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Dissertation directed by: Alexandre E. Medina, Associate Professor, Pediatrics

Activity-dependent neuronal plasticity is an essential process for the brain to
change in response to its surroundings, both during development and in adulthood. This
plasticity underlies every event of learning and memory that is crucial to our daily lives.
Despite decades of research, we have yet to understand how the brain coordinates
plasticity mechanisms to adapt to constantly changing environmental conditions. Ocular
dominance plasticity is a model of activity-dependent plasticity in the visual cortex that
has been extensively used to investigate the mechanisms underlying neuronal plasticity.
Identifying the specific proteins involved in these mechanisms is the first step to finding
viable therapeutic targets in disorders like Fragile X syndrome, autism spectrum disorder
and major depressive disorder, where plasticity is disrupted.
I used in vivo electrophysiology as well as microscopy and biochemistry
techniques to identify novel players in activity-dependent plasticity in the visual cortex.
My results reveal that the astrocyte-secreted, trans-synaptic bridging protein hevin, as
well as three nuclear transcription factors CREB, SRF and MEF2, are indispensable to
ocular dominance plasticity. Additionally, I found that the activation of CREB via
phosphorylation at serine 142 and 143 is required for ocular dominance plasticity. These
findings further our knowledge about the regulation of neuronal plasticity by astrocytes

outside the neuron, as well as the regulation of plasticity from within the nuclei of the
neurons themselves.
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Chapter I
INTRODUCTION
Activity-dependent neuronal plasticity involves processes of both gain and loss of
function, that together result in functional and structural changes in the brain. It is the
cellular basis for learning and memory, and is essential for the refinement of neuronal
circuits during development. Identifying the mechanisms of activity-dependent neuronal
plasticity is crucial to find therapeutic interventions in the myriad of disorders where it is
disrupted, such as Fragile X syndrome, Rett syndrome, epilepsy, major depressive
disorder, and autism spectrum disorder (Dölen et al., 2007; Johnston et al., 1990; Menard
et al., 2016; Srivastava and Schwartz, 2014). Amblyopia, a condition resulting from
visual deprivation or abnormal binocular interaction in early childhood, cannot be fully
reversed in adults due to an insufficient level of plasticity in the visual cortex after the
end of the critical period (Sengpiel, 2014). In order to enhance this level of plasticity in
adulthood, or improve plasticity under disease conditions, it is imperative to identify the
molecular players required for normal plasticity to occur. Regulation of activitydependent plasticity at the molecular level takes place within the synaptic cleft, in the
synaptic membrane, in the cytoplasm as well as inside the nucleus (Stevens, 2008; Wang
and Peng, 2016). My thesis work focuses on identifying molecular players required for
activity-dependent neuronal plasticity of the primary visual cortex, within the synaptic
cleft and inside the nucleus of visual cortical neurons.
More specifically, we elucidated the role of an astrocyte-secreted synaptic protein
hevin in activity-dependent plasticity, and provided evidence that hevin is necessary and
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sufficient for this type of visual cortex plasticity during a critical period of development. I
also demonstrated that the nuclear protein SRF (serum response factor) and MEF2
(myocyte enhancer factor 2) are required for visual cortex plasticity. Finally, I investigated
the role of phosphorylation at two distinct sites on the transcription factor CREB (cAMP
dependent response element binding protein), showing that they are both necessary for
plasticity in the visual cortex. Ultimately, my results identify several novel molecular
players in activity-dependent neuronal plasticity, therefore better informing future attempts
to find therapeutic targets for diseases where such plasticity is disrupted.

1. Circuitry of the visual system
The neural circuit responsible for processing everything that we see (visual stimuli)
originates at the retina, relays through the thalamus and is decoded at the level of the visual
cortex. Photosensitive cells in the retina transduce light stimuli, which are then carried by
retinal ganglion cells through the optic nerve to the brain. The optic nerve travels from the
eye to the optic chiasm, where a proportion of the nerve fibers cross the midline. These
retinal ganglion cells project primarily to the dorsal lateral geniculate nucleus (dLGN) of
the thalamus, but also to the superior colliculus, a subcortical structure responsible for
saccadic eye movements. The dLGN is segregated into distinct eye-specific layers, and is
considered the first-order relay station for visual stimuli to the cortex. From here,
thalamocortical efferents project to layer IV and VI of the primary visual cortex (V1). The
V1 neurons form alternating columnar arrays of cells that primarily respond to either one
or the other eye. This preferential binocularity of responsiveness is called ocular dominance
(OD), and V1 consists of alternating ocular dominance columns. Neurons in the center of
2

these columns respond exclusively either to the left eye or the right eye, whereas neurons
located along the borders of these columns are binocular, and respond to both eyes. The
thalamus also receives top-down modulation via corticothalamic afferents that originate in
layer V and VI of the cortex and synapse in the dLGN or the pulvinar nucleus, playing a
modulatory role on visual stimuli entering the thalamic nuclei (Werner and Chalupa, 2014).
The rodent visual circuit follows the same basic rules as in higher mammals (Figure
1.1). However, the rodent dLGN is not separated into several layers and its cortex does not
segregate into OD columns. Instead, V1 is subdivided into a monocular zone, containing
cells responding only to one eye, and a binocular zone, with cells responding to both eyes.
The binocular zone exhibits contralaterally biased responses due to a vast majority of the
retinogenicular fibers that decussate at the optic chiasm. Rodent V1 has a 6-layer structure
like humans, except that layers II and III are not distinctly separated, and layer IV is not
subdivided into distinct sub-laminae. Geniculocortical afferents arrive primarily into layer
IV, which is the first site of cortical binocularity in the mouse. Layer IV neurons project to
layer II/III, which in turn synapse on cells in cortical layer V and VI or cells in other extracortical regions. Lateral, intra-laminar connections also exist (Werner and Chalupa, 2014;
Priebe and McGee, 2014).
It is relevant to also briefly describe the cortical subplate and its link to visual
circuitry. The subplate is a cortical brain region whose circuitry is primarily relevant in
prenatal and early postnatal development (Friauf and Shatz, 1991). In humans, these
neurons are only present up to the first few years of life (Kostovic and Rakic, 1990),
whereas in rodents some subplate neurons remain a part of cortical layer 6 into adulthood
(Woo et al., 1991). With respect to developmental time, the subplate is the first cortical
3

region to receive input from the thalamus, and it relays this information to layer IV of the
cortex well before geniculocortical afferents stabilize in layer IV (Herrmann et al., 1994).
Thus, subplate neurons are critical for the establishment of adult thalamocortical circuitry.
They also play a critical role in regulating many basic properties of the visual cortex, which
will be discussed further in other sections of this thesis.

Figure 1.1 – Circuitry of the mouse visual system.
(A) Dorsal view of the brain. Contralateral eye inputs (blue) cross the midline and ipsilateral eye
inputs (red) remain in the same hemisphere. Both contra and ipsi inputs relay through the dorsal
lateral geniculate nucleus (dLGN) of the thalamus, and then project to the primary visual cortex
(V1). The monocular zone of V1 receives afferents only from the contralateral eye (blue),
whereas the binocular zone (V1B) receives afferents from both eyes (red and blue). Majority of
the afferents in V1B originate in the contralateral eye. (B) Coronal view of the same circuitry.
Neurons from the contra (blue) and ipsi (yellow) eye relay through the dLGN before terminating
in V1. V1M receives only contra inputs (blue), whereas V1B receives both contra and ipsi inputs
(blue+yellow=green), the majority being from the contra eye. Figure (A) is adapted from
(Sugiyama et al., 2009) and Figure (B) is adapted from (Cooke and Bear, 2013).

2. Ocular dominance plasticity: Activity-dependent neuronal plasticity in the
visual cortex
Plasticity is the ability of the brain to change in response to the environment, by
4

strengthening or weakening its synapses in accordance with the level of activity within a
given circuit. Phenomena like long-term potentiation (LTP), long-term depression (LTD),
and expansion and elimination of spines can all occur within a single synapse (Yuste and
Bonhoeffer, 2001; Malenka and Bear, 2004). In addition to such synaptic modifications,
neurons also undergo structural changes, like dendritic pruning and arborization, on a
whole cell level (Antonini and Stryker, 1993). Experience-dependent neuronal plasticity
is extremely important during brain development, when circuitry is in flux and still being
rewired and reorganized into its mature state (Nahmani and Turrigiano, 2014). It is also
important in the context of recovering from brain injuries or stroke (Nahmani and
Turrigiano, 2014). Synaptic and structural modifications are crucial for systems-level
correlates of plasticity such as learning and memory, which are most important in our
daily lives (Takeuchi et al., 2013). There are many circuits that exhibit neuronal
plasticity, but one of the oldest and best established is a model of experience-dependent
plasticity in the primary visual cortex called ocular dominance plasticity (ODP).
David Hubel and Torsten Wiesel were the first to show that not all neurons in V1 are
equally responsive to both eyes; different neurons have different degrees of binocularity,
or responsiveness to stimulation of each eye. This property is known as “ocular
dominance” (OD). They discovered that cortical neurons are arranged as columns with
alternating binocularity, or ocular dominance, to different eyes (Hubel and Wiesel, 1962;
Hubel and Wiesel, 1965).
They sutured one eye of a macaque monkey from birth (monocular deprivation;
MD), thereby depriving that eye of all light stimulation for a duration of six months. Upon
suture removal, they found that the animal had become blind in the deprived eye, and
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remained permanently so, even if the eye was subsequently opened and allowed to function
normally (Hubel et al., 1977). In order to experimentally determine where in the visual
circuit the blindness arose from, they recorded electrical responses from single cells in the
retina, dLGN and V1. They found that retinal ganglion cells as well as dLGN neurons
responded normally to light stimulation, whereas cortical neurons no longer responded to
stimulation of the deprived eye, drastically and irreversibly shifting their ocular dominance
from the deprived eye to the open eye (Hubel et al., 1977). This plasticity in the primary
visual cortex is known as ocular dominance plasticity (ODP). Hubel and Wiesel
additionally examined the anatomical correlates of this visual impairment in V1 by
injecting a radioactive amino acid into one eye and visualizing autoradiographs of area 17
(visual cortex) in normal and visually deprived animals. In normal animals, cortical cells
responding to the injected eye lit up, and the now-characteristic black and white striped
array of OD columns was observed. In animals that were monocularly deprived during the
critical period however, there was a fundamental change in the architecture of the visual
cortex – these autoradiographs showed that columns containing cells responding primarily
to the deprived eye had shrunk and columns with cells responding primarily to the open
eye had expanded (Hubel et al., 1977). Hubel and Wiesel’s initial observation of shrinking
and expanding OD columns after MD, launched a burgeoning field of research using the
visual cortex and the ODP paradigm to study both loss of function and gain of function
processes involved in activity-dependent neuronal plasticity.
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3. Animal models of ODP
In the ODP paradigm of activity-dependent neuronal plasticity, one of the eyes is
sutured shut for a period of days during a critical period of development. The
developmental age when the critical period of visual cortex plasticity begins and ends
differs between species, depending on their stage of brain development at birth. The early
ODP experiments done in monkeys and cats, delineated their critical periods to be from 1
to 7 weeks of age, and from 4 – 12 weeks respectively (LeVay et al., 1978; Horton and
Hocking, 1997; Hubel and Wiesel, 1970).
Ferrets and rodents have gained increasing popularity as the animal models of
choice for a variety of reasons. Ferrets are gyrencephalic carnivores with OD columns
similar to humans, and ODP can be assessed in vivo by measuring the shift in cortical
binocularity (OD shift) after MD (Roberts et al., 1998). The critical period in a ferret is
approximately between postnatal day (P)30 and P55 (Issa et al., 1999). The disadvantage
of using this species however is that, techniques used to investigate ODP are primarily
terminal experiments like extracellular recordings of single units. Chronic recordings from
the same neurons over time is challenging in species with OD columns, due to the lack of
an easily accessible neuronal population with a mixed range of binocular responsiveness.
The mouse has become one of the most widely used animal subjects in scientific
research for many logistical reasons such as easy breeding and rapid gestational
timeframes. The generation of genetically modified strains have allowed researchers to
achieve an unparalleled level of specificity and depth of knowledge about the physiology
of the brain. It is also valuable to understand common evolutionary patterns and universal
aspects of neural function by studying species at different evolutionary levels. Despite the
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lack of OD columns and orientation pinwheels, many basic aspects of the rodent visual
system are similar to higher mammals. Mice have laminar cortical architecture, they
possess retinotopic maps and their orientation selectivity tuning curves closely resemble
those of cats and monkeys (Priebe and McGee, 2014). The lack of sulci and gyri in the
mouse brain allows the entirety of V1 to be directly accessible for experimental
manipulation. The critical period of visual cortex plasticity in mice is approximately
between postnatal day P21 and P35 (Gordon and Stryker, 1996), peaking at P28. A MD
during this developmental window causes the population of neurons in the visual cortex
that receive input from the deprived eye to weaken their responses (depression component
of ODP; Dc-ODP), and those neurons that receive input from the open eye to strengthen
their responses (potentiation component of ODP; Pc-ODP) (Frenkel and Bear, 2004). By
chronically recording visual responses to stimulation of each individual eye before and
after a MD, Frenkel and Bear observed deprivation-induced depression of cortical
responses upon stimulation of the deprived eye (Dc-ODP), and experience-dependent
potentiation of cortical responses upon stimulation of the open eye (Pc-ODP). Both DcODP and Pc-ODP can be observed in the binocular zone of V1 (V1B). Additionally, there
is a temporal aspect to the manifestation of ODP - Dc-ODP is observed after 3 days of MD,
but Pc-ODP expresses after 5-7 days of MD (Frenkel and Bear, 2004; Jaffer et al., 2012).
Therefore, using a mouse model, I was able to tease out the contributions of Dc-ODP and
Pc-ODP independently.
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4. Techniques to measure ODP
ODP can be measured using a variety of techniques depending on the species under
investigation and the specific question being studied. For animals with OD columns, eyespecific injections of trans-synaptic anterograde tracer dyes or radioactive amino acids can
illuminate the differences in the striped anatomical structure of V1 with and without a MD
(Hubel et al., 1977; Kossel et al., 1995). This in vitro imaging method is useful to visualize
how the spatial representation of cortical cells change with ODP, but does not provide any
temporal information regarding neuronal activation.
To answer more functional questions, there are several other imaging techniques
that have been used to measure ODP in vivo. Optical imaging of intrinsic signals is an
imaging technique similar to fMRI, where the signal reflects the oxygenation state of
hemoglobin in the blood. When neurons are activated, oxygenated blood flows towards the
site of activation, and the resulting change in cortical light reflectance is measured as the
intrinsic signal (Grinvald et al., 1986; Kalatsky and Stryker, 2003). With this technique,
one can generate retinotopic maps of the visual cortex (Figure 1.2), as well as visualize
other characteristics of the visual system such as direction selectivity and orientation
tuning. Optical imaging with a chronically implanted cranial window allows for the
comparison of cortical responses over time (Johnston et al., 2013), and can assess both the
depression and potentiation components of ODP via individual eye stimulation. However,
measuring changing light intensities is a very indirect measure of neuronal activation.

9

Figure 1.2 – Optical imaging of intrinsic signals used to assess cortical retinotopy.
Retinotopic maps represent the cortical receptive fields for a visual stimulus (bar of light) moving
from one edge to the other edge of the mouse’s visual field. The colors denote the spatial
representation of a particular part of the mouse’s visual field, mirroring the color scales on the
stimulus presentation screen (grey boxes) for elevation (up-down) and azimuth (left-right)
retinotopic maps of the cortex. This is published data that I collected (data not described in this
thesis), adapted from (Lantz et al., 2014).

Two-photon calcium imaging offers a more direct readout of neuronal activation
with single-cell functional resolution. It uses membrane permeable fluorescent calcium
indicator dyes to illuminate calcium transients during neuronal activation. It provides realtime analyses of individual cells, even on the level of single spines (Majewska, 2013). Both
optical imaging and calcium imaging are minimally invasive methods, and can be done in
both anesthetized and awake animals, but can only detect signal up to 500µm beneath the
cortical surface, limiting data collection to the superficial layers of the cortex.
In vivo electrophysiological techniques that record from single cells or populations
of cells are more reliable across a range of species, from monkeys to mice. Extracellular
recordings can determine the binocularity of individual cells in deprived and non-deprived
animals, providing a measure of the ocular dominance shift from binocular to mostly
monocular (Medina et al., 2003). Single or multichannel electrodes can be used to record
from both superficial and deep cortical layers. This method provides single-cell resolution
of cortical responses and information regarding response properties, however it can be
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technically challenging and time consuming to collect data from a sufficient number of
cells in each animal. Moreover, animals need to be anesthetized during single-unit
recordings, which introduces its own set of confounds (Pham et al., 2004). Finally, since
MD and no-MD experimental groups need to be in different cohorts of animals, this method
can only detect the change in cortical cell binocularity (ocular dominance shift). It is unable
to inform if or when a particular cell, or group of cells, is depressing or potentiating in
response to MD (Dc-ODP and Pc-ODP).
A more recent in vivo electrophysiological method called VEPs (visually evoked
potentials) has been established in rodents, where local field potentials are recorded
primarily in cortical layer 4 by chronically implanted tungsten electrodes during visual
stimulation (Porciatti et al., 1999). This is an elegant technique that allows the assessment
of ODP in awake, head-fixed animals before and after a MD, resulting in paired data and
within-subject controls. Since the same population of neurons are being assessed over time,
eye-specific stimulation before and after MD can measure Dc-ODP and Pc-ODP
independently (Lantz et al., 2015; McCurry et al., 2010).

5. The critical period of ocular dominance plasticity

5.1 Introduction
During the development of neural circuits, there are certain periods in which particular
brain regions exhibit maximal plasticity and can be highly influenced by the environment.
When these “critical periods” close, the changes previously made cannot be readily
reversed. For example, critical periods are known to exist for song acquisition in birds, for
changes in the functional anatomy of the barrel cortex after whisker removal, and for ocular
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dominance plasticity in the visual cortex (Hubel and Wiesel, 1970; Erzurumlu and Gaspar,
2012; White, 2001). The developmental age when these periods begin and end for a given
neural circuit differs between species, and also differs between neural circuits within the
same species. Hubel and Wiesel were the crucial figures in discovering that visual cortex
plasticity has a specific critical period, in a groundbreaking series of experiments in
monkeys and cats described below.
They observed that the irreversible aspect of the cortical effects of MD only comes
about when it is performed during a very specific time frame. They deprived monkeys of
visual stimuli at different ages (weeks after birth, months after birth and in adulthood), and
found a decreasing intensity of ODP with increasing age, terminating in no plasticity when
the MD was performed in an adult animal (Hubel and Wiesel, 1970). Hubel and Wiesel
went on to show that the cortical effects of MD (namely ODP) were not solely due to the
loss of activity in the deprived eye, but additionally required the presence of competing
activity from the experienced/open eye. They conducted an experiment comparing the
cortical responses of non-deprived, monocularly deprived and binocularly deprived kittens.
Depriving both eyes of light stimulus (binocular deprivation) during the same critical
period resulted in a far milder cortical effect as compared to MD animals (Wiesel and
Hubel, 1965). In summary, the elegant work of Hubel and Wiesel revealed the critical
period of ODP in the primary visual cortex, specifically demonstrating that the formation
of OD columns and binocularity of cortical neurons can be irreversibly disrupted if a MD
is performed during this period. After these studies were completed, ODP quickly became
the premier model to study the mechanisms of experience dependent neuronal plasticity.
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5.2 Factors determining the critical period of ODP
Astrocytes
Astrocytes are glial cells found adjacent to neurons, that support and influence
neuronal structure and function by absorbing and secreting a variety of molecules. They
also maintain the integrity of the extracellular matrix (ECM) by secreting ECM proteins.
The first indication that astrocytes play a role in the critical period came when Christian
Muller observed via immunocytochemistry (ICC) that the normal maturation of astrocytes
coincides with maturation of cortical development and the closure of the critical period
(Muller, 1992). He observed that dark rearing delays the maturation of astrocytes (Muller,
1990), much like it delays the critical period. This activity-dependence and concurrent
timing of astrocytic maturation intuitively prompted the hypothesis that astrocytes mediate
the closure of the critical period. These early ICC studies were conducted prior to (but only
published after) the key electrophysiological evidence published by Muller and Best in
1989. In an innovative study using the ODP model in cats, Muller and Best implanted
astrocytes cultured from the visual cortex of newborn kittens into adult animals to test the
prediction that this would reintroduce plasticity in the adult. MD in adult animals does not
trigger an OD shift as it does in juveniles, however adult cats that received the immature
astrocyte implantation displayed a distinct shift of cortical binocularity favoring the open
eye, indicating restored ODP (Muller and Best, 1989). The controls performed in this study
included a sham experiment (immature astrocytes destroyed by repeated freezing prior to
implantation were unable to restore ODP), confirmation of cell type specificity
(implantation of immature fibroblasts did not restore ODP), and confirmation of region
specificity (ODP was only restored near the implantation site) (Muller and Best, 1989).
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Since then, astrocytes have been shown to restore ODP in fetal alcohol spectrum disorder
(FASD), a disease where it is disrupted (Paul and Medina, 2012). This rescue is mediated
presumably via critical molecules that they secrete. In fact, “astrocyte conditioned media”
(media isolated from astrocyte cultures containing all its secreted molecules), has been
applied to diseased tissue to ameliorate functional and morphological defects in models of
Fragile-X and stroke (Cheng et al., 2016; Wolf et al., 2014). Taken together, these finding
suggest that astrocytes regulate ODP and the critical period. How astrocytes accomplish
this regulation of ODP is still being heavily investigated. This question is also one of the
aims of my thesis work, and I will address it in more detail in Chapter III. In the next
section, I will introduce an ECM structural component made of astrocyte-secreted proteins,
that plays a major role in the regulation of the critical period of ODP.
Perineuronal nets
Perineuronal nets (PNNs) are a specialized component of the extracellular matrix
(ECM) that surrounds the cell bodies of neurons in a mesh-like structure extending along
its dendrites, with small openings allowing spines to make synaptic contact (Asher et al.,
1995). They are made up of chondroitin sulfate proteoglycans (CSPGs) with core proteins
like aggrecan, versican, and brevican. PNNs are commonly visualized experimentally by
staining with WFA (wisteria floribunda agglutinin) or monoclonal antibodies for the
different CSPGs like Cat-301 for aggrecan (Asher et al., 1995; Hockfield et al., 1990).
Chondroitinase ABC (chABC), an enzyme used to degrade CSPGs, is used in numerous
studies to study the effects of PNN ablation.
In the cat visual system, CSPGs (visualized by Cat-301 staining) are
developmentally regulated, appearing at the end of the critical period concurrent with a

14

decrease in plasticity (Sur et al., 1988). Moreover, cats that were dark reared from birth
had a significantly reduced expression of CSPGs in both the dLGN and the visual cortex
(Guimaraes et al., 1990; Sur et al., 1988). ODP during the critical period is contingent upon
visual experience, and accordingly dark rearing has been shown to delay the onset of the
critical period (Mower, 1991). Work by a different group replicated these results in mouse
V1B, once again demonstrating that PNN formation (visualized here by WFA staining)
plateaued by the end of the critical period, and this timeline is delayed by dark rearing (Ye
and Miao, 2013). Taken together, these results imply that the organization of CSPGs in
perineuronal nets restricts the timing of the critical period, and mature nets do not permit
the high levels of ODP seen in juvenile animals. If mature PNNs prevent juvenile-like
plasticity, then one would expect that degrading PNNs with chondroitinase ABC (chABC)
in adult animals could reopen the critical period. To test this, Pizorusso and colleagues
recorded single units in the visual cortex of rats treated with chABC during the MD period,
and observed a pronounced shift in ocular dominance, unlike what was seen in untreated
or non-deprived adult animals (Pizzorusso et al., 2002). These experiments directly showed
that the formation of mature PNNs restricts ODP to the critical period.
Despite the evidence that formation of PNNs in the visual cortex correspond to the
closure of the critical period (Pizzorusso et al., 2002; Hockfield et al., 1990), the links
between PNNs and activity-dependent neuronal plasticity have so far been mostly
correlative, and not much has been discovered about how they regulate plasticity. Some
recent in vitro studies have attempted to isolate mechanisms underlying PNN regulation of
the critical period. For instance, experiments in hippocampal culture have shown that
surrounding PNNs restrict surface AMPAR trafficking, and degrading these PNNs with
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ChABC increases the surface mobility of AMPARs in these neurons (Frischknecht et al.,
2009). Soluble CSPGs inhibited growth factor-induced neurite outgrowth and restricted the
formation of new synaptic contacts (Oohira et al., 1991; Niederost et al., 1999). Finally,
PNNs have been shown to preferentially surround parvalbumin-positive fast spiking
interneurons (Hartig et al., 1999; Ye and Miao, 2013), which could mean that they act as a
buffer for inhibition. The role of inhibition in ODP during the critical period was
spearheaded almost two decades ago by Takao Hensch and colleagues, and I will describe
their work in the next section.
Inhibition
Inhibition is an essential part of the brain’s function carried out by the
neurotransmitter GABA (Gamma Amino Butyric Acid), that is produced via the catalysis
of glutamate in inhibitory neurons by enzymes called glutamic acid decarboxylases (GAD).
GAD67 and GAD 65 are the 2 primary isoforms of this enzyme and GAD65 has been
harnessed experimentally as a way to manipulate GABA production, and consequently the
level of inhibition in the brain. Early evidence for the involvement of inhibition to critical
period plasticity came from the kitten visual cortex, where the GABA-A agonist muscimol
disrupted the formation of OD columns (Hata and Stryker, 1994; Reiter and Stryker, 1988).
Subsequently, a GAD65 knockout (KO) mouse was generated.
GAD65 KO mice did not exhibit an OD shift after 4 days of MD, even at the
endogenous peak of the critical period (CP peak ~ P28) (Hensch et al., 1998), indicating
that the presence of inhibition is required for ODP during the critical period. Interestingly,
GAD65 KOs treated with diazepam (GABA-R positive allosteric modulator) exhibited
significant OD shifts after MD in all tested age groups (P20=pre-CP, P30=peak-CP,
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P50=post-CP), which means that pharmacologically restoring inhibition in GAD65 KOs is
sufficient to reopen the critical period. However, more remarkable is that inducing a
precocious maturation of inhibitory circuitry with BDNF overexpression in vivo, resulted
in a premature termination of the critical period in mice. Specifically, using VEPs and
single units, two different studies showed that the OD shift after 4 days of MD in transgenic
mice with elevated BDNF start to decline at an earlier developmental age than in normal
mice (Huang et al., 1999; Hanover et al., 1999), indicating that inhibition also regulates the
closure of the critical period. These experiments alone cannot conclude that the maturation
of inhibition causes the closure of the critical period because elevated BDNF could have
other mechanistic effects (such as on NMDA-R function) that could also affect ODP.
However, several other groups have come to the same conclusion using different methods
to manipulate cortical inhibition. Therefore, the currently recognized interpretation for the
role of inhibition in ODP posits that a certain level of inhibition is required to open the
critical period and enable ODP, and the full maturation of inhibitory circuits is required for
the closure of the critical period.
Gene regulation
The plasticity manifested by cortical cells after a MD during the critical period is
accompanied by activity-driven rearrangements of thalamocortical synapses (Antonini and
Stryker, 1993; Shatz and Stryker, 1978). The structural changes involved in both
components of ODP suggest that the underlying mechanism includes new protein synthesis
and therefore regulation at the level of gene expression. The first step towards the protein
synthesis required to execute the long-term synaptic modifications that occur after a nontransient change in activity is the expression of immediate early genes (IEGs).
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Accordingly, IEG expression has been shown to be regulated by visual experience. Brief
visual experience after dark rearing induces expression and redistribution of the
IEGs zif268 and c-fos specifically in visual cortex (Rosen et al., 1992; Kaplan et al., 1996).
Additionally, CRE-mediated transcription (presumably via the IEG CREB) is activated in
the visual cortex after a MD during the critical period (Pham et al., 1999). The effector
molecules of these IEGs have also been shown to be regulated by visual activity. BDNF
mRNA levels are regulated by visual activity in the developing and adult visual cortex
(Castren et al., 1992; Schoups et al., 1995). The expression of the NMDA receptor in layer
IV of visual cortex is regulated by activity during the critical period (Catalano et al., 1997).
Other notable genes downstream of IEGs that are visually regulated during the critical
period include CaMKII, GAD65, Arc, Narp and homer (Neve and Bear, 1989; Brakeman
et al., 1997; Lyford et al., 1995; Tsui et al., 1996).
Two major screening methods have been used to identify genes regulated by visual
experience during the critical period, prior to testing in knockout models or transgenic
animals. 1) Is their expression in the visual cortex activity-dependent? 2) Are they
expressed in the visual cortex during the development of the visual circuit and/or the
critical period of ODP? Proof of the success of these methods are the identification of genes
like Class1 MHC (Corriveau et al., 1998) and cardiac troponin C (Lyckman et al., 2008),
which may not otherwise have been ascribed to functions in plasticity. Other screens using
similar methods isolated genes like Arc, Narp and Homer. Below I will describe briefly a
few genes found to be involved in plasticity during the critical period.
ARC (Activity-Related Cytoskeleton-associated protein) or Arg3.1 is an activitydependent immediate early gene (IEG). Arc is found in the cytoplasm but is also localized
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in neuronal dendrites and synapses, and its translation and trafficking requires NMDA-R
activity (Steward and Worley, 2001). Arc regulates the internalization of AMPA-Rs from
the synaptic membrane via a clathrin-mediated mechanism (Chowdhury et al., 2006). In a
mouse model of ODP measured using optical imaging and single unit electrophysiology,
Arc KO mice show no OD plasticity in response to MD during the CP (McCurry et al.,
2010), implying that it is required for activity-dependent plasticity during the critical
period.
GAD65 is one of the primary isoforms of the Glutamic acid decarboxylase enzyme
that produces GABA. It is localized in nerve terminals and is specialized to responding
during periods of neuronal activity (Hensch et al., 1998). GAD65 KO mice develop
normally with respect to many features of the visual system like spontaneous activity,
retinotopic organization, orientation and direction selectivity, receptive field size, and
distribution of OD columns. LTP and LTD in cortical layers II/III of mutant animals are
indistinguishable from those in wild-type controls (Hensch et al., 1998). However, GAD65
KO mice do not display the normal OD shift after MD, and as described earlier, exhibit a
prolonged critical period plasticity due to immaturity of inhibitory circuits.
BDNF or brain derived neurotrophic factor is expressed in a calcium dependent
manner in cortical neurons, via CRE-mediated transcription (Tao et al., 1998). BDNF
mRNA levels are regulated by visual activity in the developing and adult visual cortex
(Castren et al., 1992; Schoups et al., 1995). It has been implicated in the formation of OD
columns (Cabelli et al., 1995) as well as in the closure of the CP through its role in the
maturation of inhibition (Huang et al., 1999).
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NARP (neuronal activity regulated pentraxin) is an IEG which encodes a secreted
synaptic protein that can bind AMPA-Rs and recruits them to synapses between excitatory
neurons and parvalbumin-containing interneurons (Chang et al., 2010). This activation of
interneurons rebalances the excitation/inhibition dynamics of neuronal networks after
periods of heightened activity. Although many aspects of visual function are unimpaired
in Narp KO mice, ocular dominance plasticity during the CP is absent in these mutants (Gu
et al., 2013).
It was observed in a microarray study that many of the genes upregulated during the
critical period promote stabilization of the synapse, while MD reversed the expression
pattern of nearly all these genes (Lyckman et al., 2008). These findings imply that there is
an expectation for high levels of activity during the critical period, therefore increasing
expression of stabilizing genes to compensate for this. However, when instead an
unexpected visual deprivation (like a MD) is experienced during the critical period, there
is a reversal towards genes needed for synaptic modifications that require a balance of
growth-promoting and growth-restrictive processes. As more screens and individual
studies identify genes critical to activity-dependent plasticity, the extent of overlap between
groups of gene involved in different modes of plasticity (Dc-ODP versus Pc-ODP,
developmental plasticity versus adult plasticity) can be perceived. This will develop a
bigger picture of which gene combinations are unique to a specific system or stimulus,
allowing us to better focus in on exact mechanisms of action (Tropea et al., 2009).
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6. Mechanisms of ODP
Donald Hebb’s influential model of synaptic modification proposed that “cells that
fire together wire together”, which means that sustained synchronous activity between preand postsynaptic neurons strengthens their connections, and enables them to potentiate
(Hebb, 1949; Lowel and Singer, 1992). On the other hand, non-transient asynchronous
activity between neurons leads to a weakening of connections, and enables depression of
those synapses (Stent, 1973; Cooper et al., 1979). Together, these were attractive models
of how synaptic modification governs plasticity in the brain, barring one fundamental flaw.
Continued application of either model at any one particular synapse would lead to an
unbounded loss or gain of neuronal activity, connections and function. Subsequently,
Bienenstock, Cooper and Munroe (BCM) proposed the BCM theory that introduced a
sliding modification threshold (θm) for synaptic plasticity based on the prior history of a
cell’s synaptic activity. If a cell is exposed to non-transient asynchronous activity beneath
its existing threshold, its θm would decrease. This lowered modification threshold would
enable subsequent LTP in that cell (Bienenstock et al., 1982). The BCM theory allowed
for the oscillating occurrence of both LTD and LTP in any cell responding to activity
(Kirkwood et al., 1996), and provided a dynamic range of strengthening and weakening for
each synapse depending on the synchronicity of synaptic activity.
Studies have shown that suturing one eye (MD) during the critical period results in
a significant OD shift in the kitten visual cortex (Wiesel and Hubel, 1963). On the contrary,
inactivating one eye with tetrodotoxin (TTX), which eliminates all neuronal activity from
the retina, resulted in a much smaller OD shift than MD animals, or no shift at all
(Rittenhouse et al., 1999; Reiter et al., 1986; Coleman et al., 2010). Taken together, these
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experiments show that ODP cannot occur in the absence of all activity from the deprived
eye, but spontaneous, non-evoked activity from the deprived eye (that leads to
asynchronous activity at thalamocortical synapses) is required. Therefore, the bidirectional
changes that take place in the binocular visual cortex after a MD during the critical period
(Dc-ODP and Pc-ODP) seem to emulate the BCM theory. The loss of visual input from the
deprived eye causes asynchronous activity in thalamocortical synapses, is detected by the
postsynaptic visual cortical neuron, leading to weakening of those synapses and depression
of cortical responses to stimulation of the deprived eye (Dc-ODP). The resulting lowered
modification threshold in this binocular cortical neuron shifts the tendency of the cell away
from further weakening, now predisposing it towards strengthening. Afferent synapses
from the open eye that continue to deliver synchronous input to the cortical neuron
strengthen their connections and lead to an increase in cortical responses to stimulation of
the open eye (Pc-ODP). In other words, incoming activity to the cortex is sufficiently
reduced after MD to allow changes in the modification threshold, thereby permitting PcODP.
But what mechanisms underlie Dc-ODP and Pc-ODP? When non-transient changes
in activity are detected in the thalamocortical synapse, the visual cortical neuron must
coordinate appropriate changes in synaptic strength. LTD (long-term depression) and LTP
(long-term potentiation) are the canonical mechanisms for long-term synaptic
modifications. There are some types of LTP and LTD mediated by mGluRs or presynaptic
endocannabinoid receptors (in the cerebellum and superficial layers of the cortex), but the
most prevalent form of LTP and LTD are NMDAR-dependent. In addition to enabling LTD
and LTP, the activated cell also sends signals down to the nucleus to activate transcription
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factors. This accounts for those long-term plasticity processes that require de novo protein
synthesis. In the following sections, I will review some of the key studies showing that DcODP and Pc-ODP require NMDAR-dependent LTD and LTP respectively, as well as
transcription factors to induce appropriate gene expression.
6.1 NMDA and AMPA receptors
The NMDA receptor (N-Methyl-D-aspartate receptor) acts as a “coincidence detector” on
the postsynaptic membrane, allowing visual cortical neurons to detect synchronous and
asynchronous activity during LTP and LTD (Artola and Singer, 1987; Kirkwood and Bear,
1994a; Kirkwood and Bear, 1994b). A crucial aspect of the NMDA-R that significantly
affects its functional properties, and thereby its effect on plasticity, is its specific subunit
composition. NMDA-Rs are heterotetramers made up of an obligatory NR1 subunit and a
combination of 3 NR2 (A-D) subunits (or infrequently a NR3 subunit). The expression
patterns of the NR2 subunits are regionally and developmentally regulated (Massey et al.,
2004). Only the NR2B and 2D subunits are expressed during embryonic development,
whereas the NR2A subunit is predominant in adulthood (Neyton and Paoletti, 2006). In the
visual cortex, NR2A and 2B are the major contributors to differences in NMDA receptor
function (Yashiro and Philpot, 2008). The NR2A subunit has a higher probability of
opening, and these faster channel kinetics are more amenable to LTP and Pc-ODP. The
lower probability of opening of the NR2B subunit makes it less likely to detect coincident
activity and therefore is more amenable to LTD and Dc-ODP. Under high frequency tetanic
stimulation used to induce LTP, the amount of calcium influx through NR2A-containing
NMDARs considerably exceeds that of NR2B. At low frequencies used to induce LTD,
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NR2B-containing NMDARs contribute more to the influx of calcium than NR2A (Erreger
et al., 2005).
Studies in the visual cortex of cats, ferrets and rats have shown that an increase in
NR2A expression coincides with the onset of the critical period (CP) (Chen et al., 2000;
Quinlan et al., 1999; Roberts et al., 1998). Consistently, dark rearing that delays the
opening of the CP, also decreases NR2A expression level in cat visual cortex (Chen et al.,
2000), but not in mice (Chen and Bear, 2007). NR2A KO mice still show ODP, albeit
exhibiting significantly reduced OD shifts compared to WT after 4 days of MD. Also,
lacking NR2A does not seem to disrupt the timing of the CP in any way (Fagiolini et al.,
2003). Taken together, these studies seem to imply that NR2A is dispensable in the
expression of

ODP

during

the

CP,

and

NR2B

is

the

critical

regulator.

Immunohistochemical studies in the ferret showed that a loss of NR2B in layer IV tightly
coincides with the end of the critical period in the visual cortex (Erisir and Harris, 2003).
Experiments using ifenprodil, a NR2B specific antagonist, showed that the NR2B subunit
associates more closely with CaMKII compared to NR2A, and this binding is required for
NR2B-mediated LTP in the hippocampus (Barria and Malinow, 2005). Ifenprodil also
blocks LTP in thalamocortical synapses of the barrel cortex (Lu et al., 2001).
Do activity-dependent NR2A/NR2B ratios need to reach a sufficient level for full
expression of ODP? The two components of ODP have a temporal aspect where Dc-ODP
is expressed after 3 days of MD while Pc-ODP is expressed only after at least 5-7 days of
MD (Frenkel and Bear, 2004; Jaffer et al., 2012). Accordingly, Chen and Bear showed that
there is an increase in NR2B after 3 days of MD at P28, and a delayed decrease in NR2A
after 5 days of MD. This causes a decrease in the NR2A/NR2B ratio during the expression
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of both components of ODP, but specifically due to changes in distinct subunits (Chen and
Bear, 2007). This suggests that the change in expression levels of NMDA-R subunits are
involved in the dynamic regulation of ODP.
When glutamate is released into a synapse, it can bind metabotropic glutamate
receptors (mGluRs) or ionotropic receptors on the postsynaptic membrane. Along with the
NMDA receptor, the AMPA receptor (α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor) is the other ionotropic receptor primarily responsible for excitatory synaptic
transmission in the brain. The glutamate-induced activation of these synaptic receptors
increases intracellular calcium levels, activating diverse second messenger signaling
cascades. Some of the notable proteins involved in these calcium-induced signaling
cascades are calcium/calmodulin-dependent kinase II (CaMKII), protein kinase C (PKC),
protein kinase A (PKA) and the prominent phosphatases are protein phosphatase 1 (PP1)
and calcineurin (Lee, 2006; Bliss and Collingridge, 1993). According to the level of
calcium influx, the resulting signaling pathways lead to the insertion of more AMPA-Rs
(for LTP) or internalization of AMPA-Rs (for LTD) from the synaptic membrane (Lee and
Kirkwood, 2011). Specifically, phosphorylation of AMPA-Rs at Ser831 (by CaMKII or
PKC) or dephosphorylation of AMPA-Rs at Ser845 (by PKA) are required for their
membrane insertion or internalization, and subsequent LTP or LTD (Chater and Goda,
2014; Lee et al., 2000). Internalization of AMPA-Rs has been shown to depend on clathrinmediated endocytosis machinery (Carroll et al., 1999). Studies have also shown that LTD
in the visual cortex causes dephosphorylation of AMPA-R at Ser845 and subsequent
internalization from the synaptic membrane, and that a short-term MD leads to these same
effects (Heynen et al., 2003).
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6.2 LTP and LTD in ODP
Several studies show that the same stimulation protocols able to induce LTD and
LTP in the hippocampus can also elicit LTD and LTP in the visual cortex (Artola and
Singer, 1987; Kirkwood and Bear, 1994b; Kirkwood et al., 1993). The NMDA-R
antagonist APV prevents both LTP and LTD in cortical layer IV and layer II/III (Artola
and Singer, 1987; Heynen and Bear, 2001; Kirkwood and Bear, 1994b). Both LTP and
LTD can be recovered after washout of the drug (Kirkwood and Bear, 1994b; Kirkwood et
al., 1993). NMDA-R blockade was also shown to block ODP in vivo (Bear et al., 1990;
Roberts et al., 1998).
When Hubel and Wiesel’s famous studies in the visual cortex of kittens showed
that suturing up one eye caused a decrease in the cortical responses driven by the lightdeprived eye (Wiesel and Hubel, 1965), LTD seemed to be the obvious synaptic basis.
However, the motivation for the first experimental investigation of LTD in the visual cortex
came only a decade later following the introduction of the BCM theory by Bienenstock,
Cooper and Munroe. Dudek and Friedlander found that visual cortex LTD can be elicited
in juvenile guinea pigs, but not in adults. They also showed that LTD is expressed only
upon blocking inhibitory post synaptic potentials (Dudek and Friedlander, 1996). This
follows the finding that maturation of inhibition closes the critical period and reduces
plasticity. Additionally, LTD in the visual cortex can be induced by activation of
cholinergic and noradrenergic signaling with carbachol and norepinephrine (Kirkwood et
al., 1999), which supports the in vivo finding that Dc-ODP (OD shift after MD) is
substantially reduced by lesions of cortical cholinergic and noradrenergic innervations
(Bear and Singer, 1986). Moreover, the calcium-induced phosphatase calcineurin is
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critical for certain forms of LTD (Zeng et al., 2001) and is also required for ODP in vivo
(Yang et al., 2005). Taken together, these data indicate that LTD and in vivo Dc-ODP share
many common molecular mechanisms.
To examine the role of LTP in ODP, Kirkwood and colleagues induced LTP in
visual cortical slices from light-reared and dark-reared rats of different ages. They showed
that susceptibility to LTP coincides with the critical period, and its magnitude declines with
age. Additionally, the age-dependence of LTP is extended in slices from dark reared rats,
reminiscent of the effect of dark rearing to extend the start of the critical period of ODP
(Kirkwood et al., 1995; Mower, 1991). These findings support that LTP is a normal
mechanism of experience-dependent synaptic modification in ODP. In conclusion, all these
data imply that synaptic LTP and LTD can account for many aspects of activity-dependent
plasticity in the visual cortex (Bear et al., 1987).
6.3 Transcription factors in ODP
In addition to coordinating LTP and LTD, calcium-induced signaling cascades
trickle down to the nucleus to activate transcription factors. In fact, several of the IEGs
expressed rapidly after membrane depolarization like Egr1 and CREB encode transcription
factors. Activity-dependent transcription factors that are rapidly transcribed as IEGs are
prime candidates to trigger the expression of those genes required for the long-lasting
effects of synaptic plasticity, such as structural changes. It has been suggested that
activation of IEGs that are transcription factors provides a link between synaptic stimuli
and de novo protein synthesis required for long-term changes in plasticity (Goelet et al.,
1986; Sheng and Greenberg, 1990). Since transcription factors express relatively large gene
programs, it is important to determine the specificity of their response to different stimuli,
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and thereby their contribution to the molecular, synaptic, cellular and circuit level changes
involved in experience-dependent plasticity underlying learning and memory.
Some notable transcription factors that have been identified to be involved in activitydependent plasticity are c-fos, Egr1, Npas4, CREB, SRF, and MEF2. Here I will briefly
describe some relevant findings about c-fos, Egr1 and Npas4 in neuronal plasticity. CREB,
SRF and MEF2 will be discussed in greater detail in Chapter IV.
c-fos has long been used as a marker of synaptic activity in many different brain
regions. In the visual cortex, c-fos activity mapping has been used to measure ODP as an
alternative to an electrophysiological readout. After a MD, light stimulated c-fos
expression reflects the electrophysiologically measured effect of MD during the critical
period (Mainardi et al., 2009; Nakadate et al., 2012). The laminar distribution of c-Fos
changes in response to plasticity rather than neural activity (Kaplan et al., 1996).
Npas4 is a recently discovered protein that regulates excitatory/inhibitory balance by
controlling the number of GABA-releasing synapses that connect with excitatory neurons
(Spiegel et al., 2014; Lin et al., 2008). Presumably through this control of inhibition, Npas4
overexpression can reopen the critical period of ODP in adult animals after 7 days of MD.
Viral knockdown of Npas4 in the amygdala impairs fear memory formation and retention
(Ploski et al., 2011). Deletion of Npas4 resulted in impairment of hippocampal-dependent
contextual memory formation (Ramamoorthi et al., 2011). Npas4 can control the
expression of plasticity-related genes such as c-fos, Egr1, Arc and BDNF (Ramamoorthi
et al., 2011; Pruunsild et al., 2011).
Egr1 is a good example of a transcription factor that shows every indication of being
critical to experience-dependent plasticity in vivo. Egr1 knockdown in several other brain
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regions (specifically hippocampus and amygdala) block spatial and fear memory
respectively (Mataga et al., 2001). Egr1 expression is decreased by dark rearing as well as
monocular deprivation (Mataga et al., 2001; Worley et al., 1991), implying that it is activity
dependent, a required characteristic for ODP. Its expression is also decreased upon
blockade of NMDA-Rs, which are also required for ODP. It is required for the maintenance
(but not induction) of LTP in the hippocampus (Jones et al., 2001). Blocking Egr1 in
hippocampal neurons blocks endocytosis of AMPA-Rs (Qin et al., 2015), which is required
for LTD. Egr1 controls the expression of Arc (Li et al., 2005), which is required for ODP.
However, upon testing Egr1 KO mouse directly in the ODP model in vivo, its pattern of
OD shift was no different from WT (Mataga et al., 2001). Since there are so many
overlapping mechanisms in the brain, and so many proteins with correspondingly
overlapping functions, it is imperative to test putative candidates directly in a model of
plasticity to confirm that they are indeed involved.
As mentioned above, the activity of certain transcription factors is required for
normal learning and memory. We know these processes require experience-dependent
plasticity, which encompasses two different components – gain of function and loss of
function processes, synaptic strengthening and weakening, LTP and LTD. The specific
contribution of these broadly acting transcription factors to the different components of
experience-dependent plasticity (like Pc- and Dc- in ODP) must be ascertained in order to
hone our attempts to find therapeutic interventions for diseases where specific plasticity
is impaired. A lot of work has gone into investigation of receptors on the synaptic
membrane, as well as kinases and phosphatases involved in ODP, but not as many studies
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have looked at transcription factors inside the nucleus. Chapters IV and V of this thesis
focus more on transcription factors in ODP.

7

ODP as a tool to investigate plasticity deficits in neurological conditions
Abnormal binocular vision arising from conditions like a congenital cataract, can

lead to a life-long visual defect called amblyopia. Amblyopia, more commonly known as
“lazy eye”, affects 1-5% of the world’s population. It is a major cause of vision loss in
children and the leading cause of monocular visual deficit in adults (Bonaccorsi et al.,
2014). Amblyopia is not a disease where ODP is disrupted per se, but it is a neurological
condition originating in the visual cortex. Abnormal binocular vision during the critical
period causes the visual cortex to stop responding appropriately to simulation of the
affected eye. If the defective eye is not surgically corrected before the end of the critical
period of visual cortex plasticity, which is usually around 6-8 years of age, the individual
will have a permanent visual deficit. This permanent deficit arises from the inability of the
visual cortex to respond to stimuli entering the now-normal eye, as its critical period of
plasticity has closed. Visual deficits experienced by amblyopes include decreased acuity
and motion perception, as well as severe loss of contrast sensitivity and stereopsis (depth
perception) (Levi et al., 2015). Studies investigating the molecular mechanisms underlying
this disease have therefore naturally used the ODP paradigm in animal models.
Since it has been established that levels of plasticity after the critical period are
insufficient for the visual cortex to appropriately modify its responsivity to the repaired
eye, pharmacological attempts to reopen the critical period or enhance plasticity in
adulthood are being explored as new therapies for amblyopia. Restoring the
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excitation/inhibition balance of the visual cortex by manipulating neuromodulators such as
serotonin and acetylcholine (Ach) have shown promising results. Chronic administration
of a selective serotonin reuptake inhibitor (SSRI) fluoxetine resulted in a juvenile-like level
of ODP in rats (Maya Vetencourt et al., 2008). Since SSRIs like Prozac (active ingredient:
fluoxetine) are already FDA approved, the translation of this basic research finding would
be relatively quick and seamless. Similarly, knocking out Lynx1 in mice (Lynx1 hinders
nicotinic Ach-R binding by Ach) increases Ach receptor activity and permits juvenile-like
ODP in adult mice (Morishita et al., 2010). This work was translated into a clinical trial for
Donepezil, an Ach-esterase inhibitor, in amblyopia (Boston Children’s Hospital, 2017).
Such pharmacological interventions in combination with current therapies could
significantly improve outcomes for patients with amblyopia.
As with many models of plasticity, the molecular mechanisms underlying ODP can
be applied to experience-dependent plasticity in other sensory and non-sensory regions of
the brain. ODP was first used to study plasticity in disease using a ferret model of fetal
alcohol spectrum disorder (FASD) (Medina et al., 2003). Since that time, ODP in the
primary visual cortex has been used as a model system to study experience-dependent
plasticity in a variety of different animal models including Fragile X, Angelman syndrome,
Rett syndrome, hypoxia-ischemia, autism spectrum disorders, etc (Yashiro et al., 2009;
Dölen et al., 2007; Krishnan et al., 2015; Failor et al., 2010). The use of the ODP model in
vivo has helped to advance our knowledge of many of these diseases, and initiated the
search for underlying mechanisms that in time resulted in clinical trials of pharmacological
interventions in humans.
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7.1 FASD
Fetal Alcohol Spectrum Disorder is an umbrella term for a range of birth defects
observed in children whose mothers consumed alcohol during the course of pregnancy. It
is a leading cause of non-genetic intellectual disability in the Western world (British
Medical Association, 2016). Despite decades of public awareness and being 100%
preventable, FASD still affects about 1 in a 1000 babies (British Medical Association,
2016) and is up to 4% in some regions of the United States (May et al., 2014). The amount,
frequency and timing of alcohol exposure dictate the range and severity of abnormalities
observed, that include ADHD, autistic tendencies, speech impediments, impaired visual
processing, as well as deficits in learning and memory (Medina and Krahe, 2008).
Some of these negative consequences may result from the effect of early alcohol
exposure on neuronal plasticity, as suggested by studies in different animal models
(Medina, 2011). Single unit recordings in ferrets exposed to alcohol during development
show that these animals have a markedly reduced OD shift after 3 days of MD. Optical
imaging of intrinsic signals confirmed that the significant decrease in cortical
responsiveness to the deprived eye expected after 3 days of MD is not present in alcohol
exposed ferrets (Medina et al., 2003). VEP recordings after 7 days of MD in layer IV of
mouse V1B showed that alcohol exposure specifically affects the potentiation component
of ODP (Pc-ODP) but not the depression component (Dc-ODP) (Lantz et al., 2015).
However, optical imaging primarily measuring from layer II/III showed that Dc-ODP was
also affected in the mouse model of FASD. This suggests a layer-specific effect of
developmental alcohol exposure on the individual components of ODP.
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Vinpocetine, a phosphodiesterase type 1 (PDE1) inhibitor has been shown to
enhance neuronal plasticity in other animal models (DeNoble, 1987; Molnar and Gaal,
1992) as well as improve cognitive performance in humans with vascular dementia
(Balestreri et al., 1987). In fact, it is commonly sold for human use as a “memory
enhancing” dietary supplement (National Toxicology Program, 2013). Upon testing if
vinpocetine could mitigate the effects of alcohol exposure, studies showed that this drug
was able to fully restore ODP deficits in both ferret and mouse models of FASD (Medina
et al., 2006; Lantz et al., 2012). Additionally, alcohol-exposed rats treated with vinpocetine
performed significantly better than untreated controls in the Morris water maze task,
indicating that vinpocetine improves learning and memory deficits in animal models of
FASD (Filgueiras et al., 2010). Such preclinical studies could precede off-label prescription
of vinpocetine for FASD patients or encourage clinical trials for directly approved use in
FASD.
7.2 Fragile X
Fragile X is a genetic disorder caused by mutation of the Fmr1 gene, which codes
for the Fragile X Mental Retardation Protein (FMRP), a translational repressor protein.
Individuals with Fragile X exhibit intellectual disabilities, hyperexcitability, epilepsy and
autistic behaviors. The Fmr1 KO mouse, an animal model of Fragile X, displays deficits
in activity-dependent plasticity in the visual cortex (Gabel et al., 2004; Dölen et al., 2007),
as well as mGluR-dependent forms of LTP and LTD in the hippocampus (Huber et al.,
2002; Boda et al., 2014). Specifically, VEP recordings after 3 days of MD show that Fmr1
KO mice have normal Dc-ODP, but also significant Pc-ODP. The expression of Pc-ODP
in naïve mice does not occur until 5-7 days of MD, showing that potentiation is
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precociously facilitated in Fragile X mice. This ODP defect can be rescued by reducing the
expression of mGluR5 by 50% (Dölen et al., 2007).
Further examination of the mechanisms underlying the mGluR-dependent plasticity
deficits in Fragile X, have revealed that mice with reduced Fmr1 (by siRNA knockdown
methods) show excessive AMPA-R internalization that can be reversed by an mGluR5
antagonist (Nakamoto et al., 2007). Additionally, the Arc protein (required for AMPA-R
internalization) is increased in neurons lacking Fmr1 (Niere et al., 2012), suggesting a
linked mechanism between Arc, AMPA-R internalization and mGluR-dependent plasticity
deficits in Fragile X. The very first in vivo evidence for abnormal activity-dependent
plasticity in Fragile X was revealed by the study of ODP in a mouse model. This discovery
triggered the past two decades of Fragile X research, and culminated in several clinical
trials for the mGluR5 antagonist mavoglurant as a pharmacological therapy for affected
individuals (Novartis Pharmaceuticals, 2016).
7.3 Angelman Syndrome
In 1965, Harry Angelman first described a disease in 3 children that shared a
recognizable facial appearance as well as an array of symptoms including mental
retardation, seizures, frequent prolonged episodes of laughter and a jerky gait (Angelman,
1965). These last phenotypes introduced the name “happy puppet syndrome” to the rare
neurogenetic disorder now clinically known as Angelman syndrome (AS). In 1987, almost
2 decades later, there were only 38 published cases of clinically diagnosed Angelman
syndrome based on physical and behavioral features (Fisher et al., 1987), making further
insights into causal mechanisms mildly challenging. Only in 1997 was the genetic locus
of this disease identified as Ube3a on the maternal chromosome 15, coding for a ubiquitin
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ligase that targets proteins for proteosomal degradation (Kishino et al., 1997). A maternal
Ube3a knockout (m-/p+) mouse model of AS was made (Jiang et al., 1998) and AS
research expanded exponentially from that point. The first direct test of in vivo activitydependent plasticity deficits in AS mice was conducted in the ODP model. In a single
elegant study of the Ube3a KO, Yashiro and colleagues examined basal excitatory synaptic
transmission across development, structural plasticity at the level of the spine, synaptic
LTP and LTD in ex vivo slices, as well as ODP in vivo. They showed using VEPs in layer
IV that after 3 days of MD, AS mice did not exhibit Dc-ODP compared to WT mice. The
synaptic mechanisms of ODP were also disrupted – cortical LTD, as well as LTP induced
by some stimulation frequencies (HFS at 40Hz not 100Hz) were significantly decreased in
AS mice. Dendritic spine number was decreased in cortical layer II/III of AS mice
compared to WT, and this effect was only seen in animals reared under normal light
conditions. Dark-reared mice did not show any difference in spine number between the 2
genotypes, implying that this structural plasticity deficit is activity-dependent. Finally,
mini EPSCs in layer II/III showed lower frequencies but similar amplitudes in AS mice
compared to WT, suggesting that the abnormality is pre-synaptic, originating in afferents
from layer IV (Yashiro et al., 2009).

All these diseases have made major progress towards new treatment strategies, and
the ODP model of activity-dependent neuronal plasticity played an integral part in this
process. It remains a valuable tool to identify and investigate the molecular players
regulating plasticity in the normal brain and in neurological disorders where this plasticity
is disrupted.
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8. Summary
Ocular dominance plasticity is an elegant model to study the mechanisms of
experience dependent neuronal plasticity in the brain, allowing us to simultaneously and
independently investigate the two different components of visual cortex plasticity: DcODP and Pc-ODP. The opening and closure of the critical period are regulated by a separate
but potentially overlapping set of mechanisms than those that drive ODP after visual
deprivation during the critical period.
In a normal animal at the start of the critical period (3 weeks in mice), the early
developmental shift from NR2B-containing NMDARs to NR2A-containing NMDARs
has already occurred (Kobayashi et al., 2006). Therefore, at the onset of the critical
period, a normal mouse possesses a basal NR2A/NR2B ratio that can then be regulated
acutely by changes in activity and other molecular cues. The level of inhibition onto
excitatory neurons increases for the first several weeks of rodent development, eventually
reaching a high enough level that ODP can be enabled in the visual cortex, and marks the
opening of the critical period (Hensch and Fagiolini, 2005).
During the critical period, visual deprivation causes acute changes in excitatory
and inhibitory neurons, making the visual cortex amenable to the changes that take place
after a MD. The NR2A subunit of the NMDAR has a higher probability of opening, and
these faster channel kinetics are more amenable to LTP and Pc-ODP. The lower
probability of opening of the NR2B subunit makes it less likely to detect coincident
activity and therefore is more amenable to LTD and Dc-ODP (Erreger et al., 2005).
Visual deprivation during the critical period acutely changes the ratio of NR2A/NR2B,
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which enables ODP in the visual cortex after MD. NR2B expression is found to be
increased after 3 days of MD in mice, during which time Dc-ODP is prevalent in the
visual cortex (Chen and Bear, 2007). Inhibition also plays an acute role after MD during
the critical period, where visual deprivation increases the strength of inhibitory synapses
from fast-spiking (FS) interneurons onto excitatory cells (Maffei et al., 2006). This would
increase detection of unsynchronized activity, enabling Dc-ODP.
The role of transcription factors varies acutely depending on the response required by the
cell after visual deprivation. Dc-ODP and Pc-ODP during the critical period require
different sets of proteins to orchestrate, and the stimulus-specific activation of different
transcription factors determines which set of genes are expressed for specific long-term
plasticity changes to take place.
To end the critical period, perineuronal nets (PNNs) surround parvalbumincontaining inhibitory neurons physically preventing the formation of new synapses and
curtailing further inhibition (Hartig et al., 1999; Ye and Miao, 2013). This prevents the
acute changes in inhibition needed for Dc-ODP after MD, and heralds the level of postcritical period, adult plasticity.
Astrocytes also play a role in the level of plasticity during and after the critical period by
secreting plasticity-inducing molecules during the critical period and plasticity-restricting
molecules (such as proteoglycans that make up PNNs) at the end of the critical period.
In cortical neurons, there are several key sites where proteins execute the critical
functions required for ODP – the synaptic cleft, the synaptic membrane, the cytoplasm and
the nucleus. I focus on two of these sites, the synaptic cleft and the nucleus, where proteins
with very different functions contribute to the functional and morphological changes in the
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cortex after ODP. Accordingly, the work included in this thesis identifies novel players in
activity-dependent neuronal plasticity in the primary visual cortex, and specifically
determines their role in the potentiation and depression components of ocular dominance
plasticity. Identifying proteins that act on either one or both of the components of plasticity
can better direct future therapeutic interventions for diseases where either one or both
components are disrupted.
Specifics regarding chapters III, IV and V are summarized below.

Chapter III
Topic – Regulation of ODP by astrocyte-secreted hevin
Scientific premise – Astrocytes can respond to synaptic stimuli by secreting molecules
that regulate neuronal function. Hevin is an astrocyte-secreted protein that induces
thalamocortical synapse formation and recruits NMDA receptors to the synaptic
membrane. NMDA-Rs are required for the expression of ODP during the critical period,
therefore hevin’s synaptogenic function could be critical to activity-dependent plasticity in
vivo.
Hypothesis - Hevin expression in astrocytes during thalamocortical development is
necessary to enable ODP during the critical period.
Prediction 1: Hevin KO mice will not exhibit an ocular dominance shift after MD.
Prediction 2: Reintroducing hevin in astrocytes during thalamocortical development in
Hevin KO mice will restore normal OD shift.
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Prediction 3: If the requirement of hevin for ODP is specific to the period of
thalamocortical development, then reintroducing hevin in the astrocytes of KO mice after
thalamocortical development is complete will not restore OD shift.

Chapter IV
Topic – Regulation of ODP by activity-dependent transcription factors in neurons
Scientific premise – Activity-dependent transcription factors trigger the expression of
gene programs required for long lasting plasticity. Knowing which transcription factors are
required for the two components of plasticity, could help identify the pool of genes needed
to coordinate these opposing yet coexisting phenomena. CREB, SRF and MEF2 seem to
be differentially involved in LTD- and LTP-related processes, and therefore could
differentially mediate Dc-ODP and PC-ODP in vivo.
Hypothesis - CREB, SRF and MEF2 are necessary for ODP by differentially mediating
its individual components. CREB is required only for Pc-ODP, whereas SRF and MEF2
are required only for Dc-ODP.
Prediction 1: Blocking function of CREB, SRF or MEF2 in the primary visual cortex
will prevent OD shift in vivo.
Prediction 2: Blocking SRF or MEF2 will prevent only depression of deprived eye
response after MD (Dc-ODP)
Prediction 3: Blocking CREB function will prevent only potentiation of open eye
responses after MD (Pc-ODP)
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Chapter V
Topic – Activation mechanisms of CREB in ODP
Scientific premise – CREB is a transcription factor that controls the expression of a large
number of genes. Stimulus-specific mechanisms of CREB activation must therefore exist
to confer specificity on which genes are expressed to achieve a desired cellular response.
Activity-dependent phosphorylation of CREB at serine 133 (Ser133) is a well-known
activator of CREB and is required for ODP. Phosphorylation at serine 142 and 143
(Ser142/143) is also activity-dependent, and could be an ancillary activation mechanism
conferring specificity to CREB-dependent genes needed for Dc-ODP or Pc-ODP.
Hypothesis - Phosphorylation of CREB at Ser133 is not sufficient for ODP - additional
phosphorylation at Ser142/143 is required.
Prediction 1: KCl-induced membrane depolarization increases phosphorylation of CREB
at Ser133 and Ser142/143
Prediction 2: Blocking phosphorylation of CREB at Ser142/143 alone will disrupt ODP in
vivo
* Since there have been no studies on the role of pCREB at Ser142/Ser143 in mechanisms
of plasticity, I cannot predict directionality (Is Ser142/Ser143 phosphorylation more
important for Dc-ODP or Pc-ODP?)

The specific molecular players that I investigated have different origins as well as
different sites of action. Chapter III examines astrocytic regulation of neuronal plasticity,
via the astrocyte-secreted protein hevin that carries out its primary function within the
synaptic cleft. My data shows that the expression of hevin in astrocytes during a specific
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period of development is necessary and sufficient for ocular dominance plasticity. Chapters
IV and V explore the role of neuronal transcription factors in ODP. My results reveal three
activity-dependent transcription factors – CREB, SRF and MEF2 – that differentially
mediate the depression and potentiation components of ODP. Additionally, I implicate a
previously understudied CREB phosphorylation site at Ser142/143 in activity-dependent
neuronal plasticity.
The expression “from bench to bedside” refers to the translation of basic science
research to helping improve human lives. The search for pharmacological therapies to treat
disease begins with identifying potential drug targets that are critical to normal brain
function. The completion of this thesis is a step in that direction.
“Little by little does the trick” – Aesop
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Chapter II
GENERAL METHODS
Unless specified otherwise in any subsequent chapter, all techniques were
performed as described in this General Methods chapter. Most chapter-specific
modifications are based on reagents used (viral vectors, antibodies, etc.), and the age of the
animal undergoing surgery (intracortical virus injection, electrode implantation). These
differing reagent details and timelines will be specified in each chapter.
Animals
All animals were used in accordance with the protocols of the University of
Maryland School of Medicine Institutional Animal Care and Use Committee. Mice were
bred in our colony, or sourced from University of Maryland School of Medicine Veterinary
Resources and Jackson Laboratories. Electrophysiology recordings were conducted on
animals that were monocularly deprived at P27/28 during the peak of the critical period of
visual cortex plasticity. A balanced number of males and females were used in every
experimental group.
Western blotting
Mice were euthanized with isoflurane followed by decapitation. Their brains were
extracted and the primary visual cortex dissected out on ice. The tissue was homogenized
in RIPA lysis buffer (Millipore 20-188) with protease/phosphatase inhibitors (Cell
Signaling 5872). A Bradford assay was performed to determine protein concentration and
boiled samples of equal protein content (usually 20ug) were run on 4-15% TGX Protean
gels (Biorad), with 1X Tris/Glycine/SDS running buffer (0.25M Tris, 1.92M Gly, 1% SDS)
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in the mini-protean Biorad Tetracell electrophoresis chamber. Gels were transferred to
PVDF membrane in 1X TransBlot Turbo transfer buffer (Biorad) in 20% ethanol, using
the Biorad Trans-blot turbo transfer system. Membranes were blocked for at least 90
minutes using 2-4% non-fat blotting-grade blocker (Biorad) in 1X Tris-buffered saline with
0.1% Tween (1X TBST). Blocked membranes were then cut at 25-30kD (visible ladder
was used as a marker), and the top and bottom membranes were incubated overnight at 4°C
with the desired primary antibodies. The bottom membrane was used to blot for
Cyclophilin B (1:10k, Thermo-Fisher PA 1-027A) as loading control. The following day,
the membranes were washed in 1X TBST and then incubated for 1 hour with horseradish
peroxidase conjugated secondary antibodies. ECL reagents (Biorad Clarity) were used to
chemiluminescently visualize the protein. ImageJ was used for densitometry analysis and
all OD values were normalized by loading control.
Electrode implantation
Surgery was conducted on mice placed on a heating pad under isoflurane anesthesia
maintained at 1-2% for the duration of the surgery. 0.1mg/kg buprenorphine was
administered as pre-emptive analgesia. The fur on the mouse’s head was shaved and the
surgical site cleaned with betadine and alcohol. Marcaine (Hospira, Inc. Lake Forest, IL)
was topically applied, and a skin incision was made exposing a region from the occipital
portion of the skull up to bregma. Burr holes were drilled at 0.5mm rostral to lambda and
3mm lateral to the midline (Figure 2.1), which corresponds to the binocular zone of the
visual cortex (V1B) in mice. Here, tungsten microelectrodes (FHC, Inc. Bowdoin, ME)
with tip impendences between 0.3-0.55 MOhms were stereotaxically implanted bilaterally
at a depth of 450-480µm in order to target layer 4 cells as previously described (Heynen
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and Bear, 2001; Porciatti et al., 1999; Lantz et al., 2015). Reference electrodes were
implanted at approximately 0.5mm caudal to Bregma and 2mm lateral to the midline,
avoiding any visible blood vessels. The four electrodes as well as a vertical headfix post
(for immobilization during VEP recordings) were secured to the skull with cyanoacrylate,
creating a fixed headstage from which chronic VEP recordings were made. Figure 2.2
illustrates the placement of all implanted components on the headstage.

Figure 2.1 – Location of virus injection.
Cranial landmarks show the location of the virus injection in blue. V1B coordinates as marked
here have been previously reported for juvenile mice (Frenkel and Bear, 2004).

44

Figure 2.2 – Orientation of headstage components after implantation.
The 2 gold pins in the back are the recording electrodes implanted bilaterally in V1B, and the 2
gold pins in the front are the reference electrodes. The silver post at the most rostral position is
used to immobilize the animal during recordings.

Intracranial virus injection
Injection of viral constructs was performed together with the electrode implantation
surgery, unless specified otherwise. After the burr holes were drilled, a microsyringe pump
controller (World Precision Instruments Micro4) was used to bilaterally deliver 1ul of the
desired viral construct into the cortex at an infusion rate of 1nl/s with a diffusion time of
2-3 minutes. As post-operative analgesia for the above surgeries, 0.1mg/kg buprenorphine
was administered every 12 hours for 2 days.
Visually Evoked Potential (VEP) recording
After 2 days of recovery from electrode implantation surgery, mice were habituated
for at least 30-60 minutes in the recording setup, where they are head-fixed inside a
protective, non-restraining tube. After movement artefact is sufficiently reduced, the mice
were presented with a visual stimulus to each eye independently, during which visually
evoked local field potentials were recorded. Recordings were conducted using XCell-3
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amplifiers (FHC, Inc.), a 1401 digitizer (CED, Cambridge, UK), a 50/60Hz Noise
Eliminator (Quest Scientific, Vancouver, Canada) and Spike 2 software (Cambridge
Electronics Design, Cambridge, UK). XCell-3 amplifiers were set at a low frequency cutoff
of 0.1Hz and a high frequency cutoff of 100Hz. The visual stimulus consisted of a fullfield phase-reversing ordinal sine grating at 0.5Hz with 100% contrast, was controlled by
a custom program written in MATLAB (MathWorks, Natick, MA), and was presented at
a distance of 21cm from the animal. The angle of the stimulus was changed (45° to 135°)
for sessions before and after monocular deprivation, to avoid any confounds with respect
to stimulus-selective response potentiation (Cooke and Bear, 2010).
Recordings were made of at least 100 stimulus presentations, and peak to trough
amplitudes of the field potential were measured. This same recording procedure was
conducted to measure VEPs before and after monocular deprivation, generating paired data
(pre-MD and post-MD) and within-subject controls. For the post-MD recording session,
VEPs during ipsilateral (open eye) stimulation were recorded prior to opening the MD.
Then the sutures were removed and VEPs were recorded during stimulation of the deprived
eye. The recording procedure and VEP signal output is illustrated in Figure 2.3.
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Figure 2.3 – Schematic of VEP recording.
The implanted mouse views the visual stimulus. Electrical signals are transmitted through an
amplifier, noise eliminator and digitizer, and are recorded as the EEG signal shown in green. The
amplitude of the VEP response (after averaging) is measured in microvolts (µV) from peak to
trough as marked by the red lines.

Monocular deprivation
Surgery was conducted under isoflurane anesthesia, following the baseline VEP
recording. The fur around the eye was clipped, and the eyelashes trimmed. Ophthalmic
proparacaine (Akorn, Inc; Lake Forest, IL) was applied topically, and the edges of the
upper and lower eyelids trimmed. The lids were stitched together using 7-0 prolene suture
(Ethicon, Inc) and Gluture tissue glue (Abbott Laboratories; Chicago, IL) sealed the lids
together. Since the mice are prone to scratch the surgical site, a thin film of cyanoacrylate
was used to cover the area and reducing the probability of the eye being reopened during
the 7-day period of MD.
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VEP data analysis and statistics
Contralateral Bias Index (CBI) was calculated as the ratio of the contralateral VEP
amplitude over the ipsilateral VEP amplitude for each animal (Figure 2.4). When
quantifying the individual components of ODP, compensation for variations in noise and
impedance was conducted as in previous studies (Makowiecki et al., 2015; You et al.,
2011). The average distance of each data point from the mean of all data points in each
analyzed recording was determined for both pre-MD and post-MD recordings. A ratio of
this mean difference was then multiplied by the peak to trough measure of the post-MD
field potential to reach post-MD VEP amplitude. All VEP experiments assessing ODP
(CBI or VEP amplitudes) were analyzed using two-tailed paired t-tests because this in vivo
technique allows for within-subject controls. One-way ANOVA was used to analyze
differences in baseline VEP amplitudes and in baseline CBI between all experimental
groups.

Figure 2.4 – Representative VEP traces from a naïve mouse before and after MD
(Left) An implanted mouse with 2 recording electrodes and 2 reference electrodes. The red cross
on the mouse’s eye represents the MD, and VEPs are recorded from the hemisphere contralateral
to the MD (red electrode) during stimulation of each eye individually. (Middle) Representative
VEP traces before and after MD, with red lines indicating peak to trough amplitude of the VEP
from the deprived eye and open eye. Comparing responses before and after MD, Dc-ODP
represents a decrease in VEP amplitude from deprived eye stimulation, and Pc-ODP represents an
increase in VEP amplitude from open eye stimulation. (Right) Ratio of VEP amplitude from
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stimulation of contralateral and ipsilateral eye (contra / ipsi) is calculated to get contralateral bias
index (CBI) which shows a downward “OD shift” after MD.
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Chapter III
EXPRESSION OF HEVIN IN ASTROCYTES MEDIATES OCULAR
DOMINANCE PLASTICITY 1

Introduction
The ability of a neuron to be plastic arises through a complicated network of
mechanisms that begin during the development of the brain. The resulting neuronal
plasticity shifts bidirectionally over the course of life via activity-dependent modifications
in response to different stimuli/experiences. In the primary visual cortex of a mouse, axons
from the thalamus arrive at layer IV and form synapses at an early postnatal age around
P10 (Blue and Parnavelas, 1983; Risher et al., 2014). The appropriate formation of
synapses is crucial during this time in order for neurons to remain plastic during subsequent
critical periods and into adulthood.
Glial cells such as astrocytes were originally thought to be passive helper cells in
the brain, but are now appreciated for their active communication with neurons and their
keen influence on neuronal development and synaptic plasticity (Volterra and Meldolesi,
2005; Fields and Stevens-Graham, 2002; Allen and Barres, 2005). Although they do not
fire action potentials, astrocytes exert their influence by regulating the turnover of
neurotransmitters, as well as by secreting a variety of molecules like gliotransmitters,

1

This work was done in collaboration with the lab of Dr. Cagla Eroglu at Duke University Medical
Center, Durham, NC, which provided us with the Hevin mouse lines and PCR primers, generated
the AAV virus construct, and performed immunohistochemistry for confirmation of virus infection.
A portion of this chapter was published in Singh S.K., Stogsdill J.A., Pulimood N.S., Dingsdale H.,
Kim Y.H., Pilaz L.J., Kim I.H., Manhaes A.C., Rodrigues W.S. Jr, Pamukcu A., Enustun E, Ertuz
Z., Scheiffele P., Soderling S.H., Silver D.L., Ji R.R., Medina A.E., Eroglu C. Astrocytes Assemble
Thalamocortical Synapses by Bridging NRX1α and NL1 via Hevin. Cell. 2016 Jan 14;164(12):183-96.
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growth factors and cytokines (Santello et al., 2012; Wiese et al., 2012). One of the
recognized members of the diverse astrocyte secretome is thrombospondin, a nonstructural extracellular matrix protein (matricellular protein) with functions in neurite
outgrowth, cell adhesion and synapse architecture (Arber and Caroni, 1995; Adams, 1995).
Another astrocyte-secreted matricellular protein is SPARCL1 (Secreted Protein Acidic and
Rich in Cysteine – Like protein 1) (Johnston et al., 1990). SPARCL1 is also known as hevin
(High Endothelial Venule protein), which is how I will refer to it henceforth. Hevin has
been associated with several neurological disorders in humans. Mutations in the hevin gene
(SPARCL1) have been linked to autism by large-scale GWAS studies (De Rubeis et al.,
2014), and it is found to be down-regulated in autistic and depressed individuals (Zhurov
et al., 2012; Purcell et al., 2001).
In the first several weeks of postnatal brain development in mice, some hevin is
present in neurons (Lively and Brown, 2008), but the vast majority of its expression is in
astrocytes (Kucukdereli et al., 2011). After its secretion by astrocytes, hevin localizes to
the synaptic cleft of excitatory neurons (Lively et al., 2007), where it regulates
synaptogenesis and synaptic morphology (Kucukdereli et al., 2011). Risher and colleagues
showed that synaptic spines of thalamocortical neurons make multiple excitatory contacts
in young animals, which subsequently get refined into single-contact spines by the age of
P25. This refinement is impaired in hevin knockout (Hevin KO) mice, implying that proper
thalamocortical synapse formation requires the normal expression and function of
astrocyte-secreted hevin (Risher et al., 2014).
The mechanism by which hevin regulates synapses had not been previously
investigated. Singh and colleagues, our collaborators at Duke University, conducted
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elegant work to elucidate this mechanism (Singh et al., 2016). They showed that hevin
induces synaptogenesis by acting as a trans-synaptic bridge between presynaptic and
postsynaptic neurons. It links the pre- and postsynaptic alignment proteins, neurexin1α and
neuroligin1, which stabilizes the synapse (Figure 3.1). They showed that Hevin KO mice
have a markedly decreased number of VGlut2-positive neurons in the cortex, which
primarily labels thalamocortical neurons into layer IV. This reduced thalamocortical
connectivity can be rescued in vivo, by injecting purified hevin back into the cortex of KO
mice. Taken together, these data show that hevin is crucial for thalamocortical synapse
formation via its trans-synaptic bridging function between neurexin1α and neuroligin1B.
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Figure 3.1 – Hevin function in a thalamocortical synapse of the visual cortex.
The visual circuit begins with the eye and relays through the lateral geniculate nucleus (LGN) of
the thalamus. From the LGN, thalamocortical afferents synapse onto visual cortical neurons in the
cortex. Hevin is secreted by adjacent astrocytes and localizes to the synaptic cleft of excitatory
neurons. Hevin bridges presynaptic neurexin1α (Nrx1α) and postsynaptic neuroligin1 (NL1). It
also recruits NMDA-Rs into the synaptic membrane. The inset is modified from (Singh et al.,
2016).

But is the role of hevin in thalamocortical synapse formation required for activitydependent neuronal plasticity later in life? This is a distinct possibility, as hevin regulates
several molecular players with functions critical to plasticity. Singh and colleagues showed
that Hevin KO mice have decreased expression of the NR1 and NR2B subunits of
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postsynaptic NMDA-Rs in the cortex. Hevin also strongly enhances NMDA-R current in
retinal ganglion cell cultures. This enhancement was abolished upon treatment with
ifenprodil, a NR2B specific antagonist, showing that hevin regulates primarily NR2Bmediated NMDA-R activity (Singh et al., 2016). Taken together, these data suggest that
hevin is required for recruitment of NMDA receptors to the synapse.
The two specific subunits that hevin regulates, NR1 and NR2B, play important
roles in activity-dependent plasticity. We know that functional NMDA-Rs are required for
both components of ODP (Roberts et al., 1998; Bear et al., 1990), and that the NR1 subunit
is an obligatory component of functional NMDA-Rs (Cull-Candy et al., 2001).
Additionally, blocking the NR2B subunit with ifenprodil blocks LTP in the hippocampus
and in thalamocortical synapses of the barrel cortex (Barria and Malinow, 2005; Lu et al.,
2001). Studies in the visual cortex show that a loss of the NR2B subunit in layer 4 coincides
with the end of the critical period of visual cortex plasticity in ferrets (Erisir and Harris,
2003). Also, there is a decrease in the NR2A/NR2B ratio during the expression of both
components of ODP after 5 days of MD (Chen and Bear, 2007).
The establishment of plastic synapses during thalamocortical development is what
permits subsequent activity-dependent plasticity in these neurons. Since hevin is required
for thalamocortical synaptogenesis, and recruits NMDA-Rs to the synapse, we wanted to
test the role of this astrocyte-secreted protein in ODP in vivo. In the experimental
paradigm of ODP, activity-dependent cortical changes take place in the primary visual
cortex after a MD by eyelid suture during the critical period (Wiesel and Hubel, 1963).
We hypothesized that the synaptogenic function of astrocyte-secreted hevin during
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thalamocortical development would be a key mechanism for the manifestation of
activity-dependent plasticity in the visual cortex during the critical period.
Hypothesis – Hevin expression in astrocytes during thalamocortical development is
necessary to enable ODP during the critical period.
Prediction 1: Hevin KO mice will not exhibit an ocular dominance shift after MD.
Prediction 2: Reintroducing hevin in astrocytes during thalamocortical development in
Hevin KO mice will restore normal OD shift.
Prediction 3: If the requirement of hevin for ODP is specific to the period of
thalamocortical development, then reintroducing hevin in the astrocytes of KO mice after
thalamocortical development is complete will not restore OD shift.

Methods

Animals - Animals used in this chapter were of the SVE/129 background strain. Breeding
pairs that were a homozygous knockout or heterozygous for the hevin gene (Hevin KO,
Hevin Het respectively) were bred to generate animals of KO, Het or WT genotypes. Litters
generated from KO x Het and Het x Het breeding pairs were tested to confirm genotype.
Some WT mice were also sourced directly from Taconic Laboratories.
Genotyping – Genotypes were confirmed with the Promega Genomic DNA Purification
Kit. Briefly, snips of mouse tail were digested overnight in nuclei lysis buffer and
proteinase K. The protein fraction was then precipitated and centrifuged out, followed by
precipitation of DNA with isopropanol. This purified genomic DNA was rehydrated and
its concentration determined on a spectrophotometer (WPA Biowave). Oligonucleotide
primers specific to WT and Hevin KO regions were used to amplify the corresponding
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DNA sequences by PCR. The forward primer sequence (for WT and Hevin KO) was (5' to
3'): GGA ATA TGT AGG GAT GCC ATC GG. The reverse primer sequence for WT was
(5' to 3'): AGC ACA GCC TTC ATG CTG GC, and for Hevin KO (5' to 3'): GGG AAG
ACA ATA GCA GGC ATG C. The amplified PCR product was run on a 4% agarose gel
with ethidium bromide to visualize bands confirming the genotype of each animal as WT,
Hevin KO or Hevin Het. 100bp DNA ladder (New England Biolabs) was used to determine
band sizes.
Adeno-Associated Virus(AAV) 2/5 constructs - Either full length hevin (a.a. 17-650) or a
deletion mutant lacking a.a. 351-440 (Hevin-ΔDE) was reintroduced into KO mice via
intracranial injection (Figure 3.2). Briefly, hevin cDNA constructs were cloned into the
pAPtag5 vector which enables secretion of any fragment cloned into it. This was
subsequently cloned into the pZac2.1 gfaABC1D-Cyto-GCaMP3 viral vector replacing the
GCaMP3 sequence. The final plasmid was packaged into the AAV2/5 virus by Penn Vector
Core facility (University of Pennsylvania). The AAV2/5 serotype as well as the human
GFAP promoter (gfaABC1D) are both highly selective for astrocyte infection and
transgene expression (Shigetomi et al., 2013). AAV2/5 takes about 1 week to express in
the brain in vivo, and can be visualized up to 30 days after injection. Virus titer of AAV
was 1.82 x 1013 genome copies/ml.
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Figure 3.2 – Diagrams of AAV constructs used in Chapter III
(Top) The general design of the AAV vector is shown here. The GfaABC1D promoter is specific
to astrocytes. The same vector was used to express both Hevin constructs used in Chapter III.
(Bottom) The constructs were either Hevin (full length hevin protein) or Hevin-∆DE (mutant
hevin lacking a.a. 351-440). Figure adapted from (Singh et al., 2016).

Intracranial virus injections – Since AAV takes ~ 1 week to express in vivo, Hevin KO
mice were injected at P3 and P21, in order to have expression in the visual cortex at P9/10
and P27/28 respectively.
For P21 virus injections, the same procedure was followed as described in General
Methods. At P3, Hevin KO pups were anesthetized by hypothermia (7 minutes wrapped
in latex barrier in ice-water slurry) as previously described (Danneman and Mandrell,
1997), and then taped down on a pre-cooled stage to immobilize the head. 50-100nl of the
AAV2/5 construct was injected into the visual cortex using a Hamilton neurosyringe. The
skin is transparent enough that cranial sutures can be clearly visualized under a surgical
light source. The skull of the animal at this age is soft enough that no craniotomy was
required. The location of the P3 visual cortex was estimated relative to the known
coordinates in juvenile animals (Figure 2.1, General Methods), and successful viral
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infection was confirmed by post-hoc immunohistochemistry following the terminal
experiment. After recovery on a heating-pad, the pups were returned to their dam and home
cage to develop normally.
VEP experiments - All surgical and electrophysiological procedures involved in
conducting a VEP experiment (electrode implantation, baseline VEP recording,
monocular deprivation and post-MD VEP recording) were performed as described in
General Methods. For this study, VEPs were recorded from three groups of non-injected
mice (WT, Het, KO) and two groups of mice injected (Hevin KO+P3 Hevin and Hevin
KO+P21 Hevin). Recordings were taken from a minimum of 5 animals/genotype. Figure
3.3 clarifies the VEP experiment timelines for this study.

Figure 3.3 – Timelines of VEP experiments in non-injected and injected cohorts.
Animal age is highlighted in blue, developmental milestones at the corresponding ages are
highlighted in orange, all surgeries are boxed in red, expression of the virus is indicated in green,
recovery period is shaded in yellow and MD period is shaded in grey. Pre-MD and post-MD VEP
recordings were done in all animals at the indicated ages.
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Immunohistochemistry - After the VEP experiment was completed, mice were perfused
with cold 4% paraformaldehyde. The implanted electrodes were carefully removed, the
brain was extracted and cryoprotected in sucrose. Immunohistochemistry was performed
to confirm appropriate hevin expression in virus injected brains. 20μm sections were
obtained using a cryostat (Leica), washed twice in 1x TBS buffer with 0.02% Triton
(TBST), then blocked for 1 hour with 5% goat serum in TBST. The sections were then
incubated overnight with NeuN (mouse anti-NeuN; Millipore MAB377), GFAP (rabbit
anti-GFAP; Dako Z0334) and the previously characterized hevin antibody (Kucukdereli et
al., 2011). Species-specific secondary antibodies were then incubated with the sections for
2 hours followed by three washes of TBST and finally mounted with DAPI containing
mounting media. Images were acquired using the Leica SP5 or Zeiss 780 confocal
microscopes. IHC methods taken from (Singh et al., 2016).
Statistics – VEPs were analyzed as stated in General Methods.

Results

My hypothesis proposed that astrocyte-secreted hevin is necessary specifically
during the formation of thalamocortical synapses, in order for activity-dependent plasticity
to occur during the critical period. The first step towards falsifying the hypothesis was to
determine if hevin plays any role in ODP at all. We tested this by measuring VEPs before
and after a MD during the critical period. From the original KO and Het breeders that we
received from our collaborators, we generated mixed litters to ensure that animals of all
genotypes would be available for in vivo electrophysiology around similar time frames.
The forward and reverse primers specific for the WT hevin gene produced a 300bp
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amplicon and the primer set for the KO generated an amplicon of 320bp. Animals were
accordingly classified into cohorts of three different genotypes – WT, Het and KO (Figure
3.4).

Figure 3.4 – Genotyping to identify WT, Hevin KO and Hevin Het mice.
The known sizes of the 100bp ladder confirms that the amplified DNA samples run in Lane 2, 3
and 9 of this agarose gel are Hevin KO, WT and Hevin Het respectively.

We collected paired VEP recordings from the three cohorts of mice, and assessed
ODP in the visual cortex. The ratio of the VEP response amplitude after individual
stimulation of the contralateral eye versus the ipsilateral eye generates a contralateral bias
index (CBI), which in rodents is typically between 1.2–2.5 (Frenkel and Bear, 2004;
Porciatti et al., 1999). In a naïve mouse, an ocular dominance shift is observed after MD,
which is detected as a decrease in CBI (Sawtell et al., 2003). Accordingly, WT mice
exhibited a significant decrease in CBI after MD (Figure 3.5 left). The Hevin Het group
also presented a similar ocular dominance shift (Figure 3.5 middle). However, there was

60

no change in the CBI of KO mice, implying that hevin is required for ODP (Figure 3.5
right). From this data, we can conclude that hevin is in fact required for ODP.

Figure 3.5 – ODP is disrupted in Hevin KO mice.
The contralateral bias index (CBI) of (left) WT mice (n=9, *p=0.003, paired t-test) and (middle)
Hevin Het mice (n=5, *p=0.02, paired t-test) is significantly decreased, but there is no change in
CBI of (right) Hevin KOs (n=6, p=0.35, paired t-test). Each blue line represents 1 animal.
n.s.=not significant.

Next, I investigated the mechanistic part of our hypothesis, which proposed that
hevin secreted by astrocytes specifically during thalamocortical development enables
ODP. I used an adeno-associated viral (AAV) vector expressing the full length hevin
protein (AAV-Hevin) to reintroduce hevin in KO mice at specific developmental time
points. The AAV 2/5 serotype as well as the GFAP promoter makes this viral construct
express hevin specifically in astrocytes. Thalamocortical synapse formation in a mouse is
ongoing at P10 (Risher et al., 2014; Blue and Parnavelas, 1983), and the AAV takes about
1 week to express in vivo (Allocca et al., 2007). Therefore, animals had to be injected as
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neonates. I injected animals at P3 and returned them to their dam to develop alongside their
littermates for about 3 weeks before being implanted with VEP electrodes (see timeline in
Methods section for details). Remarkably, reintroducing hevin during thalamocortical
development completely restored ODP in Hevin KO mice (Figure 3.6 middle).
Additionally, we wanted to test if the synaptogenic function of Hevin was required for
ODP. Singh and colleagues had discovered that a specific amino acid region on hevin, from
a.a. 351- 440 (that they called “DE”), is required for binding both presynaptic Nrx1 and
postsynaptic NL1, and for carrying out its trans-synaptic bridging and synaptogenic
function. Therefore, I used the same AAV2/5 vector to reintroduce, into Hevin KO mice,
a mutated form of full length hevin lacking the DE region (Hevin-∆DE). I found that Hevin∆DE injected mice resembled Hevin KOs and did not show a significant OD shift. Taken
together, my results suggest that the synaptogenic function of hevin is required for ODP.
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Figure 3.6 – Hevin is required for ODP via the DE region that mediates its synaptogenic
function.
(Left) CBI of Hevin KO mice shows that ODP is impaired. The grey box indicates data that has
previously been presented in this thesis. (Middle) When full length hevin is reintroduced into
astrocytes at P9 (by injection at P3), CBI is significantly decreased after MD, indicating a normal
OD shift (n=8, *p=0.02, paired t-test). (Right) When the mutated hevin (Hevin-∆DE) is
reintroduced into astrocytes at P9, CBI does not decrease, resembling the disrupted ODP seen
Hevin KO mice (n=8, p=0.24, paired t-test). Each blue line represents 1 animal. n.s.=not
significant.

It is important to realize that the results in Figure 3.6 alone do not allow us to
conclude that hevin is required specifically during thalamocortical development. The AAV
2/5 serotype has been shown to retain stable transgene expression in vivo for several
months in adult mice (Eroglu lab – personal communication), and our AAV-Hevin
construct shows hevin expression for up to 1 month after injection (data not shown). This
means that the injection of AAV-Hevin at P3 ensures expression during thalamocortical
synapse formation but does not restrict it to this developmental window. Therefore, a key
prediction to the developmental-timing clause of the hypothesis is that reintroducing Hevin
only after thalamocortical development is complete would not restore ODP. I tested this
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by injecting mice with the full length AAV-Hevin at P21, and assessing ODP after a MD
during the critical period. Note that mice in this experimental group lack hevin during
thalamocortical development, but show hevin expression in astrocytes by the peak of the
critical period of visual cortex plasticity (injection at P21 leads to expression at P28).
Surprisingly, I found that reintroduction of hevin in astrocytes at P28 also restores ODP
(Figure 3.7). Taken together, these results show that the astrocyte-secreted hevin is required
for thalamocortical neurons to undergo ODP, but the developmental window when it is
needed does not include the period of “DE”-dependent synaptogenesis.

Figure 3.7 – Hevin expression during thalamocortical development is not necessary for
ODP.
(Left) CBI of Hevin KO mice shows that ODP is impaired. The grey box indicates data that has
been previously presented in this thesis. (Middle) When hevin is reintroduced into astrocytes at
P9 (injection at P3), CBI is significantly decrease after MD, indicating a normal OD shift. (Right)
When hevin is reintroduced into astrocytes at P28 (injection at P21), mice still exhibit a normal
OD shift after MD (n=7, *p=0.02, paired t-test). Each blue line represents 1 animal. n.s.=not
significant.
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To confirm successful infection of AAV and appropriate expression of hevin, all
injected KO mice were perfused with 4% paraformaldehyde after the terminal VEP
experiment for post-hoc validation by immunohistochemistry. All injected mice had visible
hevin expression in the visual cortex, distributed in the space surrounding neurons (Figure
3.8A). More specifically, AAV-Hevin localizes to the endfeet of astrocytes, from where
they are secreted (Figure 3.8B).
We also showed that the raw amplitude of VEP responses in all groups were similar
to each other (Figure 3.9 left), eliminating any gross effect of differing hevin genotype on
the output of the visual circuit. A contralateral bias prior to MD is another indication that
the visual system as a whole is unaffected, since most cortical afferents in normal mice
originate from the contralateral eye. We did observe a higher contralateral bias in Hevin
KOs, which returned to normal levels after hevin expression was rescued in astrocytes
(Figure 3.9 right).
Taken together, the data presented in this chapter lead to the following conclusions.
The lack of hevin causes deficits in neuronal plasticity during cortical development.
Reintroduction of hevin in astrocytes of V1B, is sufficient to rescue the plasticity defect in
Hevin KO mice. While depriving the brain of astrocytic hevin specifically during
thalamocortical synaptogenesis does not disrupt ODP, its expression during the critical
period is indispensable. Finally, the DE region is the crucial segment responsible for
hevin’s role in activity-dependent plasticity in the visual cortex.
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Figure 3.8 – Injection of AAV-Hevin leads to robust expression in the visual cortex.
(A) This is a fixed section of V1B from an animal injected with AAV-Hevin at P3. Neurons
stained with NeuN (red) are surrounded by astrocyte-secreted hevin (green). The right panel is the
same brain at higher magnification. (B) Hevin (red) is localized to the endfeet of astrocytes
(green) in AAV-infected astrocytes (left) but is absent in non-infected astrocytes (right). Figure
B is from (Singh et al., 2016).
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Figure 3.9 – Baseline VEP responses and contralateral bias in all experimental groups
(Left) The raw amplitude of VEP responses are not different in all experimental groups (1-way
ANOVA, F(3,24)=0.58; n=9 WT, 5 Het, 6 KO and 8 KO+Hevin). (Right) Contralateral bias in
Hevin KOs is higher than WT, but is within the range of a normal mouse, and returns to normal
when hevin is added back (1-way ANOVA, F(3,25)=4.53, p=0.01; Tukey’s post-hoc test “WT”
versus “Hevin KO” *p=0.04, “Hevin KO” versus “Hevin KO+Hevin” *p=0.008).

Discussion
Astrocytes can influence neuronal structure and function by secreting molecules
like gliotransmitters, trophic factors and matricellular proteins (Chung et al., 2015). One of
the first pieces of evidence toward the influence of astrocytes on developmental plasticity
was the 1989 study by Muller and Best, where they showed that injection of immature
astrocytes into the visual cortex of adult cats was able to reopen the critical period of ODP
(Muller and Best, 1989). This was presumably via the effects of the diverse molecules
secreted by astrocytes. Accordingly, astrocyte-conditioned media has been shown to
ameliorate functional and morphological defects observed in models of Fragile-X and
stroke (Cheng et al., 2016; Wolf et al., 2014).
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Hevin is an astrocyte-secreted protein that localizes to the synaptic clefts of
excitatory neurons (Lively et al., 2007). Some functions of hevin have been recently
revealed. It serves as a trans-synaptic bridge protein between pre and post synaptic neurons.
It recruits NMDA receptors to the synaptic membrane and enhances NR2B mediated
NMDA current (Singh et al., 2016). It is required for thalamocortical synapse formation
(Singh et al., 2016; Risher et al., 2014; Kucukdereli et al., 2011) which is mediated by a
specific DE region on the hevin protein. Given these functions, it is reasonable to presume
that the formation of plastic synapses bridged by hevin during development of
thalamocortical circuitry could be the basis for subsequent plasticity in those neurons.
However, my results suggest that absence of astrocyte-secreted hevin precisely during the
period of thalamocortical development does not impair ODP. Despite Hevin KO mice
having reduced thalamocortical synaptogenesis (Singh et al., 2016), this does not impede
the ability of the visual cortex to undergo subsequent activity-dependent plasticity. The DE
region of hevin, however, is required for ODP. Since this specific region is responsible for
hevin’s bridging and synpatogenic functions, we must conclude that the DE region plays
some other role, independent of synaptogenesis, that also makes it critical for ODP.
In light of the discovery that hevin acts as a trans-synaptic bridging protein (Singh
et al., 2016), other findings like hevin’s synaptogenic effects (Kucukdereli et al., 2011;
Risher et al., 2014; Singh et al., 2016) and that hevin KO mice are not plastic (my results
above), immediately bring to mind the action of hevin during the initial formation of
synapses. However, Risher and colleagues showed that during early development, many
synaptic spines with multiple contacts on thalamocortical neurons are refined into singly
innervated spines by the fourth postnatal week of life. This refinement is impaired in Hevin
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KO animals (Risher et al., 2014). An important conclusion from this is that hevin is
required for synapse refinement and the elimination of synapses that have already
established contact. This implies that hevin can have an effect on synapses that are already
formed, and lead to their elimination. This elimination of synapses is an important part of
what occurs after MD in ODP. My data showed that hevin expression in astrocytes is
required during the critical period for ODP to occur, as reintroduction of hevin in KO mice
at P28 was able to rescue ODP. Therefore, hevin must play an important role specifically
during the critical period to make these neurons amenable to ODP. The ability of hevin to
regulate synapses after their initial formation helps to explain why the expression of hevin
in astrocytes specifically during the critical period, and not during thalamocortical
development, can restore ODP in KO mice. But how does hevin accomplish this rescue
specifically during the critical period?
Astrocytes are conveniently positioned adjacent to synaptic clefts where they can
detect neurotransmitter release, and modulate transmission or alter plasticity (Chung et al.,
2015). It is plausible that during the critical period, hevin is secreted from astrocytic endfeet
adjacent to specific synapses in an activity-dependent manner responding to the MD.
Perhaps hevin can still interact with neurexins and neuroligins that are already joined in a
fully formed synapse, improving their alignment to stabilize and enable plasticity of the
synapse during the critical period. Future studies investigating how hevin secretion is
regulated and whether synaptic activity can change hevin abundance in the brain are
necessary.
A more likely explanation is that hevin-induced synaptic recruitment of NMDA-Rs
may underlie its requirement for ODP during the critical period. NMDA-Rs are crucial for
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activity-dependent neuronal plasticity as “coincidence detectors” of synaptic activity
(Bourne and Nicoll, 1993; Huang et al., 2005). They are indispensable for ODP (Bear et
al., 1990; Roberts et al., 1998) as well as for binocular recovery after MD (Krahe and
Medina, 2010). Thus, it is possible that hevin may recruit NMDA-Rs to thalamocortical
synapses during the critical period, enabling plasticity of these connections. It would be
important to investigate whether the decreased expression of NR1 and NR2B subunits of
NMDA-Rs can be restored when Hevin is reintroduced into KOs during the critical period.
Upon comparing baseline contralateral bias among all experimental groups, we
found that Hevin KO mice had a modest, but significant increase compared to WT.
However, VEP amplitudes from the contralateral eye were not significantly different from
each other. This seems to indicate that Hevin KO mice have a smaller ipsilateral
representation in their cortical retinotopy compared to WT. Cortical retinotopy can be
affected if a sharp reduction in ipsilateral inputs lead to a severe increase in CBI (Smith
and Trachtenberg, 2007). However, this seems unlikely in our case as the contralateral bias
of Hevin KOs are still within the range of what is observed in normal mice (Frenkel and
Bear, 2004; Porciatti et al., 1999; Coleman et al., 2009). Additionally, reintroducing Hevin
in astrocytes rescued this difference in CBI as well as ODP.
In addition to their role during the development of the healthy brain, astrocytes are
also involved in the brain’s endogenous response to trauma. Astrogliosis is a spectrum of
molecular, functional and structural changes in astrocytes that occur as a reaction to brain
injury. These reactive astrocytes are thought to resemble immature astrocytes in that they
may secrete some of the same molecules (Stevens, 2008). Molecules that lead to formation
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or refinement of synapses during development, may have similar roles in states of disease
or injury (Stevens et al., 2007).
For example, thrombospondins (TSPs) are a family of matricellular proteins well
expressed in immature astrocytes, but down regulated in adult astrocytes in vivo. Similar
to their expression in immature astrocytes, TSP1 is upregulated in reactive astrocytes (Lin
et al., 2003). TSP1 and 2 are both synaptogenic proteins, and TSP1/2 double KO mice have
significantly reduced number of cortical synapses in vivo (Christopherson et al., 2005;
Risher and Eroglu, 2012). In a study investigating spine and synaptic abnormalities in a
Fragile-X model, TSP1 was used to achieve a full rescue of these abnormalities (Cheng et
al., 2016).
The thrombospondin story is reminiscent of hevin. Hevin is also a synaptogenic
matricellular protein expressed in and secreted by immature astrocytes. Hevin is also found
to be upregulated in reactive astrocytes following lesion injury and ischemic stroke
(McKinnon and Margolskee, 1996; Lively and Schlichter, 2012). In a TBI model in rats,
an NFAT inhibitor was used to rescue the deleterious effects of injury, and a marked
increase in hevin expression was associated with this rescue (Furman et al., 2016).
Moreover, hevin was shown to rescue chronic inflammation and fibrosis observed in a
model of corneal wound healing (Chaurasia et al., 2013).
It is important to identify molecules that immature astrocytes use to mediate
synaptogenesis during development, and understand how they do so. Since many of these
molecules, like Hevin and thrombospondin, additionally function in nervous system repair,
this could lend important insight into how the brain attempts to recover from disease and
injury (Wieloch and Nikolich, 2006). Additionally, since mutations in hevin (SPARCL1)
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are linked to neurological disorders like schizophrenia, depression and autism, it is not
difficult to imagine that disruptions of hevin function contribute to the synaptic pathologies
involved in these disorders. The findings presented in this chapter, and inferences
discussed, offer important mechanistic insight into how mutations in the hevin gene may
lead to synaptic dysfunction in an ailing brain. Future studies in animal models of autism,
depression or schizophrenia could determine if hevin-dependent modulation of synaptic
plasticity is viable as a molecular mechanism to be exploited for therapeutic use.
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Chapter IV
THE ROLE OF CREB, SRF AND MEF2 IN ACTIVITY-DEPENDENT
NEURONAL PLASTICITY IN THE VISUAL CORTEX 1

Introduction
Activity-dependent neuronal plasticity involves processes of both gain and loss of
function, that together result in functional and structural changes in the brain. Gain of
function processes include long-term potentiation (LTP), sprouting of dendrites and
terminals, enlargement of boutons, and formation of new synapses (Yuste and Bonhoeffer,
2001). Loss of function processes include long-term depression (LTD), pruning of
dendrites and terminals, and elimination of boutons and synapses (Cooke and Bear, 2013;
Malenka and Bear, 2004). In the visual cortex, a MD during the critical period causes
cortical neurons responding to the deprived and the experienced eye respectively to
decrease and increase their responses (Hubel and Wiesel, 1970). This activity-dependent
plasticity, namely ODP, therefore encompasses a depression component (Dc-ODP) and a
potentiation component (Pc-ODP). Dc-ODP and Pc-ODP encompass all the loss of
function and gain of function mechanisms of synaptic modification described above. In
normal mice, Dc-ODP and Pc-ODP are expressed in a temporally distinct manner, such
that Dc-ODP is seen after 3 days of MD, whereas Pc-ODP only appears only after at least
5-7 days of MD (Frenkel and Bear, 2004).

1

All the data in this chapter is published in Pulimood N.S., Rodrigues W.S. Jr, Mooney S.M.,
Atkinson D.A., Medina A.E. The role of CREB, SRF and MEF2 in activity-dependent neuronal
plasticity in the visual cortex. Journal of Neuroscience. 2017.
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As discussed at length in the introduction to this thesis, ODP requires functional
NMDA receptors and AMPA receptors (Smith et al., 2009; Bear et al., 1990), and is highly
influenced by inhibition (Hensch, 2005; Heimel et al., 2011). When incoming activity
causes glutamate release into an excitatory thalamocortical synapse, depolarization triggers
calcium influx into the post-synaptic cell. Calcium is an important mediator of synaptic
transmission that can enter the cell through voltage-gated calcium channels, AMPA-Rs and
NMDA-Rs, or is released from intracellular stores. Activity-dependent neuronal responses
depend on the magnitude of increase in calcium concentration as well as the route of
calcium entry (Greer and Greenberg, 2008). Interaction of calcium with other signaling
molecules activates kinases such as CaMKs, ERK, and PKA, triggering a signaling cascade
that terminates in the nucleus. There, activation of nuclear transcription factors lead to the
expression of plasticity-related genes, which in turn produce functional and structural
changes that enable modifications in synaptic strength and, consequently, ODP (for review
of activity-dependent calcium signaling, see (Priebe and McGee, 2014; Greer and
Greenberg, 2008). Changes in the balance of excitation and inhibition during MD, as well
as the cytoplasmic signaling mechanisms of glutamate receptors, kinases and phosphatases,
have been extensively studied, but much less is known about which nuclear transcription
factors play a role in ODP. We were particularly interested in three transcription factors
that have been heavily implicated in the expression of plasticity-related genes, namely
cAMP response element binding factor (CREB), Serum Response Factor (SRF), and
Myocyte Enhancer Factor 2 (MEF2). In the following sections, I will introduce each of
these nuclear proteins, and present relevant findings about their involvement in plasticity,
which led to the formation of my hypothesis regarding their specific roles in ODP. Figure
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4.1 shows a schematic of the signaling proteins I refer to in this chapter. It is a simplified
snapshot of the endogenous condition, and attempts to depict the overlapping and distinct
calcium-induced signaling pathways that lead to CREB-, SRF- and MEF2-dependent gene
expression.
cAMP Response Element Binding factor (CREB)
CREB is the best studied member of the CREB family of transcription factors that
also include CREM (cAMP Response Element Modulator) and ATF1 (Activating
Transcription Factor 1). It is ubiquitously expressed in the brain, and binds the cAMP
Response Element (CRE) sequence on promoters and enhancer regions of genes, to trigger
their subsequent transcription (Gonzalez and Montminy, 1989). CREB consists of several
functional domains – a basic leucine zipper domain that regulates dimerization and DNA
binding, glutamine rich regions Q1 and Q2 that regulate its interaction with transcription
machinery, and a KID domain (kinase inducible domain) needed for activation by
phosphorylation (Mayr and Montminy, 2001; Quinn, 2002; Lonze and Ginty, 2002).
Several kinases activate CREB function, such as PKA, CaMKII, CaMKIV, Rsk, etc. CREB
activation is achieved via different mechanisms like phosphorylation and cofactor
interaction (Gonzalez and Montminy, 1989; Chrivia et al., 1993; Ferreri et al., 1994).
CREB has been extensively studied for its role in the mechanisms underlying
learning and memory (Middei et al., 2012; Silva et al., 1998). In the hippocampus, blocking
CREB function shifts synaptic plasticity toward weaker LTP and stronger LTD (Middei et
al., 2013), whereas a constitutively active form of CREB facilitates LTP (Barco et al.,
2002). Inhibiting CREB in the cerebellum abolished late-phase LTD, but induction and
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early-phase LTD remained intact (Ahn et al., 1999). CREB function is required for activitydependent formation and enlargement of spines in the barrel cortex (Pignataro et al., 2015).
In the visual cortex, CRE-mediated expression was shown to be increased after MD (Pham
et al., 1999). Additionally, Mower and colleagues showed that blocking CREB in the visual
cortex blocked ODP in the ferret (Mower et al., 2002). Taken together, these results suggest
that CREB may be more important for LTP-related processes, than for LTD-related
processes.
Serum Response Factor (SRF)
SRF consists of a MADS domain than can bind to the Serum Response Element
(SRE) sequence on gene promoters, as well as a C-terminal transactivation domain (Miano,
2010). It is expressed in the brain in a region-specific manner, but is present in the vast
majority of neurons in the cortex (Herdegen et al., 1997). It is activated by its cofactor
ELK1 through the mitogen activated protein kinase (MAPK) pathway, or by another
cofactor MAL via the Rho GTPase signaling pathway (Miano, 2010).
SRF controls the expression of many plasticity-related genes. For instance, it
regulates clathrin, which is required for AMPA-R endocytosis in LTD. It also modulates
inhibitor-1, an endogenous inhibitor of PP1, a phosphatase important for LTD. Mice with
a conditional KO of SRF in the forebrain displayed impaired hippocampal LTD induced
by several low frequency stimulation protocols, whereas LTP induced by several different
high frequency and theta burst stimulation protocols were no different than in WT controls
(Etkin et al., 2006). Hippocampal LTP induced by specific theta burst stimulation protocols
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were shown to be modestly impaired in SRF conditional KO mice (Etkin et al., 2006;
Ramanan et al., 2005).
Importantly, SRF regulates the expression of the immediate early gene Arc
(Pintchovski et al., 2009). Arc induces the internalization of AMPA-Rs from the synaptic
membrane (Chowdhury et al., 2006) and is required for ODP (McCurry et al., 2010). A
study in 2010 showed that inhibition of the transcription factor SRF or its cofactor MAL
blocked the late phase of LTD in cerebellar neurons, as did deletion of the immediate early
gene Arc. Transfecting WT Arc back into Arc-/- cells rescued late-phase LTD, but
blocking the binding of SRF to a specific SRE in the Arc promoter prevented this rescue
(Smith-Hicks et al., 2010). Therefore, contrary to CREB, evidence for the role of SRF in
plasticity points further towards LTD and by extension, Dc-ODP.
Myocyte Enhancer Factor 2 (MEF2)
MEF2 was first identified in muscle cells, but is also found in a region specific
manner in the brain. There are four subtypes of the vertebrate MEF2 protein (MEF2A-D),
all four of which are found in the cortex with MEF2B and C being most strongly expressed.
MEF2 consists of a MADS domain which binds DNA, a conserved MEF2 domain which
regulates DNA-binding affinity and cofactor interactions, and a divergent transcriptional
activation domain which differs among the MEF2 subtypes. The complex activation
mechanisms of MEF2 include phosphorylation by CaMKs and PKA, regulation of DNA
binding affinity, and cofactor interactions. The biology of MEF2 is reviewed in detail by
Rashid and colleagues (Rashid et al., 2014).

77

MEF2 has been acknowledged as an activity dependent transcription factor in the
brain for now over a decade. Cole and colleagues showed that MEF2 acts as a suppressor
of fear memory in the amygdala by increasing AMPA-R internalization from the synapse.
They administered a peptide that disrupts AMPA-R interaction with endocytosis
machinery, which completely restored the memory deficit induced by MEF2
overexpression. In accordance with previous reports, they also found that MEF2 controls
the expression of Arc (Kawashima et al., 2009; Flavell et al., 2008), and therefore
concluded that MEF2 may impair memory formation by Arc regulation of AMPA-R
trafficking. Another study found that MEF2-dependent transcription decreases synapse
number in an activity-dependent manner in hippocampal neurons in vitro (Flavell et al.,
2006). MEF2 activation was also found to be dependent on dephosphorylation by
calcineurin, a phosphatase that is required for certain types of LTD (Flavell et al., 2006)
and also for ODP in vivo (Yang et al., 2005). Importantly, MEF2 controls the expression
of Ube3a which is required for LTD but not for most electrically induced types of LTP in
the visual cortex. Knocking out Ube3a in vivo in mice blocked Dc-ODP after 3 days of
MD (Yashiro et al., 2009). Taken together, these reports indicate that MEF2 mediates loss
of function processes and Dc-ODP.
While CREB, SRF and MEF2 may play independent roles in ODP, a recent study
provided evidence that these transcription factors may also act in a concerted manner.
Kawashima and colleagues discovered a novel enhancer region “SARE” (Synaptic Activity
Response Element), upstream of the gene Arc. SARE consists of binding sites for all 3
transcription factors: CREB, SRF and MEF2, and mutating any one of these sites decreases
activity-dependent expression of Arc (Kawashima et al., 2009). Interestingly, SARE has
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also has been identified upstream of many other plasticity-related genes (Rodriguez-Tornos
et al., 2013).

Figure 4.1 – Calcium-induced signaling pathways that activate CREB, SRF and MEF2
Activity at the synaptic cleft (green) is detected by the postsynaptic cell allowing calcium to
enter. This triggers diverse signaling cascades in the cytoplasm (blue), which trickles down to the
nucleus (pink) where transcription factors CREB, SRF and MEF2 are activated. Their activation
can include cofactor interactions (orange semicircles). By binding to consensus sequences on
gene promoters, the activated transcription factors then induce gene expression.

Therefore, it seems that CREB, SRF and MEF2 could regulate experiencedependent visual cortex plasticity through a variety of different means. In light of the
abundant evidence demonstrating opposing roles for these three transcription factors in
LTP and LTD related processes, I hypothesized that they play different roles in the two
components of ODP.
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Hypothesis - CREB, SRF and MEF2 are necessary for ODP by differentially mediating
its individual components. CREB is required only for Pc-ODP, whereas SRF and MEF2
are required only for Dc-ODP.
Prediction 1: Blocking function of CREB, SRF or MEF2 in the primary visual cortex
will prevent OD shift in vivo.
Prediction 2: Blocking SRF or MEF2 will prevent only depression of deprived eye
response after MD (Dc-ODP)
Prediction 3: Blocking CREB function will prevent only potentiation of open eye
responses after MD (Pc-ODP)

Methods
Animals - Mice used in this chapter were WT animals of the C57BL/6 strain.
Herpes Simplex Virus (HSV) constructs – Dominant negative (dn) forms of the CREB, SRF
and MEF2 proteins were packaged into the HSV vector (Figure 4.2). The CREBdn
construct has a serine to alanine substitution at the critical residue 133 (S133A), which
prevents phosphorylation of CREB at Ser133, and subsequently blocks activation of its
transcription factor function. The SRFdn and MEF2dn constructs are composed of their
respective protein’s DNA binding domains, but lack their transactivation domains. These
forms of SRF and MEF2 can therefore bind DNA, but cannot trigger the expression of
genes downstream. The control virus expresses GFP alone. CREBdn, SRFdn and GFPcontrol viruses were generated by Rachel Neve at the Massachusetts Institute of
Technology Viral Core. The MEF2dn construct was generously provided to us by Dr.
Sheena Josselyn at the University of Toronto. HSV vectors express in the brain as soon as
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24 hours after injection, and can be visualized up to 10 days in vivo. Virus titer of HSV
was at least 6 x 107 transducing units/ml.

Figure 4.2 - Diagrams of HSV constructs used in Chapter IV.

Intracranial virus injections – HSV constructs were injected into layer IV of V1B of
animals at P26 as described in General Methods. As seen in previous studies, injections
targeted to cortical layer 4 result in robust infection of cells in layer IV and II/III, and few
cells in deeper layers V and VI (Yoon et al., 2009).
VEP experiments - All surgical and electrophysiological procedures involved in conducting
a VEP experiment (electrode implantation, baseline VEP recording, monocular deprivation
and post-MD VEP recording) were performed as described in General Methods. Figure 4.3
clarifies the VEP experiment timeline for this study.
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Figure 4.3 – Timeline of VEP experiments in Chapter IV.
Electrode implantation and virus injection are done together at P26. After recovery from surgery,
habituation followed by a “pre-MD” baseline recording is done. The animal is then monocularly
deprived by eyelid suture for a 7-day period, after which the deprived eye is reopened and a
“post-MD” recording is done.

Western blotting – For western blots to validate the viruses, mice were injected with the
desired HSV construct as described above. After allowing 2-4 days for viral infection,
spread, and downstream block of gene expression, the mice were euthanized with
isoflurane followed by decapitation. Their brains were extracted and the visual cortex
dissected out on ice. GFP-positive tissue was identified under the fluorescent microscope
and microdissected. The western blotting procedure was performed as described in General
Methods. Western blots for the developmental time points were performed on naïve mice
by University of Maryland School of Medicine Center for Innovative Biomedical
Resources. Antibodies used in this chapter are listed in the following table 4.1.
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Table 4.1 – Primary and secondary antibodies used for western blotting in Chapter IV.
Details such as working concentrations, host species, and product information are listed here.

Immunohistochemistry – After 3 days of virus infection in vivo, mice were perfused with
cold 4% paraformaldehyde. The brain was extracted, cryoprotected and 35µm coronal
sections were made on a cryostat. A free-floating immunohistochemistry protocol was then
performed. Briefly, the sections were permeabilized and blocked in 10% normal goat
serum (NGS) with 0.5% triton X-100 and 1% heat-shock treated Bovine Serum Albumin
(BSA) in 1x phosphate-buffered saline (PBS). They were then incubated at 4°C overnight
with primary antibodies: Rabbit anti-NeuN (1:500, CST-24307), Rabbit anti-GABA
(1:250, Sigma A2052). The next day, the sections were washed in 1x PBS-Triton,
incubated for 1 hour at room temperature with fluorescent secondary antibody (1:250,
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Alexafluor 594), washed again in 1xPBS and then mounted to gelatin subbed slides with
Prolong Gold anti-fade reagent with DAPI (Invitrogen).
Confocal imaging and colocalization analysis – Confocal imaging was performed at the
University of Maryland School of Medicine Confocal Microscopy Core Facility, on a
point-scanning confocal (Zeiss LSM 510 Meta) microscope, with a 40X/1.3 NA oilimmersion objective. Specifications for data collection on each fluorescent track were as
follows – for GFP, 488nm laser excitation was bandpassed from 500-550nm; for
Alexafluor594, laser excitation at 543nm was set to a longpass filter at 560nm; and for
DAPI, 730nm pulsed 2 photon laser excitation was bandpassed at 380-550nm.
Colocalization analysis was performed on maximum projection images using the Grid and
Cell Counter tools in ImageJ software, and visually assessing the simple yes/no question
of how many GFP-positive cell bodies co-expressed NeuN or GABA (Alexafluor 594).
Statistics – VEPs were analyzed as stated in General Methods. Western blots were analyzed
by two-tail independent t-tests.

Western blots for the developmental timeline were

analyzed by one-way ANOVA for the age effect, and two-tail independent t-tests (with
Bonferroni correction) were done to specifically analyze two pairwise comparisons of
interest. For clarity, some statistics details may not be included in the main text, but are
reported in full in the figure legends. All statistical tests were performed on IBM SPSS
(v23) and statistical significance was set to p ≤ 0.05, or p<0.03 (with Bonferroni correction)
and denoted by an asterisk (*). When referring to a statistical trend in this chapter, we
considered p-values 0.05-0.08, denoted by a hash tag (#).
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Results

Here I tested the hypothesis that SRF, MEF2 and CREB are all crucial for visual
cortex plasticity and I predicted that blocking each one would impair ODP. In addition, I
tested whether blockade of these transcription factors would affect Dc-ODP, Pc-ODP or
both. The HSV constructs used in our experiments also express GFP, allowing for
visualization of viral expression in the brain (Figure 4.4). Injection of the vectors leads to
robust expression of GFP within 24 hours of injection and can be seen up to 10 days later.
I confirmed appropriate viral expression by microscopy in all injected mice following their
terminal experiments.
In order to validate that the viruses were indeed blocking transcription factor
function in vivo, I conducted a series of western blots in virus-infected tissue. I measured
the level of phosphorylated CREB (pCREB) present in the visual cortex of mice injected
with the CREBdn virus versus GFP-control virus, and found that the proportion of pCREB
to total CREB is significantly lower in CREBdn virus-infected samples. Egr1 and Ube3a
are genes regulated by SRF and MEF2 respectively, and immunoblots show that there is a
significant decrease in the expression of these target genes in their corresponding virusinfected tissue samples compared to GFP-control virus-infected samples (Figure 4.5) (*p
≤ 0.05 for all groups, individual p values in Figure 4.5 legend).
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Figure 4.4 – HSV expression in vivo.
(A) The left panel shows GFP expression shows in virus-infected cells in all superficial
layers (I-IV) of mouse visual cortex. DAPI is stained in blue. The right panel is a section
stained with cresyl violet showing the different cortical layers as well as the track of the
electrode recording from Layer IV indicated by the red arrow. (B) A lower magnification
image of GFP (virus infection) and DAPI shows the lateral extent of the spread of
infection. The red arrow indicates the location of needle entry and electrode implantation.
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Figure 4.5 – Functional validation of HSV constructs in vivo.
(Left) Expression of pCREB/totalCREB is decreased in the visual cortex of mice injected with
CREBdn compared to GFP-control (*p=0.02, independent t-test). (Middle) Egr1, a SRFdependent gene, is reduced in visual cortices injected with SRFdn (*p=0.01, independent t-test).
(Right) Expression of the MEF2-dependent gene Ube3a is reduced in mice injected with MEF2dn
compared to GFP-control (*p=0.05, independent t-test). CyclophilinB (CyB) was used as loading
control. Sample sizes (n=animals) are indicated in the histogram corresponding to each group.

To verify the cellular specificity of HSV to infect excitatory neurons (Yoon et al.,
2009), I used confocal imaging and colocalization analysis of the infected cells labeled
with NeuN or GABA antibodies. The majority all HSV-infected cells (88%) were NeuNpositive, and only 2% showed colocalization with neurons containing GABA (Figure 4.6).
This finding quantitatively confirms the neurotropic feature of the HSV vector and further
suggests that the effects observed in this study are specific to CREB, SRF and MEF2
function in excitatory neurons. I also confirmed that virus infection does not affect normal
binocularity (CBI) and signal strength (VEP amplitude) in the visual system. None of the
virus-infected mice showed significant differences in CBI at baseline compared to naïve
mice (Figure 4.7 left). Moreover, the absolute amplitude of their VEPs at baseline were
similar to naïve mice (Figure 4.7 right).

87

Figure 4.6 - Cell type specificity of HSV constructs.
(Top Left panels) Confocal images show that HSV-infected cells (green) colocalize with the vast
majority of NeuN-positive neurons (red). All nuclei are labeled with DAPI (blue). White
arrowheads indicate some virus-infected neurons (colocalized for GFP and NeuN). (Top Right
panels) HSV-infected cells (green) do not colocalize with GABA containing inhibitory neurons
(red). All nuclei are labeled with DAPI (blue). (Bottom) Pie charts show quantification of this cell
type specificity – 88% of the virus-infected cells are neurons (n=4 animals, 213±37 cells/animal),
and only 2% virus-infected cells are inhibitory (n=4 animals, 199±13 cells/animal).
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Figure 4.7 - Virus infection does not affect normal visual responses.
All mice with a stable baseline VEP recording were included here. (Left) Baseline CBIs are
similar in naïve mice, and mice injected with any of the HSV constructs (1-way ANOVA,
F(4,122)=0.85, p=0.50). (Right) Absolute VEP amplitudes at baseline are not different between
naïve mice and virus-infected animals (1-way ANOVA, F(4,116)=1.52, p=0.20). Sample sizes
(n=animal) are indicated in the histogram corresponding to each group, and are the same for both
metrics quantified here.

To assess if ODP is affected by blocking CREB, SRF or MEF2, I recorded VEPs
in V1B of awake animals before and after a 7-day period of MD during the critical period.
This technique allows us to compare, in the same animal, amplitude changes in the visually
evoked field potentials after plasticity occurs in its visual cortex. Since the animals are
awake during recording, there are no confounding effects of anesthesia to consider while
interpreting the results. The binocular zone of V1 consists of thalamocortical afferents from
both the contralateral and ipsilateral eye. Since most retinothalamic fibers in the mouse
decussate at the optic chiasm before arriving in the visual cortex, normal mice have an
inherent contralateral bias of evoked potentials measured in the visual cortex. This can be
detected by calculating a contralateral bias index (CBI), the ratio of the amplitude of the
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VEP during contralateral eye stimulation over the VEP during ipsilateral eye stimulation
(contra/ipsi). Changes in ocular dominance can be detected as a downward shift in CBI,
which indicates normal plasticity in V1B. To test our hypothesis that blockade of either
CREB, SRF, or MEF2 in the visual cortex would block ODP in vivo, I compared the change
in CBI after MD in CREBdn, SRFdn and MEF2dn injected mice compared to mice injected
with the GFP-control virus. Control mice exhibited a clear ocular dominance shift
(p=0.0004). While CREBdn injected mice showed a reduction in CBI, this does not reach
significance (Figure 4.8). The requirement of CREB for normal expression of ODP in vivo
has previously only been observed in ferrets (Mower et al., 2002), and our study now
extends this finding to rodents. A similar result was observed with MEF2dn, providing the
first evidence towards the need for MEF2 in ODP (Figure 4.8). Unexpectedly however,
SRFdn injected mice showed a significant decrease in CBI, similar to control (Figure 4.8).

Figure 4.8 - Blocking CREB and MEF2 blocks ocular dominance shift measured by CBI,
but blocking SRF does not.
Contralateral bias indices (CBI=Contra/Ipsi) show that CREBdn and MEF2dn injected mice do
not have an ocular dominance shift (n.s.=not significant, CREBdn p=0.07, MEF2dn p=0.17,
paired t-tests), but SRFdn injected mice exhibit a significant shift in ocular dominance (*p=0.02,
paired t-test), similar to GFP-control mice (***p=0.0004, paired t-test). Sample sizes (n=animal)
are indicated in the histogram corresponding to each group.
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Since CBI is a ratio of contra/ipsi, this metric encompasses both the depression of
contralateral eye responses (Dc-ODP) as well as potentiation of ipsilateral eye responses
(Pc-ODP). I examined the data further to ask which individual plasticity components (PcODP or Dc-ODP), if any, required the action of CREB, SRF and MEF2. As described
previously in naïve mice, VEP amplitude upon contralateral eye stimulation is expected to
decrease after 7 days of MD, while amplitude of the VEP upon ipsilateral eye stimulation
increases.
Mice injected with GFP-control virus showed the expected Dc-ODP and Pc-ODP
after 7 days of MD (Figure 4.9 A). In contrast, CREBdn injected animals showed no
depression or potentiation (Figure 4.9 B), implying that CREB is required for the normal
expression of both Dc-ODP and Pc-ODP. Interestingly, blocking SRF in the visual cortex
blocked Dc-ODP, while leaving Pc-ODP intact (Figure 4.9 C). In fact, upon comparing the
magnitude of the potentiation in ipsilateral eye responses in SRFdn animals compared to
that of GFP-control, I found that blocking SRF caused an enhancement of Pc-ODP. The
magnitude of potentiation in GFP animals was 19.3±6.3% whereas potentiation in SRFdn
mice was 72.5±20.7% (n=10, t11=2.45, p=0.03). These results indicate that blockade of
SRF blocks one component of ODP and enhances the other, and these opposing disruptions
cannot be observed solely by assessing changes in CBI. MEF2dn injected animals showed
a similar pattern, with impaired depression but normal potentiation, suggesting that MEF2
also plays a role only in Dc-ODP (Figure 4.9 D).
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Figure 4.9 - Blockade of CREB disrupts both Dc-ODP and Pc-ODP, whereas blocking SRF
or MEF2 disrupts Dc-ODP while leaving Pc-ODP intact.
(A) After 7 days of MD, mice injected with GFP-control virus display a decrease in cortical
responses after stimulation of the deprived eye and a potentiation of responses after stimulation of
the experienced eye (Dc-ODP *p=0.04 and Pc-ODP *p=0.01). (B) CREBdn injected animals
have no Dc-ODP or Pc-ODP (Dc-ODP p=0.55 and Pc-ODP p=0.33, paired t-tests). (C) SRFdn
injected animals do not show Dc-ODP, but have normal or even enhanced Pc-ODP (Dc-ODP
p=0.64 and Pc-ODP *p=0.01, paired t-tests). (D) MEF2dn injected mice also share the same
pattern, with disrupted Dc-ODP, but normal Pc-ODP (Dc-ODP p=0.27 and Pc-ODP *p=0.05,
paired t-tests). Sample sizes (n=animal) are indicated in the histogram corresponding to each
group. n.s.=not significant.
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We wanted to additionally test if the expression levels of these essential
transcription factors were altered during the critical period (CP) of visual cortical plasticity.
So we immunoblotted for CREB, SRF and MEF2 in the visual cortex of mice at various
ages during development - before eye opening (P10), pre-CP (P15), the peak of the CP
(P28), post-CP (P36) and in adult animals (>P100) (Figure 4.10). We found that SRF and
MEF2, but not CREB expression, show a significant change across the developmental ages
tested. The pattern of SRF expression in particular shows a clear dip around the critical
period. So we statistically compared expression levels at P28 with two other ages (P15 and
adult). We found that SRF expression significantly decreases between P15 and P28, and
shows a statistical trend to increase between P28 and adulthood. MEF2 shows a statistical
trend to increase only between P15 and P28.
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Figure 4.10 - Expression of CREB, SRF and MEF2 in the visual cortex along a
developmental time course.
(Top left) Expression of CREB across development is not significant (1-way ANOVA,
F(4,25)=1.38, p=0.27). (Top right) Expression of SRF changes significantly across development
(1-way ANOVA, F(4,25)=3.89, *p=0.01), dropping low at P28 (*p=0.01, independent t-test with
Bonferroni correction) and a clear trend to increase between the critical period (P28) and adult
(>P100) time points (#p=0.08, independent t-test with Bonferroni correction). (Bottom)
Expression of MEF2 increases significantly across development (1-way ANOVA, F(4,25)=6.06,
*p=0.001) and shows a trend to increase between P15 and P28 (#p=0.07, independent t-test with
Bonferroni correction).
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Discussion
The phenomenon of activity-dependent neuronal plasticity involves many
processes of both loss and gain (LTD, LTP, shrinking of dendritic processes, spine
expansion, etc.). Each of these processes require an array of genes to coordinate (MayaVetencourt and Origlia, 2012). This is why using single genes as therapeutic interventions
has limited reach when it comes to improving overall neuronal plasticity. In order for a cell
to potentiate or depress its synaptic responses as a result of some external cue, and to
execute long-term plasticity, a whole ensemble of genes need to be turned on. This makes
transcription factors a useful point of therapeutic intervention because they control groups
of genes that are turned on in concordance with each other to achieve a large-scale cellular
response. I elucidated in this study that these processes of loss and gain (Dc-ODP and PcODP with respect to the visual cortex) are differentially affected by the blockade of CREB,
SRF or MEF2.
CREB, SRF and MEF2 are known to bind the SARE enhancer region and act as
concerted players in the expression of the gene Arc (Kawashima et al., 2009), which
opened the possibility that they control ODP in a collaborative manner. However, they
have also been independently investigated in many other paradigms of neuronal plasticity
(Sakamoto et al., 2011; Etkin et al., 2006; Ramanan et al., 2005; Rashid et al., 2014;
Nonaka et al., 2014; Flavell et al., 2006). Accordingly, our results showed that blocking
CREB-, SRF- or MEF2-dependent transcription in the binocular zone of V1 does not have
the same effect on both components of ODP – only CREB is indispensable to Pc-ODP, but
MEF2 and SRF are not required. In contrast, all three transcription factors are required for
the expression of Dc-ODP. This suggests that the pool of genes controlled by all three
transcription factors, or SARE-regulated genes, are only critical for processes of loss of
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function and not gain of function. I acknowledge that each of these transcription factors
independently controls the expression of many genes that have functions outside of ODP.
However, local administration of the virus to the visual cortex allows us to be reasonably
certain that off-target effects are not in play in our experiments.
I found that Dc-ODP was absent in SRFdn infected mice, but the magnitude of PcODP was enhanced compared to that of control animals. SRF is a master regulator that
controls a host of genes related to neuronal plasticity (Kuzniewska et al., 2016), many of
which could contribute to its differential role in the components of ODP. For instance
Npas4, an immediate early gene expressed exclusively in neurons and which regulates
excitatory inhibitory balance, is controlled by SRF (Kuzniewska et al., 2016; MayaVetencourt et al., 2012). Specifically, Npas4 controls the number of GABA-releasing
synapses on excitatory neurons (Spiegel et al., 2014; Lin et al., 2008), as well as the
excitation of inhibitory neurons (Bloodgood et al., 2013). Therefore, perhaps a decrease in
Npas4 (as is expected in the SRFdn condition), causes a lower level of inhibition in V1B,
and might result in an enhancement of activity-dependent Pc-ODP. SRF also regulates the
expression of MMP9 (Matrix Metalloproteinase 9). MMP9 KO mice have lower spine
density than wild type, due to disrupted ability to eliminate spines in primary sensory
cortices (Kelly et al., 2015). This could contribute to the lack of Dc-ODP seen in SRFdn
mice. Furthermore, the pattern of OD shift measured by optical imaging in MMP9 KOs
after 7 days of MD showed impaired depression of contralateral responses, but normal
potentiation of ipsilateral responses. Taken together, the above reports about SRF target
genes corroborate our finding that blocking SRF-mediated gene expression in the visual
cortex disrupts Dc-ODP and enhances Pc-ODP.
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A study by Kandel’s group showed that the expression of clathrin is decreased in
SRF conditional KO mice (Etkin et al., 2006). Clathrin-mediated endocytosis of AMPA
receptors from the synaptic membrane is a known mechanism for LTD (Wang and Linden,
2000; Bredt and Nicoll, 2003), and preventing AMPA-R internalization has been shown to
block the depression component of ODP (Yoon et al., 2009). This suggests that in the
SRFdn injected mice that I studied here, decreased SRF leads to impaired Dc-ODP by
decreasing AMPA-R endocytosis. Correspondingly, Cole and colleagues found that
blocking AMPA-R endocytosis restored memory deficits induced by MEF2 (Cole et al.,
2012), which suggests that MEF2 can also regulate plasticity via AMPA-R endocytosis.
Finally, both SRF and MEF2 control the expression of Arc (Kawashima et al., 2009), that
increases the internalization of AMPA-Rs by interacting with proteins in the endocytosis
machinery (Chowdhury et al., 2006). If both SRF and MEF2 regulated AMPA-R
trafficking via the same mechanism (potentially by controlling Arc expression), we would
expect them to compensate for each other when either one is knocked down (as in SRFdn
and MEF2dn mice). In my experiments, I showed that both SRF and MEF2 are required
for Dc-ODP and cannot compensate for each other. Therefore, my results suggest that SRF
and MEF2 do not regulate AMPA-R trafficking via the same mechanism.
Our in vivo data in MEF2dn animals is corroborated by the work of Yashiro and
colleagues. In an elegant study, they showed that an ex vivo preparation of visual cortical
slices from Ube3a KO mice (mouse model of Angelman syndrome) do not show LTD after
a 1 Hz stimulation protocol, but are able to potentiate normally after a 100 Hz LTP
stimulation protocol. They also showed in vivo that Ube3a KO mice do not have Dc-ODP
after 3 days of MD (Yashiro et al., 2009). Ube3a is a MEF2 target gene (Flavell et al.,
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2006), and our results in MEF2dn mice shows blocked Dc-ODP and normal Pc-ODP, in
accordance with Ube3a KO mice.
At first glance, our observation that Pc-ODP can occur without Dc-ODP (as seen
in the SRFdn and MEF2dn groups), seems to be in disagreement with the influential theory
of synaptic modification proposed by Bienenstock, Cooper, and Munroe (BCM theory)
(Cooper et al., 1979). According to the BCM theory, the modification threshold of
plasticity needs to be lowered before any potentiation can occur, implying that Dc-ODP
must occur prior to Pc-ODP (Cooper and Bear, 2012). However, the independent
occurrence of Pc-ODP and Dc-ODP has been observed in several other instances in the
literature. Juvenile mice lacking the NR2A subunit (Cho et al., 2009) or TNFα (tumour
necrosis factor alpha) (Kaneko et al., 2008) display open-eye potentiation even in the
absence of deprived-eye depression. This pattern is also observed in mice of the
C57BL/6JOlaHsd (6JOla) genetic background (Ranson et al., 2012). Similarly, in our
SRFdn and MEF2dn animals, we see Pc-ODP without Dc-ODP. A possible explanation
for such cases that seem to be inconsistent with the BCM theory is that the decrease in the
modification threshold after MD partly contributes to, but is not entirely responsible for,
the manifestation of Dc-ODP. After MD, there is a decrease in overall activity due to loss
of patterned light stimulus, which does indeed lower the modification threshold, allowing
Pc-ODP to occur. However, due to the lack of SRF/MEF2-dependent gene expression, this
lowered modification threshold is not expanded further into synapse silencing, elimination
and other molecular mechanisms underlying the manifestation of Dc-ODP. In other words,
incoming activity to the cortex may be sufficiently reduced after MD to allow changes in
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the modification threshold (thereby permitting Pc-ODP), even in the absence of any
decreases in synaptic strength (manifestation of Dc-ODP).
There have been studies investigating changes in CREB-dependent gene expression
after MD. Light exposure after a period of dark rearing during the critical period leads to
activation of CREB in the visual cortex of juvenile animals, but to a much lower extent in
adults (Putignano et al., 2007). Pham and colleagues showed that CREB becomes activated
after MD mainly in layer 4 of V1 ipsilateral to the deprived eye, but is not affected by
visual experience in the hemisphere contralateral to the deprived eye. However, these
studies were conducted in the monocular zone of V1 (Pham et al., 1999; Pham et al., 2004),
whereas the binocular zone (V1B) is more pertinent to competition-driven ODP. A
majority of the work elucidating the importance of CREB in activity-dependent plasticity
has examined LTP and associated gain of function processes. In fact, Middei and
colleagues showed that inhibition of CREB has opposing effects on the two components
of plasticity, specifically decreasing LTP and increasing LTD (Middei et al., 2013). While
I also found that CREBdn blocks Pc-ODP (which is dependent on LTP), in contrast, I
observed that it blocked Dc-ODP as well (dependent on LTD). This result can be explained
via certain members of the diverse CREB transcriptome, such as the microRNA miR-132
(Vo et al., 2005), whose inhibition was shown to prevent the effects of MD on contralateral
eye responses (Mellios et al., 2011; Vo et al., 2005), or in other words blocking Dc-ODP.
Our study also outlined the expression pattern of CREB, SRF and MEF2 along a
developmental timecourse relevant to visual cortex plasticity. We found that SRF and
MEF2 display a change in expression level in the visual cortex between pre-critical period
(P15) and the peak of the critical period (P28). Prior to the critical period (at P10 and P15
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time points), the three transcription factors have different expression levels, alluding to
potentially important roles in early development. It can be difficult to correctly predict the
expression profiles of proteins such as transcription factors. Intuitively, one might expect
that proteins essential for ODP should increase expression during the critical period when
ODP is at its highest. However, Lyckman and colleagues observed that genes that are
downregulated during the critical period tend to be the same genes that are upregulated
during activity-dependent plasticity (Lyckman et al., 2008), and vice versa. This is similar
to what we found with SRF, the expression of which is downregulated at P28 but is required
for activity-dependent plasticity. These results make sense in that some proteins may
decrease basal expression “in preparation for” activity-dependent changes (such as after
MD) at which time they are most critical.
There is a myriad of disorders in which neuronal plasticity is disrupted, such as
schizophrenia, Fragile X, and autism (Allegra et al., 2014; Yashiro et al., 2009; Dölen et
al., 2007; Tropea et al., 2016). In addition to such disease states, the magnitude of visual
cortical plasticity in the normal brain declines at the end of the critical period, making it
more challenging to recover from trauma in adulthood (Daw et al., 1992; Sawtell et al.,
2003; Nahmani and Turrigiano, 2014; Suzuki et al., 2004; Sawtell et al., 2003; Nahmani
and Turrigiano, 2014). Amblyopia, a condition resulting from visual deprivation or
abnormal binocular interaction, cannot be fully reversed in adults due to an insufficient
level of plasticity in the visual cortex after the end of the critical period (Sengpiel, 2014).
In order to enhance this level of plasticity in adulthood, or improve plasticity under disease
conditions, it is imperative to identify the molecular players required for normal plasticity
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to occur. Here I have shown in vivo that CREB, SRF and MEF2 are required for the normal
expression of ocular dominance plasticity.
The action of CREB, SRF and MEF2 through SARE, and its sensitivity to neuronal
activity, has been explored by several different groups (Kawashima et al., 2009; RodriguezTornos et al., 2013), but these transcription factors have not been directly examined in the
same study in a model of plasticity. Therefore, our work suggests that SARE could be an
enhancer element for genes related more to Dc-ODP than to Pc-ODP and its associated
mechanisms. To our knowledge, this is the first time that SRF and MEF2 have been directly
implicated in ODP. CREB has been previously studied in ODP in the ferret, however, our
study extends that finding to rodents as well as confirms CREB’s role in each individual
component of plasticity in vivo. Future studies should test whether increased function of
CREB, SRF or MEF2 is able to restore plasticity, which could be used as a potential
therapeutic target in conditions of plasticity deficit.

101

Chapter V

PHOSPHORYLATION OF CREB AT SERINE 142/143 IS REQUIRED
FOR OCULAR DOMINANCE PLASTICITY 1

Introduction
CREB has long been known to be a master regulator of neuronal plasticity. It has
strongly been implicated in LTP and other gain of function processes like spine expansion
and dendritic sprouting (Middei et al., 2012; Barco et al., 2002). In the visual cortex of the
ferret, blocking CREB blocked the ocular dominance shift after 3 days of MD, as measured
by single unit recordings in vivo (Mower et al., 2002). In Chapter IV, I extended this
finding to mice, using VEP recordings before and after 7 days of MD to show that CREB
is required for both the depression and potentiation components of ODP in vivo. But how
does CREB lead to two different phenomena (Dc-ODP and Pc-ODP) with seemingly
opposite functions? Perhaps by triggering the expression of different pools of genes in
response to different stimuli. In order to do this, there must be certain mechanisms that
confer specificity on CREB function and indicate which genes are expressed under which
conditions.
The CREB protein itself can undergo many different post translational
modifications that lead to its activation. Phosphorylation at serine (Ser) 133 on CREB’s

1

This work was done in collaboration with the lab of Dr. Thomas Blanpied at University of
Maryland School of Medicine, Baltimore, MD, which generated the cortical cultures, performed
the immunocytochemistry, and provided us with valuable advice on the presentation and analysis
of confocal images.
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KID domain is well known to be critical for activation of CREB and expression of its
downstream targets (Mayr and Montminy, 2001). Many different kinases such as CaMKII,
CaMKIV, PKA and MEK can phosphorylate CREB at Ser133 in response to stimuli such
as calcium influx, growth factors, mitogen/stress signaling molecules, etc. (Johannessen et
al., 2004; Mayr and Montminy, 2001). However, phosphorylation at Ser133 alone is often
not sufficient for the expression of many CREB-dependent genes (Kornhauser et al., 2002).
For instance, BDNF expression is regulated by CREB, however its timecourse of
expression does not follow the timecourse of CREB phosphorylation at Ser133. At early
time points after membrane depolarization, CREB is highly phosphorylated at Ser133 but
BDNF transcription is not yet induced, and at times when BDNF transcription has shut off
again Ser133 phosphorylation is still maintained. This suggests that the phosphorylation of
CREB at Ser133 may be important, but not sufficient, for calcium induction of BDNF
transcription (Tao et al., 1998). A second piece of evidence for the insufficiency of Ser133
phosphorylation for CREB-dependent gene expression is that different stimuli induce
phosphorylation at Ser133 with different kinetics resulting in the expression of different
genes (Bonni et al., 1995; Mayr and Montminy, 2001). The growth factors NGF and EGF
both trigger phosphorylation at Ser133, but NGF evokes prolonged phosphorylation and
expresses the CREB-dependent target VGF, whereas EGF evokes transient
phosphorylation and does not lead to expression of VGF. This implies that there needs to
be another event in addition to Ser133 phosphorylation to activate transcription of different
pools of CREB-dependent genes (Bonni et al., 1995).
There are several potential events that could confer different specifities to CREBdependent transcription, like its interaction with cofactors. The trans-activation domain of
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CREB has been shown to interact with co-factors like CBP (CREB Binding Protein) /p300
and CRTC1 (CREB-Regulated Transcription Cofactor 1) to mediate transcription (Chrivia
et al., 1993; Mayr and Montminy, 2001). CBP binds the KID domain of CREB, and seems
to be recruited by Ser133 phosphorylation (Chrivia et al., 1993). On the other hand, CRTC1
(CREB regulated transcription coactivator 1) also known as TORC1 (Transducer of
regulated CREB 1) binds CREB’s Q2 domain, mediating CREB-dependent transcription
in a manner independent of phosphorylation (Xu et al., 2007). Since these cofactors interact
with CREB in addition to or independent from Ser133 phosphorylation, they could be
viable candidates to trigger the expression of different sets of CREB-dependent genes.
Another mechanism of CREB activation that could confer specificity to CREB’s
vast gene pool is phosphorylation. In addition to the best-studied residue Ser133, CREB
contains numerous other phosphorylation sites that serve to regulate transcription of its
downstream targets (Fiol et al., 1994; Sun and Maurer, 1995; Shanware et al., 2007;
Sakamoto et al., 2010). Serine 142 and 143 (Ser142/143) are two sites on CREB capable
of being phosphorylated in vitro by CaMKII (Sun et al., 1994) and casein kinase II (Parker
et al., 1998) in an activity-dependent manner. These two serines become phosphorylated
in response to various stimuli in different regions of the brain - noxious stimuli like
formalin in the spinal cord, light and circadian rhythms in the SCN, and calcium influx in
cortical neurons (Kornhauser et al., 2002; Gau et al., 2002; Niederberger et al., 2007).
While Ser133 is phosphorylated in response to cAMP and depolarization-induced calcium
influx, Ser142/143 phosphorylation seems to be insensitive to changes in cAMP signaling
(Kornhauser et al., 2002), showing that these CREB activation mechanisms respond to
different synaptic stimuli. Preventing phosphorylation at both these sites together impairs
104

CREB-dependent gene expression (Kornhauser et al., 2002). Taken together, these data
show that Ser142/143 phosphorylation could lend specificity to CREB activation. The
different mechanisms of CREB activation that I have described above are illustrated in
Figure 5.1.

Figure 5.1 – Activation mechanisms of CREB
CREB can be activated by a variety of synaptic stimuli. It can interact with cofactors CBP/p300
on its KID domain and CRTC1 on its Q2 domain. It can be phosphorylated at Ser133 and
Ser142/143. The kinases that phosphorylate Ser133 and Ser142/143 differ, implying that these
post-translational modifications could lead to CREB activation for expression of different pools
of genes.

Some studies suggest that phosphorylation at Ser142 alone can be inhibitory and
attenuates CREB-dependent transcription (Sun et al., 1994; Parker et al., 1998).
Kornhauser and colleagues explained this further by showing that Ser142 phosphorylation
is inhibitory to CREB-dependent transcription specifically when it affects CREB
dimerization and DNA binding. They used a construct that could not dimerize to
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endogenous CREB family members to drive CREB-transcription, and showed that
independent of dimerization, Ser142 phosphorylation has the opposite effect, now
enhancing CREB-dependent gene expression (Kornhauser et al., 2002). They also showed
using an in vitro GST pull-down binding assay that Ser142 phosphorylation inhibits the
interaction of CBP’s KIX domain to CREB’s KID domain, and this could be the reason for
its inhibition of CREB-dependent transcription (Kornhauser et al., 2002). However,
another study directly examined this interaction using an in vivo protein interaction assay
similar to a yeast two-hybrid assay, and found that Ser142 phosphorylation does not
interfere with the KID-KIX interaction between CREB and CBP (Sun and Maurer, 1995).
Taken together, these conflicting reports do not present a clear picture about the role of
Ser142 phosphorylation, showing that it can enhance and attenuate CREB-dependent
transcription under different conditions.
Kornhauser and colleagues simultaneously studied the effects of phosphoryation at
Ser142 alone, Ser143 alone and Ser142/143 together. Although phosphorylation at Ser142
alone can be inhibitory under some conditions, phosphorylation at Ser143 alone always led
to an increase in CREB-depenent gene expression (Kornhauser et al., 2002). Interestingly,
an antibody specific for phosphorylated Ser143 could not detect phosphorylation at this
site without phosphorylation at Ser142 (Kornhauser et al., 2002). Blocking double
phosphorylation at Ser142/143 decreased CREB-mediated transcription compared to WT,
whereas blocking Ser143 alone had a milder effect (Kornhauser et al., 2002). Taken
together, these data suggest that Ser142 and 143 are phosphorylated together and work
cooperatively to induce expression of CREB-dependent genes. In support of this, triple
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phosphorylation at Ser133, 142 and 143 is induced in the cortex in vivo after seizure activity
when there are high levels of calcium influx (Kornhauser et al., 2002).
In light of the role of Ser142/143 phosphorylation in activity-dependent expression
of CREB target genes, I wanted to examine the role of these two phosphorylation sites in
our model of activity-dependent plasticity in vivo. Is phosphorylation at Ser142/143
necessary for ODP during the critical period? One study from Tony Pham’s group tested
the level of Ser142/143 phosphoryation in the visual cortex after several different periods
of MD (longest period was 24 hours), and reported that there was no change in Ser142/143
phosphorylation (Suzuki et al., 2004). This seems to indicate that the Ser142/143
phosphorylation sites are not relevant for plasticity in the visual cortex, however their
results were taken from the monocular visual cortex (ODP requires competition as in V1B)
and were quantified only for absolute expression of pCREB (not relative to level of total
CREB). Additionally, the result was difficult to interpret since the comparison was made
between the left and right hemisphere of the same monocularly deprived mouse, instead of
from the same hemisphere of deprived versus non-deprived mice. Since we know that
phosphorylation at Ser133 is required for both Dc-ODP and Pc-ODP (Chapter IV),
phenomena that seemingly oppose each other, I wanted to test if additional phosphorylation
at Ser 142/143 is a secondary event that can trigger expression of the specific CREBdependent gene pool needed for either one or the other components of ODP in vivo.
Hypothesis - Phosphorylation of CREB at Ser133 is not sufficient for ODP - additional
phosphorylation at Ser142/143 is required.
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Prediction 1: KCl-induced membrane depolarization increases phosphorylation of CREB
at Ser133 and Ser142/143
Prediction 2: Blocking phosphorylation of CREB at Ser142/143 alone will disrupt ODP in
vivo
* Since there have been no studies on the role of pCREB at Ser142/143 in mechanisms of
plasticity, I cannot predict directionality (Is Ser142/143 phosphorylation important for DcODP or Pc-ODP or both?)

Methods
Animals - Mice used in this chapter were WT animals of the C57BL6 strain. Cortical
cultures were made from Sprague Dawley rat pups.
HSV constructs – The CREBdn-S142A/S143A construct has serine to alanine point
mutations at the residue 142 and 143 (S142A/S143A), which prevents phosphorylation of
CREB at these sites (Figure 5.2). CREBdn-S133A and the control GFP virus, described in
Chapter IV, were also used in some experiments here. Virus titer of GFP and CREBdnS133A was 6 x 107 transducing units/ml, and titer of CREBdn-S142A/S143A was 3 x 108
transducing units/ml.

Figure 5.2 - Diagrams of HSV constructs used in Chapter V.
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Virus infection and KCl stimulation of cortical cultures – Cortical cultures were prepared
in the lab of our collaborator, Dr. Thomas Blanpied, at the University of Maryland School
of Medicine. Briefly, primary cultures of cortical neurons were obtained from E20
(embryonic day 20) rat embryos and dissociated with trypsin. On the day of dissection, the
cells were grown in Neurobasal Medium (Sigma) supplemented with 5% bovine serum
supplemented with B27, glutamax and 50 U/ml gentamicin. Cells were plated at 50,000
cells/cm2 on coverslips coated with poly-l-lysine (Sigma). The next day, media was
changed to Neurobasal medium (Sigma) supplemented with B27, glutamax, and 1 μg/ml
gentamycin. FUDR (10 μm) was added 1–3 days after plating. Cultures were grown at
37°C and in 5% CO2.
After 10 days in culture, a 1:2000 dilution of HSV construct (HSV-GFP, CREBdnS133A or CREBdn-S142A/S143A) was added to each well. Plates were returned to the
37°C incubator overnight, and virus infection was confirmed the following day by
visualizing GFP expression in the culture plate. Cells were stimulated for 20 minutes either
in a KCl-rich media containing ACSF with 50mM KCl and 9.2mM CaCl2 as previously
described (Kornhauser et al., 2002) or normal ACSF (Ma et al., 2014) as control. The KClrich media additionally contained 0.5µM TTX (to block voltage-gated sodium channels),
10µM DNQX (to block AMPA-Rs) and 10µM APV (to block NMDA-Rs) (Ma et al.,
2014). This decreases the baseline activity level, so that any activity-dependent change in
expression of our proteins of interest can be clearly resolved.
KCl-stimulated cells used to stain for phosphorylated CREB (pCREB), were fixed
immediately after stimulation with 4% PFA in 20% EGTA. However, stimulated cells used
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to stain for CREB target genes were switched back into culture media for 20 minutes to
allow for gene expression, before subsequent fixation.
Immunocytochemistry – Fixed cells were washed with 1X PBS and 100mM Glycine
(PBS/Gly), and then blocked in 10% NGS in PBS/Gly with 0.1% triton X-100 for 60
minutes at 37°C. They were then incubated at 4°C overnight with the following primary
antibodies in PBS/Gly/0.1%Triton in 5% NGS: Rabbit anti-phosphoCREB Ser133
(1:1000, Millipore), Rabbit anti-phosphoCREB Ser142/143 (1:500), Rabbit anti-Arc
(1:500, Santa Cruz), Rabbit anti-CaMKII conjugated to Alexafluor647 (1:500, Abcam).
Each coverslip of cells was stained for either pCREB133, pCREB142/143, or Arc, together
with CaMKII as an excitatory neuronal marker. The next day, the cells were washed in
PBS/Gly, incubated for 1 hour at room temperature with fluorescent secondary antibody
anti-rabbit Alexafluor568 (1:500), washed again in PBS/Gly and then mounted on glass
slides with mounting media (Permafluor mountant, Thermo Scientific). The
pCREB142/143 antibody was generously provided to us by Dr. Michael Greenberg of
Harvard University.
Confocal imaging and analysis - Confocal imaging was performed at the University of
Maryland School of Medicine Confocal Microscopy Core Facility, on a point-scanning
confocal (Zeiss LSM 510 Meta) microscope, with a 40X/1.3 NA oil-immersion objective.
Specifications for data collection on each fluorescent track were as follows – for GFP,
488nm laser excitation was bandpassed from 500-550nm; for Alexafluor594, laser
excitation at 543nm was set to a longpass filter at 560nm; and for Alexafluor647, 633nm
excitation was bandpassed from 650-710nm. Only virus-infected excitatory neurons were
included in this analysis, determined by colocalization analysis (for GFP and CaMKII)
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performed on maximum intensity projection images. Average optical density of the cell
body was determined, and background was subtracted from the OD value of each cell.
Intracranial virus injections – HSV constructs were injected in mice as described in
Chapter IV.
VEP experiments - All surgical and electrophysiological procedures involved in conducting
a VEP experiment (electrode implantation, baseline VEP recording, monocular deprivation
and post-MD VEP recording) were performed as described in General Methods.
Experimental timeline of the VEP experiments in this study is exactly the same as in
Chapter IV, shown in Figure 4.3.
Statistics – VEPs were analyzed as stated in General Methods. For immunocytochemistry,
pCREB was compared using two-tail independent t-tests, whereas Arc and CaMKII were
compared using one-way ANOVA. Western blots were analyzed by two-tail independent
t-tests. For clarity of the main text, statistics details are mainly reported in the figure
legends. All statistical tests were performed on IBM SPSS (v23) and statistical significance
was set to p ≤ 0.05.

Results
A primary requirement for any potential mechanism of ODP is that it is activitydependent. Phosphorylation of CREB at Ser133 increases in response to increased synaptic
activity (Ma et al., 2014; Sheng et al., 1990). Kornhauser and colleagues showed that
phosphorylation at Ser142/143 also increases upon synaptic activity. With the help of my
collaborators, I replicated these data in dissociated rat cortical cultures by triggering
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membrane depolarization with 50mM KCl for 20 minutes, and staining for antibodies that
recognize CREB phosphorylation either at Ser133 (pCREB133) or at Ser142 and 143
(pCREB142/143). We showed that phosphorylation at Ser133 and Ser142/143 is increased
in cells exposed to KCl-rich ACSF compared to cells exposed to control ACSF (Figure 5.3
A and B).

Figure 5.3 – Phosphorylation of CREB at Ser133 and Ser142/143 is activity-dependent.
(A) Cells exposed to either regular ACSF (n=164 cells) or KCl-rich ACSF (n=151 cells) for
20 minutes show an increase in staining intensity of pCREB 133 (*p<0.0001,
independent t-test). (B) The same experiment showed KCl-induced increase in staining
intensity of pCREB 142/143 (n=198 cells “ACSF only” and 109 cells “+KCl”,
*p<0.0001, independent t-test). The histograms on the right present a quantification of
this significant increase.
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The fact that phosphorylation at Ser142/143 is activity-dependent makes it a viable
candidate to confer specificity on the activation of CREB and its subsequent expression of
diverse gene programs. Arc is an activity-dependent critical immediate early gene required
for the normal manifestation of ODP (McCurry et al., 2010; Cohen et al., 2016), so I
reasoned that if phosphorylation at Ser142/143 is necessary for the activity-dependent
expression of Arc, it would be more likely to be important for ODP. I infected cells in
culture with a control virus (HSV-GFP) or viruses to block phosphorylation at Ser133
(CREBdn-S133A) or phosphorylation at Ser142/143 (CREBdn-S142A/S143A). After
confirming successful virus expression, I depolarized these cells with KCl to measure the
change in activity-dependent Arc expression. Since mechanistic differences do exist with
respect to cell type, we refined our result by co-labeling these cells with CaMKII. CaMKII
is expressed only in glutamatergic neurons and not inhibitory neurons in the cortex (Liu
and Jones, 1996) and was therefore used here as a marker for excitatory neurons. I analyzed
Arc expression only in virus-infected, CaMKII-colocalized excitatory neurons.
Excitatory neurons infected with HSV-GFP control virus showed a large increase
in Arc expression after KCl-induced depolarization (Figure 5.4A panel-1 and -2).
Excitatory neurons infected with CREBdn-S133A reduced this activity-dependent
expression of Arc back to baseline (Figure 5.4A panel-3). I also found that upon blocking
phosphorylation at Ser142/143 with CREBdn-S142A/S143A, activity-dependent Arc
expression was dramatically reduced, back to a basal level with no significant difference
from control (Figure 5.4A panel-4). A cumulative frequency distribution quantifies the
above results (Figure 5.4B). Our findings in culture strengthened the prediction that
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phosphorylation at Ser142/143 is a critical secondary event (in addition to phosphorylation
at Ser133) for the expression of CREB-dependent genes required for ODP in vivo.

Figure 5.4 – Activity-dependent Arc expression is blocked in the absence of CREB
phosphorylation at Ser133 as well as at Ser142/143.
(A) Stimulus and virus infection conditions are as follows (from left): ACSF control media in
cells infected with HSV-GFP control virus (n=105 cells), KCl-rich ACSF to depolarize cells
infected with HSV-GFP control virus (n=128 cells), KCl-rich ACSF in cells infected with
CREBdn-S133A (n=51 cells), and KCl-rich ACSF in cells infected with CREBdn-S142A/S143A
(n=63 cells). Top panels show Arc staining in red and bottom panels show HSV infection in
green. (B) A cumulative distribution plot showing all analyzed cells in each condition clearly
displays the activity-dependent increase in Arc expression that is blocked by the CREBdn viruses
(1-way ANOVA, F(3,333)=53.1, p<0.0001; Tukey’s post-hoc test “GFP(+KCl)” versus all other
groups p<0.0001).
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As mentioned earlier, all cells were co-labeled with CaMKII to achieve cell-type
specificity in the staining analysis. Upon closer analysis of the staining under the different
stimulus conditions, we noticed an almost identical pattern in the red and blue channels
(Figure 5.5A). Arc and CaMKII are endogenously found within many of the same cellular
structures (cell body, dendrites, spines, etc.) (Vazdarjanova et al., 2006), so the staining
overlap was not immediately concerning. Our CaMKII primary antibody was a rabbit
monoclonal pre-conjugated to Alexafluor 647 (AF647) that labeled CaMKII blue without
need for a secondary antibody. It was used concomitantly with rabbit primary antibodies
for either pCREB133, pCREB142/143 or Arc, that were subsequently incubated with the
corresponding secondary antibody Alexafluor 568 (AF568) to stain these proteins red.
When the antibody species overlap was belatedly discovered, we conducted a control to
check if steric hindrance by the

AF647

primary antibody from binding the

conjugate was sufficient to prevent the CaMKII

AF568

secondary antibody. We incubated cortical

cultures with the CaMKII primary antibody (pre-conjugated to

AF647)

and the

AF568

secondary antibody, and found that CaMKII staining was clearly visible in both red and
blue channels (Figure 5.5B).
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Figure 5.5 - Cross talk between AF647-conjugated CaMKII primary antibody and AF568
secondary antibody.
(A) Under different stimulus conditions (ACSF or KCl-rich), Arc (red) and CaMKII (blue)
primary antibodies show heavily overlapping staining patterns. (B) Incubation of cells with only
the CaMKII primary antibody and AF568 secondary antibody shows cross binding.

The result shown in Figure 5.5 called into question our novel finding that activitydependent expression of Arc is dramatically reduced by viral blockade of Ser133 and
Ser142/143 phosphorylation. We know that staining in the red channel (AF568) showed a
mixture of Arc and CaMKII (Arc+CaMKII), however staining in the blue channel (AF647)
must be exclusively CaMKII. Qualitative inspection of AF647-CaMKII staining showed no
visible difference regardless of stimulus or virus infection conditions, unlike what we saw
in the AF568 red channel (Figure 5.6A), leading us to believe that the result originated from
Arc, not CaMKII. To support this, I quantified the fluorescence intensity of AF647-CaMKII
in the different stimulus/virus infection conditions, in the same population of cells and in
the same way I had done previously for the AF568 red channel. I found that the expression
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of CaMKII alone (AF647) was quite different from the expression of Arc+CaMKII in the
AF568

red channel (Figure 5.6B). This tells us that despite the cross binding of

CaMKII with

AF568,

AF647-

the activity-dependent increase in expression blocked by CREB

phosphorylation seen in Figure 5.4, originated primarily from changes in Arc, not CaMKII.
The expression of CaMKII does differ between the different experimental groups, but the
magnitude and direction of these differences should not affect the dramatic effect seen in
Arc staining.
The immunocytochemistry conducted to show activity-dependent phosphorylation
of CREB at Ser133 and Ser142/143 was also done with CaMKII co-labeling to limit
analysis to excitatory neurons. However, these experiments are less concerning for two
reasons. Firstly, the same result was previously shown by Kornhauser and colleagues
(Kornhauser et al., 2002). More importantly, since CREB functions as a nuclear
transcription factor, the activation of CREB via phosphorylation takes place in the nucleus.
The nuclear staining of pCREB in cells depolarized by KCl is not shared by CaMKII. The
cellular distribution of CaMKII looks the same after 20 minutes in either ACSF or KClrich conditions (Figure 5.7A and B bottom panels), whereas pCREB staining in the nucleus
for both Ser133 and Ser142/143 antibodies clearly increases after depolarization (Figure
5.7A and B top panels and histograms).

117

Figure 5.6 – Change in expression pattern of CaMKII only is different from that of
Arc+CaMKII between the stimulus/virus infection conditions.
(A) Stimulus and virus infection conditions are as follows (from left): ACSF control media in
cells infected with HSV-GFP control virus, KCl-rich ACSF to depolarize cells infected with
HSV-GFP control virus, KCl-rich ACSF in cells infected with CREBdn-S133A, and KCl-rich
ACSF in cells infected with CREBdn-S142A/S143A. Top panels show Arc+CaMKII staining in
red and bottom panels show CaMKII staining in blue. (B) Cumulative distribution plots showing
the same cells analyzed for Arc+CaMKII (same graph from Figure 5.4B) and for CaMKII alone
(1-way ANOVA, F(3,320)=6.83, p=0.0002; Tukey’s post-hoc test “GFP(ACSF only)” versus
“CREBdn-S142A/S143A(+KCl)” p=0.03, “GFP(+KCl)” versus “CREBdn-S133A(+KCl)”
p=0.002, “CREBdn-S133A(+KCl)” versus “CREBdn-S142A/S143A(+KCl)” p=0.001).
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Figure 5.7 – Activity-dependent increase in pCREB nuclear staining.
(A) Top panels (red) show that nuclear staining of pCREB133 is increased after depolarization
with KCl. Bottom panels (blue) show CaMKII is not in the nucleus under either stimulus
condition. The histogram on the right quantifies the change in nuclear intensity of pCREB133
(n=176 cells “ACSF” and 87 cells “+KCl”, *p<0.0001, independent t-test). (B) Cells stained for
pCREB 142/143 also show KCl-induced increase in nuclear staining, whereas CaMKII in the
same cells does not. The corresponding histogram represents pCREB142/143 nuclear staining
(n=137 cells “ACSF” and 141 cells “+KCl”, *p<0.0001, independent t-test).

The principal question in this chapter is if phosphorylation at Ser142/143 is
necessary for ODP during the critical period. I tested this directly using VEPs in virus
injected mice before and after 7 days of MD in vivo. We know from my experiments in
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Chapter IV that mice injected with CREBdn-S133A do not show an ocular dominance shift
(Figure 5.8A left), and both Dc-ODP and Pc-ODP are blocked compared to GFP-control
mice. I found here that mice injected with CREBdn-S142A/S143A also showed no ocular
dominance shift after 7 days of MD (Figure 5.8A right). Additionally, upon analyzing the
individual components of ODP, we see that blocking phosphorylation at Ser142/143 blocks
both Dc-ODP and Pc-ODP (Figure 5.8B right). These results reveal the phosphorylation
of CREB at Ser142/143 as a novel mechanism of ODP.

Figure 5.8 – Blocking CREB phosphorylation at Ser142/143 blocks both components of
ODP.
(A) Left. Histogram showing that mice injected with HSV-GFP show the expected
downward shift in OD after MD, whereas mice injected with CREBdn-S133A do not.
Right. Mice injected with CREBdn-S142A/S143A also do not exhibit any OD shift
(n.s.=not significant, p=0.40, paired t-test). (B) Left. Histogram showing Dc-ODP and PcODP as expected in control mice. Right. Both Dc-ODP and Pc-ODP are blocked in mice
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injected with CREBdn-S1442A/S143A (n.s.=not significant, p=0.45 “Dc-ODP” and
p=0.28 “Pc-ODP”, paired t-test). The grey boxes indicate that these data have previously
been presented in this thesis. Sample sizes (n) are specified in the histogram for each
group.

So far, our findings using the CREBdn-S142A/S143A virus match those from the
CREBdn-S133A virus. Both viruses blocked activity-dependent expression of Arc
measured by immunocytochemistry, and both viruses blocked Dc-ODP and Pc-ODP
measured by VEPs in vivo. It may seem like these viruses showed the same results because
they are in fact the same construct, or that Ser133 phosphorylation is somehow impaired
by the S142A/S143A mutations. The use of constructs with the same serine to alanine
mutations has been previously published and no cross-interference in phosphorylation has
been reported (Kornhauser et al., 2002). Nevertheless, I performed a control experiment to
test if phosphorylation at Ser133 is impaired by the S142A/S143A mutations. I ran western
blots for pCREB133 in visual cortex tissue from mice injected with CREBdnS142A/S143A. As first presented in Chapter IV, the pCREB133 antibody successfully
detects a significant reduction in phosphorylation at Ser133 in CREBdn-S133A infected
tissue compared to control (Figure 5.9A). However, in CREBdn-S142A/S143A infected
tissue, the levels of pCREB133 are no different from tissue infected with GFP-control virus
(Figure 5.9B), confirming that the S142A/S143A mutations do not impair phosphorylation
at Ser133.
Taken together, the results presented in this chapter support the hypothesis that the
phosphorylation of CREB at Ser142/143 is an activity-dependent event required for the
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normal manifestation of ODP during the critical period. Specifically, it is necessary for
both components of activity-dependent neuronal plasticity in the visual cortex.

Figure 5.9 - Phosphorylation at Ser133 is not affected by S142A/S143A mutations.
(A) Western blot data showing that pCREB133 is significantly reduced in tissue from CREBdnS133A injected mice versus mice injected with the control virus. The grey box indicates that this
data has previously been presented in this thesis. (B) Western blot data showing that pCREB133
levels do not change in tissue from CREBdn-S142A/S143A injected mice versus mice injected
with the control virus (n.s.=not significant, p=0.49, independent t-test).

Discussion
In this chapter I primarily showed that phosphorylation of CREB at Ser142/143 is
required for both components of ODP in vivo. So far, phosphorylation at Ser133 has
predominated as the major mechanism of CREB activation (Mayr and Montminy, 2001).
This is the first study to show that phosphorylation at Ser142/143 is also a mechanism by
which CREB regulates neuronal plasticity. Despite the confounding effect of crossbinding, our immunocytochemistry still seemed to show that phosphorylation at Ser133
and Ser142/143 increase in an activity-dependent manner, especially in the nucleus. Our
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results also suggest that activation of CREB by phosphorylation at these three critical
residues is required for activity-dependent expression of Arc.
Very few studies have investigated both components of plasticity simultaneously,
to distinguish between mechinisms of transcription factor activation, that trigger
expression of genes required for plasticity to occur. By measuring VEPs before and after 7
days of MD, I was able to investigate both Dc-ODP and Pc-ODP, the two “opposing” but
coexisting components of activity-dependent plasticity in the visual cortex. These two
components of plasticity have different underlying mechanisms and require the expression
of distinct as well as overlapping pools of genes. We know that CREB is required for ODP
(Mower et al., 2002). Since CREB is activated by numerous different synaptic stimuli and
triggers the expression of distinct genes at different times under varying conditions (Bonni
et al., 1995; Tao et al., 1998), several different mechanisms of CREB activation must exist.
One such mechanism is via CBP and its paralog p300, cofactors that are recruited to CREB
after its phosphorylation at Ser133 (Parker et al., 1996; Chrivia et al., 1993). If Ser142/143
phosphorylation is required for ODP, but inhibits interaction of CREB’s KID domain with
CBP’s KIX domain as was shown in vitro (Parker et al., 1998; Kornhauser et al., 2002),
perhaps the genes that require the CREB-CBP KID-KIX interaction for their transcription
are not critical to activity-dependent plasticity in vivo. However, this does not preclude a
different role for CBP in plasticty-related gene expression, as it also functions
independently of CREB as a histone acetyltransferase to unravel chromatin for easier
access to transcriptional machinery.
As an activity-dependent event required for plasticity, phosphorylation of CREB at
Ser 142/143 was a promising candidate mechanism by which the cell confers specificity
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on CREB-dependent gene pools. Since Ser133 phosphorylation is required for Dc-ODP
and Pc-ODP, it was possible that additional phosphorylation at Ser142/143 was a
secondary event required for the transcription of genes for either Dc-ODP or Pc-ODP.
However, since my results show that phosphorylation at Ser142/143 is also required for
both Dc-ODP and Pc-ODP, it cannot be a mechanism by which the cell distinguishes
between distinct gene programs needed for either Dc-ODP or Pc-ODP. It must therefore
be involved in expressing CREB-dependent genes common to both components of ODP.
For instance, Arc is a prime example of a CREB-dependent gene in this common
pool, as it is required for both Dc-ODP and Pc-ODP (McCurry et al., 2010). Arc is an
important player that is frequently studied in the context of neuronal plasticity (Shepherd
and Bear, 2011). The Arc protein enhances endocytosis of AMPA recptors from the
synaptic membrane (Chowdhury et al., 2006), which is a key mechanism underlying LTD.
It is required for learning and memory in the hippocampus and amygdala (Cole et al., 2012;
Guzowski et al., 2000; McCurry et al., 2010) and is used as a marker for neuronal activity
(Morrison et al., 2016; Guzowski et al., 2005). Although numerous studies have shown that
CREB induces Arc expression (Kawashima et al., 2009; Sano et al., 2014; Yiu et al., 2011),
the mechanism of activity-dependent Arc expression by CREB has not been clearly
determined. Kumar and colleagues showed that Arc expression was decreased in the
presence of a dominant negative form of CaMKII (Kumar et al., 2012). Since CaMKII has
been shown to phosphorylate CREB at Ser133 (weaker activation) and Ser142/143
(Kornhauser et al., 2002), we can deduce that CREB-depedendent Arc expression occurs
via phosphorylation at these sites. However, to my knowledge, my experiments in Chapter
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V are the first to directly reveal triple phosphorylation at Ser133, 142 and 143 as a
mechanism for the activity-dependent induction of Arc by CREB.
Since the CREB-dependent transcriptome is so vast in number and diverse in
purpose, the search for what genes CREB expresses to fulfill different cellular needs has
been a long standing question. Teasing out the mechanisms of CREB’s activation is one
way to go about addressing this question. We now know that triple phosphorylation at
Ser133, 142 and 143 is required for both Dc-ODP and Pc-ODP. Using the blockade of
these phosphorylation sites as probes in a transcriptomics or protemics studies could
narrow down what pools of CREB-dependent genes are required for both components of
activity-dependent plasticity.
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Chapter VI

COMPREHENSIVE DISCUSSION
My thesis work focused on identifying novel molecular players that regulate
activity-dependent neuronal plasticity in the visual cortex, and investigating mechanisms
by which they do so. The proteins that I studied have different sites of action as well as
different sites of origin. Chapter III investigated the role of hevin, an astrocyte-secreted
protein that acts in the synaptic cleft. Chapter IV examined three transcription factors in
the nucleus of visual cortical neurons, namely CREB, SRF and MEF2, and Chapter V
delved deeper into the activation mechanisms of CREB. Therefore, the two primary topics
discussed here are – 1) astrocytic regulation of activity-dependent neuronal plasticity and
2) regulation of activity-dependent plasticity by transcription factors in neurons. Our
knowledge on both topics still remains vastly unfulfilled, but the findings presented in this
thesis contribute to addressing them.

Astrocytic regulation of activity-dependent plasticity
Astrocytes are glial cells historically known for secreting proteins that maintain the
structure of the extracellular matrix. They can also respond to synaptic activity by secreting
non-structural ECM molecules to influence the functional response of neurons to specific
stimuli (Stevens, 2008).
My original hypothesis in Chapter III was that astrocyte-secreted hevin is necessary
during thalamocortical development to enable ODP during the critical period, presumably
through its bridging-dependent synaptogenic function. The testing of this hypothesis
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revealed that expression of hevin in astrocytes, not during thalamocortical development,
but during the critical period, is required for activity-dependent neuronal plasticity in the
visual cortex. In the discussion of Chapter III, I suggested that hevin might be able to align
synapses and enable plasticity even after the end of thalamocortical development, when
they are fully formed and functional. But how does hevin make synapses plastic during the
critical period? Here I propose some alternate hypotheses that could be tested in the future.
In light of our current knowledge regarding astrocyte-neuron communication and
hevin function, it is not difficult to envision the following scenario. When a non-transient
change in synaptic activity occurs during a period of MD (be it lower calcium influx in
thalamocortical synapses connected to the deprived eye or a higher calcium influx in
synapses connected to the open eye), astrocytes adjacent to the affected synapse may also
detect the same increase or decrease in activity, and secrete hevin. Hevin then interacts
with Nrx1a and NL1B in the synaptic cleft and assembles trans-synaptic bridges, not to
form the synapse, but to enable plasticity in the synapse. Risher and colleagues found that
hevin is required for refinement of multi-contact spines into single-contact spines during
early thalamocortical development (Risher et al., 2014), which could double as a suitable
mechanism for depression of cortical responses after MD. Alternatively, hevin may
enhance the formation or stabilization of trans-synaptic nanocolumns. A nanocolumn is a
newly established concept of synaptic reorganization, where postsynaptic proteins
assemble into clusters that axially align with sites of presynaptic transmitter release in order
to improve synaptic efficiency and strength (Tang et al., 2016). Along with several other
plasticity-related proteins, AMPA-Rs were shown to cluster into nanocolumns, and this
protein enrichment increased and decreased respectively upon induction of NMDA-
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dependent LTP and LTD (Tang et al., 2016). Therefore, it is conceivable that when hevin
bridges Nrx1a and NL1B, it forms or stabilizes nanocolumns, which in turn enables
activity-dependent plasticity during the critical period.
In addition to rescuing ODP in Hevin KO mice by reintroducing the full length
hevin protein, we also showed that the amino acids 351-440 of hevin (“DE” region) are
particularly crucial. This “DE” region was shown to be required for the interaction of Nrx1
and NL1 with hevin, and thereby responsible for its bridging and synaptogenic function
(Singh et al., 2016). Like the Hevin KO, the Hevin-∆DE mutant also did not exhibit ODP,
so the instinctive interpretation was that hevin’s bridging-dependent synaptogenic function
is required for ODP. However, this is not necessarily true. It is plausible that only the
postsynaptic NL1-binding C-terminal fragment of hevin (which includes the DE region) is
required for ODP. NMDAR-dependent LTP and LTD, required for Pc-ODP and Dc-ODP,
are postsynaptically expressed. Hevin specifically recruits postsynaptic NL1 to bind to its
DE region (Singh et al., 2016), and both hevin and NL1 are involved in recruiting NR1 and
NR2B subunits of NMDA-Rs to the synapse (Singh et al., 2016; Budreck et al., 2013). In
support of this idea, NR2B expression in synaptic fractions of visual cortex increases after
3 days of MD (Chen and Bear, 2007), which would permit Dc-ODP, and lead to the loss
of OD shift that we observe by VEPs after MD. Fortuitously (to my mechanistic proposal
in this discussion), the C-terminal fragment of hevin exists endogenously in the brain.
ADAMTS4 is an extracellular metalloprotease that cleaves hevin precisely at amino acid
350 in vivo (Weaver et al., 2010), thereby forming a C-terminal fragment that includes the
DE region crucial to ODP. Compared to the expression level of full length hevin, the Cterminal hevin fragment was found to exist at much lower levels in WT mice (Weaver et
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al., 2010). This low basal expression could have been observed because hevin cleavage
may be triggered only in response to activity. Singh and colleagues had concluded that the
cleavage at amino acid 350 rendered hevin inactive, as neither the N- nor C-terminal
fragments alone were able to induce synaptogenesis (Singh et al., 2016). However, this
conclusion was based on hevin’s function in synaptogenesis, which may be unique to the
full length form. Independently, the cleaved C-terminal fragment (from here on referred to
as Hevin-C) could be the mechanism of hevin’s role during the critical period in activitydependent neuronal plasticity.
The requirement of hevin for ODP via the recruitment of NMDA-Rs to the
postsynaptic membrane is the simplest explanation for its role during the critical period.
This alternate hypothesis that I advocated above would read as follows - Hevin’s role in
activity-dependent plasticity is independent of its bridging/synaptogenic function, and is
carried out by Hevin-C via its interaction with postsynaptic NL1 and their recruitment of
NR2B-containing NMDA receptors to the synapse. This hypothesis could be tested using
the same tools that we and our collaborators in the Eroglu lab already possess. Firstly, I
would predict that ODP would be rescued in Hevin KO mice if Hevin-C is reintroduced in
vivo during the critical period, just like full length hevin was able to do. Secondly, I would
predict that similar to full length hevin, Hevin-C would enhance NMDA-R currents in RGC
cultures and this enhancement would be blocked with ifenprodil. However, Hevin-∆DE
would not be able to induce this NMDA-R enhancement. Finally, I would predict that
reintroducing Hevin-C during the critical period in vivo would not rescue ODP in Hevin
KOs that are administered ifenprodil in vivo during the MD period (Benavides et al., 1992).
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Regulation of activity-dependent plasticity by transcription factors in neurons
The second theme brought up in this thesis is the regulation of activity-dependent
neuronal plasticity by nuclear transcription factors in neurons. As the primary neural
mechanism for change in response to experience, activity-dependent plasticity consists of
two seemingly opposing but coexistent components. The gain of function and loss of
function components are not often investigated simultaneously in the same study. ODP as
a model of activity-dependent plasticity is valuable because it consists of clearly defined
functional and structural changes pertaining to both gain and loss of function components.
After a MD during the critical period, there is a decrease in activity entering visual cortical
neurons that connect to the deprived eye, diminishing their responses and weakening these
synapses. On the contrary, cortical neurons receiving input from the open eye continue to
be visually stimulated, and via competition-induced synaptic strengthening, these neurons
increase their response amplitudes and expand their connections (Wiesel and Hubel, 1963;
Frenkel and Bear, 2004). These contrasting components of ODP, Dc-ODP and Pc-ODP,
must require distinct gene programs to orchestrate.
Delineating which genes are required for which component will greatly help focus
the molecular targets used to treat deficits in one or both plasticity components. Both these
modes of plasticity are complex, involve many different mechanisms and of course require
more than one gene to carry out. Transcription factors represent promising targets that can
affect plasticity at a larger scale by controlling many different genes. Each transcription
factor has its own set of gene targets, that may overlap to varying degrees with the targets
of other transcription factors. In Chapter IV, we revealed that CREB is required for both
PC-ODP and Dc-ODP, whereas SRF and MEF2 are required only for Dc-ODP. Continuing
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to identify other transcription factors (Figure 6.1 – Transcription Factor “X” and “Y”)
required for each component of plasticity, would subsequently allow a transcriptomics or
proteomics study to compare which of their gene targets overlap. This could narrow down
the list of genes required to successfully carry out a large scale cellular response to activity,
such as Dc-ODP or Pc-ODP. This idea is portrayed for Dc-ODP in Figure 6.1; activitydependent transcription factors that could be promising candidates to further this approach
are Npas4 and Egr1 (Lyons and West, 2011).

Figure 6.1 – Identifying common targets of different critical transcription factors can
narrow down the specific set of genes required for plasticity.

What initially drew me to studying CREB, SRF and MEF2 in tandem was their
binding to the enhancer element SARE (Synaptic Activity Response Element). SARE
consists of binding sites for all three of these transcription factors, and was identified
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upstream of Arc, a protein required for ODP (Kawashima et al., 2009; McCurry et al.,
2010). SARE is also found upstream of many other plasticity-related genes like Homer1,
Neurexin1, Bdnf and Npas4 (Rodriguez-Tornos et al., 2013). Kawashima and colleagues
suggested that CREB, SRF and MEF2 work cooperatively on SARE to trigger maximal
expression of Arc, but also showed that each of these transcription factors can still lead to
significant Arc expression independent of each other (Kawashima et al., 2009). So it is
possible that CREB, SRF and MEF2 are activated under different circumstances to trigger
expression of Arc, and other plasticity-related genes, to accomplish different cellular needs.
Moreover, as described in the introduction, numerous compelling studies reported the
differential contributions of CREB, SRF and MEF2 to gain of function (for CREB) and
loss of function processes (for SRF and MEF2). Accordingly, our results supported these
reports in the literature.
However, in support of a few studies reporting CREB’s role in LTD (primarily in
the cerebellum) (Ahn et al., 1999; Ho et al., 2000), we found that CREB is also required
for Dc-ODP. The commonality in function between CREB, SRF and MEF2 with respect
to Dc-ODP could mean that the gene pool required for Dc-ODP related processes is
expressed by cooperative binding to SARE (Figure 6.2A). However, since many gene
promoters contain multiple transcription factor binding sites, (for example the Arc
promoter has a SARE and a SRE), it is also possible that CREB, SRF and MEF2 regulate
critical ODP genes entirely independent of the SARE binding site (Figure 6.2B). In support
of a SARE-dependent hypothesis, one study has shown that SRF binding to the SARE
upstream of Arc, but not to the other SRE upstream of Arc, is important for LTD in Purkinje
neurons. They showed that late-phase cerebellar LTD is blocked in Arc KO neurons, and
132

can be rescued by adding back Arc. The key experiment for SARE in this study, showed
that deleting the SRE within SARE prevented Arc-dependent rescue of LTD in Arc KOs.
However, deletion of the other SRE did not affect LTD which was similar to WT (SmithHicks et al., 2010).

Figure 6.2 – Two possible options for transcriptional regulation of gene pools required for
ODP.
(Left) SARE-dependent ODP regulation: CREB expresses Pc-ODP and Dc-ODP genes by
binding to their SARE sequence. SRF and MEF2 express Dc-ODP genes by binding to their
SARE sequence. (Right) SARE-independent ODP regulation: CREB expresses Pc-ODP and DcODP by binding to their CRE, and SRF and MEF2 express Dc-ODP genes by binding SRE and
MRE, not by binding to SARE.

It would be interesting to directly investigate the role of SARE in the regulation of
genes required for activity-dependent plasticity in vivo. Kawashima and colleagues
generated an AAV construct called E-SARE that contains GFP downstream of a
multiplexed SARE sequence promoter, along with RFP driven by an activity-insensitive
promoter as an infection marker (Kawashima et al., 2013). By expressing E-SARE in vivo
during the MD period and visualizing GFP, this viral tool could determine if genes required
133

for ODP are expressed by transcription factor binding to the SARE sequence. Preventing
endogenous binding of SARE with site directed genome editing tools like CRISPR-Cas9
(Thakore et al., 2016) would be ideal to test its role in ODP in vivo. A modified technology
called CRISPR interference (CRISPRi), allows targeted DNA binding without Cas9
cutting, precisely to prevent endogenous binding to specific sequences (Qi et al., 2013).
These tools can be made inducible and reversible (Qi et al., 2013), which would be perfect
for isolating their effect to the period of MD.

Mechanisms of transcription factor activation
The diverse array of gene targets that each transcription factor controls requires the
existence of specific activation mechanisms for the expression of different smaller groups
of genes. The phosphorylation of CREB at Ser133 was considered its primary mechanism
of activation. Other mechanisms of CREB activation that have been elucidated include its
interaction with its cofactors CRTC1 and CBP (Mayr and Montminy, 2001). CRTC1
activates CREB in a manner independent of phosphorylation (Xu et al., 2007), whereas
CBP binding to the KID domain of CREB is enhanced by its phosphorylation at Ser133
(Chrivia et al., 1993). The two phosphorylation sites that I examined in Chapter V,
Ser142/143, are not as well studied. Conflicting reports exist regarding the effect of
phosphorylation at Ser142 – it can negatively regulate CREB activity via its dimerization
and DNA binding, and positively regulates CREB activity when independent of
dimerization (Kornhauser et al., 2002). Ser143 cannot be phosphorylated without Ser142,
and together they enhance CREB-dependent gene expression in an activity-dependent
manner (Kornhauser et al., 2002). Studies have shown that phosphorylation at Ser142
prevents the interaction of CBP’s KIX domain with CREB’s KID domain (Parker et al.,
134

1998; Kornhauser et al., 2002), however a different group showed that Ser142
phosphorylation does not interfere with CREB binding to CBP. In chapter V, my results
showed that in addition to Ser133, phosphorylation at Ser142/143 is also required for both
components of activity-dependent plasticity in the visual cortex. Taken together, these data
suggest that after MD, CREB is activated via triple phosphorylation at Ser133/142/143 and
does not need the KID-KIX interaction with CBP for ODP. This idea could be supported
by co-immunoprecipitating for CREB and CBP in CREBdn-S133A and CREBdnS142A/S143A tissue. Compared to WT tissue, we might expect reduced CBP
immunoprecipitation in CREBdn-S133A where Ser142/143 is phosphorylated, and
increased CBP in CREBdn-S142A/S143A tissue where only Ser133 is phosphorylated.
This prediction is based on the KID-KIX interaction of CREB and CBP, however we
cannot exclude the possibility that these two proteins may interact via other domains as
well.
In Chapter V, we also found that activity-dependent Arc expression is reduced in
the absence of Ser142/143 phosphorylation, revealing a novel mechanism for CREB’s
transcriptional regulation of Arc. Arc in particular is a complex molecule with respect to
its endogenous function. The precise kinetics of transcription and translation of Arc seem
to differ depending on the receptors and signaling pathways leading to it, and this has
important implications for Arc's role in neuronal plasticity (Shepherd and Bear, 2011).
Studies show that its expression is induced by PKA and MAPK pathways (Waltereit et al.,
2001), action potential-dependent calcium influx through voltage-gated calcium channels
(Adams et al., 2009) and by mGluRs (Park et al., 2008). The requirement of Arc for both
Dc-ODP and Pc-ODP (McCurry et al., 2010) fits with our data showing that Ser142/143
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phosphorylation activates Arc, and is also required for both Dc-ODP and Pc-ODP.
However, it is important to note that Arc was studied in ODP in vivo by the use of a KO
mouse line. As we revealed in our experiments with viral rescue of ODP in Hevin KO mice
in Chapter III, one cannot use the effects of a KO to assume the role of the protein during
any one specific period of time. Accordingly, Arc KO mice could cause the blockade of
Dc-ODP and/or Pc-ODP due to potential roles at earlier points in the development of the
visual circuit, not necessarily during the MD period. Further in vivo testing of ODP with
the absence of Arc specifically during the MD period is required to determine its role
during activity-dependent plasticity after MD.

There are still many gaps in our knowledge of the regulatory mechanisms involved
in activity-dependent neuronal plasticity, both from within the neuron itself and from
neighboring glia. The insights gained from my thesis have hopefully taken us a small step
in the right direction. Despite decades of research making substantial headway into this
field, how much we do know is greatly outweighed by how much still don’t know. A silver
lining to this sobering thought is that continued endeavors toward new scientific
breakthroughs can only serve to positively shift the balance between knowledge and
ignorance. Although Confucious astutely stated that real knowledge is knowing the extent
of one’s ignorance, I prefer to acknowledge this wisdom with some dogged optimism:
“Little by little does the trick” – Aesop.
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