular dominance of neurons in the primary visual cortex of adult mice,
although the manner of the shift differs from that observed in juveniles (Sawtell et

al., 2003; Frenkel and Bear, 2004; Lickey et al., 2004). In juvenile mice,
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monocular deprivation causes a rapid reduction of the deprived eye response
recorded in the contralateral cortex, followed by a potentiation of the responses
driven by the non-deprived eye in the ipsilateral cortex. In contrast, monocular
deprivation in adult mice fails to cause a loss of the deprived eye response,
although a delayed potentiation of the responses driven by the non-deprived eye
is still observed. The basis for the different consequences of sensory deprivation
in young and mature animals is poorly understood, and we suggest that key
differences may lie in the mechanisms that control the properties of synaptic
plasticity.

The ocular dominance plasticity observed in both juvenile and adult mice
requires activation of NMDARs. NMDARSs are required for many forms of
synaptic plasticity (Malenka and Bear, 2004), and changes in the receptor’'s
attributes are likely to influence the properties of synaptic plasticity. The NMDAR
complex consists of the obligatory NR1 subunit in combination with NR2A-D and
NR3A-B subunits that confer distinct receptor properties (Monyer et al., 1992;
McBain and Mayer, 1994; Perez-Otano and Ehlers, 2004). NR1, NR2A, and
NR2B subunits predominate in the postnatal visual cortex, and during
development the ratio of NR2A- to NR2B-containing NMDARs increases
(Quinlan et al., 1999a; Quinlan et al., 1999b; Roberts and Ramoa, 1999).
Because NR2A-containing NMDARSs possess shorter current durations than
NR2B-containing receptors, NMDAR-mediated current durations shorten over
development (Carmignoto and Vicini, 1992; Hestrin, 1992; Monyer et al., 1992;

Priestley et al., 1995; Flint et al., 1997; Vicini et al., 1998). The developmental
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increase in NR2A in the visual cortex is experience-dependent, as dark-rearing
delays the increase in NR2A in the visual cortex (Nase et al., 1999; Quinlan et
al., 1999a). Given the age-dependent differences in the synaptic consequences
of sensory deprivation, we examined whether visual deprivation uniquely affects
NMDAR composition and function in the visual cortex of juvenile and adult mice.
Our results indicate that intracortical synapses of adult mice are highly plastic but

undergo use-dependent modifications in a unique manner compared to juveniles.

4.2  Materials and Methods

Animals C57BL/6 mice (Charles River, MA) of both genders between postnatal
(P) day 21-27 or P74-84 were used. These ages represent periods during and
after the classically defined critical period for ocular dominance plasticity in mice
(Gordon et al., 1996). Normally reared (NR) mice were raised on a 12:12
light:dark cycle, whereas dark-reared (DR) mice were raised in complete
darkness from P2. Late-onset visual deprivation (LOVD) was achieved by
placing animals into a completely dark room for ~10 days starting at ~P68.

Slice Preparation was identical to Chapter 2 (Corlew et al., 2007).

Voltage-clamp recordings Electrophysiology was performed as in Chapter 2

(Corlew et al., 2007) except for the following additions. To pharmacologically
isolate NMDAR-mediated currents, ACSF modified to contain (in mM): 124 NacCl,
3 KClI, 1.25 NaH,PQ4, 26 NaHCO3, 20 glucose, 4 MgCl,, 4 CaCl,, 0.001 glycine,
0.05 picrotoxin, and 0.02 CNQX or DNQX. CNQX/DNQX was omitted when

recording AMPA receptor (AMPAR)-mediated currents. Internal solution
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contained (in mM) 102 cesium gluconate, 5 TEA-chloride, 3.7 NaCl, 20 HEPES,
0.3 sodium guanosine triphosphate, 4 magnesium adenosine triphosphate, 0.2
EGTA, 10 BAPTA, and 5 QX-314 chloride (Alomone Labs, Israel), with pH
adjusted to 7.2 and osmolarity adjusted to ~300 mmol/kg by addition of sucrose.
For voltage-clamp recordings, recorded series resistance averaged 21.8 £ 0.9
MQ and no series resistance compensation was applied. Input resistances
recorded at +40 mV did not differ between deprived and control groups at P21-27
(110.4 £ 6.0 MQ) or at P74-84 (92.3 + 5.4 MQ). Excitatory postsynaptic currents
(EPSCs) were evoked from a stimulating electrode (concentric bipolar; 200 uM
tip separation) placed in layer 4, and stimulation was given for 200 us every

15 sec. To describe the deactivation kinetics of NMDAR-mediated currents
recorded at +40 mV, 30-60 evoked NMDAR EPSCs were averaged, and the
current decays were described using the following formula: I(t) = lexp(-t/1;) +
lsexp(-t/ 15), where | is the current amplitude, t is time, Ir and Is are the peak
amplitudes of the fast and slow components, respectively, and 1 and 715 are their
respective time constants. A nonlinear regression in pCLAMP software was
used to fit double exponentials to decay curves. The weighted time constant (1)
was used for quantification purposes and was calculated as: 1y = 1 *(l¢/(Is + 1)) +
Ts *(Is/(Is + 1s)). To examine functional changes in the short-term depression of
AMPAR-mediated currents recorded at -70 mV, 11 pulses at 40 Hz were given
every 6 sec. The time constant of AMPAR EPSC depression was obtained by
fitting the following single exponential formula: Inet(t) = Kexp(-t/14) + PL, where |net

is the normalized net current amplitude, 14 is the time constant of the synaptic
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depression, PL is the normalized steady-state EPSC amplitude, and K + PL = 1.
To measure the kinetics of MK-801 blockade, isolated NMDAR EPSCs were first
measured at +40 mV and stimulation intensity was adjusted to evoke ~100 pA
response. MK-801 (40 uM) was added to the bath and responses were evoked
every 15 sec until the NMDAR-mediated response was abolished. The time
constant of MK-801 blockade (Tpiock) Was calculated using the following formula:
I(t) = liexp(-t/Tuiock), Where | is the current amplitude, |4 is the amplitude of the first

pulse, and t is time.

Biochemical fractions Each of the biochemical fractions was prepared using
visual or frontal cortices pooled from 3-5 brains with a procedure modified from
Cho and colleagues (Aramori and Nakanishi, 1992). Comparisons were made
from fractions run in parallel to minimize variability among preparations.
Samples were homogenized in HEPES-buffered sucrose (4 mM HEPES, 0.32 M
sucrose, pH 7.4) using a motor-driven dounce homogenizer. Post-nuclear
supernatant (PNS) fractions were prepared by centrifuging the homogenates
twice at 1,000 x g for 10 min to eliminate nuclei. The PNS fractions were
centrifuged at 10,000 x g for 20 min yielding crude synaptic pellets, which were
then suspended in HEPES-buffered sucrose and centrifuged. The resulting
pellets were lysed in a hypoosmotic buffer (4 mM HEPES, pH 7.4) using the
motor-driven dounce homogenizer and mixed constantly for 30 min. The lysates
were centrifuged at 25,000 x g for 20 min and pellets were suspended in HEPES-
buffered sucrose to obtain lysed synaptosomal membrane (LSM) fractions. The

LSM fractions were subjected to density centrifugation (150,000 x g, 2 hrs) using
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a gradient consisting of 0.8 M, 1.0 M, and 1.2 M sucrose in 4 mM HEPES (pH
7.4). Synaptic plasma membrane fractions were collected at the 1.0-1.2 M
interface, diluted with 4 mM HEPES, and pelleted (150,000 x g, 30 min). These
pellets were resuspended in 50 mM HEPES (pH 7.4) containing 0.5% Triton X-
100, rotated for 15 min, and centrifuged at 32,000 x g for 20 min. The resulting
pellets were resuspended in the 0.5% Triton-containing buffer, rotated for 15 min,
and centrifuged at 200,000 x g for 20 min to obtain postsynaptic density (PSD)
fractions, which were suspended in 50 mM HEPES containing 0.2% SDS.
Complete protease inhibitor cocktail tablets (Roche, Germany), pepstatin 10
pg/ml, and phosphatase inhibitor cocktail 1 & 2 (Sigma, MO) were added to all
buffers. The above procedures were carried out on ice or in a cold room and the
fractions were stored at -80°C. Protein concentrations were measured using
Coomassie Plus reagent (Pierce, IL).

Immunoblot analysis PNS, LSM, and PSD fractions (10 ug) were resolved by

7.5% SDS-PAGE (Ready Gels, Bio-Rad, PA) and transferred to nitrocellulose
membranes. Both blotting and imaging with the Odyssey imaging system (LI-
COR, NE) were carried out following the manufacturer’s protocols. Primary
antibodies were anti-NR2A rabbit antibody (1:500, sc-9056, Santa Cruz, CA),
anti-NR2B goat antibody (1:20,000, sc-1469, Santa Cruz, CA), anti-PSD-95
monoclonal antibody (1:500, MAB1596, Chemicon, CA), and anti-B-tubulin
monoclonal antibody (1:3000, MAB3408, Chemicon, CA). The employed
secondary antibodies were Alexa Fluor 680-labeled anti-goat IgG antibody

(1:5,000, Molecular Probes, OR), Alexa Fluor 680-labeled anti-mouse IgG

101



antibody (1:5,000, Molecular Probes, OR), and IRDye 800-labeled anti-rabbit IgG
antibody (1:3,000, Rockland, PA).
Statistics Data are expressed as means £ SEM. ANOVA or t-tests were used to

test for statistical significance, which was placed at p < 0.05.

4.3 Results
4.3.1 Visual deprivation lengthens the decay kinetics of synaptic NMDAR-
mediated currents in developing but not adult mice

We first determined whether visual deprivation affects NMDARs in the
visual cortex of juvenile mice in a manner similar to that observed in rats.
Previous studies demonstrated that dark-rearing (DR) or 5 days of visual
deprivation in juvenile rats decreases the relative expression of NR2A- to NR2B-
containing NMDARSs, resulting in longer NMDAR-mediated currents (Carmignoto
and Vicini, 1992; Flint et al., 1997; Philpot et al., 2001a). We found that a similar
process occurs in mice. Pharmacologically isolated NMDAR-mediated currents
evoked by stimulating L4 were measured in layer 2/3 pyramidal neurons in
primary visual cortical slices. DR until P21-27 significantly increased the duration
of NMDAR-mediated currents compared to normally-reared (NR) mice (Fig. 4.1;
DR, 1w=130.7 £ 6.5 ms, n =21 cells; NR, 1,=82.1 £ 7.6 ms, n = 16 cells; p <
0.00003). These data suggest that DR in juvenile mice modifies the composition

and function of synaptic NMDARs, as has been observed in rats.
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Figure 4.1 Visual deprivation in adult mice fails to modify NMDAR EPSCs
evoked by single pulses. Scatter plot of the weighted time constants (1) of
NMDAR-mediated EPSCs recorded from L2/3 pyramidal cells after stimulating L4
in the visual cortex of DR and NR juvenile mice as well as LOVD and NR adult
mice. Small circles represent individual data points and larger circles represent
means (£S.E.M.). NMDAR-mediated currents are significantly longer in the
visual cortex of DR juvenile mice compared to NR. LOVD in adult mice does not
alter NMDAR-mediated current duration. Normalized traces are representative of
pharmacologically isolated NMDAR EPSCs recorded at +40 mV, and an overlay
of the traces (top) is included as a basis for comparisons. *p < 0.05.
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To determine whether experience-dependent modifications in synaptic
NMDARSs could be elicited outside a critical period of development, we examined
the consequences of 10 days of late-onset visual deprivation (LOVD) in the
visual cortex of adult mice. Unlike juvenile rodents, we failed to observe a
change in NMDAR EPSC decay kinetics between LOVD and NR adult mice (Fig.
4.1; LOVD, 1, =90.5 £ 9.3 ms, n = 13 cells; NR, 1, = 87.3 £ 9.8 ms, n = 16 cells;
p = 0.82). These data indicate that, in adult mice, visual deprivation does not

change the function of NMDARs driven by a single synaptic activation of L4-2/3.

4.3.2 Visual deprivation enhances the temporal summation of NMDAR
EPSCs in adults

We have previously demonstrated in juvenile rodents that the temporal
summation of NMDAR-mediated currents is tightly correlated with the duration of
individual EPSCs; the longer the NMDAR currents, the greater the magnitude of
temporal summation (Philpot et al., 2001a). Because of the similar duration of
NMDAR EPSCs in visual cortical pyramidal cells from LOVD and NR adult mice,
we expected that the temporal summation of NMDAR-mediated currents would
be nearly identical between the groups. To test this possibility, we delivered
bursts of 40 Hz stimulation (11 pulses) to L4 and measured the response in L2/3
pyramidal cells in LOVD and NR cortices (LOVD: n = 15 cells; NR: n = 22 cells).
We adjusted stimulus intensity to obtain ~100 pA response on the first pulse
(LOVD =113.5+13.1 pA; NR=103.4 + 7.6 pA; p =0.48). Surprisingly, we

observed that LOVD greatly enhanced the temporal summation of NMDAR-
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Figure 4.2 Visual deprivation in adult mice alters the temporal summation
of NMDAR EPSCs evoked by burst stimulation in the visual cortex. (A) Plot
of the normalized and averaged amplitudes of NMDAR EPSCs evoked at 40 Hz
in the adult visual cortex at a holding potential of +40 mV. Representative traces
of pharmacologically isolated NMDAR EPSCs in response to 40 Hz stimulus
trains are shown (dark trace = response from pyramidal neuron in LOVD mice;
light trace = response from pyramidal neuron in NR mice). Stimulus artifacts
were blanked for clarity. (B) Same as in A, but recordings were made at a
holding potential of -70 mV in ACSF containing nominal magnesium (0.1 mM
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mediated currents in the adult visual cortex (Fig. 4.2A: amplitude of the 11™

pulse/1% pulse; LOVD = 1.33 + 0.15; NR = 0.96 + 0.005; p < 0.02). The LOVD-
induced enhancement of temporal summation was also significant when
quantified by averaging the charge transfer (integral) of the normalized currents
(LOVD = 354.7 + 32.1 arbitrary units = a.u.; NR =259.4 + 14.0 a.u.; p< 0.005).

To determine whether the experience-dependent differences in temporal
summation arose from recording at a depolarized voltage (+40 mV), we repeated
the experiment in nominal magnesium (0.1 mM) while clamping cells at -70 mV.
The deprivation-induced enhancement of temporal summation was also
observed when postsynaptic cells were clamped at the hyperpolarized
membrane potential (Fig. 4.2B: amplitude of the 11" pulse/1! pulse: LOVD =
1.41£0.15, n=16 cells; NR=0.76 £ 0.08, n = 12 cells; p < 0.003; Normalized
charge transfer: LOVD = 397.4 £ 36.3 a.u.; NR = 266.5 £ 27.3 a.u.; p < 0.02).
This observation suggests that the effects on temporal summation are unlikely to
be due to an experience-dependent change in an intrinsic membrane current that
has voltage-sensitive properties.

Thus, even though visual deprivation did not alter synaptic NMDAR-
mediated currents evoked by a single stimulation, visual deprivation nevertheless
enhanced the temporal summation of NMDAR-mediated currents. The
enhanced temporal summation could be explained by a change in (1)
presynaptic neurotransmitter release or (2) a population of peri-/extrasynaptic

NMDARSs that is activated with bursts of stimulation.
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4.3.3 Visual deprivation increases the release probability of glutamate in
adult mice

The temporal summation of NMDAR-mediated currents is determined by
both the postsynaptic summation of currents and the properties of presynaptic
neurotransmitter release (e.g. the rate of synaptic depression or facilitation)
(Zucker and Regehr, 2002). We initially hypothesized that the enhanced
temporal summation of NMDAR-mediated currents could be due to a reduction in
the rate of synaptic depression. Because AMPAR-mediated currents are much
faster than NMDAR-mediated currents, there is little, if any, temporal summation
of AMPAR EPSCs at frequencies < 40 Hz. Thus, short-term plasticity of
AMPAR-mediated currents is a good measure of changes in presynaptic
neurotransmitter release. We examined the short-term plasticity of AMPAR-
mediated EPSCs recorded at -70 mV in L2/3 pyramidal cells by giving 11 pulses
of 40 Hz stimulation to layer 4. Contrary to our initial hypothesis, our data
indicated that the rate of synaptic depression was significantly increased in the
visual cortex of the LOVD mice (Fig. 4.3: 74; LOVD = 64.9 £ 10.3 ms,n=18
cells; NR=129.5+18.2ms, n =23 cells; p <0.007). The normalized steady-
state AMPAR EPSC amplitudes were unchanged by visual experience (LOVD =
0.187 £ 0033; NR =0.130 £ 0.026; p = 0.17). These data suggest that visual
deprivation increases the initial probability of neurotransmitter release and limits
the relative amount of neurotransmitter available for subsequent release. Thus,
the enhanced temporal summation of NMDAR-mediated currents in the cortex of

deprived mice cannot be explained by a reduction in the rate of short-term
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Figure 4.3 Visual deprivation increases the rate of synaptic depression in
adult mice. Plot of the AMPAR EPSC amplitudes in response to a brief 40 Hz
stimulation train. Responses were normalized to the first pulse. Traces are
representative AMPAR EPSCs recorded at -70 mV in cells from LOVD (dark
trace) and NR (light trace) mice. Stimulus artifacts were blanked for clarity.
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synaptic depression. Because of the novel and unexpected observation that
LOVD increases the rate of synaptic depression in the visual cortex of adult mice,
we wanted to use an independent assay to verify that deprivation increases the
probability of neurotransmitter release. We took advantage of the
pharmacological properties of MK-801, an irreversible open-channel NMDAR
blocker, to examine neurotransmitter release in NR and LOVD adult mice. The
rate of block of NMDAR-mediated currents by MK-801 is an indicator of the
probability of neurotransmitter release; the higher the probability of release, the
faster the rate of block by MK-801 (Hessler et al., 1993). Consistent with the
increased rate of synaptic depression of AMPAR-mediated currents, we
observed that LOVD significantly accelerated the rate at which MK-801 blocks
pharmacologically isolated NMDAR EPSCs (Fig. 4.4: Tpock ; LOVD =9.30 £ 0.63
ms, n = 4 cells; NR = 20.00 £ 3.16 ms, n = 7 cells; p < 0.04). These results
confirm that LOVD increases the probability of release in L4-2/3 synapses.
Although the enhanced temporal summation of NMDAR EPSCs in adult mice
cannot be explained by an increase in the rate of synaptic depression, it is
possible that the increased probability of release could facilitate the spillover of

glutamate to peri-/extrasynaptic sites (see Discussion).

4.3.4 Visual deprivation differentially reduces the NR2A/B ratio in
biochemical fractions from the visual cortex of juvenile and adult mice
Our data suggest that the change in the rate of synaptic depression could

not account for the enhanced temporal summation of NMDAR-mediated currents
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Figure 4.4 Visual deprivation increases the rate of neurotransmitter release
in adult mice. Plot of the normalized amplitude of NMDAR EPSCs in response
to repetitive stimulation in the presence of MK-801. Note that NMDAR EPSC
blockade by MK-801 occurs faster in pyramidal cells from LOVD than NR adult
mice.
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in pyramidal cells of LOVD adult mice. We therefore decided to evaluate
possible changes in postsynaptic NMDAR subunit composition. We have
previously used the synaptoneurosome preparation to show that there is a
correlation between the functional properties of NMDARs observed
electrophysiologically and the subunit expression of NMDARs observed
biochemically (Quinlan et al., 1999a; Quinlan et al., 1999b; Philpot et al., 2001b).
The synaptoneurosome preparation, however, cannot distinguish protein
expression in the postsynaptic density (PSD) from expression in other
compartments near the synapse. Moreover, it was difficult to detect small
changes in NMDAR composition with our previously employed chemiluminescent
immunoblot techniques.

To overcome the limitations of our previously techniques, we produced
enriched biochemical fractions that allowed us to differentiate proteins in the PSD
from other compartments. We then analyzed these fractions using a novel
immunoblotting technique using fluorescent secondary antibodies to NR2A and
NR2B subunits (see Methods and Fig. 4.5). This method allowed us to achieve a
highly quantitative measurement of the NR2A/B ratio due to the elimination of
several sources of error. (1) The Odyssey infrared system operates within a very
large linear range for quantification, thus errors from working within the small
linear range using traditional immunoblots were eliminated. (2) The dual
fluorescent labeling of NR2A and NR2B allowed us to compare band intensities
within the same gel lane, eliminating errors introduced by variations in sample

loading onto SDS-PAGE gels. (3) Membrane stripping was unnecessary, so no
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Figure 4.5 Visual deprivation in juvenile mice alters the NR2A/B ratio in the
postsynaptic density (PSD), but only in post-nuclear supernatant (PNS) and
lysed synaptic membrane (LSM) fractions in adult mice. (A) Biochemical
fractionation progressively enriches NR2A, NR2B, and PSD-95 and eliminates a
non-synaptic protein, B-tubulin, in visual cortical samples from LOVD and NR
adult mice. 10 ug samples were loaded into each gel lane. (B) Quantification of
NR2A and NR2B band intensities, which were normalized to the value at 12.5 pg.
The inset is a representative NR2A/B immunoblot of a PSD fraction. 1to 12 ug
samples were loaded into each gel lane and results from three blots were
averaged. (C) NR2A/B ratios were measured in PNS, LSM, and PSD fractions of
visual cortices of deprived and control from both juvenile and adult mice. The
values (means = S.E.M.) are normalized to average control values. *p < 0.05.
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error was introduced by incomplete stripping or overstripping. (4) NR2A and
NR2B migrate through the SDS-PAGE gel to almost the same distance due to
their similar molecular weights, eliminating errors introduced by differential
transfer of the proteins from the gel to the nitrocellulose membrane. Although the
technique still has the limitation that it is difficult to determine whether differences
in the NR2A/B ratio are due to changes in NR2A, NR2B, or both, the advantages
of the technique allowed us to detect modest differences in the ratio of NR2A/B
with high precision and little variability.

We first examined NR2A/B expression in the visual cortex from DR and
NR juvenile mice (n of each group = 6 pools of 5 mice each). To evaluate
changes in NR2A/B expression, we examined three biochemical fractions: 1) the
post-nuclear supernatant (PNS) fraction, containing both cytoplasmic and cell
membrane contents, 2) the lysed synaptosomal membrane (LSM) fractions,
which contained both synaptic and extrasynaptic components of the plasma
membrane, and 3) the highly enriched postsynaptic density (PSD). Consistent
with previous findings using synaptoneurosome preparations in rats (Quinlan et
al., 1999a), we found that the NR2A/B ratios were significantly lower in the PNS,
LSM, and PSD visual cortical fractions of DR juvenile mice compared to NR (Fig.
4.5C: PNS, p < 0.03; LSM, p < 0.0006; PSD, p <0.02). To determine the effects
of LOVD in adults, we compared the NR2A/B ratios in NR and LOVD adult mice
(n of each group = 12 pools of 3-5 mice each). In contrast to what we observed
in the visual cortex of DR juvenile mice, LOVD in adults failed to modify the

composition of NMDARs within the highly enriched PSD (Fig. 4.5A,C: p = 0.22).
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However, LOVD in adults significantly lowered the NR2A/B ratio in the PNS and
LSM visual cortical fractions compared to the NR (Fig. 4.5C: PNS, p < 0.006;
LSM, p <0.002). In both juvenile and adult mice, the change in NMDAR subunit
composition in NR and deprived mice did not appear to be the result of a general
stress response, because no change in the NR2A/B ratio in the PNS, LSM, and
PSD preparations were observed in frontal cortices of deprived mice compared
to controls (p-values in all fractions from both juveniles and adults > 0.1,n =6
pools of tissues for each of the six groups). These data indicate that LOVD in
adults might alter the composition of NMDARSs located at pre/peri-/extrasynaptic

sites but not postsynaptic sites.

4.3.5 Visual deprivation does not alter the temporal summation of NMDAR-
mediated currents evoked by minimal stimulation

Because high-frequency stimulation can additively facilitate diffusion of
glutamate at synapses and induce activation of peri-/extrasynaptic NMDARs that
are not activated by a single pulse (Lozovaya et al., 2004; Scimemi et al., 2004),
we reasoned that the enhanced temporal summation of NMDAR-mediated
currents in LOVD mice could be a consequence of glutamate spillover onto a
modified population of peri-/extrasynaptic NMDARs. Previous studies
demonstrate that glutamate spillover increases with EPSC size (Scimemi et al.,
2004). That is, spillover is more likely to occur with an increase in the number of

simultaneously activated synapses.
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If synaptic spillover contributes to the deprivation-induced enhancement of
NMDAR temporal summation, then we reasoned that we would be less likely to
observe the effect when activating a lower density of synapses. To test this
possibility, we examined the temporal summation of NMDAR EPSCs elicited by
minimal stimulation. The assumption in these studies is that minimal stimulation
activates one or a small number of afferents. In this experiment, stimulus
intensity was adjusted to elicit a response to the 1% pulse ~50 % of the time. We
then delivered 11 pulses at 40 Hz and analyzed only traces where there was a
response to the first pulse (1% peak amplitude; LOVD = 14.1 + 1.0, n = 14 cells;
NR =15.6 £1.6, n =16 cells; p = 0.46). With this minimal stimulation protocol,
temporal summation of NMDA EPSCs in LOVD and NR mice were almost

identical as measured by the amplitude of the 11™

pulse (Fig. 4.6: Amplitude of
11" pulse/1% pulse; LOVD = 1.15+ 0.14; NR=1.12+0.12; p = 0.90) or by the
normalized charge transfer (LOVD = 283.1 £ 25.7 a.u.; NR =288.9 £+ 30.3 a.u.: p
= 0.89). These data indicate that a critical number of synapses must be
activated, reflected by EPSC amplitude, to observe the deprivation-induced
enhanced temporal summation. The data are consistent with the idea that the
coordinated release of glutamate above a certain threshold of activated synapses

can produce glutamate spillover sufficient to reach an extrasynaptic population of

NMDARs that is modified by visual deprivation.
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Figure 4.6 Minimal stimulation fails to reveal deprivation-induced
differences in the temporal summation of NMDAR-mediated currents. Plot
of the temporal summation of NMDAR EPSCs in LOVD and NR mice evoked by
minimal stimulation at 40 Hz.
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4.3.6 The NR2B-selective antagonist ifenprodil blocks the enhanced
temporal summation of NMDAR EPSCs in deprived visual cortex of adult
mice

The above data indicated that neither a change in the rate of synaptic
depression nor a change in a voltage-sensitive membrane property could
account for the enhanced temporal summation of NMDAR-mediated currents in
the cortex of LOVD mice. However, the data also indicated that (1) LOVD in
adult mice alters the complement of pre-/peri-/extrasynaptic NMDARs without
significantly changing the postsynaptic NMDARs, and (2) a critical threshold of
synaptic activation was required to observe the deprivation-induced
enhancement of temporal summation. These observations are consistent with
LOVD altering a population of peri-/extrasynaptic NMDARs that are activated by
glutamate spillover occurring with coordinated bursts of stimulation. Previous
studies suggest that NR2B-containing NMDARSs can detect glutamate spillover
(Scimemi et al., 2004), likely due to their high affinity for glutamate (Priestley et
al., 1995). We used the NR2B-specific antagonist ifenprodil to determine
whether the deprivation-induced enhancement of NMDAR temporal summation
was mediated through activation of NR2B-containing receptors. Ifenprodil
blocked the enhanced temporal summation of NMDAR EPSCs in LOVD mice
(Fig. 4.7A: amplitude of 11" pulse/1%' pulse; LOVD = 0.84 + 0.07, n = 6 cells; NR
=0.850.06, n = 8 cells; p =0.98). While ifenprodil dramatically reduced the

temporal summation of NMDAR-mediated currents in the visual cortex of LOVD
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Figure 4.7 The enhanced temporal summation of NMDAR EPSCs in
deprived adult cortex can be blocked by acute administration of ifenprodil,
an NR2B specific NMDAR antagonist. (A) Temporal summation of NMDAR
EPSCs in LOVD and NR mice in the presence of ifenprodil. (B) The average
charge transfer taken from the normalized responses of the eleven pulses
evoked at 40 Hz stimulation in the presence or absence of ifenprodil. ANOVA
with post hoc analyses: *p < 0.05.
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mice, the drug had no noticeable consequence in NR mice (Fig. 4.7B). These
observations support our hypothesis that LOVD can increase the relative
complement of NR2B-containing NMDARSs at pre-/peri-/extrasynaptic sites but
not synaptic sites. An idea consistent with our data is that these peri-
/extrasynaptic NMDARs could be activated by glutamate spillover triggered by
consecutive pulses, thus helping to explain why we observed a deprivation-
induced enhancement of NMDAR-mediated temporal summation as quickly as

the second pulse in a train of stimulation (Fig. 4.2).

4.4  Discussion

We demonstrate that a brief period (10 days) of late-onset visual
deprivation (LOVD) enhances NMDAR-mediated transmission in the L4 — 2/3
visual cortical synapse by presynaptically increasing the probability of
neurotransmitter release and by increasing the relative expression of NR2B-
containing NMDARs at pre-/peri-/extrasynaptic sites. These results provide
evidence that the history of sensory experience modifies synapses in the mature
visual cortex outside of the critical period of receptive field plasticity and that
these modifications differ between juvenile and adult animals.

Accumulating evidence indicates that the adult visual cortex is more
plastic than previously thought, and our data show that one synaptic basis for
adult plasticity is a change in the short-term dynamics of excitatory synaptic
responses. The observed deprivation-induced increase in the rate of

neurotransmitter release is likely a compensatory mechanism to maintain
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synaptic drive in the absence of visually evoked activity. This increase in release
is reminiscent of what has been observed in culture systems following
manipulations that reduce presynaptic activity (Chavis and Westbrook, 2001) or
postsynaptic excitability (Murthy et al., 2001). The deprivation-induced increase
in release probability in the adult cortex enhances the likelihood that peri-
/extrasynaptic NMDARs may be activated by glutamate spillover (Kullmann et al.,
1996), and future studies will need to investigate whether this spillover could be
augmented by a decrease in glutamate reuptake (Kim et al., 2005).

Nonetheless, our data are consistent with the idea that visual deprivation
increases a peri-/extrasynaptic population of ifenprodil-sensitive NMDARs that
can be activated by glutamate spillover during bursts of high-frequency
stimulation.

In addition to age-dependent differences in the presynaptic consequences
of visual deprivation, our data demonstrate that there are also unique
postsynaptic consequences to visual deprivation. Deprivation in juvenile animals
decreases the NR2A/NR2B ratio at synaptic sites, but LOVD in adults only
modifies pre-/peri-/extrasynaptic NMDARs. There is a precedent in the literature
that NR2A-containing NMDARs are trafficked to synaptic sites, whereas NR2B-
containing NMDARSs are preferentially trafficked to peri-/extrasynaptic sites. For
example, NMDARSs appear to be eliminated from the central portion of the
synapse in the superior colliculus of mice lacking the NR2A subunit (Townsend
et al., 2003). One possibility is that NR2A is trafficked selectively to the synapse,

but NR2B-containing NMDARs might be prevented from remaining in the
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synapse once “slot” proteins for anchoring NR2A-containing NMDARs, such as
PSD-95, have been delivered to the synapse (Yoshii et al., 2003). In support of
this, manipulations of visual experience in developing mice are known to
bidirectionally regulate the expression of synaptic NR2A in the visual cortex
(Quinlan et al., 1999a). If, on the other hand, visual experience preferentially
modifies NR2B but not NR2A levels in the adult cortex, then changes in NR2B-
containing NMDARs might be detected only at peri/extrasynaptic sites because
NR2A-containing NMDARSs are entrenched in the central portion of the synapse.
Our data provide evidence that this may indeed be the case, as we observe that
the NR2B-selective antagonist ifenprodil eliminates the enhanced temporal
summation of NMDAR-mediated currents in the visual cortex of deprived mice.
In addition, detailed quantitative measurements of NR2A and NR2B levels
suggest that LOVD increases NR2B levels rather than decreasing NR2A (E.
Quinlan, personal communications).

We suggest that an increase in peri-/extrasynaptic NR2B-containing
NMDARs postsynaptically could account for the deprivation-induced increase in
the temporal summation of NMDAR currents. This conclusion is supported by
three observations. (1) The deprivation-induced enhancement of temporal
summation is only observed in conditions that favor glutamate spillover; the effect
is not observed with minimal stimulation but is observed with stronger stimulation
intensities. (2) Biochemical data indicate there is an increase in the relative
proportion of NR2B-containing NMDARs at pre/extrasynaptic but not

postsynaptic sites. (3) The NR2B-containing NMDAR antagonist ifenprodil
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blocks the deprivation-induced enhancement of NMDAR EPSC temporal
summation.

A possible complication to our interpretation of the data is that presynaptic
NR2B-containing NMDARSs are known to exist (Aoki et al., 1994) and to enhance
neurotransmitter release in the visual cortex (Sjostrom et al., 2003). The
deprivation-induced elevation in NR2B proteins within the lysed synaptic
membrane fraction (Fig. 4.5) could be explained by an increase in presynaptic
NMDARs, contributing to the observed increase in neurotransmitter release
following deprivation. However, an increase in presynaptic NR2B-containing
NMDARSs is unlikely to account for the deprivation-induced enhancement of
NMDAR-mediated temporal summation. If an increase in relative NR2B levels
were restricted to presynaptic sites, we should have observed a similar trend in
the short-term dynamics of AMPAR- and NMDAR-mediated currents following
deprivation (Fig. 4.2 and 4.3). Specifically, an increase in release by presynaptic
NR2B-containing NMDARSs with deprivation would be expected to decrease the
temporal summation of NMDAR-mediated currents in deprived mice, which was
not what we observed. Hence, the most parsimonious explanation for our data is
that visual deprivation in adult mice increases the relative population of NR2B-
containing NMDARs at pre-/peri-/extrasynaptic sites. While future research is
needed to address the physiological importance of the experience-dependent
changes in glutamatergic synaptic transmission in the adult visual cortex, some
clues may be provided by the very different consequences of monocular

deprivation on ocular dominance in juvenile and adult mice (Sawtell et al., 2003;
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Frenkel and Bear, 2004). Because visual cortex responses in rodents are largely
driven by the contralateral eye, monocular deprivation essentially eliminates
visual activity in the contralateral cortex except for a minor input driven by the
ipsilateral eye. In juvenile mice, monocular deprivation leads to a rapid
depression of the contralateral deprived-eye inputs, followed by a deprivation-
enabled strengthening of the weak ipsilateral inputs from the non-deprived eye.
The delayed strengthening of the previously weak inputs might be a
consequence of lowering the threshold for synaptic potentiation by increasing the
relative expression of NR2B-containing NMDARSs in deprived cortex (Quinlan et
al., 1999a; Quinlan et al., 1999b; Philpot et al., 2001a). In contrast to what has
been observed in juvenile mice, the synapses in the mature cortex are normally
stable and relatively resistant to modifications. One possibility is that the limited
plasticity in the adult visual cortex is a consequence of low expression levels of
NMDARs, especially the NR2B-containing NMDARs. Although monocular
deprivation in the mature cortex fails to depress the inputs driven by the deprived
eye, this manipulation can cause a delayed strengthening of the weak ipsilateral
eye inputs. Perhaps the increase in the relative expression of NR2B subtypes at
peri-/extrasynaptic sites, coupled with an increase in neurotransmitter release
that can ensure their activation, provides a synaptic milieu that is permissive for
the strengthening of normally weak responses.

The dependence of long-term potentiation and depression on the subunit
composition of the NMDAR is heavily debated (Liu et al., 2004; Massey et al.,

2004), but a number of recent studies indicate that NR2A- and NR2B-containing
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NMDARs can both contribute to the induction of long-term depression and
potentiation (Hendricson et al., 2002; Berberich et al., 2005; Heinbockel et al.,
2005; Toyoda et al., 2005; Weitlauf et al., 2005). An intriguing possibility is that,
under certain conditions, an increase in the relative expression of NR2B-
containing NMDARSs in the adult visual cortex can reinstate some aspects of
synaptic plasticity that are normally lost during development. In support of this
hypothesis, 10 days of LOVD in adult mice increases NR2B expression and
simultaneously reinstates the ability to observe rapid ocular dominance shifts
following monocular deprivation (E. Quinlan, personal observations).

In summary, our data provide direct evidence that sensory experience
differentially modifies synaptic transmission in the cortex of juvenile and mature
animals. These differences may provide a synaptic basis for why sensory

deprivation has unique manifestations across development (modeled in Fig. 4.8)
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Chapter 5:

Experience-dependent expression and function of preNMDARs

5.1 Introduction

In the sensory cortices of the immature brain, activity shapes the
development of the neuronal circuitry (Fox and Wong, 2005; Tropea et al., 2009).
This process determines how the brain will process sensory information for a
whole lifetime, making correct sensory experience crucial for proper
development. If appropriate sensory input is blocked, there can be devastating
consequences on brain function. In humans, incorrect aligning of the eyes
(termed strabismus) or childhood cataracts can cause Amblyopia, a condition
that can leave afflicted patients cortically blind for the rest of their lives. Lack of
proper stimulation can also cause learning disabilities and language disorders
(Hall, 1998; Innocenti, 2007). It is commonly thought that there are critical
periods in which sensory information must direct normal development, and that
after these periods little can be done to correct for deficiencies. However, the
neuroscience community has recently been changing its view on critical periods
(Morishita and Hensch, 2008). Although there are sensitive periods where
sensory information is particularly influential for changing brain function, it is now
thought that the brain remains plastic throughout life. While the synaptic

plasticity mechanisms may change with development, the ability to change is still



available. Clinical examples of this type of adult experience-dependent plasticity
(Birnbaum, 1997; Simmers and Gray, 1999; Fronius et al., 2004) and a growing
number of animal model studies (Sawtell et al., 2003; Yashiro et al., 2005; He et
al., 2006; Hofer et al., 20064, b; Sale et al., 2007) show that a remarkable
amount of plasticity can be attained in the adult brain using short periods of
visual deprivation.

An important affector of experience-dependent synaptic plasticity is the
NMDA type glutamate receptor (NMDAR) (Kopp et al., 2007; Philpot et al., 2007;
Yashiro and Philpot, 2008). Postsynaptic NMDARs have been thoroughly
studied for their involvement in experience-dependent plasticity. However, we
have recently found that preNMDARSs are also present early in the developing
visual cortex, where they enhance neurotransmitter release and support long-
term depression (LTD) (Berretta and Jones, 1996; Sjostrom et al., 2003; Bender
et al., 2006b; Corlew et al., 2007; Brasier and Feldman, 2008; Corlew et al.,
2008). It is possible that, like their postsynaptic counterparts, preNMDARs may
be themselves modified by sensory experience and key players in experience-
dependent synaptic plasticity.

Here we investigated whether an altered visual environment could alter
the function and expression of preNMDAR during development and adulthood.
We explored three models for an altered visual environment: 1) We
demonstrated that visual deprivation by dark rearing (DR) prevents the normal
down-regulation of the preNMDARS’ expression and function. 2) However, visual

enrichment also produced the same prevention of the normal loss of the
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receptor. We found that the effect of enrichment lasted well into adulthood,
confirming that visual enrichment not only delays but also completely prevents
the loss of this receptor. 3) Finally, we showed that the function of this receptor
and its role in plasticity may be plastic well into adulthood. A short treatment of
late-onset visual deprivation (LOVD) in adulthood was sufficient to rejuvenate
both preNMDARSs that had been lost with development and tLTD, a type of

plasticity shown to require preNMDARS.

5.2  Materials and Methods

Subjects. C57BL/6 mice were purchased from Charles River Laboratories
(Wilmington, MA) and used between postnatal day 7 (P7) and P90.

Mice were maintained on a 12h light/dark cycle (except when housed in the dark
room) and fed ad libitum. Animals were either raised with a 4-inch length of 3-
inch diameter PVC tube in their cage (tube-reared (TR)), or with no tube
(normally-reared (NR)). No other enrichment was provided. Dark-reared
animals were never raised with tubes. All experiments were performed under the

animal care guidelines for the University of North Carolina at Chapel Hill.

Cortical slice preparation Prepared with identical methods as described in
Chapters 2 and 4 (Yashiro et al., 2005; Corlew et al., 2007)

Voltage-clamp recordings Voltage clamp recordings and mEPSC analysis was

done in an identical fashion as in Chapter 2 except that all recordings were

performed with (+)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-
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imine male ate (MK-801) (0.5-1mM) (MK801) in the postsynaptic recording
pipette to block all postsynaptic NMDARS.

tLTD induction and short-term plasticity The internal recording solutions used for

these experiments consisted of the following (in mM): 100 (K)gluconate, 20 KClI,
4 (Mg)ATP, 10 phosphocreatine, 0.3 GTP, and 10 HEPES, with pH adjusted to
7.25 and osmolarity adjusted to 290-295 mOsm. Extracellular stimulation
produced a monophasic and fixed latency response, which we interpreted as
predominantly coming from L4 or other vertical inputs. We feel that it is unlikely
that we are activating local axon collaterals, because we never evoked
antidromic action potentials (APs) at the low stimulation intensities used in these
studies. Baseline stimulation was delivered once every 15s. After a 10-15 min
stable baseline, AP and EPSP pairings were delivered 100 times (at~0.2Hz) with
a postsynaptic action potential produced by brief (< 5ms) depolarization followed
5-25ms later by an EPSP evoked by L4 stimulation. After pairing, stimulation
was delivered for 30 min at baseline frequencies.

Electron microscopy Mice were given an overdose of Nembutal and perfused

transcardially with 0.9% saline solution for 1 min, followed by a mixture of 2%
paraformaldehyde (dissolved in 0.1 M phosphate buffer at pH 7.4 and 2%
gluteraldehyde [electron microscope (EM) grade; Electron Microscopy Science
Hatfield, PA]) for 15 min. After perfusion, brains were postfixed at 4 °C for 48
hours in the same fixative. A vibrating microtome was used to cut 200um
sections coronally through the visual cortex. Pieces were then isolated from

slices containing L2/3 of V1. Further processing, preparation, and
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immunohistochemistry, was performed by Kristen Phend in the laboratory of
Richard Weinberg. Briefly, these L2/3 V1 pieces were cyroprotected in 30%
glycerol, and quick frozen. Freeze substitution was carried out in a Leica
Electron Microscopy Automatic Freeze Substitution System and then pieces
were embedded in Lowicryl HM-20. Sections were cut at ~100 nm with an
ultramicrotome and collected on uncoated nickel grids. Postembedding
Immunocytochemistry was performed by Phend K. (Phend et al., 1995; Kharazia
and Weinberg, 1999). Briefly, grids were incubated overnight at 37°C in the
polyclonal primary antibody NR1 (1:100). This antibody recognizes the most
common splice variants of the C-terminal of the obligatory NR1 NMDAR subunit.
Grids were rinsed and incubated in anti-rabbit IgG conjugated to 10-nm gold
particles (Ted Pella, 1:15) for 1 hour, then dried, counterstained 1% with uranyl
acetate and Sato’s lead (Sato, 1968) and analyzed. Electron microscopy data
collection and quantitative analysis was performed with a Philips Tecnai electron
microscope (Hillsboro, OR) at 80 kV with a magnification of 10,000—-40,000
and images were acquired with a Gatan 12-bit 1024 x 1024 CCD camera
(Pleasanton, CA). Scoring and image acquisition was done in a blind fashion
whenever possible. Random grid squares were chosen and scored online or
images were taken for post hoc measuring. Synapses were analyzed if they
were asymmetric, had well defined membranes, postsynaptic densities and
presynaptic terminals with synaptic vesicles. To analyze the developmental
decrease in preNMDAR expression and the delay in this decrease by DR,

synapses were scored online for presynaptic labeling, postsynaptic labeling, or
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no labeling. Three animals were used for each condition, and two grids were
used for each animal. 30-48 synapses were recorded from each grid (~250
synapses for each condition). Synapses were counted if they could be identified
as excitatory synapses, having clear presynaptic terminals, postsynaptic spines,
and an obvious cleft. Synapses were considered labeled if a gold particle lay
<20nm from either the pre- or postsynaptic membrane, and only particles that lay
within the PSD or active zone were considered for this analysis. For the analysis
of the tube-reared (TR) animals, the same requirements were used, but images
were taken on a Gatan 12-bit 024 x 1024 CCD camera (Pleasanton, CA) to aid in
properly measuring the distance of gold particles to the membranes. Post hoc
measurements were made using Image J software. Thus, the two studies can

not be combined but only compared.

5.3 Results
5.3.1 Both DR and TR prevent the loss of functional preNMDARs

We have previously shown a developmental loss of functional
preNMDARSs at the fourth postnatal week in mouse visual cortex (Corlew et al.,
2007). We now show that this decline is not strictly developmental, but instead
depends on the visual experience of the animal. Many animal rearing protocols
now require the inclusion of some type of enrichment. At the University of North
Carolina at Chapel Hill, the enrichment object is a 4-inch length of 3-inch
diameter PVC tube (Fig. 5.1). Animals raised with tubes in their cages can climb

on top of the tube to access the top of the cage and then invert themselves to
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Figure 5.1 Both visual deprivation and environmental enrichment prevent
the loss of functional preNMDARSs. (A & B) Example of PVC “enrichment” tube
provided to each animal cage in the tube reared (TR) condition. Animals are
P30. (C) Combined data from voltage-clamp recordings of AMPAR-mediated
MEPSCs. Normalized amplitude and frequency changes during APV
application. Cells from normally-reared (NR) P23-31 mice show no decrease in
mMEPSC frequency when APV is applied (101.3 + 5.2%, n = 16), whereas cells
from both TR (86.0 £ 5.1%, n = 13, p < 0.03) and dark-reared (DR) animals (76.4
+4.9%, n = 13, p < 0.002) show a significant decreases in mEPSC frequency
and their normalized values are both significantly different from the NR animals
(TR p<0.05, DR p <0.002). Bars illustrate the average with S.E.M., sample
sizes are given within the bars. * = p < 0.05.
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climb on the wire lid of the cage. The animals can also use the tube as a shelter
that may deprive them of light. We raised animals in three different conditions to
determine if visual experience could influence the loss of functional preNMDARS.
Normally-reared (NR) animals were reared on a 12:12 light dark
cycle and were not given any enrichment. Tube-reared (TR) animals were given
a PVC tube in their cage during their entire life beginning prenatally. Finally, dark-
reared (DR) animals were placed in a completely dark room shortly after birth
with no enrichment (Yashiro et al., 2005). These DR animals were exposed to
less than 2 min of light during euthanization and dissection to remove the brain.
To probe for functional preNMDARS, we used an established method
(Berretta and Jones, 1996; Sjostrom et al., 2003; Bender et al., 2006b; Yang et
al., 2006; Corlew et al., 2007). PreNMDARSs have been shown to increase the
frequency of miniature excitatory postsynaptic potentials (NnEPSCs). The
method involves recording the frequency of mMEPSCs while blocking postsynaptic
NMDARSs by including (+)-5-methyl-10,11-dihydro-5H-dibenzol[a,d]cyclohepten-
5,10-imine maleate (MK-801) (0.5-1mM) in the postsynaptic recording pipette
and continually hyperpolarizing the cell to maintain Mg®* block. Throughout the
recording, 200nM tetrodotoxin (TTX) is included in the bath to block action
potential-mediated release, and picrotoxin (50 uM) is included to block GABAAR-
mediated miniature inhibitory postsynaptic currents (mIPSCs). After a baseline
recording is made, the NMDAR antagonist APV (50um) is applied to determine

its effect on mEPSC frequency.
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As expected from previous findings (Corlew et al., 2007), NR animals
between the ages of postnatal day (P) 23-31 did not show functional
preNMDARSs by this assay. When APV was applied there was no change in the
frequency of mEPSCs (101.3 £ 5.2% n = 16) (Fig. 5.1C). The bar graphs
represent the average of many recordings from L2/3 pyramidal cells in primary
visual cortex (V1) of P23-31 mice. In TR animals of the same age, however,
APV did decrease mEPSC frequency (86.0 + 5.1%, n = 13). This decrease was
significant when comparing baseline frequency to frequency in APV (p < 0.03).
There was also a significant difference between the normalized change during
APV application of NR and TR animals (p < 0.05). This prevention of the
developmental loss of functional preNMDARs was not unique to TR animals. DR
animals also showed a decrease in frequency with APV application (76.4 £ 4.9%,
n = 13) (Fig. 5.1C). This decrease was significant when comparing baseline to
APV (p < 0.002) and when comparing normalized values of NR and DR (p <
0.002). There was no change in amplitude of MEPSCs in any of the recordings,
confirming that postsynaptic NMDARS are not contributing to our measurements.
These data indicate that the loss of preNMDAR function with development is not
strictly developmentally controlled, but can be prevented by altering the animals’

visual environment with either enrichment or deprivation.

5.3.2 Both DR and TR delay the anatomical loss of preNMDARS.

We showed previously, by pre-imbedding immuno-electron microscopy,

that a developmental loss of functional preNMDARs coincided with a
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developmental decrease in the ratio of synapses that contain preNMDARSs and
synapses that contain postsynaptic NMDARs. Using an antibody against NR1,
the obligatory NMDAR subunit, we showed that while the percentage of
postsynaptic spines with NR1 stayed constant, the percentage of presynaptic
terminals that contain NR1 decreased by half from P16 to P27 (Corlew et al.,
2007). We now show that this decrease, like the loss of functional preNMDARS,
depends on visual experience. Here we use a post-imbedding immunogold
technique to label NR1. This technique has the advantage of being able to
localize the labeled receptor within a small proximity to the gold secondary
particle. Thus, we were able to focus our analysis on receptors that are likely to
be inserted into the membrane of presynaptic terminals and postsynaptic spines.
In a micrograph of an excitatory synapse in L2/3 in V1 of a P16 mouse,
immunogold particles were determined to be “presynaptic” if they were located
<20nm from the presynaptic membrane (Fig. 5.2B). For this analysis we
concentrated on receptors that were associated with the postsynaptic PSD or the
presynaptic active zone. In an excitatory synapse in L2/3 in V1 of a P26 mouse
(Fig. 5.2C) a gold patrticle lies <20nm from the postsynaptic membrane and within
the postsynaptic density (PSD). We confirmed our previous developmental
findings using this technique. From P14 to P26 there is a >50% decrease in the
ratio of synapses with presynaptic NR1 and synapses with postsynaptic NR1
(P14; 1.17£ 0.16, n = 3 animals, P26; 0.51+ 0.03% n = 3 animals, p < 0.02) (Fig.
5.2A). We also showed that visual deprivation prevents this decrease. Although

DR animals at P26 show a small and non-significant decrease in the pre/post
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Figure 5.2 Both visual deprivation and environmental enrichment decrease
the anatomical down-regulation of preNMDARSs. (A) In normally reared (NR)
mice there is a significant decrease in the ratio of synapses with presynaptic, to
synapses with postsynaptic immunogold label for NR1 from high at P14 (1.17 +
0.16, n = 3) to low at P26 (0.51 + 0.03, n = 3) (p < 0.017). This decrease is
lessened when animals are dark-reared (DR) (0.67 + 0.03, n = 3) (p < 0.05), and
there is a significant difference between NR and DR P26 mice (p < 0.02). Bars
illustrate the average ratio for three animals in each condition with S.E.M. *=p <
0.05. Approximately 85 synapses were analyzed for each animal. (B & C)
Micrographs of excitatory synapses in L2/3 of primary visual cortex (V1) from a
TR P30 mouse. Arrows indicate immunogold labeling of NR1 subunit on the
membrane of the (B) presynaptic terminal and (C) postsynaptic spine. (D)
Raising animals with environmental enrichment provided by a 4 inch section of 3
inch diameter PVC tube prevents the decrease in pre/postsynaptic labeling.
There is no difference in the ratio of pre/postsynaptic labeling from P14 (0.48 £
0.05, n =3) to P26 (0.60 + 0.13, n = 3) (p < 0.65).
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ratio from the NR P14 animals, the decrease is not as great as in the NR P26
mice. In fact, when comparing the DR and NR P26 animals, the pre/post ratio of
DR animals was significantly larger than the pre/post ratio of NR than the
pre/post ratio of NR animals (DR 0.67 + 0.03% n = 3 animals, p < 0.02).

A different set of animals were TR to determine if the developmental
decline would be affected by an enriched environment. Although the tissue and
grids were prepared in the same fashion and the same antibodies were used at
the same concentrations, this study was not done simultaneously with the above
NR/DR study (Fig. 5.2A). As a result, while the two developmental timelines can
be compared, the data could not be combined into the same figure. Here we
showed that there is no decrease in the ratio of pre/postsynaptically labeled
synapses between P16 and P26 in TR animals (P16 0.6 + 0.13, n = 3 animals,
P26 0.48 + 0.05, n = 3 animals, p < 0.65) (Fig. 5.2D). Therefore, the
developmental decrease that we have now shown twice does not appear if the
animals are TR. This is consistent with the functional evidence that preNMDARs

are maintained with maturity in a visually altered environment.

5.3.3 Does TR prevent or simply delay the loss of preNMDARSs?

We raised mice to adulthood in three different conditions (Fig. 5.3A).
Normally reared (NR) animals were maintained until ~P73-83 with a standard
12:12 light dark cycle and were not provided any enrichment in their cage. Tube
reared (TR) animals were also raised with a12:12 light dark cycle until ~P73-83

but were provided a 4-inch length of 3-inch diameter PVC tubing in their cage.
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Figure 5.3 A short period of late-onset visual deprivation in adulthood is
sufficient to bring back function of the preNMDARs lost during
development. (A) Schematic of the three different rearing conditions. Normally
Reared (NR) mice were maintained until P73-83 on a 12:12 light:dark cycle.
Late-onset visually deprived (LOVD) animals were reared normally until ~P63-73
and then moved to a darkroom for 10 days. Tube reared (TR) animals were
raised on a 12:12 dark cycle but were provided a PVC tube for “enrichment”. (B)
Combined data from voltage-clamp recordings of AMPAR-mediated mEPSCs.
Normalized amplitude and frequency changes during APV application. Cells
from NR P73-83 mice show no decrease in mEPSC frequency when APV is
applied (111.9 £+ 3.0%, n = 9), whereas cells from both TR (80.0 £ 9.0%, n = 8),
and LOVD (65.6 £ 6.8%, n =13, p = 0.001) animals show a decrease in mMEPSC
frequency and their normalized values are both significantly different from the NR
animals (TR p < 0.03, DR p < 0.0005). Bars illustrate the average with S.E.M.,
sample sizes are given within the bars. * = p < 0.05.
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This tubing provided both a climbing structure to access the wire top of the cage
as well as a shelter to block much of the light from ceiling lights. Finally, late-
onset visually deprived (LOVD) animals were maintained as NR animals with

no enrichment until ~P63-73 and then placed in a completely darkened room for
10 days. At the end of 10 days animals were exposed to less than 2 min of light
during the euthanization and dissection periods in order to minimize possible
recovery. To probe for functional preNMDARS, we again used the standard
method of recording AMPAR-mediated mMEPSCs. First, we recorded a baseline
period while blocking postsynaptic NMDARs and then applied APV to block the
preNMDARs. Here we have plotted the amplitude and frequency of mMEPSCs
during the APV application periods, each normalized to the preceding baseline
periods. Again, recordings were made from pyramidal cells in L2/3 of V1 in P73-
83 animals, TTX and picrotoxin were included in the bath, and MK801 was
included in the postsynaptic recording pipette. As expected, NR animals showed
no change in mMEPSC frequency with APV application (111.9 £ 3.0%, n = 9) (Fig.
5.3B), agreeing with our previous results that preNMDARSs are not functional in
late adulthood (Corlew et al., 2007). When P73-83 animals were TR, however,
APV application decreased mEPSC frequency (80.0 £ 9.0%, n = 8), making it
significantly different from NR animals (p < 0.03). No conditions showed a
change in amplitude with APV application, confirming that the effect is on
preNMDARs. This maintenance of the preNMDARSs late into adulthood with an
altered visual environment suggests one of two possibilities: either the effect of

TR during early life has a profound and lasting effect, completely preventing the
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loss of functional preNMDARS; or the function of preNMDARS is continually
plastic, remaining sensitive to visual experience throughout development and into
adulthood.
5.3.4 LOVD restores preNMDAR function

If either enrichment, or deprivation throughout life, are capable of
preventing the developmental loss of preNMDARS, what effect might a short
period of deprivation have on the function of the receptor? Here we used adult
mice raised normally until P63-73 and then placed in the dark for 10 days to
determine if the effect of DR from birth could be replicated with only a short
period of LOVD in adulthood (Fig. 5.3A). LOVD animals showed a decrease in
MEPSC frequency with APV (65.6 + 6.8%, n = 13) similar to both the TR animals
and to the adolescent DR animals. The change from baseline was significant (p
=0.001), as was the difference between the normalized values of NR and LOVD
animals (p < 0.001). Thus, the function of the receptor remains plastic and

sensitive of experience well into adulthood.

5.3.5 LOVD brings back tLTD induction capability

Early in development, induction of timing-dependent long term depression
(tLTD) between excitatory L4-L2/3 synapses in the rodent neocortex relies on
activation of preNMDARs (Sjostrom et al., 2003; Bender et al., 2006b; Corlew et
al., 2007; Corlew et al., 2008; Rodriguez-Moreno and Paulsen, 2008). In V1, this
reliance on preNMDARS may be isolated to a short period at the beginning of

visual system development <P20 (Corlew et al., 2007; Corlew et al., 2008;
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Rodriguez-Moreno and Paulsen, 2008) when preNMDARSs are functional. What
has not been clear is if this period is strictly developmentally controlled, or if
experience can alter preNMDAR function and make this plasticity accessible at
more mature ages. There has long been evidence that the expression and
function of postsynaptic NMDARs and their role in synaptic plasticity is altered
with sensory experience. We have now presented evidence that the function of
preNMDARSs also changes with altered sensory experience during adolescence
and even late into adulthood. In fact, very short periods (10 days) of LOVD are
sufficient to restore preNMDAR function (Fig 5.3B). Therefore, we hypothesize
that this LOVD may restore preNMDAR mediated tLTD (preNMDAR-tLTD). We
used a standard tLTD induction protocol by repeatedly pairing a postsynaptic AP
in a L2/3 pyramidal cell closely followed (5-25ms) by an EPSP evoked by L4
stimulation (Corlew et al., 2007). This protocol induces a robust preNMDAR-
tLTD in young mice and a modest postsynaptically mediated tLTD in adolescent
mice (Corlew et al., 2007). When we used this protocol on NR (P73-83) mice,
we could not elicit tLTD even when we doubled the induction protocol from 75
AP-EPSC pairings to 150 pairings (Fig. 5.4A). However, when animals were
given 10 days of LOVD, robust tLTD was induced with the same protocol (Fig.
5.4B). This effect is coincident with the reemergence of functional preNMDAR in
LOVD animals. Further, this tLTD required preNMDARS in young animals

(Corlew et al., 2007) when preNMDARSs were also functional.
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Figure 5.4 LOVD in adulthood brings back tLTD lost during development.
(A) Our standard AP-EPSP pairing protocol fails to induce tLTD in normal adult
mice. (B) After 10 days of LOVD the same protocol induces tLTD.
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5.4  Discussion

In a previous study, we showed that LOVD in adult mice could both alter
the presynaptic release probability and increase the relative expression of NR2B
at presynaptic and/or extrasynaptic sites (Yashiro et al., 2005). Both of these
findings suggested that LOVD increased the expression and function of
preNMDARs. Here we now provide evidence that further supports the idea that
an altered visual environment influences preNMDAR expression and function.
We show that two seemingly different alterations in visual environment had the
same effect on an important aspect of visual system development. Both visual
deprivation and enrichment prevented the down-regulation of preNMDAR
function and partially prevented the loss of the preNMDAR anatomically.
Additionally, a third manipulation, LOVD in adult mice, had the effect of bringing
back both the function of the preNMDAR and a type of tLTD that has been shown
to rely on preNMDARSs when they are present in the very young animal (Sjostrom
et al., 2003; Bender et al., 2006b; Corlew et al., 2007; Rodriguez-Moreno and
Paulsen, 2008; Banerjee et al., 2009).

We demonstrated that visual deprivation by dark rearing (DR) prevents
both preNMDARSs’ normal developmental decrease in expression and loss of
function. However, it needs to be determined whether the maintenance of
preNMDAR function is due simply to continued tonic activity (and Mg?*
insensitivity) of the receptor. As suggested in Chapter 3, tonic activity of the
preNMDAR may rely on the inclusion of NR3A and it is possible that DR prevents

the loss of this subunit. This is an enticing possibility considering the anatomical
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evidence that we provide here. We have shown in the past (Corlew et al., 2007)
and show again here there is only a 50% reduction in the pre/post synaptic NR1
expression ratio with development, but there is a complete loss of function of the
preNMDAR. With DR there is only a small, though significant, increase in the
pre/post ratio with DR compared to NR. However, the physiology data in DR
animals shows a complete recovery of the preNMDAR function back to juvenile
levels. This could be explained by an isolated anatomical loss of NR3A
containing receptors with normal development (and selective maintenance with
DR). This would explain the seemingly small anatomical change in relation to the
large change seen in the functioning of the receptor.

The restoration (or preservation) of preNMDARSs with visual deprivation
may increase the rate of neurotransmitter release and thereby act as a
compensatory mechanism for maintaining synaptic drive in the absence of
visually evoked activity. This increased release resembles findings in culture
systems after manipulations that reduce presynaptic activity (Chavis and
Westbrook, 2001) or postsynaptic excitability (Murthy et al., 2001). PreNMDAR
subunit trafficking has also been altered in vivo by activation or blockade of
NMDARSs. There is an increase in the trafficking of NR2B subunits to presynaptic
terminals with NMDAR blockade and an increase in the presynaptic trafficking of
NR2A with activation of NMDARS (Aoki et al., 2003; Fujisawa and Aoki, 2003).

This interpretation is somewhat complicated by the finding that visual
enrichment also produces the same effect--increasing the function and

expression of the preNMDAR. The effect of enrichment has normally been
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associated with an acceleration of development (Bartoletti et al., 2004; Cancedda
et al., 2004, Sale et al., 2004; Guzzetta et al., 2009). Here we possibly have a
prevention of normal development. One possibility suggests that the
developmental decrease was never “normal” in the first place. Admittedly,
rearing conditions in an animal housing facility would never be considered normal
compared to the animal’s natural habitat. One group suggested that the “non-
enriched” or “standard” cages are so deprived that rodents sustain impaired brain
development, stereotypies, and an anxious behavior profile. Maternal care is
also impaired (Bartoletti et al., 2004; Cancedda et al., 2004; Sale et al., 2004,
Wolfer et al., 2004) with less licking behavior and less physical contact. The
authors of one study suggest that this lack of maternal care directly inhibits
normal development of the visual system. One week after birth, levels of BDNF
in the visual cortex were lower in pups raised in a “standard” cage compared to
pups raised with enrichment. Visual acuity was also impaired in the standard
pups compared to their enriched counterparts, and this impairment lasted for up
to a year after birth. Learning abilities measured by behavioral tasks were also
higher for the enriched pups (Bartoletti et al., 2004; Cancedda et al., 2004; Sale
et al., 2004). Therefore, the environmental enrichment primarily caused a
change in maternal behavior affecting the pups’ development. This was further
supported by study showing that body massage increases and accelerates visual
acuity in human infants and rat pups (Guzzetta et al., 2009).

While providing one means to interpret our findings, this explanation

cannot account for the fact that LOVD produces the same increase in
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preNMDARs as DR and TR. If the enrichment provided by the PVC tubes has
the same consequence as deprivation, it would require a revaluation of the
current understanding of enrichment.

One possibility is that all three conditions provide varying amounts of
visual deprivation. The TR condition may be a mild form of visual deprivation, an
explanation that seems likely considering that the effect seen in TR animals is
slightly less than that seen in the DR and LOVD animals. The PVC tubes do
block some light when animals are inside the tube, and animals provided with
them, seem to spend a substantial amount of time clustering in the tubes with
other pups, a behavior which would further block light. To determine if the PVC
tubes are providing visual enrichment or light deprivation, the same experiments
should be performed with clear tubes that do not block any of the light. If the
clear tubes cause the same increase in preNMDARs as the PVC tubes, it can be
concluded that the effect is not a form of deprivation and must be attributed to
maternal care, visual enrichment, lowered stress level, or some other, unknown
cause. Whatever the nature of the PVC tube treatment, we found that the effect
of TR lasted well into adulthood, confirming that TR not only delays but also
completely prevents the loss of this receptor.

Finally, we show that the function of this receptor and its role in plasticity
may be modified by experience well into adulthood. A short treatment of LOVD
in adulthood was sufficient to rejuvenate both preNMDARSs function and tLTD, a

type of plasticity shown to require preNMDARS.
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Therefore TR, DR and LOVD add to the growing list of environmental
manipulations that are able to influence the development of the visual system.
When parsed out and understood more thoroughly, they may prove useful in
clinical settings. In some cases of cortical blindness in humans (amblyopia),
periods of visual deprivation cause recovery of normal vision in adults (Birnbaum,
1997; Simmers and Gray, 1999). Our findings could account for the molecular
mechanisms behind these clinical observations. With a better understanding of
these mechanisms we will know how to orchestrate plasticity in the adult cortex
and reverse conditions such as amblyopia that were once thought to be

permanent.
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Chapter 6:

General discussion

This body of work represents three major contributions to the study of
preNMDARSs: 1) preNMDARSs are down-regulated during development, 2)
preNMDARSs require the NR3A subunit, and 3) function and expression of
preNMDARSs is experience-dependent. | will briefly discuss how each finding
has, or will make, an impact to the study of preNMDARSs, and then suggest how
the culmination of this work might impact the understanding and/or treatment of

neurological disorders.

6.1 PreNMDARs are down-regulated with development.

Since the initial reports indicating that presynaptic NMDARs enhance
synaptic transmission and plasticity (Berretta and Jones, 1996; Sjostrom et al.,
2003; Bender et al., 2006b), the developmental expression of these receptors
has remained unknown. Interestingly, two studies seemed to suggest that
these receptors may be developmentally regulated. In the first report,
preNMDARSs in the hippocampus were shown to be modulated by prenenalone
sulfate and that this modulation is ineffective after P5 (Mameli et al., 2005) (see

Introduction: Developmental regulation of preNMDARS role in neurotransmission



and plasticity). The second report indicated that preNMDARSs in the entorhinal
cortex required the NR2B subunit until 5 weeks of age but not after 5 months
(Yang et al., 2006). Both of these studies suggested a developmental change in
preNMDARSs, but neither showed a loss of function or decrease in expression of
preNMDARs. Our work, described in Chapter 2, was the first to show a
functional and anatomical decrease in preNMDARs with development.
Furthermore, we provided evidence that the mechanisms underlying tLTD, switch
with development, from depending upon preNMDARs (preNMDAR-tLTD) to
depending on postsynaptic NMDARs after the first three weeks postnatal. This
developmental change has since been replicated in rodent primary
somatosensory cortex (S1). Rodriguez-Moreno et. al. (2008) showed that
including the NMDAR antagonist MK80L1 in the presynaptic recording pipette,
significantly disrupted tLTD in young animals (P6-14) (Rodriguez-Moreno and
Paulsen, 2008). In another publication by the same group, Banerje e et. al. 2009
were able to induce robust preNMDAR-tLTD in the L4-2/3 connection in rat S1
only until the fourth postnatal week—after which time induction of preNMDAR-
tLTD was not possible (Banerjee et al., 2009).

Between these reports, there are clear differences in the in the timeline of
developmental down-regulation of the preNMDAR: P5 for hippocampus (Mameli
et al., 2005), 5 months for entorhinal cortex (Yang et al., 2006), and~P20 for
sensory cortices (Corlew et al., 2007; Rodriguez-Moreno and Paulsen, 2008;
Banerjee et al., 2009). These differences have three possible explanations: 1)

The differences in developmental profile for preNMDARs may be due to
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differences between brain regions. 2) The developmental changes in the
hippocampus and entorhinal studies may be (as suggested above) due not to a
change in the expression or function of preNMDARS, but to a change in their
modulation. Thus the receptor may have the same developmental profile as
reported for sensory cortices, but its modulation by pregnenolone and NR2B
antagonists may be developmentally regulated. 3) Finally, the differences may
also be explained by experience-dependent modifications due to different rearing
conditions (discussed further below). The actual nature of the developmental
expression in different brain regions can be easily tested (see future directions).
Another interpretation of the developmental differences in preNMDAR
function that we observed is a combination of poor space-clamp and expanding
neuronal morphology. Space-clamp errors can be a considerable problem when
attempting to accurately measure very small currents in distal spines (Simkus
and Stricker, 2002). Because patch-clamp electrodes provide only a spatial point
source of current they can not uniformly control the voltage at different parts of a
branching, twisting cell. The quality of the voltage-clamp in a neuron degrades
with distance from the soma where the electrode is placed (Spruston et al.,
1993). Therefore the error in measurement of synaptic currents also degrades
substantially as a function of distance from the soma. With a rapid decrease in
amplitude of already small mMEPSCs, events originating even a small distance
from the soma, would not be distinguishable above noise in the recording and
would thus not be reflected in the frequency measurements. Thus, all synapses

in the mEPSC assay must be located very close to the soma. As neurons grow
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in size the population of synapses that are subject to this analysis also change as
synapses that were originally close enough to the soma now move too distal to
be recorded. Therefore, it is conceivable that preNMDARSs are present on a
subpopulation of synapses close enough to be measured in early development
but then grow out of range due to neurons expanding morphology. If so,
preNMDARs could be tonically functioning at older ages but on synapses that are
too distal to be adequately space-clamped. | have provided several pieces of
evidence that argue against this possibility. First, it is unlikely that the short
period of visual deprivation LOVD, that reinitiates tonic functioning preNMDARS
is dramatic and long enough to cause a major “shrinking” of neuronal morphology
back to the infantile state. A more likely explanation is that the receptors on
synapses within the recordable distance are being modified. Further evidence is
provided by the low Mg?* experiments where tonic functional preNMDARSs are
detected in adults by withholding Mg®* from the extracellular recording solution.
This experiment suggest that functional preNMDARS are present on synapses
within the recordable distance in the adult animals but are not tonically active due
to Mg?* block in standard recording solution. Therefore, errors introduced by
poor space-clamp do not seem to negate the interpretation of the developmental

change in preNMDARs.
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6.2 PreNMDARs require 3A

Despite evidence suggesting a significant role of preNMDARSs in synaptic
function, the exact mechanisms by which they can remain tonically active,
despite Mg®* block, has yet to be resolved (Glitsch and Marty, 1999; Duguid and
Sjostrom, 2006; Corlew et al., 2008). It was previously suggested that the
presynaptic terminal may be constantly depolarized thereby removing the Mg**
block. (Jourdain et al., 2007). Others have suggested that preNMDARSs are
insensitive to Mg?* block due to their subunit composition. For example, the
NR2B subunit, which is required for preNMDAR activation, has been suggested
to confer Mg?* insensitivity. There has been further suggestion that the decline
of preNMDARSs function is due to the developmental decrease in NR2B
expression (Yang et al., 2006). However, as discussed in Chapter 3, the NR2B
subunit is only slightly less Mg?* sensitive than the NR2A subunit (Monyer et al.,
1992) and it's developmental down-regulation is not coincident with the loss of
preNMDARs (Corlew et al., 2007). Despite evidence that NR2B subunits
mediate preNMDAR function, the hypothesis that they convey Mg** insensitivity
to the preNMDAR has yet to be tested.

Our work is the first to directly confront the question of how preNMDARs
are tonically active to enhance spontaneous neurotransmitter release and why
this is lost with development. Here we provide evidence that NR3A, not NR2B,
endows preNMDARs with receptor properties which would enable them to
remain tonically active and enhance synaptic transmission. In Chapter 3, |

explain that the inclusion of the NR3A subunit in the preNMDAR makes these
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receptors Mg?* insensitive and, thus, potentially tonically active. | further explain
that the precipitous developmental down-regulation of the NR3A subunit in the
fourth postnatal week causes a loss of the tonic preNMDAR function. However,
the preNMDAR is not totally lost at these older ages and is able to enhance
spontaneous transmitter release when Mg?* is removed from the recording
solution. Because the pre/post ratio of NMDARs has been shown to decrease
only 50%, anatomical data supports the hypothesis that only a subset of
preNMDARSs (presumably the ones that contain NR3A) are being down-regulated
(Corlew et al., 2007). Therefore, it is possible that the 3A subunit, and not the
whole preNMDAR, is down-regulated with maturity. When NR3A is down-
regulated (or absent as in the NR3AKO), the remaining preNMDARs are likely
composed of NR2B and 2A subunits, continuing to increase spontaneous
neurotransmitter release in Mg?* free solution. Although they seem not to be
tonically active to increase spontaneous neurotransmitter release, it is possible
that these “NR3A free” preNMDARs may have some unidentified role in action
potential-dependent synaptic transmission or plasticity.

With the discovery that preNMDARSs contain this novel subunit, we now
must re-evaluate our understanding of the preNMDAR. Almost everything we
know about NMDARs has been from the study of what we thought were
postsynaptic NMDARs composed of NR2 subunits. But the NR3A subunit differs
from NR2 subunits in its permeability, binding partners, subcellular location, as
well as its regulation and role in plasticity (Roberts et al. 2009 in press). Thus,

the inclusion of NR3A may cause the preNMDAR to be very different from its
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postsynaptic counterpart. This difference could be advantageous for the study of
preNMDARSs, and for the treatment of neurological disorders with which they are

associated (discussed further below).

6.3 Function and expression of preNMDARSs is experience-dependent

6.3.1 Experience-dependent plasticity is possible in adults

Our inquiry into the experience-dependence of the preNMDARSs was
initiated by our more general developmental study of the effect of visual
experience on NMDARSs. | would like to first discuss these findings before
becoming more specific to preNMDARSs. In these studies, we were able to
induce changes in both neurotransmitter release probability, and NMDAR subunit
composition, in V1 of adult visual cortex with a short period of late-onset visual
deprivation (LOVD). This finding adds to the growing body of evidence that the
adult sensory cortex is more plastic than classically thought.

The idea that previously plastic synaptic connections grow rigid in
adulthood began with the work of Hubel and Wiesel. They showed that after a
short period of monocular deprivation (MD), responsiveness of the cat visual
cortex shifted toward the non-deprived eye (Wiesel and Hubel, 1963) (ocular
dominance (OD) shift). Because adult cats showed no OD shift with MD, they
hypothesized that this plasticity was only possible during a short period early in
visual system development. Rodents were also found to have this “critical period”
for OD plasticity (Gordon and Stryker, 1996). However, recent studies make it

clear that adult brains can still undergo experience-dependent plasticity.
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Although the experience parameters and molecular mechanisms might be
slightly different at different ages, adult sensory cortex is still remarkably plastic.
Ocular dominance shifts were achieved in adults using a variety of recording and
deprivation methods (Sawtell et al., 2003; Tagawa et al., 2005; Hofer et al.,
20064, b).

One proposed mechanism for the experience-dependence of sensory
cortices is changes in NMDARs. Visual experience has been shown to alter the
composition of NMDARSs in the visual cortex; specifically, deprived cortex shows
a lower ratio of NR2A- to NR2B-containing NMDARSs (Quinlan et al., 1999a;
Quinlan et al., 1999b; Roberts and Ramoa, 1999; Kanold et al., 2009). This
change in the ratio alters NMRA- mediated current kinetics and presumably shifts
the inducibility of plasticity (termed metaplasticity) (Abraham and Bear, 1996;
Philpot et al., 2007; Yashiro and Philpot, 2008). We showed that in V1 of LOVD
mice the L4-2/3 synapse displayed a higher probability of release than NR mice
and the NR2B/2A ratio was higher at presynaptic and extrasynaptic sites than
NR mice. This change in NMDARs with deprivation may be the metaplastic
event that allows for the reemergence of OD plasticity that has been reported

(Sawtell et al., 2003; Tagawa et al., 2005; Hofer et al., 20064, b).

6.3.2 Function and expression of preNMDARSs is experience
dependent
The findings discussed in Chapter 4 are explained most parsimoniously by

a change in preNMDARs. However, it is possible that the increase in probability
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of release in the L4-2/3 pathway, and the increase in the NR2B/2A ratio at
presynaptic / extrasynaptic sites with LOVD, were independent. Certainly there
are many ways that a presynaptic terminal can be modified to increase
neurotransmitter release other than preNMDARSs. Alterations in release
machinery, VSCCs, other ligand gated channels such as presynaptic Kainate or
AMPARSs, and changes in presynaptic inhibition, are just some of these possible
modifications. Additionally, the biochemical fractionization technique that was
used is unable to differentiate between presynaptic proteins and extrasynaptic
proteins. Thus, the term peri-/extrasynaptic NMDARs was used but it is possible
that only extrasynaptic NMDARs were changed with this manipulation. However,
we tested the possibility that these two changes were due to a single change,
preNMDARSs. Indeed, in chapter 5 we found that preNMDAR function, although
lost in development, is restored with LOVD.

This finding lead us to ask whether preNMDARSs could only be modified
with LOVD, or if other more traditional types of visual manipulation could alter the
developmental down-regulation of preNMDARS’ function and expression. We
found that DR until P26 also prevented the normal decrease in preNMDAR
function and expression.

More support for the experience model, rather than the developmental
model, is provided by the timing of the normal “developmental” decrease. It is
interesting that in NR mice, preNMDARs are down-regulated in the visual cortex
just a week after eye opening (exposed to light for a week) (Chapter 2). This was

previously interpreted as a genetic program to provide a presynaptic type of
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plasticity at a time when postsynaptic plasticity would be less effective due to
weaker postsynaptic responses (Corlew et al., 2007). This might still be the
case, but these findings make it more probable that the system is more dynamic
and interactive than a simple developmental program. It is interesting that it also
took only 10 days for the receptor to be re-expressed and functional, late in
adulthood after it had long since gone quiet (Chapter 4, 5 (Yashiro et al., 2005)).
We might suspect that the expression of the receptor is not developmentally
regulated at all, but is modified solely by sensory experience. When both the
visual environment and synaptic connections in the visual cortex are stable, there
is no need for this type of plasticity. As a result, the receptor goes quiet, possibly
by removal of NR3A. With an enriched environment, however, the animal is in a
position to continually alter its view of the world and can constantly make use of
one more type of plasticity. If the animal is raised in the dark, or placed into the
dark, the system can also regain plasticity, making it ready to alter its visual

processing when it is again brought into the light.

6.4 “Experience” is more than just “deprivation”

In our study, three seemingly different alterations in visual environment all
had the same effect on the function/expression of the preNMDARs. DR from
birth, LOVD in adulthood, and raising the animals with enrichment (TR), all
increased the function and expression of preNMDARs or prevented their
developmental down-regulation. In the entorhinal cortex, one group found that

preNMDARs can be up-regulated in adult rats after induction of epileptic-like
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seizures (Yang et al., 2006). It will be interesting to parse the common effect on
the brain of seizure, visual deprivation, and visual enrichment. Alternatively,
these conditions may have little in common other than a similar outcome for this
one assay. However, visual deprivation and enrichment have both been shown
to reinstate OD plasticity (He et al., 2006; Sale et al., 2007). Thus, as in our
studies, two seemingly opposite manipulations—deprivation and enrichment—
produce similar or identical synaptic changes. One possible explanation is that
both enrichment and deprivation alter cortical inhibition in the adult, leading to the
changes in plasticity as well as changes in preNMDAR expression (He et al.,
2004; Sale et al., 2007) (discussed further below)

At the very least, these findings should give caution to investigators that
try to extrapolate findings from studies in mice. Subtle environmental differences
between mice reared in different animal research facilities could dramatically
alter seemingly basic developmental properties such as the composition or
localization of NMDARSs. Differences observed between studies could be
explained by differences in rearing conditions, which we have shown influence
preNMDAR function. Thus, discrepancies in the timeline of developmental down-
regulation seen in the entorhinal cortex could be due to differences in housing
conditions. In the entorhinal cortex, it has been reported that preNMDARS are
tonically active as late as 5 weeks of age and are absent by 5 months (Yang et
al., 2006). We have now shown that V1 of TR mice maintains active
preNMDARSs past 5 weeks. We did not test for preNMDARSs as late as 5 months.

Our “adult” mice were less than 3 months old, but it is possible that with TR,
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preNMDARSs tonic activity is eventually down-regulated. It may be that NR
causes an early decrease in the expression of preNMDARSs, and closes the door
for preNMDAR-mediated plasticity. Rearing conditions that provide more
stimulation may keep preNMDARSs tonically active longer and possibly maintain
preNMDAR-mediated tLTD. This difference may give us insight into the
importance of early experiences and stimulation of human infants for normal

neurological development.

6.5 PreNMDARs and Disease

NMDARs have a known role in the etiologies of many serious neurological
disorders including Huntington's, Parkinson's, stroke, schizophrenia, epilepsy,
and neuropathic pain (Liu et al., 1997; Heresco-Levy and Javitt, 1998; Gogas,
2006; Missale et al., 2006; Visser and Schug, 2006; Fan and Raymond, 2007).
Until recently NMDARSs were assumed to act postsynaptically, so the contribution
of preNMDARSs to these disorders has not been explored. It is now clear that
preNMDARs may have an important role in synaptic transmission and plasticity,
especially during very early development when many such neuropathologies are
forming. Therefore more research is necessary to investigate a possible role for
preNMDARSs in these disorders.

Epilepsy is one disorder in which a role for preNMDARS is now being
investigated. It is already known that chronic changes in neural activity levels in
epileptic patients have been shown to affect NMDAR receptor function and

expression (Dalby and Mody, 2001; Avanzini and Franceschetti, 2003; Morimoto

158



et al., 2004). Though these NMDARSs were assumed to be postsynaptic, one
report in rodents indicates that epileptic activity could affect the function of
preNMDARSs. Specifically, preNMDARs were reinstated in the adult entorhinal
cortex following 2-4 weeks of lithium-pilocarpine treatment to induce seizures
(Yang et al., 2006). Though it is not clear whether this increase was causal to, or
a consequence of, increased neural activity, preNMDARSs clearly played a role.
Gabapentin, a drug prescribed to treat epilepsy, has been shown to decrease
neurotransmitter release via preNMDARS, providing further evidence that
preNMDARSs may be involved in some forms of epilepsy (Suarez et al., 2005).
We must now consider that the therapeutic value or deleterious off-target effects
of many global NMDAR antagonists being used to treat neurological disorders,
may be due to their action on preNMDARSs (Suarez et al., 2005). Better
pharmacological therapies for disorders involving NMDAR dysfunction may be
revealed by selectively targeting pre- versus post-synaptic NMDARs. Therefore,
we now need a better understanding of the differences between preNMDARs
and postsynaptic NMDARSs. It is crucial to understand the differences in when,
where, and how each NMDAR affects synaptic communication, plasticity, and

neural network function.

6.6 Targeting NR3A to treat disease
Although genetic and pharmacological manipulations of NMDARS can
alleviate symptoms of neurological disorders, there are also off-target effects due

to ubiquitous NMDAR expression. Additionally, the therapeutic benefits are often
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outweighed by the harmful side effects. Even targeting specific subunits, until
now, has proved non-specific because the targeted subunits, most often NR2B,
are also ubiquitously expressed (reviewed in Henson et al., in preparation).

However, accumulating research on NR3A provides exciting hope for
treatment of a long list of neuropathologies. There is evidence that the NR3A
subunit might be directly involved in schizophrenia, white matter injury,
Huntington’s, Parkinson’s, and Alzheimer’s diseases, as well as chronic alcohol
exposure, and neuropathic pain (reviewed in Henson et al., in preparation). In
addition, targeting the NR3A subunit could provide a possible treatment for acute
brain injuries caused by stroke, epilepsy, and trauma (reviewed in Henson et al.,
in preparation). Thus, the development of specific agonists and antagonists of
NR3A may be of therapeutic value. Even in disorders where the direct
involvement of NR3A has not yet been shown, manipulation of NR3A could have
a therapeutic effect by compensating for genetic abnormalities. Mental
retardations such as Fragile X, Rett, and Down Syndromes, are known to change
the density of synaptic spines, and genetic manipulations of NR3A also
dramatically affect spine density (reviewed in Henson et al., in preparation). In
NR3A KO mice spine density is dramatically increased while NR3A OE mice
show decreases in spine density (Das et al., 1998). In these developmental
disorders, such manipulations of NR3A could be used to compensate for
whatever initial abnormality caused changes to the spines.

The novel qualities of NR3A may prove beneficial as a target for treating

neurological disorders. Because NR3A has a unique quality—playing an
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important role early in development but going away in maturity—NR3A may have
very limited action in the adult brain. This limitation offers the possibility that
specific actions can be modulated in the adult brain (reviewed in Henson et al., in
preparation). However, if the NR3A subunit is largely absent in the normal adult
brain, it ceases to be a target. If the NR3A subunit could be reintroduced into the
adult brain, it may have limited actions in a brain that has not relied on NR3A
since infancy. As a consequence, the problem of excessive action on NMDARsS
is minimized, an excess that previously made NMDAR manipulation unsuitable
for broad treatments. Additionally, if the role of NR3A is specific to presynaptic
function, manipulation of this subunit may have fewer consequences than an
approach that affects NMDARSs throughout the postsynaptic, extrasynaptic, and

somatodendritic domains.

6.7 Activity dependent regulation of preNMDARs (subunit specific?)

It may be possible to harness the brain’s own activity-dependent
regulation to reintroduce a receptor, or subunit of a receptor, into specific cortical
regions and selectively treat or prevent neurological disorders. Our data
suggests that it may be the NR3A subunit, and not the whole preNMDAR, that is
highly experience-dependent. The developmental down-regulation of NR3A
causes a loss of the tonically active preNMDAR. This developmental decrease in
NR3A is correlated with a very small decrease in preNMDAR expression.
Conversely, with visual deprivation or enrichment, preNMDARSs remain functional,

there is an equally small increase in preNMDAR expression (suggesting a small
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population of preNMDARSs are increased), and tLTD is restored. It is likely then,
that the up-regulation of the NR3A subunit in preNMDARSs is the change that
makes the receptors functional again with visual deprivation or enrichment. If
this is the case, then the reemergence of preNMDARs and tLTD that we see with
LOVD could all be caused by the “reinsertion” of NR3A into the preNMDARSs.
This could easily be tested in the NR3A KO and NR3A overexpressing animals
and, if true, opens the door to many exciting possibilities (see future directions
Experience dependence of NR3A).

The instances of reemergence of plasticity in adulthood with short periods
of sensory deprivation are growing, and it will be simple to test for a role for
NR3A in these instances. It may be that the brain has provided its own method
for genetic manipulation and that our awareness of this method will allow us to
access it and utilize it for the treatment and prevention of disorders. With
evidence that visual deprivation, enrichment, or an epileptically caused increase
in activity can all increase the function of preNMDARS, there might be several
possible “therapies” that would alter NR3A-containing preNMDARs (see future
directions Reintroducing NR3A in adult brain to treat neurological disorders).
Exposure to weak magnetic fields is one non- invasive and non-pharmacological
treatment that has been shown to alter NR3A mRNA levels (reviewed in Henson

et al., in preparation).

6.8 Visual experience preNMDARs and inhibition
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In Chapter 4 we show both the reemergence of functional preNMDARS,
and the restoration of tLTD in adult V1 with LOVD. One explanation for the
restoration of the tLTD is that preNMDARs are lost with development, and with
deprivation, they reemerge and are able to function both in spontaneous
neurotransmitter release and in tLTD mechanisms. This seems likely because of
the high experience-dependence of the receptor, and because the receptor’'s
function and role in tLTD are tied at other developmental time points. An
alternate explanation however, is that the reemergence of tLTD is related to a
change in inhibition in the deprived animal. In Chapter 2 | briefly discuss the
relationship of inhibition and tLTD. In young animals (P13-17), the presence or
absence of picrotoxin to block GABARs, did not affect our ability to induce
preNMDAR-mediated tLTD (Fig. 2.5). It is commonly accepted that inhibition
does not affect plasticity mechanisms at this age(Feldman, 2000; Froemke and
Dan, 2002), presumably because inhibitory drive and inhibitory connections are
less developed. However, in older animals (P23-30), postsynaptic NMDAR-
mediated tLTD was prevented when inhibition was intact (Fig. 2.7D). There are
two explanations for this age difference. 1) Inhibition is able to block the
induction of postsynaptic and presynaptic tLTD, but it is not sufficiently developed
in young mice. 2) Inhibition only blocks tLTD that relies on postsynaptic
NMDARs.

More experiments are needed to clarify the mechanism of deprivation-
restored tLTD in adult animals. All of the tLTD experiments in adult animals were

performed with inhibition intact. Therefore, it was not surprising LTD could not be
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induced in the NR adult animals (Fig. 5.4A), because LTD was also not induced
at P23-30 when inhibition was left intact (Fig. 2.7D). What was surprising
though, was that we were able to induce robust tLTD in LOVD animals (Fig.
5.4B). This finding would lead us to two probable explanations. 1) LOVD
restores preNMDAR-tLTD. 2) LOVD reduces inhibition to “pre-critical period”
levels so that postsynaptic LTD can be induced. Although such a change in
inhibition seems extreme, visual deprivation has been shown to induce large
changes in both GABAR expression and maturation of inhibitory cells. In a study
by Kreczko et al 2009, the number of somatic GAD65-puncta on individual layer
2/3 pyramidal neurons was reduced in DR mice, but increased back to normal
levels with light exposure (Kreczko et al., 2009). In another study by Wahle
2009, DR was shown to alter the maturation of potassium channel (Kv 3.1b/3.2)
expression in a subset of inhibitory cells, causing deficits in inhibition. Changes
in inhibition have been shown to affect experience-dependent plasticity. In a
landmark finding Hensch et al. (1998) showed that GAD65KO mice do not show
an OD shift with MD during the critical period. Further, local infusion of
diazepam, a use-dependent GABA agonist, restored the OD shift with MD at any
age in these mice (Hensch et al., 1998). Environmental enrichment also alters
OD plasticity in adults by reducing inhibition (Sale et al., 2007).

Because of our evidence that preNMDARs are being restored with LOVD
(Chapter 4 & 5), it may be that both inhibition and preNMDARs expression are
being altered with visual deprivation and that both contribute to the restored

preNMDAR-tLTD. A recent paper suggests that changes in OD plasticity with
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dark-rearing could be due to changes in NMDAR composition down-stream of
changes in inhibition. The NR2B/NR2A ratio was higher in V1 of GAD65KO mice

but this was reversed with benzodiazepine application (Kanold et al., 2009).

6.9 Future directions
More direct studies of preNMDAR function are needed

Although there is now a large number of studies analyzing preNMDARSs
there is still skepticism about whether they actually exist. This skepticism is due
to the indirect nature of all functional studies to date. Future studies will need to
more directly test for the presence of functional preNMDARs. Until recently, no
method has existed to selectively activate, block, or eliminate preNMDARs
without simultaneously affecting postsynaptic NMDARSs in the same way. Today,
there should be methods for achieving these aims in order to directly measure
preNMDAR functions. One possibility would be to selectively block the
expression of NMDARSs in a subset of cells using, for example, viral expression of
siRNAs or modern genetic approaches (Zong et al., 2005; Miskevich et al., 2006;
Muzumdar et al., 2007). As such, synaptic functions at synapses with and
without preNMDARSs can be compared directly using paired electrophysiological
recordings. Global application of NMDAR antagonists would then only be
expected to alter presynaptic functions in pathways where preNMDAR functions
were not down-regulated. In combination with pharmacological manipulations,
we will then be able to compare, in a single slice, the role of preNMDARS in

synaptic transmission at the level of contacts between single cells. If we want to
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record from neurons in which the endogenous populations of receptors have not
been altered, an alternative approach would be to selectively activate
preNMDARs by glutamate uncaging. With this method, one could, for example,
selectively uncage glutamate and simultaneously observe Ca?" increases in the
presynaptic terminal.

Visual deprivation and inhibition

We are now carrying out a line of research that will definitively answer
whether the restoration of tLTD in LOVD animals is due solely to a change in
inhibition or in some part due to preNMDAR re-expression. Experiments to
induce tLTD in NR and LOVD animals are being done with, and without, intact
inhibition. Recordings are also made with postsynaptic NMDARs blocked with
MK801 in the postsynaptic recording pipette or with all of the NMDARs blocked
with APV in the bath. These experiments will tell us whether preNMDAR-tLTD is
restored in the adult animals with LOVD. If the result of these experiments
suggests a change in inhibition, that line of research could also be explored. Itis
likely, based on previous work discussed above, that visual deprivation has an
impact on inhibition.

TR: visual deprivation or enrichment?

We showed that rearing mice with PVC tubes in their cages prevents the
normal decrease in preNMDAR expression and function. In order to determine
whether the effect of the tubes is due to a mild form of visual deprivation, or to
environmental enrichment, the opaque tubes need to be replaced with clear

tubes that do not block out light. If there is still no developmental decrease in
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preNMDARSs in TR animals when the tubes are clear, then we can rule out visual
deprivation.
Experience dependence of NR3A

Our evidence strongly suggests that the developmental decline in the
NR3A subunit causes the loss of functional preNMDARSs. It is likely that the
experience-dependence of the preNMDAR function and expression also depends
on the NR3A subunit. In order to test this, we should replicate the EM
experiments using an antibody for NR3A. If presynaptic NR3A is highly
experience-dependent, then DR animals should maintain NR3A in preNMDARS,
while NR mice loose NR3A.

Are preNMDARs and / or NR3A experience-dependent in other brain regions?

It will also be instructive to determine whether expression of preNMDARS
and NR3A in other brain regions is sensitive to altered experience. Can
preNMDARSs, or presynaptic NR3A, be modulated in S1 with whisker
deprivation? Can socialization affect the expression of preNMDARSs or NR3A in
the frontal cortex? Can fear conditioning or manipulations that affect
hippocampal memory affect preNMDARSs in the amygdale or hippocampus?

Is the role of NR3A evolutionarily conserved?

If indeed, enrichment is capable of preventing the developmental down-
regulation of the receptor, we are left to assume that the maintenance of the
receptor is not the pathological state but the healthy state. Therefore, there is
presumably a role for these receptors throughout development and into

adulthood at least in normal mice. In order to use this to inform us on the human
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condition, we need to determine what role NR3A plays in the human brain, or at
the very least, determine if these findings are evolutionarily conserved among
rodents, carnivores, and non-human primates. One piece of evidence that
suggests an evolutionarily conserved mechanism is that preNMDARSs have been
shown to be present in non-mammalian systems. In the avian midbrain
preNMDARSs are required for tLTD (Penzo and Pena, 2009). And in the
zebrafish, NMJ preNMDARSs increase spontaneous acetylcholine release (Todd
et al., 2004).
Reintroducing NR3A in adult brain to treat neurological disorders

If presynaptic NR3A expression in the adult brain is highly experience
dependent, then periods of altered sensory experience may provide therapy to
NMDAR associated neurological disorders. This could be easily tested in mice
by breading NR3A KO or NR3A OE mice with mouse models for neurological
disorders and then providing visual deprivation to test whether an increase in
NR3A expression modifies the symptoms of the disorder. Environmental
enrichment may also prove effective for reintroducing NR3A into adult brain to
treat neurological disorders. Environmental enrichment has already been shown
to reduce symptoms and disease progression in models of Huntington’s and
Alzheimer’s, ischemia and traumatic insults (Lazarov et al., 2005;

Nithianantharajah and Hannan, 2006).
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