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Abstract

Role of MGE- and CGE-derived Interneuron Subtypes in Transplant-Induced Cortical

Plasticity

by

Yunshuo Tang

Cortical GABAergic interneurons have been shown to play a pivotal role in ocular
dominance plasticity (ODP) during the developmental critical period. GABAergic interneurons
are extremely diverse, and currently it is unclear which interneuron subtypes contribute to
critical period plasticity. The majority of cortical GABAergic interneurons originate from the
medial and caudal ganglionic eminences (MGE and CGE, respectively). Transplanted into the
visual cortex of postnatal animals, MGE-derived interneuron precursors can disperse, mature,
integrate into local visual cortical circuit, and open a second window of critical-period-like
plasticity. Because transplanted MGE precursor cells differentiate primarily into parvalbumin-
expressing (PV*) and somatostatin-expressing (SST") cells, we genetically ablated PV* or SST*
cells in the transplants and tested whether the remaining cells can induce plasticity in the
recipients. Surprisingly, removing PV cells did not prevent MGE transplants from inducing
plasticity, despite strong evidence linking PV" interneurons to critical period plasticity. Depleting
SST" cells did not abolish transplant-induced plasticity, either, but removing both PV* and SST*
cells eliminated plasticity. Our results show that SST" interneurons, which are abundant and
powerful inhibitors in the visual cortex but have scarcely been studied in the context of ODP, are

as competent as PV" interneurons in mediating plasticity.

Vi



To investigate the contribution of other interneuron subtypes to critical period plasticity,
we transplanted CGE-derived interneuron precursors into postnatal recipients. Cells from CGE
transplants migrated into the visual cortex as efficiently as MGE-derived interneurons. CGE-
derived precursor cells did not differentiated into PV* or SST" cells, but instead generated
interneurons expressing diverse subtype markers such as reelin, calretinin, and vasoactive
intestinal peptide. Despite successful engraftment and efficient migration, CGE-derived
interneurons failed to induce plasticity. Our results demonstrate that transplanted interneuron
precursors from both MGE and CGE migrate vigorously in the postnatal cortex and differentiate
into a diverse panel of cortical interneuron subtypes. However, only PV* and SST" interneurons
derived from the MGE can modify host neural circuits and reintroduce juvenile-like plasticity into
the adult cortex. These findings provide important insights into the functional application of
interneuron subtypes. Such information will be crucial in investigating the mechanisms of critical

period plasticity and devising effective strategies of transplant therapy.
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Chapter 1

Introduction

Section 1: Overview

The brain is a highly organized and complex structure which governs voluntary actions
such as speech, movements, thoughts, emotions, and sensory perceptions, as well as
involuntary functions such as breathing, temperature regulation, and secretion of hormones.
The brain also has a protracted development that continues into and even beyond early
adulthood, which allows life experience to shape the millions of intricately connected neuronal
networks formed by billions of cells and trillions of synaptic connections. During this prolonged
development, many parts of the brain are vulnerable to damages, which can lead to debilitating
diseases including cerebral palsy, epilepsy, and schizophrenia. Throughout a person’s lifetime,
the brain is susceptible to trauma, stroke, or age-related neurodegenerative diseases, all of
which lead to significant morbidity for the patients and financial burdens on their families and the
society. These diseases all affect the health of neurons and neural networks. Current treatments
with pharmacological agents cannot replenish lost cells; nor can they rebuild disrupted network
connections. As such, it becomes imperative to develop alternative therapeutic strategies that

can both generate new cells and rewire synaptic connections.

In the late 1990s, our laboratory discovered a group of cells that are capable of both.

They are precursors of inhibitory cortical interneurons derived from an embryonic neurogenic



zone, the medial ganglionic eminence (MGE). The MGE generates the maijority of interneurons
in the mouse cortex, where they provide inhibitory control of neural networks and coordinate
neural activity. Transplanted into the cerebral cortex of older animals, MGE-derived interneuron
precursors survive, migrate, and integrate into host neural circuits (Wichterle et al., 1999;
Alvarez-Dolado et al., 2006). Subsequent investigation revealed that these cells alter the
inhibitory circuits in host cortex to increase inhibition, suppress seizures, and can open a
second period of heightened ocular dominance plasticity (Baraban et al., 2009; Southwell et al.,
2010; Hunt et al., 2013). Thus, MGE-derived interneuron precursor cells seem to be capable of
replacing lost neurons and modify inhibitory neural networks, the two crucial functions required

to effectively treat a variety of developmental and degenerative diseases of the brain.

However, MGE-derived interneurons are far from homogenous. They are a mixture of
inhibitory cells that differ widely in morphology, cellular marker expression, membrane
properties, firing frequency, and synaptic targeting. Currently, we do not have a comprehensive
understanding of how each group of interneurons specifically contributes to the observed impact
MGE transplants exert on host cortex. Also unclear is whether cortical interneurons from other
neurogenic zones, such as the caudal ganglionic eminence (CGE), display similar behaviors
and hold similar therapeutic promises as their MGE-derived counterparts. These are
fundamental questions to be answered in order to gain a comprehensive understanding of the

developmental and functional diversity of cortical inhibitory interneurons.

In my thesis research, | investigated the contribution of different interneuron
subpopulations to cortical plasticity induced by transplanted interneuron precursors. | examined
cells derived from the two major sources of cortical interneurons, MGE and CGE. Using
transplantation and intrinsic signal imaging of visually evoked neural responses, my
experiments investigated the major subtypes of cortical interneurons for 1) their ability to

disperse and differentiate in a postnatal brain environment, and 2) their contribution in



transplant-induced ocular dominance plasticity. In Chapter 3, | first describe the development of
a genetic method of ablating the interneuron subtype of interest using Cre-induced expression
of an intracellular toxin. Then, in collaboration with the Stryker Lab, | tested whether PV* and
SST" interneurons are required for MGE transplants to induce plasticity. Surprisingly,
transplants depleted of either PV* or SST" cells still induced plasticity, but simultaneous ablation
of both subtypes abolished plasticity. These findings demonstrate that, despite strong evidences
of PV" interneurons being the responsible cell type in the induction of critical period plasticity
(Fagiolini et al., 2004; Sugiyama et al., 2008; Kuhlman et al., 2013), these cells are not
necessary for transplanted MGE interneurons to mediate juvenile-like plasticity in the recipient
brain. Furthermore, we determined that transplant-induced plasticity recapitulates the
depression of contralateral response, which is characteristic of critical period ocular dominance

plasticity.

In Chapter 4, | explored transplantation of CGE interneuron precursor cells. Similar to
MGE precursor cells, CGE-derived interneuron precursors migrate widely within the host cortex
and mature into interneurons known to originate in the CGE during development. Although we
determined that transplantation of dissected CGE cells induced ocular dominance plasticity,
these transplants contained a small population of MGE-derived PV* and SST" cells. Upon
depletion of these MGE-derived cells, the remaining CGE-born interneurons could no longer
mediate plasticity. There experiments define PV* and SST" interneurons as the key interneuron

subtypes in the induction of plasticity when transplanted into the postnatal cortex.

Section 2: Generation of cortical inhibitory interneurons

The cerebral cortex is the outer layer of densely packed cells of the mammalian brain. It

is organized into six layers, each with a unique composition of neurons and distinctive patterns

3



of connectivity (Shipp, 2007). Among the neurons that reside in the cerebral cortex, the majority
are excitatory neurons that are pyramidal in shape and release glutamate to depolarize their
downstream synaptic targets. But about 20% of cortical neurons release gamma-aminobutyric
acid (GABA) to hyperpolarize their synaptic targets and inhibit their neural activity (Markram et
al., 2004; Tamamaki et al., 2003). These cells are first described as “short axon cells” by Ramoén
y Cajal, because in contrast to the far-reaching projections pyramidal cells send throughout the
brain, GABAergic inhibitory neurons make short axons that project to nearby targets, usually
within the cortex (Ramon y Cajal, 1894; 1901). Now commonly referred to as “interneurons”,
these small and round cells provide inhibitory signals that modulate the activities of excitatory
neurons. They are an essential component of cortical neural circuits that maintain the excitatory-

inhibitory balance and integrity of cortical neural networks (Roux and Buzsaki, 2015).

Diversity of interneurons

Cortical GABAergic interneurons display great diversity in cellular marker expression,
localization of synapses on post-synaptic targets, and electrophysiological properties (Figure 1).
While all GABAergic interneurons synthesize GABA, individual subtypes can be distinguished
by their expression of several secreted peptides including somatostatin (SST), reelin,
neuropeptide Y (NPY), vasoactive intestinal peptide (VIP), cholecystokinin (CCK), and
intracellular calcium binding proteins such as parvalbumin (PV), calbindin (CB), and calretinin
(CR. Markram et al., 2004; Gonchar et al., 2008). Expression of some markers partially overlaps,
especially among SST, CB, CR, and NPY; on the other hand, expression of PV is not known to
significantly overlap with other subtype markers (Wonders and Anderson, 2006; Gonchar et al.,

2008).

Some correlation exists between neurochemically defined subtypes of interneurons and

the subcellular compartment of post-synaptic neurons these cells target (Markram et al., 2004;



Roux and Buzsaki, 2015). PV* and CCK" basket cells densely innervate the soma and proximal
dendrites to exert powerful influence over the membrane potential of target cells. Another class
of PV" cells, the chandelier cells, prefers to make synaptic contact with the initial segment of
axons, thereby strongly influencing the final output of their target neurons (Freund and Katona,
2007). In contrast, most other interneuron subtypes project onto the distal dendrites of target
cells. Their inhibitory signals become integrated as part of the local dendritic input that influence

the neuron’s decision to fire action potentials (Spratling, 2003).

Cortical GABAergic interneurons can also be classified by their firing patterns. Fast-
spiking PV" basket cells, for example, are able to fire at extremely high frequencies and do not
show frequency adaptation after prolonged depolarization. Others such as bipolar, bi-tufted,
neurogliaform, and SST* Martinotti cells show a variety of slower and less uniform firing patterns,
including regular firing with frequency adaptation, irregular firing of single or groups of spikes, or
bursts of rapid firing followed by periods of relative inactivity (Makram et al., 2004; Wonders and

Anderson, 2006; Rudy et al., 2011).
Origin of cortical interneurons

Unlike pyramidal neurons which are born within the developing cortex, GABAergic
interneurons originate from three regions in the subpallial germinal zone, the medial ganglionic
eminence (MGE), the caudal ganglionic eminence (CGE), and the preoptic area (POA)
(Anderson et al., 1997; Nery et al., 2002; Gelman et al., 2011). The MGE and CGE together
produce 90% of cortical interneurons and almost all interneuron subtypes (Gelman et al., 2011;
Rudy et al., 2011). In mice, the majority of interneurons are born between embryonic days (E)
12 — 16, although some chandelier cells are produced as late as E17, after the bulk of germinal

zones have disappeared (Wonders and Anderson, 2006; Taniguchi et al., 2013).



Over the past decade, analysis of null mutants and genetic fate mapping has identified
several key transcriptional factors directing neurogenesis and subtype specification in these
germinal regions. Two of the distal-less homeobox genes, DIx1 and DIx2, are essential for
interneuron genesis (Anderson et al., 1997; Cobos et al., 2005; Xu et al., 2005). In the MGE,
expression of the transcription factor Nkx2.1 maintains MGE identity and represses lateral
ganglionic eminence (LGE) identity of neural progenitors (Sussel et al., 1999). Nkx2.1 and its
downstream targets Lhx6, Lhx8, and Sox6 are necessary for the production and maturation of
PV* and SST" interneurons, which are the main interneuron subtypes derived from the MGE
and the two main populations of interneuron in the cortex (Corbin et al., 2003; Du et al., 2008;
Gelman and Marin, 2010; Flandin et al., 2011; Rudy et al., 2011). Null mutants of these
transcription factors show significant reductions of interneurons in the cortex and epileptic
seizures (Sussel et al., 1999; Butt et al., 2008; Batista-Brito et al., 2009). In addition, the PV*
subtype also requires DIx5 and DIx6 to properly migrate and functionally mature (Wang et al.,

2010).

Most transcription factors expressed in the CGE are also found in MGE, LGE, or both
(Nery et al., 2002; Xu et al., 2004, Butt et al., 2005; Wonders and Anderson, 2006). Unlike
MGE-born interneurons, cells from the CGE depend on the expression of COUP-TFI and
COUP-TFII for specification and migration (Kanatani et al, 2008; Gelman and Marin, 2010;
Lodato et al., 2011). All CGE-derived interneurons express the serotonin 5-hydroxytryptamine
3A receptor (5-HT3aR), which distinguishes them from other cortical interneurons. In addition to
5-HT;aR, interneurons that originate from the CGE also express a wide array of subtype
markers including VIP, NPY, CCK, reelin, and CR, but not PV or SST. (Lee et al., 2010; Miyoshi
et al., 2010; Rudy et al., 2011). Except for CCK" basket cells that synapse onto the soma of
postsynaptic cells, all CGE-derived interneurons target the dendrites of their synaptic targets

(Markram et al., 2004; Miyoshi et al., 2010). VIP" cells target other GABAergic interneurons and



cause disinhibition through the inhibition of inhibitory interneurons (Pi et al., 2013; Pfeffer et al.,
2013). Therefore, CGE and MGE give rise to interneurons with distinct neurochemical and

electrophysiological properties (Figure 2).

Migration of interneurons into the cerebral cortex

After becoming postmitotic neuroblasts, young interneurons from both MGE and CGE
migrate long distances from their subpallial birthplaces to populate the cortex (Anderson et al.,
2001; Yozu et al., 2005). The leading process of migrating interneurons continuously forms and
retracts branches and determines the orientation and direction of migration (Martini et al., 2009).
During this journey, numerous chemoattractants and chemorepellents guide these cells away
from the ventral telencephalon and towards the cortical plate (Figure 3). MGE-born interneurons
are first led away from the germinal zones by extracellular repellents Slit1 and Efna5, while
intracellular expression of COUP-TFII directs CGE-derived interneurons towards the caudal
cortex (Wichterle et al., 2003; Yozu et al., 2005; Zimmer et al., 2008; Kanatani et al., 2008). The
striatum also repels migrating interneurons destined for the cortex through its expression of
class Ill semaphorins (Marin et al., 2001). Once out of the ventral telencephalon, the tangential
migration towards the cortex is facilitated by multiple factors such as brain- and glial-derived
neurotrophic factor (BDNF and GDNF, respectively), hepatocyte growth factor (HGF),
neurotrophin-4 (NT4), neuregulin-1 (Nrg1), and GABA (Powell et al., 2001; Polleux et al., 2002;

Flames et al., 2004; Pozas and Ibafiez, 2005; Inada et al., 2011).

Upon reaching the developing cortex, interneurons are organized into two migrating
streams: a superficial stream throughthe marginal zone, and a deep stream through the
subventricular zone (Wichterle et al., 2001). The extracellular environment around these
streams facilitates interneuron migration through Cxcl12 and its receptors Cxcr4 and Cxcr7 (Li

et al., 2008; Wang et al., 2011). After completing tangential migration, interneurons migrate



radially on the apical fibers of cortical radial glia cells to reach their final destination within the
cortical layers. The switch from tangential to radial migration and the radial movements along
the radial glial fibers require adhesive contacts provided by gap junctions, specifically connexin-

43 and connexin-26 (Elias et al., 2007; Elias et al., 2010).

Function of interneurons in normal and diseased brain

During early development, GABA is depolarizing due to high intracellular chloride
concentration in young neurons (Li et al., 2002). GABAergic signaling regulates proliferation,
migration, synaptogenesis, and maturation of both inhibitory and excitatory neurons (LoTurco et
al., 1995; Behar et al., 1996; Owens and Kriegstein, 2002; Manent et al., 2005; Ben-Ari, 2006;
Cancedda et al., 2007; Wang and Kriegstein, 2008; Inada et al., 2011; Wu et al., 2012).
Dysfunctions of GABAergic signaling and defective GABAergic interneuron development have
been implicated in neurodevelopment disorders. For example, increased interneuron production
and enhanced GABAergic inhibition have been described in a mouse model of Down syndrome
(Mitra et al., 2012). In models of Dravet syndrome, deletion of sodium channel Nv1.1 leads to
hypoexcitability of cortical interneurons and severe epilepsy (Bender et al., 2012; Tai et al.,
2014). Decreased cortical GABAergic inhibition has also been observed in patients and animal
models of schizophrenia and autism spectrum disorder (Blatt et al., 2001; McCauley et al., 2004;

Gonzalez-Burgos and Lewis, 2008; Liu et al., 2009; Spencer, 2009; Volk et al., 2012).

In the adult cortex, GABAergic interneurons maintain the excitation-inhibition balance of
cortical neural circuits and provide feedback control to excitatory networks. Interconnected
GABAergic interneurons synchronize the firing of pyramidal neurons that propagate through the
entire cortex as network oscillations of various frequencies. Cortical PV* and SST" interneurons
participate in both gamma oscillation (30-80Hz), which is implicated in memory processing and

attention, and theta oscillation (5-15Hz), which contributes to sensorimotor integration (Tallon-



Baudry and Bertrand, 1999; Fries et al., 2001; Bland and Oddie, 2001; Blatow et al., 2003;
Whittington and Traub, 2003; Buzsaki and Wang, 2012; Li et al., 2013). Disruption of
GABAergic inhibition in the adult cortex can cause epilepsy, anxiety, sleep disruption, and
migraine (Bhalla et al., 2011; Martinowich et al., 2011; Mdhler, 2012; Coppola and Schoenen,
2012). In the aging brain, damage to cortical and hippocampal GABAergic interneurons is a
common pathological feature of many neurodegenerative diseases (Koliatsos et al., 2006; Palop
and Mucke, 2010; Verret et al., 2012; Lanoue et al., 2013). In particular, recent studies have
identified cortical SST" interneurons as early targets of Alzheimer’s disease (Burgos-Ramos et

al., 2008; Saiz-Sanchez et al., 2014).

Section 3: Transplantation of interneuron precursors

Over fifteen years ago, our laboratory discovered that interneuron precursors isolated
from the MGE possess remarkable capacities to disperse in a heterotopic environment. They
can migrate to and within the cortex whether they are transplanted isochronically into another
MGE, or heterochronically into the postnatal cortex (Wichterle et al., 1999; Wichterle et al.,
2001). The majority of transplanted MGE precursor cells differentiate into GABAergic
interneurons that express the appropriate cellular markers of mature MGE-born interneurons
(Alvarez-Dolado et al., 2006; Southwell et al., 2010). Electrophysiological experiments show that
these cells functionally integrate into the host neural circuits, receiving input from host neurons
while also forming inhibitory synapses onto host cells (Alvarez-Dolado et al., 2006; Baraban et
al., 2008). Intriguingly, compared to synapses formed by endogenous interneurons, inhibitory
synapses made by transplanted interneurons are almost three times as numerous, but each
synapse is only one-third as strong (Southwell et al., 2010). Therefore, each transplanted cell

generates the same total inhibitory output as an endogenous interneuron, but the output is



distributed over more synapses and potentially more target neurons. Overall, transplanted MGE
precursor cells increase cortical inhibition, seen as increased frequency of spontaneous
inhibitory post-synaptic currents in host pyramidal cells (Alvarez-Dolado et al., 2006; Baraban et

al., 2008).

Because of their unique ability to survive, disperse, mature, and functionally integrate
into the host brain, MGE-derived interneuron precursors have been extensively tested as
therapeutic agents in cell therapy. Indeed, MGE transplantation has shown promises in treating
neurological diseases. When transplanted into the cortex and hippocampus of mouse models of
congenital and injury-induced epilepsy, MGE-derived interneurons are able to survive in the
abnormal brain environment and reduce seizure frequency by 85-90% (Baraban et al., 2008;
Hunt et al., 2013). In a rat model of Parkinson’s disease, MGE cells transplanted into the
striatum also integrate and ameliorate the motor symptoms of Parkinson’s disease (Martinez-
Cerdefio et al., 2010). In an apolipoprotein E4 (apoE4) model of Alzheimer’s disease, MGE cells,
remarkably, are able to develop normally in the toxic environment of aged and symptomatic
apoE4 mice and improve their memory performance (Tong et al., 2014). Perhaps most
surprisingly, even when transplanted into the spinal cord, a foreign environment endogenous
where cortical interneurons never go to, MGE precursor cells can survive and ameliorate injury-
induced neuropathic pain (Braz et al., 2012). Therefore, transplanted interneurons can

effectively modify brain function in normal and diseased brain.

Section 4: Interneuron and ocular dominance plasticity

The mammalian brain is highly plastic during early development. Many regions of the
cerebral cortex exhibit temporally restricted periods of critical period plasticity. In the mouse

visual cortex, neurons that are stimulated by visual input from both eyes usually prefer the
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contralateral eye, a phenomenon called ocular dominance. During the critical period, these
binocular neurons can rapidly shift their responses away from the dominant eye if that eye
becomes visually deprived. This ocular dominance plasticity (ODP) is a conserved feature of
many binocular mammals including mouse, cat, monkey and human (Wiesel and Hubel, 1963;
Awaya et al., 1973; Hubel et al., 1977; Gordon and Stryker, 1996). Studies of the mouse visual
cortex have shown that GABAergic signaling plays an essential role in critical period ODP,
which normally occurs during postnatal days 19-32 (Gordon and Stryker, 1996). An elevated
level of GABAergic inhibition is required to open the critical period, as null mutants of the
synaptic glutamic acid decarboxylase (GADG5) fail to open the critical period. However, critical
period ODP can be initiated in these mice during and even after the critical period by infusion of
GABA, receptor agonists (benzodiazepines) (Hensch et al., 1998; Fagiolini an Hensch, 2000).
In fact, increasing GABAergic inhibition is sufficient to precipitate an episode of precocious ODP
before the actual critical period (Fagiolini and Hensch, 2000). Overexpression of BDNF, which
promotes interneuron maturation, also accelerates ODP in young mice (Hanover et al., 1999;
Huang et al., 1999). Therefore, the increased levels of inhibition likely reflect greater inhibitory

output of mature GABAergic interneurons.

Further investigation identified specific GABAergic circuits and cell types whose
maturation is needed for critical period ODP to commence. Mutants of several GABA, receptor
subunits revealed that a1, but not a2 or a3 subunits are necessary for GABA, receptor agonist
diazepam to induce precocious ODP in pre-critical period mice (Fagiolini et al., 2004). The
GABA, receptor a1 subunits are enriched at perisomatic GABAergic synapses, alluding to the
role of perisomatic inhibition in critical period ODP (Klausberger et al., 2002). Indeed, several
additional lines of evidence support a crucial role for the main type of perisomatic-innervating
interneurons, the PV basket cells, in critical period. Maturation of PV" interneurons coincides

with the opening of the critical period (Chattopadhyaya et al., 2004). PV* interneurons
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development also requires the transcription factor Otx2, which can also induce precocious ODP
and accelerate PV" cell maturation when infused into pre-critical period mice (Sugiyama et al.,
2008). Disruption of perineuronal nets (PNN), which are special extracellular matrix structures
formed around mature PV" interneurons, also causes persistent ODP (Miyata et al., 2012).
Finally, PV" interneurons change their firing pattern in response to visual deprivation during the
critical period, and recapitulation of this activity pattern can reactivate critical-period-like ODP in

adult mice (Kuhlman et al., 2013).

After the critical period has closed, some plasticity lingers in the adult cortex. Adult forms
of plasticity are slower and less pronounced, and disinhibition, rather than increased inhibition,
seems to mediate adult plasticity (van Versendaal et al., 2012). This is consistent with adult
plasticity being dominated by disinhibition of the non-deprived eye, while critical period plasticity
is mediated mainly by depression of the deprived eye (Sato and Stryker, 2008). Adult ODP can
be enhanced by manipulations that are not known to affect critical period ODP, such as
environmental enrichment and administration of a selective serotonin reuptake inhibitor (SSRI)
(Sale et al., 2007; Maya Vetencourt et al., 2008). Therefore, adult and critical period plasticity

probably arise from different mechanisms and may even be mediated by different neural circuits.

A recent collaboration between our laboratory and the Stryker Lab has demonstrated
that transplantation of MGE-derived interneuron precursors can induce a second period of
heightened ODP in the mouse visual cortex (Southwell et al., 2010). Interestingly, the timing of
transplant-induced ODP is not determined by the age of the host neurons, but the age of the
transplanted interneurons. The transplanted cells follow their intrinsically timed developmental
program and modify cortical neural circuits when they reach the same cellular age as that of
endogenous interneurons during the critical period. These findings illustrate the powerful

influence interneurons exert on neural circuits and the crucial role they play in cortical plasticity.
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Figure 1. Diversity of cortical GABAergic interneurons.

A. A coronal section of the adult mouse brain at the level of somatosensory cortex. The left
cerebral cortex in this section is highlighted in green. The pial surface and the corpus callosum
are labeled for orientation of the rectangular insert, which depicts B. B. Schematic
representation of a pyramidal cell (light blue), and the major subtypes of cortical interneurons
(red, Martinotti cells; dark blue, basket and chandelier cells; grey, CCK" basket cells; gold, CR"
cells; green, VIP" cells; and purple, reelin® cells). These interneurons exhibit diverse

morphologies, marker expressions, firing patterns, and preferred subcellular compartments that

they synapse onto.
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Figure 2. Transcriptional regulation of interneuron subtype development.

Distinct cortical interneuron subtypes originate from the caudal ganglionic eminence
(CGE)dorsal medial ganglionic eminence (dMGE), ventral medial ganglionic eminence (VMGE),
and preoptic area (POA). Progenitor cells in the ganglionic eminences express transcription
factors such as DIx1/2, Nkx2.1, and Couptf2 that help to maintain region-specific progenitor
identity. Expression of other transcription factors such as DIx5/6 and Lhx6 promote the survival
and differentiation of intermediate progenitors into diverse interneuron subtypes (arrows). Image

adapted from Gelman and Marin, 2010.
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Figure 3. Tangential and radial migration of cortical interneurons.

A. Interneurons generated in the subpallial ganglionic eminences (GE) migrate tangentially to
reach the cortical plate (CP). At the end of their tangential migration, interneurons climb the
apical fibers of radial glia in the cortical ventricular zone (VZ) to populate all layers of the cortex.
Image adapted from Yokota et al., 2007. B. A schematic representation of a coronal section of
one hemisphere of the E13.5 forebrain. During migration, non-diffusible chemorepellents such
as Slit1, semaphorins, and Efna3/5 (red) in the MGE and basal ganglial structures make
subpallium less permissive to migration than cortex. Chemoattractants (green) facilitate
interneuron migration into and inside the cortical plates. In particular, the expression of Cxcl12
in the marginal zone and the VZ/SVZ encourages interneurons to organize into a superficial and

a deep migratory steam. Blue arrows indicate directions of interneuron migration.
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Figure 4. Cell sources and potential applications of interneuron transplantation.

A. Dissected mouse MGE cells can be transplanted into postnatal mouse brain, where they
migrate, differentiate, and integrate into the host neural circuits. B. Alternatively, human
embryonic stem (ES) cells and induced pluripotent stem (IPS) cells can also be differentiated
into interneuron-like cells (Liu et al., 2013), which can be subsequently transplanted into
immunosuppressed animal models. C. Depending on the site of transplantation, interneurons
have been shown to ameliorate epilepsy (Baraban et al., 2009; Hunt et al., 2013), Parkinson’s
disease (Martinez-Cerdeno et al., 2010), Alzheimer’s disease (Tong et al., 2014), and chronic
pain (Braz et al., 2012). These cells may hold potential to therapeutically modify other
neurological diseases, such as Huntington’s disease, amblyopia, schizophrenia, stroke, anxiety,

and spasticity. Images adapted from Southwell et al., 2014.
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Figure 5. Ocular dominance plasticity of the mouse binocular visual cortex.

A. In the mouse visual system, the binocular region (blue) of the visual cortex receives strong
input from the contralateral eye (red line), as well as a small input from the ipsilateral eye (green
line). B. In the unperturbed animal, the binocular visual cortex has a contralateral ocular
dominance, where the cortical responses to visual stimuli from the contralateral eye (red bar)
are stronger compared to responses to the ipsilateral eye (green bar). A brief (4-5 days)
monocular deprivation (MD) of the contralateral eye during the critical period elicits plasticity that
produces a significant weakening of cortical response to the deprived eye and diminished

contralateral ocular dominance.
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Figure 6. GABAergic inhibition and ocular dominance plasticity.

In the mouse visual cortex, the critical period occurs between postnatal days (P) 22 — 32 (green
area). This period corresponds with increased GABAergic inhibition, which is required to open
the critical period. During the critical period, brief (4-5 days) monocular deprivation elicits ocular
dominance plasticity mediated by strong inhibition of response to the deprived eye. After the
closure of the critical period, elevated levels of inhibition are maintained during adulthood. In
contrast to critical period plasticity, plasticity in the fully mature cortex is elicited by a decrease in
GABAergic inhibition (red dashed line). Adult plasticity requires longer (>7 days) deprivation is

mediated by disinhibition of neural response to the non-deprived eye.
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Chapter 2

Materials and Methods

Section 1: Animals

Mouse (Mus musculus) was the only animal species used. All mice were housed in the
Laboratory Animal Resource Center and treated according to the guidelines established by the

Institutional Animal Care and Use Committee. Strains used are detailed in Table 1.

Table 1. Mouse Strain information.

Strain Full Name Description Source Reference
C57Bl/6J C57Bl/6J Inbred wild-type Jackson | N/A
strain used as Labs

breeders and
recipients of cell
transplantation.

PV-cre B6; 129P2-Pvalb™"©®*®7j | Knock-in of IRES Jackson | Hippenmeyer
and Cre into the 3’ Labs et al., 2005.
untranslated region
of the endogenous
PV locus. Maintained
as double
homozygotes of PV-
cre and Ai14 on
C57BI/6J
background.

SST-cre | Sst™1cre)dhyy Knock-in of IRES Jackson | Taniguchi et
and Cre into the 3’ Labs al., 2011.
untranslated region
of the endogenous
SST locus.
Maintained as
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double homozygotes
of SST-cre and Ai14
on C57BI/6J
background.

Nkx2.1-cre

C57BL/6TeNkx2-T-ore)2Sand, |

Transgenic insertion
of the Nkx2.1 gene
with Cre replacing
part of exon 2.
Maintained as
heterozygotes on
C57BI/6J
background.

Jackson
Labs

Xu et al., 2008.

Gad2-cre

Gad2™ 2R |

Knock-in of IRES
and Cre into the 3’
untranslated region
of the endogenous
glutamic acid
decarboxylase 2
(Gad?) locus.
Maintained as
double homozygotes
of Gad2-cre and
Ai14 on C57BI/6J
background.

Jackson
Labs

Taniguchi et
al., 2011.

R26-DTA

Gt(ROSA)26Sor™ CTARmE, |

Knock-in of CAG
promoter, loxP-
flanked GFP and
stop cassette, and
DTA into the Rosa26
locus. Maintained as
homozygotes on CD-
1 background.

Jackson
Labs

Ivanova et al.,
2005.

Ai14

B6.Cg-
Gt(ROSA)26Sor™!4CAG-

thomato)Hzg/‘.J

Knock-in of CAG
promoter, loxP-
flanked stop
cassette, and
tdTomato into the
RosaZ26 locus.
Maintained as
double homozygotes
in PV-cre, SST-cre,
or Gad2-cre on
C57Bl/6J
background.

Jackson
Labs

Madisen et al.,
2010.

Actin-GFP

C57BL/GTICAECFRITON

Transgenic mice
constitutively
expressing EGFP
from a CAG
promoter in all cells.
Maintained as

Jackson
Labs

Okabe et al.,
1997.
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homozygotes on
C57Bl/6J
background.

A-DTA

B6;129-
Gt(ROSA)26Sor™!(CTAMC

Knock-in of CAG
promoter, loxP-
flanked stop
cassette, and
attenuated DTA into
the RosaZ26 locus.
Maintained as
homozygotes on
mixed C57BI/6J and
129 background.

Jackson
Labs

Wu et al.,
2006.

L-DTA

B6.129P2-
Gt(ROSA)26Sor™!CTALY

Knock-in of CAG
promoter, loxP-
flanked stop
cassette, and DTA
into the Rosa26
locus. Maintained as
homozygotes on
C57Bl/6J
background.

Jackson
Labs

Voehringer et
al., 2008.

G42

CBG9(CadTEGFPIGA2Zh, |

Transgenic mice
expressing EGFP
constitutively in a
subset of
parvalbumin
interneurons.
Maintained as
heterozygotes on
CB6F1/J
background.

Jackson
Labs

Chattopadhyay
aetal., 2004.

Gin

FVBTg(GadGFP)457O4Swn/J

Transgenic mice
EGFP constitutively
in a subset of
somatostatin
interneurons.
Maintained as
homozygotes on
FVB background.

Jackson
Labs

Oliva et al.,
2000.

Section 2: Cell preparation and transplantation

Donor tissue preparation
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Mice were mated and plugs were checked daily. The time when the semen plug was
detected was considered to be embryonic day 0.5. At embryonic day 13.5-15.5, pregnant
female mice were euthanized by isofluorane overdose followed by cervical dislocation, and
embryos were dissected out from the uterus. The ventricular and subventricular zones of the
MGE or the dorsal CGE were dissected from the embryos and dissociated into single cells via
repeated pipetting in Leibovitz's L-15 medium containing 100 IU/mI DNase | (Roche). Cells were

then concentrated by centrifugation at 600 g for 3 minutes.

Cell Transplantation

P7 C57BI/6J recipients were anesthetized using hypothermia until pedal reflex
disappeared and were then placed on a stereotaxic injection platform. The concentrated cells (~
100,000 cells per pl) were loaded into beveled Drummond glass micropipette (Drummond
Scientific) that was positioned at 30 degrees from vertical. Two injections were placed into the
caudal left cortex with the following coordinates: 1) anterior-posterior (A-P) 7 mm, medial-lateral
(M-L) 3.5 mm; 2) A-P 6.5 mm, M-L 3.2 mm. Zero for A-P and M-L was defined as the inner
corner of the eye, and midpoint between two eyes, respectively. The depth of both injections
was 1.3 mm from the surface of the skin. After injections, recipients were placed on a heating
pad until they became warm and active. Mice were subsequently returned to their mothers until

weaning age (P21).

Section 3: Immunohistochemistry

Embryonic mouse brains were drop fixed in 4% formaldehyde overnight, cryoprotected
in 30% sucrose, and imbedded in OCT (Tissue-Tek). The brains were then cut using a cryostat

(Leica). Postnatal brains were collected by first perfusing the animals with 4% formaldehyde in
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phosphate buffered saline (PBS). The brains were then removed, postfixed for 30 minutes (for
detection of VIP) or 2 hours (for detection of all other antigens) in 4% formaldehyde, and
cryoprotected in 30% sucrose. 30 um coronal sections were cut using a sliding microtome
(Leica & Physitemp Instruments). Free floating sections were blocked for 1 hour at room
temperature in blocking solution (Tris buffered saline (TBS), 10% normal donkey serum, and 1%
Tween-100), and incubated at 4 degrees centigrade overnight in primary antibodies. After
washing in TBS and 1% Tween-100 three times, 15 minutes each, sections were incubated in
blocking solution with the appropriate Alexa secondary antibodies at 1:1000 (Life Technologies).
After 1 hour of incubation with secondary antibodies at room temperature, sections were

washed in PBS 3 times, 10 minutes each, mounted on glass slides, and coverslipped.

Table 2. Primary antibodies.

Antigen Host Dilution Source

GFP Chicken (polyclonal) 1:1000 Aves

PV Mouse (monoclonal) 1:1000 Sigma

SST Rabbit (polyclonal) 1:300 Swant

SST Goat (polyclonal) 1:200 Santa Cruz
Calbindin | Rabbit (polyclonal) 1:1000 Millipore
Calretinin | Rabbit (polyclonal) 1:1000 Millipore
NPY Rabbit (polyclonal) 1:1000 Abcam
Reelin Rabbit (polyclonal) 1:1000 Abcam

VIP Rabbit (polyclonal) 1:1000 Immunostar
Sp8 Goat (polyclonal) 1:500 Santa Cruz
CoupTF Il | Rabbit (polyclonal) 1:200 R&D Systems
GFAP Mouse (polyclonal) 1:1000 Millipore
CD68 Rat (polyclonal) 1:1000 ABD serotec
Iba1 Rabbit (polyclonal) 1:1000 Wako

Satb2 Mouse 1:500 Abcam

Ctip2 Rat (polyclonal) 1:500 Abcam

Section 4: Optical imaging of intrinsic signal
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Image acquisition and quantification

Images of the binocular visual cortex, demarcated by the Dil injections, were captured
using the Zeiss Axiovert-200 microscope (Zeiss), AxioCam Mrm (Zeiss), and Neurolucida (MBF).
GFP" cells were counted in every sixth section (180 um apart). Cell density was computed by
counting all GFP" cells within the binocular visual cortex and dividing by the area of binocular

visual cortex delineated by the Dil injections.

Optical imaging of intrinsic signal

Surgical preparation, optical imaging, and analysis of intrinsic signals were performed as
previously described (Gandhi et al., 2008; Kaneko et al., 2014). Briefly, 2-3 days before imaging,
mice were anesthetized using 2.5% isoflurane in oxygen and the skull over the left visual cortex
was exposed and protected with a layer of nitrocellulose (New-Skin, MedTech Products). A
custom stainless steel head plate was attached to the skull with dental acrylic. Mice were then
given 5 mg/kg of carprofen subcutaneously for post-operative analgesia. On the day of baseline
imaging, mice were anesthetized with 0.7% isoflurane in oxygen, supplemented with a single
intraperitoneal injection of 2-5 mg/kg chlorprothixene, and placed on a heating pad that
maintained the body temperature at 37.5 °C through a rectal thermo probe feedback. The head
plate was secured in a stereotaxic frame and the imaging window directly above the binocular
visual cortex was covered with agarose and topped with a coverslip to provide a flat imaging
surface. The eyes were protected with a thin coat of silicone oil. Black-and-white contrast-
modulated stochastic noise movie was presented to the binocular visual field (-5° to +15°
azimuth) at 25 cm in from of the mice. The movie was presented for 5 min per session, 4-5
times alternatively to each eye, for a total of 20-30 min each eye. During the imaging sessions,
610 nm light reflected by the visual cortex was gathered using a Dalsa 1M30 CCD camera

(Dalsa) focused at 550 um beneath the surface of the brain. At the end of the last imaging
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session, the boundaries of the binocular cortex were determined by overlapping the response
maps of optical imaging with images of surface blood vessels, and were marked thin tungsten

wire coated with Dil (Invitrogen).
Analysis of optical imaging data

A map of visual response data was extracted from the raw optical imaging data using a
custom Fourier analysis program (Kalatsky and Stryker, 2003). The average amplitude of signal
within the region corresponding to the binocular visual cortex was taken to represent the
strength of visual response. Ocular dominance index (ODI) was computed as the average of (C
- 1)/(C + 1) at each pixel within the binocular response region, where C is the response to

contralateral visual stimulation and | is the response to ipsilateral stimulation.

Section 5: Statistical analysis

Rank sum test was performed to compare ODIs at baseline and 4-5 days MD for each
mouse to determine the significance of differences. Kruskal-Wallis test with adjusted P values
was performed to determine significance of differences in ODI, ocular dominance shift (defined
as baseline ODI — post MD ODI), rostral-caudal distribution of transplanted cells and the degree
of plasticity, and amplitude of ocular response among experimental groups. Linear regression
was performed to determine the dependency of magnitude of plasticity or amplitude of visual
response on density of total transplanted cells, transplanted PV" cells, or transplanted SST*

cells. All statistical analysis was performed using Prism 5 (Graphpad).

27



Chapter 3

Role of Parvalbumin- and Somatostatin-expressing

Interneurons in Transplant-induced Cortical Plasticity

Section 1: Introduction

Brain plasticity is the dynamic modification and rearrangement of neural networks.
Critical periods of heightened, activity-dependent plasticity shape the early development of
many cortical areas. In the mouse binocular visual cortex, this critical period of plasticity occurs
between P22 to P32, with a peak at around P28 (Gordon and Stryker, 1996). During the critical
period, deprivation of vision in one eye causes rapid changes in cortical responses: the
binocular visual area becomes less responsive to the deprived eye. GABAergic inhibition has
been shown to play an important role in this ocular dominance plasticity (ODP). Administering
the GABA receptor agonist diazepam to pre-critical-period mice is able to trigger the precocious
opening of ODP (Hensch et al., 1998). On the other hand, knockout mice lacking the synaptic
GABA synthase GADG65 fail to open the critical period (Fagiolini and Hensch, 2000). These
findings suggest that GABAergic interneurons and their inhibitory output play a pivotal role in the

induction of critical period ODP.

The majority of GABAergic interneurons in the neocortex are derived from the MGE
(Anderson et al., 1997; Wichterle et al., 2001; Pleasure et al., 2000; Wonders and Anderson,

2013). Transplantation of MGE-derived inhibitory neuronal precursors into the visual cortex of
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postnatal mice has been shown to induce a second window of plasticity (Southwell et al., 2010).
The transplanted interneurons, consisting primarily of parvalbumin-expressing (PV*) and
somatostatin-expressing (SST") cells, disperse, mature, and integrate into local visual cortical
circuit (Wichterle et al., 1999; Alvarez-Dolado et al., 2006; Hunter et al., 2013). Current research
predominantly focuses on PV" interneurons, with ample, albeit indirect, evidences links these
cells to the opening of critical period ODP (Sugiyama et al., 2008; Miyata et al., 2012; Kuhiman
et al., 2013). In these studies, disrupting peri-neuronal nests or mimicking the
electrophysiological activity patterns of young PV" cells was sufficient to reintroduce ODP after
the closure of the endogenous critical period, indicating that immature PV" interneurons may

play a key role in driving ODP.

In contrast to the comprehensive body of work on PV* interneurons, few studies have
been conducted on SST" interneurons in the context of ODP despite their abundance in the
visual cortex and their powerful influence on the apical dendrites of pyramidal cells(Spratling
and Johnson, 2003; Gonchar et al., 2007). To investigate the contribution of these two distinct
interneuron subtypes to ODP, | took advantage of MGE transplantation and grafted cells in
which PV" cells, SST" cells, or both were genetically ablated. In collaboration with the Stryker
Lab, we tested whether these transplants induced a second critical period in the recipients. Here
| present findings demonstrating that removing either PV* or SST" cells did not hinder the ability
of MGE transplants to induce ODP, but removing both eliminated the plasticity. These results
demonstrate that PV* cells do not play an exclusive role in ODP; SST" cells can also drive
plasticity and reshape neural circuits when the majority of PV* cells are eliminated. Furthermore,
examination of the characteristics of ODP induced by MGE transplants revealed that it
resembled plasticity in the normal critical period and differed from plasticity observed in older

animals in its magnitude, sensitivity to brief MD, and in the weakening of response to the
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deprived eye. These findings reveal specific cortical GABAergic inhibitory cell types that

mediate plasticity.

Section 2: Results

Unsuccessful Purification of PV and SST' neuroblasts from dissected MGE cells

Logically, the best approach to determining the function of PV* and SST" subtypes of
interneuron in transplant-induced cortical plasticity is transplantation of pure populations of PV*
or SST" cells. However, interneuron progenitors and precursors in the MGE do not readily
express PV or SST: In situ hybridization fails to detect RNA of either in the mouse MGE at
E13.5 (Alan Brain Atlas). This precluded the possibility of FACS using PV and SST
immunostaining. Next, | tested two transgenic mouse lines of Gad67-GFP, G42 and Gin. Due to
insertion site effects, G42 and Gin mice express GFP only in a subset of PV* and SST*
interneurons, respectively. The expression of GFP in these lines precedes the expression of PV
or SST, and can be detected as early as the first postnatal week (Oliva et al., 2000;
Chattopadhyaya et al., 2004). When | performed immunostaining for GFP in these lines at
E13.5, | found no GFP” cell in the MGE of either line of mice, although GFP" cells were
observed in the globus pallidus, ventral septum, and medial forebrain bundle of the G42 brain
(Figure 1). A FACS of MGE cells pooled from several E13.5 G42 embryos collected fewer than
1000 GFP" cells, several magnitude lower than the number reported to induce plasticity

(Southwell et al., 2010).

After | have determined that purification of MGE cells was not practical, | transplanted
dissociated cortical cells from PO actin-GFP embryos to assess whether inhibitory neuroblasts,

already exited from the MGE, could survive and disperse in the host cortex after transplantation.
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Since G42 and Gin mice express GFP in interneurons neonatally, if cortical interneurons

migrate and integrate after transplantation, | could circumvent the lack of GFP expression in the
MGE by transplanting purified GFP" cortical cells from neonatal G42 and Gin mice. At 30 DAT,
only a few surviving cells were found in and near the injection site. Neither the number of cells
nor the extent of dispersion was comparable to that of MGE transplants (Figure 2). In conclusion,
the current genetic tools do not allow for isolation of PV* or SST" cells from the MGE in

sufficient quantities. An alternative was needed.

Genetic ablation of PV* and SST" interneurons in MGE transplants

Once | have determined that it’s not practical to transplant of purified subgroups of
interneurons, | turned to methods to ablate interneurons in a subtype-specific manner and
investigate the contribution of these cells to plasticity through their absence. | developed a
genetic strategy to selectively deplete PV* or SST" interneurons from MGE transplants through
the use of PV-cre and SST-cre donor mice. In these mice, the IRES-Cre element is knocked
into the 3’ untranslated region of the PV and SST loci (Hippenmeyer et al., 2005; Taniguchi et
al., 2011). This configuration allows the Cre recombinase to be expressed under the control of
the endogenous PV and SST promoters without disrupting the genes themselves. When |
examined the MGE at E14, no expression of a fluorescent reporter was detected in PV-cre or
SST-cre mice, again precluding the possibility of sorting pure populations of PV* or SST" cells
by fluorescence for transplantation. Therefore | elected to eliminate PV* populations, SST*
populations, or both populations, after transplantation and then study their effects on transplant-
induced plasticity. | crossed PV-cre and SST-cre mice to transgenic mice harboring a Cre-
inducible allele of Diphtheria toxin alpha subunit (R26-DTA) to achieve targeted depletion of PV-
and SST-expressing cells, respectively (Figure 3). DTA is a potent intracellular toxin that
induces programmed cell death within 48 hours of expression by blocking protein synthesis

(Choe et al. 1992). The R26-DTA mice also express GFP ubiquitously, permitting the
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visualization of transplanted cells (Ivanova et al., 2005). PV-cre;R26-DTA (PV-depleted) and
SST-cre;R26-DTA (SST-depleted) mice didn’t survive beyond the perinatal period, but E13.5

embryos from both crosses were of normal size and gross appearance.

Next | transplanted MGE cells from PV-depleted, SST-depleted, and PV-cre;SST-
cre;R26-DTA (PV-SST-depleted) embryos into cortical regions near the binocular visual cortex
of P7 C57Bl/6J recipients (Figure 4). R26-DTA cells (without any Cre allele) and freeze-thaw-
killed MGE cells were also transplanted as positive and negative controls, respectively. The
surviving donor GFP” cells in PV-depleted, SST-depleted, and PV-SST-depleted transplants
migrated and integrated into visual cortex similarly to control R26-DTA MGE donor cells (Figure
5). Immunohistochemistry for PV and SST revealed that by 40 days after transplantation (DAT),
the vast majority of PV* cells had been eliminated from PV-depleted, and SST" cells from SST-
depleted transplants, while the simultaneous expression of both Cre alleles depleted both PV*
and SST" populations (Figure 6). Examination of PV-depleted and SST-depleted transplants at
earlier ages revealed that the Cre-expressing population was significantly decreased by 21 DAT
for PV" cells (the earliest age when PV is detectable by immunohistochemistry) and by 14 DAT
for SST" cells (Figure 7). Because PV* and SST" cells account for the majority of MGE-derived
interneurons (Wonders and Anderson, 2006; Gelman and Marin, 2010), depletion of one
population led to a statistically significant increase in the percentage of total transplant of the
other (PV-depleted: 52.11% SST", R26-DTA: 38.22% SST", Mann-Whitney test, P < 0.05. SST-
depleted: 49.58% PV*, R26-DTA: 35.71% PV*, Mann-Whitney test, P < 0.01. Figure 8).
However, the densities (per mm?) of SST* cells in PV-depleted and PV cells in SST-depleted
transplants were similar to those in control R26-DTA transplant recipients, indicating that DTA-
mediated cell death of one population did not affect the survival or induce a compensatory
increase of the non-Cre-expressing population (Figure 6). In PV-SST-depleted transplants,

where the densities of both PV* and SST" cells were very low, the remaining cells expressed
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interneuron markers such as calretinin, calbindin, and reelin, indicating that they differentiated
normally despite the death of the majority of transplanted cells (Figure 9).These findings show
that selectively ablating PV* or SST" cells by DTA efficiently eliminated the target population

without affecting the survival or migration of the remaining cells.

Optical imaging of intrinsic signals to detect plasticity in recipients of R26-DTA and dead

MGE cells

After characterizing the subtype-depleted MGE transplants, in collaboration with
Sebastian Espinosa, a postdoctoral fellow from the Stryker Lab, | examined whether these
transplants could induce a second critical period of plasticity. Using intrinsic signal optical
imaging, we first tested recipients of control R26-DTA and freeze-thaw-killed MGE cells for
plasticity at 33-35 DAT, when the transplanted cells were at an equivalent age of P26-P28 and
display the greatest ability to induce plasticity (Southwell et al., 2010). The purpose of these
experiments was to establish that the R26-DTA allele and expression of GFP from the Rosa26
locus do not affect the transplants’ ability to induce plasticity or alter the baseline ocular
dominance index of the recipients. Neuronal response to visual stimuli was measured using
optical imaging, a non-invasive and repeatable technique developed by the Stryker Lab that
measures neuronal activity via hemodynamic changes in local microcirculation (Kalatsky and
Stryker, 2003). The animal was presented with periodic stimuli that generate robust responses
at a frequency distinct from other episodic hemodynamic changes such as heart beat and
respiration, while a camera gathered 610 nm light reflected off the binocular zone of the primary
visual cortex through intact skull. The stimuli were presented to one eye at a time, and response
values integrated over the entire binocular visual cortex were collected. The ocular dominance
index, computed using the formula (C — 1)/(C + I), in which C represents the contralateral
response and | represents the ipsilateral response, indicates the degree of preference to one of

the eyes (Sato and Stryker, 2008). Normally, the contralateral eye is preferred and elicits
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stronger responses than the ipsilateral eye, with a baseline ODI around 0.22 (Cang et al., 2005).
After 4 days of contralateral MD, optical imaging was repeated to obtain a post-MD ODI value. A
decrease of ODI after MD signals plasticity as the visual cortex shifts its preference away from
the deprived contralateral eye and towards the open ipsilateral eye. Recipients of freeze-thaw-
killed MGE cells showed normal baseline ODI values that remained unchanged after 4 days of
MD (Figure 10, left; ODI = 0.23 + 0.006 at baseline; ODI = 0.2 £ 0.015 at 4 d MD; Mann-Whitney
test, P = 0.08). On the other hand, recipients of R26-DTA MGE cells also had normal baseline
ODI but showed robust plasticity after 4 d MD (Figure 10, right; ODI = 0.22 + 0.01 at baseline;
ODI =0.08 £ 0.012 at 4 d MD; Mann-Whitney test, P < 0.01). These results confirmed that,
without live transplanted MGE cells, 4 d MD failed to induce ODP in the P40-42 recipients, who
were 12-14 days past the peak of their endogenous critical period. They also reproduced the
transplant-induced ODP reported previously (Southwell et al., 2010) and demonstrated that the

R26-DTA allele had no effect on either the baseline ODI or the induction of ODP.

MGE transplants depleted of PV* cells or SST" cells, but not of both, induced ODP in

recipients

Next, we tested recipients of PV-depleted, SST-depleted, or PV-SST-depleted
transplants for plasticity. We were not surprised to observe robust ODP in recipients of SST-
depleted transplants (Figure 11, left; ODI = 0.23 + 0.007 at baseline; ODI = 0.067 £ 0.02 at 4 d
MD; Mann-Whitney test, P < 0.01). Given the abundance of literature supporting the notion of
PV"* cells being crucial to critical period plasticity, we expected PV* cells, which were present in
normal numbers in SST-depleted transplants, to contribute to plasticity as well. The plasticity
induced by SST-depleted transplants was as robust as that induced by control R26-DTA
transplants; therefore the depletion of SST" cells did not affect the induction or the strength of

plasticity.
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Interestingly, PV-depleted transplants also induced rapid and robust plasticity (Figure 11,
middle; ODI = 0.22 £ 0.006 at baseline; ODI = 0.062 + 0.017 at 4 d MD; Mann-Whitney test, P <
0.0001). On the other hand, recipients of PV-SST-depleted transplants, in which both PV* and
SST" cells had been killed, did not show plasticity (Figure 11, right; ODI = 0.22 + 0.007 at
baseline; ODI = 0.22 + 0.06 at 4 d MD; Mann-Whitney test, P = 0.96). This finding came as a
surprise, as no other MGE-derived interneuron subtype has been definitively implicated in ODP.
Comparing the plasticity induced by PV-depleted, SST-depleted, and control R26-DTA
transplants, we found that all three types of transplants induced plasticity of similar magnitude
(Figure 12). Therefore, MGE transplants retained their ability to induce plasticity as long as

sufficient numbers of either PV* or SST" cells remained in the transplants.

Because the combined expression efficiency of Cre and DTA is not 100%, a few PV* or
SST" cells were present in the selectively depleted transplants (Figure 13, middle and right, pink
dots). PV" cells, especially, are known to develop extensive axonal arbors with hundreds of
postsynaptic targets, suggesting that a small population of PV* cells might be sufficient to
induce changes in circuitry. If, however, plasticity depended on PV" cells alone, the required
density would have to be greater than ~8 cells/mm? (Figure 13, middle, pink dots), the maximum
density of PV* cells in PV-SST-depleted transplants. The PV* cell density in PV-depleted
transplants (Figure 13, middle, blue dots), which induced plasticity, was always less than that of
the PV-SST-depleted transplants, which did not induce plasticity. This finding makes it
implausible that the small number of surviving PV" cells in the was responsible for transplant-
induced plasticity, though we couldn’t rule out the possibility that they contributed to the
plasticity induced by the normal numbers of SST* cells in these PV-depleted transplants.
Furthermore, when we pooled and examined all donor cell populations together, we found no
correlation between the magnitudes of transplant-induced plasticity and the average densities of

the surviving transplanted cells, of transplanted PV+ cells, or of transplanted SST+ cells (Figure
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13, x-axis expanded logarithmically to display low cell densities). These results confirmed that
MGE transplants with normal numbers of transplanted SST" cells are sufficient to induce

plasticity when more than 95% PV" cells are depleted.

Plasticity induced by MGE transplants recapitulated key features of critical period

plasticity

The maturation of GABAergic interneurons, specifically, the MGE-derived PV" subtype,
has been strongly implicated in critical period plasticity. It was therefore surprising that
transplanted MGE interneuron precursors depleted of PV* cells were still able to induce
plasticity. One possible explanation is that MGE transplant-induced plasticity is not critical
period plasticity, but merely an enhancement of adult ocular dominance plasticity. To test this
hypothesis, we examined several features of plasticity that differentiate critical period from adult
plasticity (Sato and Stryker, 2008). First, the onset of transplant-induced plasticity after only 4-5
days of deprivation is consistent with critical period plasticity and in contrast to adult plasticity,
which takes 7-8 days of deprivation to produce significant ODI shifts. Second, transplant-
induced plasticity was primarily driven by the loss of contralateral responsiveness, which is a
key feature of critical period plasticity that is not observed in the adult form of ocular dominance
plasticity (Figure 14). Finally, we examined whether these two features of transplant-induced
ODP were affected by depletion of PV* or SST* cells. We found the degree of loss of
contralateral response to be similar in recipients of PV-depleted, SST-depleted, and control
R26-DTA transplants; it was also not influenced by the number of PV* or SST" cells in the
transplant (Figure 15, x-axis expanded logarithmically). The plasticity induced by MGE
transplants shares the rapid depression of contralateral response characteristic of critical period

plasticity, and normal numbers of PV" interneurons are not required for this phenomenon.
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Section 3: Discussion

In experiments detailed in this chapter, we employed Cre-DTA to deplete PV* or SST*
interneurons from cellular populations transplanted from the embryonic MGE. When MGE-
derived interneuron precursors were genetically programmed to undergo apoptosis upon
expression of Cre recombinase from the PV or SST locus, almost all the corresponding Cre-
expressing interneurons were eliminated from the transplant population prior to the induction of
plasticity. Despite the depletion of PV* or SST" cells, these transplants retained their ability to
induce ocular dominance plasticity. Yet when both PV* and SST" populations were
simultaneously eliminated, the remaining cells failed to induce plasticity. This suggests that
either PV* or SST" cells must be present in normal numbers in the transplant for plasticity to
occur. However, while both PV+ and SST+ cells are able to induce critical period-like ODP,
other interneurons derived from the MGE appear not to be, as elimination of both PV and SST

cells disrupted transplant-induced plasticity.

Studies over the last decade have suggested that PV* cells play an exclusive role in
initiating critical period ODP. For example, GABA4 receptors containing the a1 subunit, which is
enriched at PV* synapses, have been shown to play a particularly potent role in the opening of
the critical period of ODP (Fagiolini et al., 2004). In other studies, manipulating factors that
affect the maturation of PV cells also affected the opening of the critical period of ODP,
including polysialylated neural cell adhesion molecule (PSA-NCAM), the homeoprotein
transcription factor orthodenticle homolog 2 (Otx2), and insulin-like growth factor 1 (IGF-1)
(Sugiyama et al., 2008; Ciucci et al., 2007; Di Cristo et al., 2007). Finally, depressing the activity
of PV" cells a few days after the critical period has been shown to increases plasticity in the
primary visual cortex (Kuhlman et al., 2013). Consistent with these findings, our data support
the capacity of PV* cells to drive plasticity. However, our results are inconsistent with an
exclusive role for PV* cells in this process.
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Our finding that transplants depleted of PV cells could also induce robust plasticity, but
those depleted of both PV* and SST" cells could not, suggests that SST" cells can also drive
plasticity, a possibility that has largely been ignored. Although our findings are derived from the
study of interneuron transplant-induced plasticity, they raise the possibility that SST* cells may
also regulate critical period plasticity. Indeed, in previous studies in which PV* cells were

manipulated to study their role in ODP, SST" cells could have likewise been also affected.

Signals that are part of the immune response can affect plasticity in the visual pathway
(Schafer et al., 2012; Stephan et al., 2013), including ODP (Datwani et al., 2009; Syken et al.,
2006). While the diphteria-toxin-mediated death of transplanted cells might stimulate an immune
response, we did not observe plasticity following the depletion of both PV* and SST" cells in PV-
SST-depleted transplants. Thus, the plasticity induced by PV-depleted and SST-depleted
transplants was unlikely to result from the killing of transplanted cells or a nonspecific immune
response from the host. Instead, plasticity appears to be a direct result of neural circuit
modification induced by the integration of transplanted PV* and SST" cells into primary visual

cortex.

By what common mechanism might transplanted PV* and SST" cells induce plasticity?
Studies of connectivity show that transplanted MGE cells make and receive profuse connections,
about 3 times as many as host inhibitory neurons at the peak of the transplant-induced critical
period (Southwell et al., 2010). The intercalation of such new connections into a cortical circuit
that has matured and would otherwise be stable to perturbations of visual input may be
sufficient to push it out of its zone of stability. Any inhibitory neurons that made sufficiently
profuse connections might then suffice to induce plasticity. Alternatively, PV*" and SST" cells, but
not the other cells of the MGE transplants, might contain factors that alter the extracellular
matrix or influence peri-neuronal nets. Finally, PV* and SST" cells may be the only interneurons

sensitive to imbalance of sensory input. There is indeed evidence that during the critical period,
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PV* cells rapidly reduce their activity levels following monocular deprivation, and artificial
depression of PV* cell activity for as little as 1 day is sufficient to recapitulate critical period-like
plasticity in adult mice undergoing 3-day monocular deprivation (Kuhlman et al., 2013). Based
on these observations, PV* cells serve as a “sensor” of visual input imbalance by suppressing
their firing rates and creating a temporary excitation-inhibition imbalance. Sustained depression
of PV" cell firing is not necessary, indicating that once the neural network is pushed past the
threshold, other cells take over to drive plasticity. It's possible that developing SST" cells show
the same rapid response to changes in visual input as PV" cells but other interneurons do not.
This scenario would explain several of our observations. If both PV* and SST" cells change
activity patterns upon visual deprivation, then sufficient numbers of either “sensors” would be
able to “alert” the network, hence the observation that depletion of either population does not
abolish transplant-induced plasticity. If PV* and SST" cells only initiate plasticity and do not
dictate its course or strength, then it's logical that the density of transplanted PV* and SST" cells
is not correlated to magnitude of plasticity. Sensitivity of endogenous PV* cells to monocular
deprivation seems to be a transient developmental phenomenon (Kuhiman et al., 2013), and it’s
no surprise that MGE transplants lose ability to induce plasticity beyond the cellular age of 35
days (Southwell et al., 2010). Regardless of the actual mechanism, our delineation of which cell
types can induce plasticity is an important step towards understanding the mechanism of

transplant-induced plasticity.

Cortical plasticity plays important roles during normal development, and during recovery
from disease or injury (Sharma et al., 2013; Hosp et al., 2011; Awaya et al., 1973). MGE
transplantation is being developed as a promising method for modifying neural circuits in
several disease states (Southwell et al., 2014). A delineation of the roles of different interneuron

subtypes in transplant-induced plasticity will yield novel insights into the mechanisms
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responsible for native critical period plasticity, while also guiding the therapeutic application of

interneuron transplantation.
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Figure 1. Lack of GFP expression in the MGE of Gin and G42 embryos at E13.5.

Coronal sections of Gin (left) and G42 (right) brains at E13.5 immunostained for GFP (green).
Aside FROM scattered autofluorescence from blood vessels, the MGE (white arrows) of both
strains lacked GFP signal. In the G42 brain, bright GFP+ cells were observed in the globus

pallidus (yellow arrow) but none migrated towards the cortical plate. Scale bar: 100 ym.
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Figure 2. Transplanted PO cortical cells have poor survival and migration.

+

Transplantation of dissociated PO cortical cells (green) resulted in only a few surviving GFP
cells in and around the injection site (top). In contrast, numerous GFP” cells derived from
transplanted MGE cells survived and dispersed widely throughout the host cortex (bottom).

Scale bar: 100 pm.
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Figure 3. Genetic strategy of ablating PV* and SST" cells using Cre-induced expression

of DTA.

Diagram of PV-cre, SST-cre, R26-DTA, and Ai14 alleles. The IRES-Cre element is knocked into
the 3’ untranslated region of the endogenous PV or SST gene. The R26-DTA allele is a knock-in
of the RosaZ26 locus with a stop cassette flanked by /oxP sites (blue triangles). In the presence
of Cre, the stop cassette is removed leading to DTA expression and cell death.. All Cre mice
carry a Cre-dependent tdtomato reporter (Ai14) to label the few Cre-expressing cells in which

R26-DTA failed to recombine.
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Figure 4. MGE Transplantation and optical imaging of visual responses.

Interneuron precursors were dissected from MGEs of E13.5 embryos, dissociated, and
transplanted into regions near the primary visual cortex of P7 postnatal mice. Recipient mice
were allowed to develop for 33-35 days. They then underwent optical imaging to determine
baseline ocular dominance index (ODI). Monocular deprivation (MD) was then performed on the
contralateral eye for 4-5 days, after which the contralateral eye was reopened and another

session of optical imaging was conducted to determine ODI post MD.
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Figure 5. Cre-induced expression of DTA ablates PV* and SST" cells along with their

layer-specific projections.

Top panel: Cells in all transplants disperse widely in the binocular visual cortex (marked by
dotted yellow lines). Bottom panel: Dense innervation of layer 1 by SST* Martinotti cells and
layer 4 by PV basket cells is significantly reduced upon their respective ablation. Scale bar:

(top) 100 pum. (bottom) 25 um.
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Figure 6. Depletions of PV* and SST" cells are efficient and do not affect the absolute

population size of each other in the transplant.

Density (cells/mm?) of total GFP* cells (left), PV* cells (middle) and SST* cells (right) in R26-

DTA ( green dots, n =7), PV-depleted (blue dots, n = 16), SST-depleted (red dots, n = 9) and

PV-SST-depleted (pink dots, n = 9) transplants. The densities of PV* cells in R26-DTA and

SST-depleted transplants are comparable (middle, green dots vs. red dots; Mann-Whitney, P =

0.38). Likewise, the densities of SST" cells in R26-DTA and PV-depleted transplants are similar

as well (right, green dots vs. blue dots; Mann-Whitney, P = 0.21). Horizontal bars indicate mean.
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Figure 7. PV-depleted and SST-depleted transplants consist of low percentages of PV*

and SST’ cells, respectively, throughout development.

(Left) PV-depleted transplants (blue dots) contained few PV* cells compared to R26-DTA
control transplants (green dots) at 21 days after transplantation (DAT), the earliest time point
when PV expression is detectable by immunofluorescence. (Right) Likewise, the percentage of
SST" cells in SST-depleted transplants (red dots) was significantly lowered compared to that of
R26-DTA transplants (green dots) as early as 14 DAT, and remained consistently low
throughout development. In both panels, error bars represent SEM. n = 3 per time point per

transplant type. *P <0.05, **P <0.01, *™*P <0.001, unpaired two-tailed t test.
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Figure 8. Efficient depletions of PV* and SST" cells cause reciprocal increase in the

percentage of each other in the transplant.

(Left) Compare to R26-DTA transplants (green bar), the proportion of PV* cells is extremely low
in PV-depleted (blue bar), and relatively enriched in SST-depleted transplants (red bar). A few
PV* cells remain in PV-SST-depleted transplants (pink bar), but the absolute PV* cell density is
very low and comparable to that found in PV-depleted transplants (see Figure 6). (Right)
Similarly, SST" cells have been largely eliminated from SST-depleted transplants (red bar), but
account for the majority of cells in PV-depleted transplants (blue bar). In both panels, n =7 for
R26-DTA, n = 16 for PV-depleted, n = 9 for SST-depleted, and n = 9 for PV-SST-depleted.

*P <0.05, **P <0.01, **P <0.001, unpaired two-tailed t test.
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Figure 9. Marker expression of the surviving cells in PV-SST-depleted transplants.
Quantification of interneuron markers calbindin, calretinin, neuropeptide Y (NPY) and reelin

expression in PV-SST-depleted transplants at 40 DAT. Error bars represent SEM. n = 4 animals.

51



0.3 4 034

= b
5 ©
c c 07
4] ]
L8] L)
|y =
c £ 01
£ E
o o
[ 1
= = 004
(%] Ll
O .
-0.1 T T 01 T T
L] 2
5 5
o
P b P 2

Figure 10. Ocular dominance plasticity is induced by R26-DTA transplants, but not dead

MGE cells.

Ocular dominance index (ODI) at baseline and after 4-5 days of monocular deprivation (MD) of
the contralateral eye in recipients of dead cells (left, n = 9) and R26-DTA (right, n=7)
transplants. Lower values of ODI after deprivation indicate greater plasticity. Dotted line at 0.1

indicates threshold for plasticity.
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Figure 11. MGE transplants depleted in PV* or SST" cells, both not both, are capable of

inducing plasticity.

Ocular dominance index (ODI) at baseline and after 4-5 days of monocular deprivation (MD) of

the contralateral eye in recipients of SST-depleted (left, n = 9), PV-depleted (middle, n = 16) and

PV-SST-depleted (right, n = 9) transplants. Lower values of ODI after deprivation indicate

greater plasticity. Dotted line at 0.1 indicates threshold for plasticity.

53



[a]
o]
T

n.s. @ R26-DTA
B PV-depleted
Bl SST-depleted
[ PV-SST-depleted
Il Dead MGE

7

0.054

Magnitude of ODI change
o
=
]

(=]
o
T

Figure 12. Change in ODI is similar among R26-DTA, PV-depleted, and SST-depleted

transplants.

The magnitude of plasticity (baseline ODI — post-MD ODI) induced by R26-DTA (green bar, n =
7), PV-depleted (blue bar, n = 16), and SST-depleted (red bar, n = 9) transplants is statistically
indistinguishable from each other. Error bars represent SEM. Line at 0.1 indicates threshold for

plasticity. n.s., not significant (one-way ANOVA and Bonferroni post hoc test).
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Figure 13. Magnitude of plasticity induced by MGE transplants is not related to the

density of total GFP" cells, PV* cells, or SST" cells.

Magnitude of ODI change (baseline - MD) plotted against cell density revealed that the plasticity
induced is consistent (between 0.1-0.2) throughout the range of transplant cell densities. The
strength of plasticity is not related to the density of total GFP™ cells (left, n = 39, slope = 0.00086,
? =0.07, n.s.), PV" cells (middle, n = 39, slope = 0.0012, r?=0.05, n.s.), or SST" cells (right, n
= 39, slope = 0.0013, r* = 0.08, n.s., linear regression analysis). x-axis expanded logarithmically.

Shaded region indicates little or no plasticity.
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Figure 14. Critical period-like characteristics of transplant-induced plasticity.

Changes in magnitude of ipsilateral and contralateral responses after MD deprivation,
expressed as percentage of pre-MD baseline values, in R26-DTA (green bars, n =7), PV-
depleted (blue bars, n = 14), SST-depleted (red bars, n = 9) and PV-SST-depleted (pink bars, n
= 9) transplants. Recipients of the three types of transplants that induced plasticity show marked
depression of contralateral responses with moderate to no change in ipsilateral responses
(green, blue, and red bars). Error bars represent SEM ***P < 0.001 (Mann-Whitney-Wilcoxon

rank-sum test).
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Figure 15. Depression of contralateral responses is not correlated with the density of

total GFP” cells, PV* cells, or SST" cells.

Change in magnitude of contralateral response is unrelated to density of total GFP™ cells (left, n
= 39, slope = -0.045., r? = 0.0066, n.s.), PV* cells (middle, n = 39, slope = 0.011, r? = 0.000086,
n.s.), or SST" cells (right, n = 39, slope = -0.1085, # = 0.01, n.s., linear regression analysis).

Dotted line indicates 100% of baseline.

57



Chapter 4

Migration, Differentiation, and Induction of Cortical Plasticity

by Transplanted CGE Cells

Section 1: Introduction

In the previous chapter, | described the finding that both PV* and SST" subtypes of
interneurons derived from the MGE are capable of inducing plasticity. This is surprising—most
previous studies of ocular dominance plasticity (ODP) only identified PV* interneurons as a vital
component of critical period ODP (Hensch et al., 1998; Di Cristo et al. 2007; Sugiyama et al.,
2008; Miyata et al., 2012). It has been proposed that PV* cells gate plasticity through their
powerful and widespread perisomatic innervation that control large populations of pyramidal
cells (Fagiolini et al., 2004). Indeed, the maturation of perisomatic innervation coincides with the
beginning of the critical period, and brief decreases in PV" cells activity are sufficient to
reintroduce a second period of heightened ODP in post-critical period mice (Chattopadhyaya et
al., 2004; Sugiyama et al., 2008). However, we have determined in Chapter 3 that critical-
period-like ODP can be induced by transplantation of either PV* cells, which innervate the soma
of target cells, or SST" cells, which target the distal dendrites (Chapter 3, Figure 11; Makram et
al., 2004). Thus, the notion that PV* cells and their perisomatic innervation possess the unique
ability to induce ODP is called into question. Furthermore, this finding raises the possibility that

other non-perisomatic innervating, PV-negative interneurons can induce plasticity as well.
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In the forebrain, PV* and SST" cells are not the only subtypes of interneuron that
populate the cortex; nor is MGE the only germinal zone from which cortical interneurons are
derived. CGE, another major embryonic germinal zone in the ventral telencephalon that is
caudal to the LGE and the MGE, gives rise to about 30% of the interneurons in the cortex (Butt
et al., 2007; Miyoshi et al., 2010). Most CGE-derived interneurons do not express PV or SST;
rather, they are positive for a wide array of cellular marker proteins such as reelin, calretinin,
calbindin, neuropeptide Y (NPY), and vasoactive intestinal peptide (VIP) (Nery et al., 2002;
Miyoshi et al., 2010; Lodato et al., 2011). These cells contribute to the inhibitory control of
neural networks in the forebrain, and their loss has been shown to induce epilepsy in mice
(Cobos et al., 2005). Nevertheless, a more in-depth understanding of the function of CGE-
derived cortical interneurons has been largely lacking. Specifically, we do not know if CGE-
derived interneurons can remodel existing neural networks and induce cortical plasticity like
MGE-derived cells do. Given that CGE-derived interneurons are distinct from their MGE-derived
counterparts in origin, expression of cellular markers, and patterns of innervation, | set out to
test their ability to induce plasticity. The results will help define the characteristics of cortical
interneurons that can induce plasticity. For example, are plasticity-inducing interneurons only
generated from a certain germinal zone (MGE vs. CGE)? Is subtype identity defined by cellular
marker expression predictive of the cells’ ability to induce plasticity? Besides SST" cells, can
other non-perisomatic-innervating interneurons induce plasticity? This work was done again in
collaboration with Sebastian Espinosa from the Stryker Lab. Here we present the finding that
transplanted CGE-derived cells migrate extensively in the cortex, occupying all layers of the
cortex including layer 1, which MGE-derived cells generally avoid. CGE transplants differentiate
into reelin®, calretinin®, calbindin®, NPY*, and VIP" cells, all of which are known to derive from
the CGE during normal inhibitory neurogenesis. Finally, we found that CGE transplants contain
a small population of PV* and SST" cells, and these cells are required for CGE transplants to
induce plasticity.

59



Section 2: Results

Dissection and transplantation of the dorsal CGE

Being the second largest source of cortical GABAergic interneurons, CGE cells have
rarely been transplanted and the transplants have not been thoroughly characterized. One
reason might be the difficulty in performing consistent and efficient dissection of CGE. The tails
of LGE and MGE extend caudally and merge to form the rostral region of CGE, and there are no
clear anatomical distinctions that allow for a clean separation of the three germinal structures
(Wonders and Anderson, 2006). The caudal CGE gradually transits into the developing caudal
cortical plate that is, again, difficult to precisely identify and avoid. Dissections that went too
caudal in an effort to minimize MGE contamination resulted in mostly cortical tissue and very
poor engraftment (Figure 1B, top panel). For all subsequent experiments we dissected the
dorsal part of the ganglionic eminences caudal to the LGE-MGE sulcus to minimize
contamination by the caudal MGE while ensuring that the majority of tissues harvested were
from regions within the ganglionic eminences corresponding to the presumed dorsal CGE
(Figure 1B, bottom panel). Some of the tissues in these dissections may be from the caudal
extension of the dorsal LGE, but LGE cells neither migrate effectively in the cortex post
transplantation nor induce plasticity (Wichterle et al., 1999; Southwell et al., 2010). Therefore
possible contaminating LGE cells would not influence either the composition of dispersed

transplanted cells or the assessment of plasticity.

Transplanted CGE cells migrate extensively in the cortex and show a specific pattern of

layer occupation
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Transplantation of cells dissected from the dorsal CGE resulted in successful
engraftment and extensive migration of cells throughout the host visual cortex. Rostral-caudally,
transplanted CGE cells and MGE cells can both disperse through the entire length of the mouse
cortex (about 4.5mm collected in coronal sections). The dorsal-ventral dispersion of
transplanted CGE cells is also similar to that observed in transplanted MGE cells (Figure 2, n =
5, Mann-Whitney test, P = 0.94). However, we did notice several differences between CGE and
MGE cells. One was that CGE cells occupy all layers of the cortex, including layer 1, which
MGE cells usually stay clear of (Figure 3). To determine the precise layer distribution of CGE
and MGE cells, we performed immunostaining of satb2 and ctip2 on coronal sections of host
cortex engrafted with CGE or MGE cells. Sath2 is a homeobox gene expressed preferentially in
neurons in the cortical layers 2/3 and 4, and Ctip2 is a zinc finger protein expressed in layers 5
and 6 (Molyneaux et al., 2007; Britanova et al., 2008; McKenna et al., 2011). Co-staining for
these proteins and GFP allowed for visualization of the layer position of transplanted cells
(Figure 4A). Comparing MGE transplants to CGE transplants, we found no difference in
percentages of cells that end up in the deep layers (4 to 6) (Figure 4B, n = 3, Mann-Whitney test,
P =0.99 for layer 4, P = 0.99 for layer 5, P = 0.67 for layer 6). In contrast, there was a trend
towards more transplanted CGE cells in layer 1, with a compensatory decrease of CGE cells in
layer 2/3 (Figure 4B, n = 3, Mann-Whitney test, P = 0.05 for layer 1, P = 0.3 for layer 2/3).
Immunostaining showed that many transplanted CGE cells in layer 1 were reelin® (Figure 4C).
This is consistent with what has been reported on cortical interneuron development, that CGE is

the source of interneurons in layer 1 (Miyoshi et al., 2010; Rudy et al., 2011).

Transplanted CGE cells differentiate into interneurons expressing diverse cellular

markers

Using immunohistochemistry, we determined that CGE transplants contained 40% of

reelin® cells, 20% each of VIP* and calretinin® cells, and around 10% each of NPY" and
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calbindin® cells (Figure 5 & 6). These subtypes of interneurons are known to derive from the
CGE during development (Nery et al., 2002; Butt et al., 2005; Lee et al., 2010; Lodato et al.,
2011). However we also detected 8-10% each of PV* and SST" cells. The presence of these
cells could be due to contamination by MGE cells during dissection, but could also be the result
of MGE-derived neuroblasts migrating through CGE to reach caudal cortex. A common cellular
maker expressed by virtually all CGE-derived interneurons but not by MGE-derived cells is 5-
hydroxytryptamine receptor 3A (5-HT34R), a serotonergic ionotropic receptor (Férézou et al.,
2002; Inta et al., 2008; Lee et al., 2010). However, no reliable antibody exists for this receptor,
and we could not use this CGE marker to determine if the PV* and SST" cells were derived from
the CGE. Instead we decided to identify the cells in our CGE transplants that were derived from
the MGE. We dissected and transplanted CGE cells from Nkx2.1-cre;Ai14;actin-GFP embryos.
Nkx2.1 is a transcription factor expressed in the MGE but not the CGE (Corbin et al., 2003; Xu
et al., 2004; Du et al., 2008; Gelman and Marin, 2010), therefore all MGE-derived cells in these
transplants would express red tdtomato protein from the Ai14 locus, but CGE-derived cells
would only be labeled green with the ubiquitous actin-GFP allele. Co-staining of GFP, tdtomato,
PV and SST revealed that 100% of PV" cells and 95% of SST" cells in these CGE transplants
were tdtomato® and therefore MGE in origin (Figure 7). These results support the most recent
literature indicating that CGE is not a source of cortical PV* or SST" cells. Overall, the subtype
profile of CGE transplants is distinct from what is observed following MGE transplantation

(Figure 6), confirming that these cells indeed derived from separate neurogenic regions.

Reelin® cells are found in both MGE and CGE transplants, but differ in marker co-

expression and layer distribution

Upon staining for reelin, it became apparent that reelin® cells represent a significant
percentage of both MGE and CGE transplants (Figure 6). To determine if MGE-derived and

CGE-derived reelin® cells belong to the same subtype, we characterized their marker co-
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expression and layer distribution. While PV* cells do not readily express other common
interneuron markers, SST" cells are known to co-express a wide variety of cellular markers
(Wonders and Anderson, 2006; Rudy et al., 2011). Indeed, over 85% of the reelin” cells in MGE
transplants co-expressed SST. In contrast, only about 10% of CGE-derived reelin® cells were
SST" (Figure 8). Another distinction was the layer distribution of MGE and CGE derived reelin”
cells. Numerous CGE-derived reelin® cells were found in layer 1, but MGE-derived reelin® cells
only occupied layers 2 to 6 (Figure 9). Therefore, reelin® cells in MGE and CGE transplants
likely represent two subclasses of reelin® interneurons that are different in biochemical profiles

and form networks with neurons that reside in different cortical layers.

CGE transplants induce ocular dominance plasticity only in the presence of MGE-derived

PV* and SST" cells

To determine whether CGE transplants induce plasticity, we subjected recipients of
transplanted CGE cells to the same intrinsic signal imaging and monocular deprivation
experiments described for MGE transplant recipients in Chapter 3. After transplantation of
dissected CGE precursors into the visual cortex of P7 recipients, we let the cells mature for 33-
35 days before assessing their ocular dominance, both at baseline and after 4-5 days of
contralateral deprivation. We found that recipients of CGE transplants demonstrated robust
ocular dominance plasticity that was indistinguishable in magnitude or time of onset from
plasticity induced by MGE transplants (Figure 10B, n = 9 for CGE, n = 6 for MGE, Mann-
Whitney, P = 0.71). When we probed the changes of cortical responses to each of the eyes, we
found that, similar to MGE-induced ODP, ODP induced by CGE transplants was also driven by
depression of the response to visual stimulation of the contralateral eye (Figure 10C, n =9,
Mann-Whitney, P = 0.33 for ipsilateral responses, P < 0.0001 for contralateral responses).
These findings strongly suggest that CGE transplants are able to induce critical period-like

plasticity, but we cannot rule out the possibility that the PV and SST" cells introduced by MGE
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contamination were solely responsible for driving plasticity. We showed in Chapter 3 that a few
PV* and SST" cells were left in PV-cre;SST-cre;R26-DTA (PV-SST-depleted) MGE transplants
depleted of PV* and SST" cells, but they did not induce plasticity. However, the densities of both
PV* and SST" populations were several folds higher in CGE transplants than in PV-SST-
depleted MGE transplants (Figure 11, mean PV" cell density is 8.14/mm? for R26-DTA CGE and
3.00/mm? for PV-SST-depleted MGE; mean SST" cell density is 7.29/mm? for R26-DTA CGE
and 0.004/mm? for PV-SST-depleted MGE). To assess the true plasticity-inducing potential of
CGE cells, these contaminants that are known to induce plasticity need to be depleted to levels

at or below those found in PV-SST-depleted MGE transplants, which do not induce plasticity.

To remove the small but potentially influential population of MGE-derived cells from CGE
transplants, we transplanted dissections of dorsal CGE from PV-cre;SST-cre;R26-DTA (PV-
SST-depleted) embryos, and assessed their ability to induce plasticity. The small population of
PV* and SST" cells would be ablated by Cre-mediated DTA expression, but the majority of the
CGE cells should survive. We found that in PV-SST-depleted CGE transplants, the densities of
PV* and SST" cells in PV-SST-depleted CGE transplants were comparable to those found in
PV-SST-depleted MGE transplants (Figure 11). Despite excellent engraftment and dispersion,
PV-SST-depleted CGE transplants failed to induce plasticity (Figure 12). Therefore, it's the
density of PV* and SST" cells, not the total density of transplanted cells that dictates whether
transplants are competent at inducing plasticity. These findings indicate that CGE-derived

interneurons do not contain PV* or SST" cells and do not possess the ability to induce plasticity.

Section 3: Discussion

The CGE is the second largest source of cortical GABAergic interneurons in mice, but

CGE inhibitory progenitors have not been transplanted or characterized as extensively as their

64



MGE counterparts have been. We transplanted micro-dissected dorsal CGE cells and
determined that similar to transplanted MGE cells, CGE-derived inhibitory progenitors survive,
migrate, and differentiate into interneurons in the postnatal mouse cortex. The extensive
dispersion of CGE cells into all six cortical layers was particularly impressive, considering that
MGE cells usually only reside in layers 2 to 6. Because MGE and CGE together produce the
overwhelming maijority of cortical interneuron population and subtypes (Nery et al., 2002; Xu et
al., 2004; Rudy et al., 2011), our findings indicate that most inhibitory neuroblasts destined for
the cortex have the potential to survive in a heterochronic host brain, penetrate the host brain

parenchyma, and disperse over long distances.

After migration was complete, cells from CGE transplants displayed morphologies and
cellular markers of mature interneurons. Unlike MGE transplants, the majority of these cells did
not stain positive for PV or SST. Instead, they expressed reelin, VIP, NPY, calretinin, and
calbindin, all of which are cellular markers known to be expressed by cortical interneurons
derived from the CGE (Nery et al., 2002; Miyoshi et al., 2010). Among these subtypes, reelin®
cells represented the biggest population, comprising approximately 40% of cells in CGE
transplants. Interestingly, we also found that 24% of cells in MGE transplants expressed reelin,
which makes reelin the third most highly expressed marker by MGE cells, after PV and SST.
However, MGE- and CGE-born reelin” cells do not seem to be identical. It has been reported
that MGE-derived reelin® cells are actually a subset of SST" cells, and indeed we found 80% of
reelin® cells in MGE transplants to co-express SST (Lee et al., 2010). In contrast, only about 10%
of reelin® cells in CGE transplants expressed SST, and many of these CGE-derived reelin’/SST"
cells migrated to layer 1, a region that MGE cells do not usually occupy. Together, these
findings indicate that CGE- and MGE-derived reelin® cells do not share the same biochemical or
positional profile and likely belong to different subclasses of reelin® cortical interneurons.

Calretinin®, Calbindin®, and NPY" cells were also found in both MGE and CGE transplants,
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although those derived from the MGE are thought to be subclasses of SST" cells (Wonders and
Anderson, 2006; Lodato et al., 2011). Finally, VIP" cells, which are generated almost exclusively
from the CGE during development (Lee et al., 2010; Miyoshi et al., 2010; Vucurovic et al., 2010),

were found to be 20% of CGE transplants but were hardly present in MGE transplants.

Curiously, we found around 10% each of PV* and SST" cells in CGE transplants.
Because Nkx2.1 specifies MGE identity and is required for the proper development of PV* and
SST" cells (Sussel et al., 1999; Buitt et al., 2008; Du et al., 2011), we used a reporter driven by
Nkx2.1-cre to label any MGE cell in CGE transplants. We found that almost all PV* and SST*
cells in our CGE transplants were Nkx2.1", and thus not derived from the dorsal CGE. These
PV* and SST" cells probably made their way into the CGE transplants via two routes: as
Nkx2.1"* ventral CGE tissue attached to the dorsal CGE dissections, and/or as individual MGE
interneurons migrating through the CGE to reach the caudal cortex (Butt et al., 2007). Overall,
CGE transplants are comprised of a diverse panel of interneurons subtypes, with reelin® cells
being the most numerous. Most of these interneuron populations, including the VIP" cells, are

expected from this germinal zone (Miyoshi et al., 2010).

Given the drastically different subtype profiles of MGE and CGE transplants, testing
CGE transplants for plasticity could yield valuable information regarding how broadly applicable
the plasticity-inducing ability of PV* and SST" cells is to other interneuron subtypes generated
from a different germinal region. Initially, our results indicated that CGE transplants are capable
of inducing plasticity. Further scrutiny revealed that the speed and magnitude of plasticity
induced by CGE transplants were identical to those observed in MGE-transplant-induced
plasticity. Finally, plasticity induced by CGE transplants is entirely explained by the depression
of response to the contralateral eye, similar to the plasticity induced by MGE transplants.
However, up to 20% of these CGE transplants expressed PV or SST, which correlated to an

average of about 8 PV* or SST* cells per mm? of host binocular visual cortex. These cell
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densities fell within the range of PV* and SST" cell densities in MGE transplants that induced
plasticity (Chapter 3, Figure 13). When we transplanted PV-SST-depleted CGE, these
transplants failed to induce plasticity. Because plasticity is eliminated following the depletion of
PV* and SST" cells, we conclude that PV- SST-negative interneurons, even in large numbers,
do not induce plasticity (see Figure 12). The plasticity observed in recipients of non-depleted

CGE transplants is in fact due to the presence of PV* and SST" cells from the MGE.

Our study of transplanted CGE cells has provided several key pieces of information
regarding transplant-induced plasticity and interneuron transplantation in general. Our data have
established that transplanted interneuron precursors from both MGE and CGE migrate
vigorously in the postnatal cortex. In the mouse brain, these two germinal regions give rise to
greater than 90% of cortical interneurons and almost all the cortical interneuron subtypes
(Sussel et al., 1999; Butt et al., 2007; Fogarty et al., 2007; Miyoshi et al., 2010; Rudy et al.,
2011). In addition to MGE-derived PV* and SST" cells, CGE-derived interneuron subtypes can
now be explored for their functional contribution to the neural network of a heterochronic
recipient brain. Transplanted MGE cells has been shown to effectively increase inhibition and
suppress seizure activity in models of both genetic and injury-induced epilepsy (Alvarez-Dolado
et al., 2006; Baraban et al., 2009; Hunt et al., 2013). If transplanted CGE cells can generate
inhibitory output and therapeutic outcome similar to MGE cells, it would significantly expand the
candidate interneuron subtypes suitable for cell therapy. In some instances, CGE may actually
be the preferred source of cells for transplantation. For example, CGE transplants contain more
calretinin® cells (19%) than MGE transplants (4%, see Figure 6), a cell type that has been
shown to be particularly vulnerable in Alzheimer’s disease and epilepsy (Baglietto-Vargas et al.,
2010; Barinka and Druga, 2010; Téth and Magloczky, 2014). Therefore, CGE transplants will be
better suited to investigating the role of calretinin® cells in these diseases or replenishing

calretinin® cells via cell therapy. VIP" cells, generated solely from the CGE, can regulate local
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cerebral blood flow (ltakura et al., 1987; Magistretti, 1990, Cauli et al., 2004). Altered cerebral
blood flow and local perfusion deficits have been observed in Alzheimer’s disease and
Huntington’s disease (Firbank et al., 2003; Gao et al., 2013; Hasselbalch et al., 1992). CGE
transplants may be uniquely positioned to supply VIP" cells that increase local blood flow to

improve neuronal health and even curb neuronal loss.

Given that CGE transplants migrate extensively in the host cortex and differentiate into
mature interneurons, it is perhaps surprising that transplanted CGE cells do not induce plasticity.
Nonetheless, this result is extremely informative. From the myriad of interneuron subtypes found
in the mouse cortex, we have identified PV* and SST" cells as the only two populations that
induce plasticity when transplanted. Having multiple, but not all, interneuron subtypes induce
plasticity poses a rather intriguing dilemma. On one hand, properties unique to PV" cells, such
as perisomatic innervating, fast-spiking firing, or formation of perineuronal nets, cannot explain
the plasticity induced by SST" cells. But on the other hand, properties common to all GABAergic
cortical interneurons, such as inhibition of post-synaptic neurons or release of GABA, also
cannot explain the inability of CGE-derived interneurons to induce plasticity. It is possible that
PV* and SST" cells release diffusible factors that affect the gene expression or dendritic pruning
of host pyramidal cells. They may also recapitulate the inhibitory connectivity of the critical

period and revert the pyramidal cells to a more juvenile state.

Alternatively, some cells in CGE transplants may be capable of inducing plasticity, but
are actively suppressed by other cells within the transplant. For instance, VIP* cells primarily
inhibit other GABAergic interneurons, and silencing them has been shown to enhance the adult
form of plasticity (Pi et al., 2013; Pfeffer et al., 2013; Fu et al., 2015). Perhaps VIP" cells can
exert the same inhibitory control during transplant-induced, critical period-like plasticity and
mask the plasticity-inducing potential of other interneuron populations in the transplant. In this

scenario, depletion of VIP* cells would induce, rather than eliminate, plasticity. Because PV*
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and SST" cells contaminating CGE transplants were not impeded by the suppressants among
the CGE cells, the proposed suppression by VIP* cells is specific to CGE cells. If plasticity can
be successfully “unmasked” by eliminating the suppressors, then CGE cells must induce

plasticity via an entirely different mechanism than MGE cells.

Finally, the inability of CGE transplants lacking PV* and SST" cells to induce plasticity
may be attributed to non-PV-non-SST interneurons’ insensitivity to sensory deprivation. We
have proposed in Chapter 3 that PV* and SST" cells may induce plasticity by serving as early
sensors of visual deprivation, altering their activity levels to initiate a cascade of events that lead
to plasticity (see Chapter 3, discussion). If CGE-derived interneurons are not able to adjust their
activity levels to reflect imbalances in visual input, plasticity will not ensue. This scenario also
explains how PV* and SST" cells mediated plasticity even when non-plasticity-inducing CGE
cells were present in much higher density, as the ambient inhibition provided by CGE cells
would not offset the transient excitation-inhibition imbalance created when PV* and SST" cells

respond to visual deprivation.

Cortical plasticity plays important roles in normal development as well as diseases, and
identification of cell types pertinent to the induction of plasticity will provide crucial information to
the understanding and therapeutic application of cortical plasticity. Although CGE-derived
interneurons do not mediate ocular dominance plasticity, it has been shown that the human
CGE produces a higher proportion of cortical interneurons than the mouse CGE does (Hansen
et al., 2013). As such, CGE cells likely play a bigger role in human cortical inhibitory networks
than they do in rodents, and transplantation of CGE cells may be very effective in providing a

general increase in inhibition or replenishing CGE-derived cell types in a diseased brain.
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Figure 1. Dissection and transplantation of dorsal CGE.

A. A schematic drawing of the embryonic mouse brain in a sagittal view, showing the three
germinal zones. While a sulcus separates LGE and MGE (blue solid line), the Nkx2.1-
expressing germinal zone extends into the ventral CGE without any anatomical separation from
the Nkx2.1-negative dorsal CGE (blue dashed line). Likewise, the dorsal CGE is anatomically
continuous with LGE. The black vertical dashed line indicates the initial attempt to isolate only
the caudal CGE (deep orange) and avoid MGE/LGE contamination. The red dashed lines
represent rostral-dorsal dissections with ventral CGE discarded. B. At 40 days after
transplantation, the caudal CGE dissection resulted in poor engraftment (top panel), but the
rostral-dorsal CGE dissection survived and migrated in the postnatal cortex (bottom panel,

green cells). Scale bar: 200 pm.
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Dorsal-ventral dispersion (mm)

Figure 2. Extensive migration of transplanted CGE cells.

A. At 40 days after transplantation, CGE transplants (left) demonstrated wide dispersion
throughout the host cortex, which was mostly indistinguishable in extent of spread and number
of successfully grafted cells from that achieved by MGE transplants at the same cellular age
(right). Scale bar: 200 um. B. The extent of dorsal-ventral migration is similar between CGE and

MGE transplants. n = 5 for each type of transplant, Mann-Whitney test, P = 0.94.
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Figure 3. Occupation of layer 1 by cell bodies of CGE but not MGE cells.

Top: many transplanted R26-DTA CGE cells (green) migrated to and resided within layer 1 of
the host cortex. Bottom: in contrast, R26-DTA MGE cell bodies (green) generally avoided layer

1, even though they project vigorously into layer 1. Scale bar: 25 um.
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Figure 4. Population of superficial layers by transplanted CGE and MGE cells.

A. staining of satb2 (red) labeled neurons in the upper cortical layers, and ctip2 (blue) staining
labeled deep layer cells (5 and 6). Compared to MGE transplants (green, left panel), CGE
transplants (green, right panel) were better able to migrated to layer 1 of the host cortex. B.
percentage of transplanted CGE and MGE cells in each cortical layer. n = 3 for each transplant
type. C. many transplanted CGE cells (green) that migrated into layer 1 co-label with reelin

(yellow cells). Scale bar: A, 100 um; C, 25 pym.
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Figure 5. Transplanted CGE cells differentiate into multiple classes of interneurons.

Immunohistochemistry of transplanted R26-DTA CGE cells (green) and neurochemical markers
of mature interneurons, including reelin, neuropeptide Y (NPY), vasoactive intestinal peptide
(VIP), calretinin (CR), calbindin (CB), parvalbumin (PV), and somatostatin (SST). Scale bar: 50

um.
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Figure 6. Quantification of interneuron marker expression in transplanted CGE and MGE

cells.

Percentage of transplanted R26-DTA CGE cells (left) and MGE cells (right) that expressed
calretinin, calbindin, neuropeptide Y (NPY), vasoactive intestinal peptide (VIP), reelin,
parvalbumin (PV), and somatostatin (SST). Transplants were assessed at 40 days after

transplantation. n = 3 per panel.
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Figure 7. Almost all PV* and SST" cells in CGE transplants are Nkx2.1* and likely MGE in

origin.

A. Transplants of dorsal CGE tissues from Nkx2.1-cre;Ai14;actin-GFP embryos. All transplanted
cells express GFP (green), while transplanted cells that derived from nkx2. 1-expressing
germinal domains are also labeled with tdtomato (red). The GFP*/tdtomato” cells likely derived
from the MGE, since the preoptic area is ventral-medial to the MGE and was not included in the
dorsal CGE dissections. Immunostaining with parvalbumin (top panel, blue) revealed many
GFP*/tdtomato®/PV" cells (pink), but GFP*/tdtomato™ cells (green) do not express PV. Similarly,
immunostaining with somatostatin (bottom panel, blue) identified numerous
GFP*/tdtomato®/SST" cells (pink), but none of the GFP*/tdtomato™ cells (green) co-label with
SST. Scale bar: 25 ym. B. Quantification of the percentage of PV* and SST" cells in Nkx2.1-
cre;Ai14;actin-GFP transplants that expressed tdtomato. n = 3, mean = 100% for PV cells,

mean = 94.1% for SST" cells.
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Figure 8. MGE- and CGE-derived reelin® cells have distinct neurochemical marker profiles.

Quantification of reelin’/SST" cells in R26-DTA MGE and R26-DTA CGE transplants. The
majority of MGE-derived reelin® cells co-stained with SST, but the proportion of CGE-derive
reelin® cells expressing SST was very small. n = 3, mean = 85.5% for MGE transplants. n = 3,

mean = 11.3% for CGE transplants. Mann-Whitney, P = 0.05.
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Figure 9. CGE-derived reelin® cells migrate into layer 1 of the cortex of transplant

recipients.

Immunostaining of GFP (green) and reelin (red) revealed many reelin® cells (arrows) in both
CGE (left) and MGE (right) transplants derived from R26-DTA embryos. Only CGE-derived
reelin® cells migrate into layer 1 of the recipient cortex. Scale bar: 50 ym.
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Figure 10. Indistinguishable ocular dominance plasticity mediated by transplanted CGE

and MGE cells.

A. After 4-5 days of monocular deprivation, R26-DTA CGE transplants induced robust ocular
dominance plasticity. n = 9, Mann-Whitney, P < 0.0001, dotted line at 0.1 indicates threshold for
plasticity. B. Transplanted R26-DTA MGE (green bar) and R26-DTA CGE (purple bar)
transplants induced ocular dominance plasticity with similar magnitude. n = 6, mean = 0.15 for
MGE. n =9, mean = 0.16 for CGE. n.s., not significant. C. Plasticity induced by transplanted
CGE cells demonstrated prominent contralateral depression as seen in MGE-induced plasticity

(Chapter 3, Figure 14). n =9, n.s., not significant. ***, P < 0.0001.
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Figure 11. Density of PV* and SST" cells in R26-DTA CGE and PV-SST-depleted CGE

transplants.

A. Density of PV* cells (cellssmm?) in R26-DTA CGE transplants (purple dots) is similar to PV*
cell density in R26-DTA MGE (green dots, P = 0.99), but higher than PV* cell density in PV-
depleted MGE (blue dots, P < 0.01) and PV-SST-depleted MGE transplants (pink dots, P <
0.05). However, PV" cell density in PV-SST-depleted CGE transplants (orange dots) is lower
than both PV-depleted MGE (P < 0.05) and PV-SST-depleted MGE transplants (P < 0.01). B.
R26-DTA CGE transplants (purple dots) contain similar numbers of SST" cells when compared
to R26-DTA MGE transplants (green dots, P = 0.99) and SST-depleted MGE (red dots, P =
0.11), but more SST" cells than in PV-SST-depleted MGE transplants (pink dots, P < 0.0001).
On the other hand, PV-SST-depleted CGE transplants (orange dots) contained comparable
numbers of SST" cells when compared to SST-depleted MGE (P = 0.2) and PV-SST-depleted
MGE (P = 0.12) transplants. In A and B, n = 6 for R26-DTA MGE, n = 8 for R26-DTA CGE, n =
16 for PV-depleted MGE, n = 9 for SST-depleted MGE, n = 9 for PV-SST-depleted MGE, n =7
for PV-SST-depleted CGE. Asterisks mark transplant types that induced plasticity. P values

calculated using Kruskal-Wallis test with correction for multiple comparisons.
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Figure 12. CGE transplants depleted of PV* and SST" cells fail to induce plasticity.

A. PV-SST-depleted CGE transplants did not induce ocular dominance plasticity after
monocular deprivation (n = 7, Mann-Whitney, P = 0.12, dotted line at 0.1 indicates threshold for
plasticity). B. R26-DTA CGE transplants (orange dots) have similar transplant density
(cells/mm?) as R26-DTA MGE transplants (green dots) that did induce plasticity (n = 7 for each

transplant type, Mann-Whitney, P = 0.78).
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Chapter 5

Conclusions

My thesis research evolved around the identification of interneuron subpopulations that
possess the unique ability to remodel neural networks and mediate critical-period-like ocular
dominance plasticity in the adult mouse brain. In the late 1990s, our laboratory developed the
techniques of interneuron transplantation, and has since used heterochronic transplantation of
interneuron precursors to investigate the development and therapeutic potential of interneurons
derived from the medial ganglionic eminence (MGE). To date we have established that
transplanted interneuron precursors migrate, integrate, undergo population adjustment through
programmed cell death, and mature into functional interneurons in the recipient brain, where
they increase inhibition, ameliorate seizures, and induce cortical plasticity (Wichterle et al., 1999;
Wichterle et al., 2001; Alvarez-Dolado et al., 2003; Baraban et al., 2009; Southwell et al., 2010;

Southwell et al., 2012).

The goal of my thesis research was to elucidate the contribution of distinct interneuron
subtypes in ocular dominance plasticity induced by interneuron transplantation. The normal
critical period for ocular dominance plasticity closes after P32 in mice (Gordon and Stryker,
1996). Previous collaborative work with the Stryker Lab demonstrated that transplanting MGE-
derived interneuron precursors into the primary visual cortex can open a new period of
heightened plasticity in mice after their endogenous critical period has closed (Southwell et al.,
2010). MGE gives rise to a mixture of interneurons, with the majority of them being parvalbumin-
expressing (PV") and somatostatin-expressing (SST") cells. My initial attempts to purify

individual interneuron subpopulations via fluorescence activated cell sorting were unsuccessful:
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interneuron precursors express very low levels of subtype markers. To counter this problem, |
devised a strategy to selectively deplete interneuron subtypes through Cre-mediated expression
of diphtheria toxin alpha subunit (DTA). The Cre-DTA combination successfully removed over
90% of Cre-expressing cells without affecting the survival or maturation of the Cre-negative cells.
In collaboration with the Stryker laboratory, | tested whether the removal of PV* or SST*
interneurons could affect the ability of the transplant to induce ocular dominance plasticity in
post-critical-period recipient mice. We first transplanted MGE cells depleted of PV™ cells,
expecting plasticity to be affected due to the prominent role PV"* cells are known to play in
critical period plasticity (Sugiyama et al., 2008; Miyata et al., 2012; Kuhlman et al., 2013). We
were surprised to find that the MGE transplants’ ability to induce plasticity was preserved
despite the efficient depletion of over 90% of PV cells. As expected based on previous studies,
depletion of SST" cells didn’t affect plasticity, either. However, when we removed both PV* and
SST" cells simultaneously, the transplants failed to induce plasticity. When we further examined
the characteristics of plasticity induced by non-depleted, PV-depleted, and SST-depleted MGE
transplants, we were able to determine that the plasticity mediated by all three types of
transplants resembled plasticity seen in the normal critical period in their magnitude, sensitivity
to brief monocular deprivation, and the significant weakening of response to the deprived eye.
These results indicate that PV* interneurons are not the only interneuron subtype capable of
initiating ocular dominance plasticity. MGE-derived SST" cells, whose function in cortical
plasticity has not been previously described, can also effectively modify neural circuits and
facilitate plasticity. Last but not least, we established that plasticity mediated by PV* and SST*
cells recapitulates key features of critical period plasticity, such as the rapid onset of plasticity

and the weakening of cortical response to the deprived eye.

Following the discovery that SST" cells are important players in ocular dominance

plasticity, | continued to investigate whether other interneuron subtypes also hold potential for

86



inducing ocular dominance plasticity. Because MGE transplants are dominated by PV* and
SST" cells, | turned to interneurons derived from the caudal ganglionic eminence (CGE).
Transplantation of interneuron precursors from the CGE has not been systematically examined
before. As | performed histological characterization of transplanted CGE cells, it became
apparent that they parallel MGE transplants in their ability to disperse throughout the host cortex
and differentiate into mature interneurons. However, immunohistochemistry with neurochemical
markers revealed a drastically different subtype profile of CGE-derived interneurons. Instead of
PV* and SST" cells, transplanted interneuron precursors from the CGE gave rise to cells
expressing reelin, vasoactive intestinal peptide (VIP), calretinin, calbindin, and neuropeptide Y
(NPY). Interestingly, when we examined the recipients of CGE transplants, we found robust
ocular dominance plasticity upon monocular deprivation. However, we determined that a minor
population of MGE-derived PV* and SST" cells was present among CGE cells. Removal of
these contaminating MGE cells from CGE transplants abolished transplant-induced plasticity,
despite plenty of successfully grafted CGE-derived interneurons in the host cortex. Together,
these findings paint an intriguing picture of cortical interneuron subtypes: on the one hand, the
ability to survive, migrate, and mature in a heterochronic brain environment seems to be shared
by almost all interneurons, regardless of their subtype identity or place of origin. Yet on the other
hand, only a small set of interneurons subtypes derived from a specific subcortical germinal
zone (MGE) are uniquely positioned to reshape cortical neural circuits and recapitulate juvenile-

like plasticity in an adult brain that normally is not conducive to such plasticity.

MGE transplantation offers a unique opportunity to study the mechanism of critical
period plasticity. By transplanting MGE cells, we can isolate the effect of juvenile interneurons
on a mature visual cortex, and how these effects lead to plasticity. But how might we proceed to
elucidate the mechanism of plasticity induction by PV* and SST" cells? First,

electrophysiological studies should be conducted on transplanted CGE cells to determine their
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firing properties and the synapses they receive and form. It's known that transplanted MGE cells
form functional synapses and integrate into the host neural circuitry (Baraban et al., 2009;
Southwell et al., 2010). Although the extensive neuronal processes formed by transplanted CGE
cells suggest that they integrate into the host cortex, we need to prove it using electrophysiology.
Knowing whether transplanted CGE cells functionally integrate is important, because if CGE
cells do not integrate after transplantation, then the observed specificity of PV* and SST*
interneurons in facilitating plasticity might simply be explained by their ability to integrate and
provide synaptic output in the host cortex. Knowing the inhibitory output of CGE cells is also
essential in evaluating their potential application in cell therapy. If CGE cells do increase
inhibition in the host cortex, the next step will be assessing whether they have a different level of
sensitivity to monocular deprivation than PV* and SST" cells do. As | proposed in Chapter 3 and
4, PV" and SST" cells may be unique in their ability to rapidly respond to sensory deprivation
(see discussions in Chapter 3 and 4). Calcium imaging of visually evoked interneuron activity
like that done on PV" cells will demonstrate whether all or only some interneurons respond to
visual deprivation (Kuhlman et al., 2014). At the same time, we cannot exclude the possibility
that mechanisms other than synaptic GABA release mediate transplant-induced plasticity.
Comparing the gene expression profile of interneuron subtypes may yield clues to subtype-
specific expression of secreted factors or surface signal molecules that may induce plasticity. To
accomplish this, we need to be aware that there are multiple methods to define interneuron
subtypes. While neurochemical markers are commonly used to identify interneuron subtypes
due to the reproducibility and efficiency of this method, many interneurons express multiple
neurochemical markers, and interneurons sharing the same set of markers can display different
firing patterns or connectivity (Butt et al., 2005; Wonders and Anderson, 2006; Rudy et al.,
2011). With recent advances in algorithms of microarray analysis, it may be possible to identify
functionally meaningful co-expression of genes from those not salient to plasticity (Oldham et al.,
2012). Finally, we may want to probe the impact of transplanted interneurons on existing
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connections in the host cortex. Some subtypes of interneurons may compete with host inhibitory
interneurons for synaptic targets and eliminate a subset of their synapses. Doing so may
destabilize the otherwise mature and inflexible host neural circuits, making them more juvenile

and receptive to plasticity.

Overall, my thesis research helps to further the characterization of the behaviors and
functional diversity of transplanted cortical interneurons. Identification of interneuron subtypes
implicated in juvenile plasticity is the first step in elucidating mechanisms of developmental
plasticity. Manipulations of these cells prior to transplantation can isolate cellular mechanisms
that are essential in inducing plasticity. Such information will provide insights into cortical neural
development and discovery of pharmacological agents that induce plasticity. Interneurons
and/or molecules capable of mediating juvenile-like plasticity will be good therapeutic agents for
the treatment of stroke, amblyopia, and PTSD. Cell replacement therapy using MGE- and CGE-
derived interneurons may hold promise for treating epilepsy, Parkinson’s disease, Alzheimer’s
disease, and Huntington’s disease (Richardson et al., 2008; Southwell et al., 2014).
Understanding the functional application of each subtype will be crucial in devising safe and

effective strategies of transplant therapy.
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Appendix

Figure A1. Transplantation of previously frozen MGE cells.

50 days after transplantation (DAT), transplants of freshly dissected MGE cells (top) and frozen

MGE cells (bottom) both migrate in the host cortex. Scale bars: 200um.

MGE tissue was dissected from E13.5 actin-GFP embryos and frozen as whole MGE chunks in
freezing medium (50% L-15, 40% fetal bovine serum, 10% DMSO) at -80°C for 24-48 hours,
before transferring to liquid nitrogen storage tanks. Frozen MGE tissue was thawed in 37 °C
water bath, triturated using a P-200 pipette, centrifuged at 600 g for 3 minutes, and washed
twice with L-15 medium. After the final centrifugation, medium was removed and the
concentrated cell pellets were transplanted as described in Chapter 2. Counting on a
hemocytometer with trypan blue revealed that more than half of MGE cells were dead after
thawing, in contrast to the < 10% dead cells typically observed in freshly dissected MGE cells.

Using glycerol in place of DMSO in freezing medium resulted in more death upon thawing.
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Figure A2. Transplanted frozen MGE cells express markers of mature interneurons.

At 50 DAT, transplanted MGE cells that were previously frozen expressed markers of MGE-

derived interneurons, including PV (21%, A, arrows), SST (46%, B, arrows), and NPY (8%).
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Figure A3. Migration of transplanted tdtomato® MGE cells in the host cortex.

A. At 1 day after transplantation (DAT), a migrating stream of transplanted tdtomato® cells has
already formed. The leading edge (red arrow) is about 1mm away from the injection site (green
arrow). B. At 3 DAT, transplanted cells migrate preferentially through layer 1 (blue arrows). C. At
5 DAT, transplanted cells have descended from layer 1 to line the upper boundary of layers 2/3
(blue arrows). Some cells have penetrated into deeper layers. D. At 10 DAT, transplanted cells
continue to aggregate at the boundary of layer 1 and layers 2/3 (blue arrows), but a significant

proportion of cells are now in the deeper layers (yellow arrow). Scale bars: 250um.

MGE cells were micro-dissected from E13.5 tdtomato+ embryos and transplanted into the
cortex of P7 recipients as described in Chapter 2. Recipients were perfused at 1, 2, 3, 5, 7, and
10 DAT and sectioned sagittally and coronally at 50um. Images were acquired using the Zeiss

Axiovert-200 microscope (Zeiss), AxioCam Mrm (Zeiss), and Neurolucida (MBF).
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Figure A4. Tangential and radial migration of transplanted MGE cells.

A. At 3 DAT (left panel) and 5 DAT (right panel), transplanted tdtomato® cells migrate
tangentially (arrows) through the superficial layers of host cortex. B. At 7 DAT (left panel) and
10 DAT (right panel), many transplanted cells are migrating radially (arrows) to reach the

different cortical layers. Scale bars: 200um.
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calbindin

Figure A5. Transplanted interneurons do not express calbindin.

Many interneurons express calbindin while migrating to the cortex (Anderson et al., 2001).
However, at 2 DAT, transplanted tdtomato® MGE cells (red) do not co-label with calbindin
(green). Scale bar: 25um.
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Figure A6. Transplantation of MGE cells cultured for 4 days in vitro.

At 42 DAT, transplants of freshly dissected GFP* MGE cells (top) and GFP* MGE cells cultured
in vitro for 4 days (bottom) both survive and disperse in the host cortex. MGE cells were

cultured on laminin and polylysine-coated plates with DMEM medium, N2 and B27 supplements.
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Figure A7. Expression of subtype markers by MGE cells cultured for 4 days in vitro.

At 42 DAT, transplanted MGE cells that have been cultured for 4 days in vitro express
interneuron subtype markers such as calbindin (A, arrowhead), somatostatin (B, arrowheads),
and parvalbumin (C, arrowheads). D. PV" interneurons make up equivalent proportion of
interneurons in both fresh and cultured MGE transplants.
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Figure A8. Transplantation of MGE cells cultured for 6 days in vitro shows poor survival.

A. After being cultured in vitro for 6 days, only a few GFP* MGE cells survived in the host cortex
at 42 DAT. B. Despite poor survival, MGE cells cultured for 6 days differentiate into PV cells
(arrowhead) at 42 DAT.
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