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The adult brain lacks sensitivity to changes in the sensory environment found in the 

juvenile brain. The transplantation of embryonic interneurons has been shown to restore 

juvenile plasticity to the adult host visual cortex. We show that the transplanted PV 

interneurons mature, disperse and synaptically integrate into the host brain. However, it is 

unclear how the integration of transplanted cells re-sensitizes the host brain to visual 

deprivation. It is not known whether transplanted interneurons directly mediate the 

renewed cortical plasticity or whether these cells act indirectly by modifying the host 

interneuron circuitry. Here we find that the transplant-induced reorganization of host 

circuits is specifically mediated by a developmental signaling pathway Neuregulin 

(NRG1)/ErbB4 in host parvalbumin (PV) interneurons. It has been shown that during 

development, NRG1/ErbB4 regulates the excitatory inputs onto PV interneurons. 

NRG1/ErbB4-mediated loss of excitatory synapses on PV interneurons is necessary for 

deprivation-induced cortical plasticity in development. Here we show that in transplant 

recipients, brief visual deprivation reduces the visual activity of host PV interneurons but 
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has negligible effects on the responses of transplanted PV interneurons. Exogenous NRG1 

both prevents the deprivation-induced reduction in the visual responses of host PV 

interneurons and blocks the transplant-induced reorganization of the host circuit. 

Furthermore, transplantation fails to induce plasticity in recipients that have ErbB4 

receptors knocked out specifically in PV interneurons. Altogether, our results indicate that 

transplanted embryonic interneurons reactivate cortical plasticity by rejuvenating a 

developmentally restricted signaling pathway in host PV interneurons. 
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CHAPTER 1: INTRODUCTION 

1.1 Overview 

Experience-dependent cortical reorganization declines as animals mature. Limited 

potential for neural plasticity prevents the brain from recovering from injuries or deficits in 

adulthood. Numerous studies have demonstrated the ability of inhibitory neuron 

transplantation to induce a second critical period for juvenile-like plasticity and restore 

brain function in mature animals (Davis et al., 2015; Hunt et al., 2013; Southwell et al., 2010; 

Yang et al., 2016; Zhu et al., 2019). However, the mechanism behind these remarkable effects 

remains elusive. It may be that transplanted cells replace the function of aged or 

dysfunctional host interneurons. Alternately, it may be that transplanted cells modify host 

interneurons to create a new critical period for synaptic plasticity.  

In juvenile development, neuregulin1 (NRG1)/ErbB4 signaling within parvalbumin 

(PV) interneurons is involved in initiating cortical plasticity. A brief monocular deprivation 

(MD) rapidly reduces NRG1/ErbB4-mediated excitatory inputs onto PV interneurons which, 

in turn, leads to a reduction in PV interneuron responses. Reduction in PV inhibition allows 

subsequent expression of ocular dominance (OD) plasticity of the excitatory neurons. 

Whether a similar mechanism is involved in the transplant induced cortical plasticity is not 

known. The main objectives for this thesis are to investigate (1) how the activity of 

transplant interneurons regulates cortical plasticity in the transplant recipients; and (2) 

whether NRG1/ErbB4 signaling is involved.  

In the following sections, I will provide a detailed background on ocular dominance 

plasticity in the mouse visual cortex, potential mechanisms for both developmental and 
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transplant-induced cortical plasticity, and specific questions that will be answered by this 

thesis. 

 

1.2 Ocular Dominance Plasticity As a Model For Experience-Dependent Cortical 

Reorganization  

In early life development, neural circuits are molded by animals’ experience. Critical 

period is a restricted window in development in which the neural circuits are highly 

sensitive to the sensory inputs or experience of the individuals. Well-known examples 

include the critical periods for language and motor skill acquisition in humans, song learning 

in songbirds, and imprinting in geese. In the laboratories, the critical period for the 

development of binocular vision is a widely used model for understanding the mechanisms 

underlying experience-dependent reorganization of the neural circuits. Although the initial 

discoveries were made in larger mammals such as rabbits and kittens (Hubel and Wiesel 

1970; Wiesel and Hubel 1963), rodent models have become more extensively used because 

of their shorter life span and the availability of the transgenic lines.  

Studies using intrinsic optical imaging and single-cell recording have provided insight 

into how experience shapes the inputs from the eyes to the primary visual cortex (Frenkel 

and Bear, 2004; Gordon and Stryker, 1996). In mice, the peak of the critical period for the 

development of binocular vision is around postnatal day 28 – 32, during which brief visual 

manipulation can have long-lasting effects on the eye-specific cortical responses. A higher 

proportion of neurons in the binocular zone of the mouse primary visual cortex (V1) 

responds to the inputs from the contralateral eye. With brief MD to the contralateral eye, 
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cortical responses driven by that eye decrease and shift the bias towards the ipsilateral open 

eye (Gordon and Stryker, 1996; Sato and Stryker 2008). This cortical reorganization is called 

ocular dominance (OD) plasticity.  

The cortex’s sensitivity to visual manipulation declines as the animals age. Even 

though plasticity can still be induced in older animals (>P100), longer term of MD is required 

(Lehmann and Löwel, 2008). The effects on the contralateral deprived and ipsilateral open 

eye responses are also different from that observed in juveniles. Using intrinsic signal optical 

imaging, Sato and Stryker (2008) shows that during juvenile critical period, four days of MD 

suppresses the responses through the deprived eye, while there is little effect on the 

response amplitude through the open eye. In adult animals, not only is a longer period of MD 

(>7 days as opposed to 3-4 days in juvenile) required to produce OD plasticity, but the 

plasticity is also mainly driven by the potentiation of the ipsilateral eye input. Even after 

seven days of MD, there is no observable effect on the response amplitude of the deprived 

eye. 

 

1.3 Maturation of GABAergic Inhibition Gates the Onset of the Critical Period 

 The maturation of GABAergic interneurons gates the onset of the juvenile critical 

period for the development of binocular vision (Fagiolini and Hensch, 2000; Hensch, 2005; 

Hensch et al., 1998; Huang et al., 1999). One of the earliest supporting pieces of evidence 

came from the studies performed in mice with overexpression of brain-derived neurotrophic 

factor (BDNF; Huang et al., 1999). These mice showed accelerated maturation of inhibitory 

neurons and a precocious onset of critical period for OD plasticity. In contrast, disruption in 
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GABA synthesis and transmission as in GAD65 KO mice results in a delayed critical period. 

(Hensch et al., 1998). GABAergic interneurons are a heterogeneous population of neurons 

that exhibit distinct electrophysiological, neurochemical and morphological profiles 

(Tremblay et al. 2016). To identify the specific cell types, Fagiolini et al. (2004) genetically 

mutate GABAA receptor subunits to demonstrate that GABAA α1-subunit but not α2-subunit 

knock-in mutants exhibit a deficit in ocular dominance plasticity. The α1-subunit containing 

GABAA receptors are concentrated at the soma of the postsynaptic neurons, where they 

receive inhibitory inputs mainly from fast-spiking parvalbumin (PV)-positive basket cells 

(Fagiolini et al., 2004). On the other hand, GABAA receptors containing α2-subunit are 

concentrated on the initial axon segments of the principal cells, where fast-spiking 

chandelier cells make their synaptic contacts. This cell-type specific role of fast-spiking, 

basket PV cells in determining the onset of critical period has been confirmed by the 

subsequent studies (Heimel et al., 2011; Hensch, 2005; Levelt & Hübener, 2012).  

While maturation of inhibition is necessary for initiating the critical period for 

cortical plasticity during early development, the continual increase of inhibition eventually 

closes the critical period. Several studies have tested this hypothesis by directly suppressing 

GABAergic transmission in post critical period animals, either pharmacologically (Harauzov 

et al., 2010) or chemogenetically with DREADDs (Kuhlman et al., 2013). They show that these 

manipulations can reactivate OD plasticity in the adult cortex. Interestingly, studies in which 

rodents are raised in an enriched environment (EE) show that EE also reactivates cortical 

plasticity in the adult cortex by reducing the intracortical inhibition (Sale et al., 2007; Sale et 

al., 2010). Altogether, these results indicate that the critical period is strictly regulated by the 

level of cortical inhibition. Onset of the juvenile critical period depends on the maturation of 
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GABAergic inhibition, but the critical period closes and plasticity declines as the inhibition 

continues to increase.  

1.4 The Role of GABAergic Interneurons in Regulating OD Plasticity 

It is not clear, however, how GABAergic interneurons contribute to the expression of 

experience-dependent OD plasticity once the critical period is initiated.  Using in vivo single-

cell recording and Ca2+ imaging, previous studies examine the direct effect of MD on the 

responses of excitatory and inhibitory interneurons in the binocular V1 (Gandhi et al., 2008; 

Kameyama et al., 2010; Kuhlman et al., 2013; Yazaki-Sugiyama et al., 2009). Due to the 

variation in experimental designs and transgenic mouse lines used, there are still major 

discrepancies in the findings. However, the consensus of these major studies is that (1) the 

responses of the interneurons, including PV interneurons, in the visual cortex can be directly 

modulated by visual deprivation; (2) ocular dominance shift of interneurons mirrors that of 

the excitatory neurons, though the time scales of the shift for these two cell types are still 

debatable. Like the excitatory neurons, interneuron responses start out contralaterally 

biased (Gandhi et al., 2008; Kameyama et al., 2010; Kuhlman et al., 2013). After 4-7 days of 

MD, the responses of interneurons seem to match that of the excitatory neurons. At this 

point, their responses are significantly more binocular than before MD due to a significant 

reduction in contralateral responses but also slight increase in ipsilateral responses (Gandhi 

et al., 2008; Kameyama et al., 2010; Yazaki-Sugiyama et al., 2009).  

Out of these four studies, only Kuhlman et al. (2013) examines the initial changes in 

cell-type specific responses induced by MD. The study shows a rapid reduction in PV 

interneuron responses that happens within the first 24-hour of MD. This reduction in PV 



 

6 
 

interneuron responses is mainly caused by the reduction of layer 4 and layer 5 excitatory 

inputs onto these PV interneurons. A subsequent study by Sun et al. (2016) definitively 

confirms that the rapid and transient reduction in PV interneuron activity is necessary for 

the subsequent OD plasticity. These two studies were the first to demonstrate the role of PV 

interneuron activity in cortical reorganization. 

Although earlier studies mainly focused on the role of PV interneurons in ocular 

dominance plasticity, recent studies have started to investigate the other subtypes of 

GABAergic interneurons, namely somatostatin (SOM)- and vasoactive intestinal polypeptide 

(VIP)-positive interneurons. The interest in SOM interneurons came from the observation 

that during development, even a brief MD (Oray et al., 2004) can induce structural 

reorganization of the dendritic spines of excitatory pyramidal neurons in the visual cortex. 

These spines are where excitatory neurons make synapses, and also where the dendrite-

targeting SOM interneurons terminate their axons. This initial study on the structural 

reorganization sparked interest in the functional implication of dendritic plasticity.  

To understand how the development of SOM interneurons influences the onset of the 

critical period for OD plasticity, Lazarus and Huang (2011) presents the first comparison of 

the maturation profiles of PV and SOM inhibition. They find that while the 

electrophysiological properties of PV interneurons mature and plateau along with the onset 

of the critical period, the excitability of SOM interneurons continues to increase until the 

peak of the critical period. These findings confirm the previous results that the onset of the 

critical period coincides with the maturation of PV interneurons (Hensch et al., 2005). 

Additionally, these results strongly suggest that SOM-provided dendritic inhibition may be 
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crucial for regulating plasticity after the onset of the critical period. How SOM interneuron 

activity is affected by visual experience and whether this change in activity contributes to 

OD plasticity is not known. Because of their postsynaptic contacts on the dendritic shafts of 

excitatory neurons, SOM interneurons may be in a good position to directly orchestrate the 

competition of excitatory synapses. 

 Over the past fifty years since the initial discovery of ocular dominance columns and 

ocular dominance plasticity by Hubel and Wiesel, we have learned much more about the 

cellular and molecular basis and regulators for the onset of critical period. There is no doubt 

that the maturation of GABAergic interneurons is important for the onset of the critical 

period for ocular dominance plasticity. Moreover, studies suggest that GABAergic 

interneurons do not merely set up the machinery for cortical plasticity, but they also directly 

participate in the expression of plasticity. However, we are only starting to understand the 

mechanisms underlying interneuron-mediated cortical plasticity. 

 

1.5 Molecular Mechanisms Underlying Visual Cortical Plasticity: the Role of 

Neuregulin1/ErbB4 Signaling 

 Previous reviews have discussed the interneuron-mediated mechanisms underlying 

ocular dominance plasticity (Bavelier et al., 2010; Heimel et al., 2011; Levelt and Hübener, 

2012; Sale et al., 2010). In this section, I will focus on Neuregulin1/ErbB4-mediated circuit 

disinhibitory mechanism. Even though circuit disinhibition has been extensively studied in 

the context of learning and memory (Letzkus et al., 2015), we have only recently begun to 

understand its role in cortical plasticity.  Using in vivo electrophysiological recording, 
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Kuhlman et al. (2013) shows that the firing rate of PV interneurons reduces immediately 

after one day of MD. Excitatory neurons, in turn, increase in their firing rate. This rapid 

reduction in cortical inhibition is necessary for the subsequent competition of eye-specific 

inputs and OD shift. When the PV-mediated disinhibition of excitatory neurons is blocked 

pharmacologically, OD plasticity does not occur (Sun et al., 2016). 

 Performing circuit mapping analysis (Kuhlman et al., 2013; Sun et al., 2016), it is 

further confirmed that the reduction in PV interneuron responses is mainly due to the 

reduction in the layers 4 and 5 excitatory inputs onto these cells. What are the candidate 

molecules that regulate the excitatory inputs onto PV interneurons? Here, we will focus on 

the role of neuregulin1 (NRG1)/ErbB4 signaling pathway.  

NRG1 binds to receptor tyrosine kinases called ErbB4 receptors and together they 

regulate many different stages of circuit assembly, from early embryonic brain development 

(Flames et al., 2004; Mei and Nave, 2004; Yau et al., 2003) to later activity-dependent circuit 

organization (Mei and Nave, 2014). Here we will focus on the role of NRG1/ErbB4 signaling 

in circuit plasticity in postnatal development. Inactive pro-NRG1 is a transmembrane 

protein. Upon activation, the N-terminal that contains the EGF-like signaling domain of type 

I and type II NRG1 is cleaved and become soluble proteins.  They can then bind to the ErbB4 

receptors on the same cells that release NRG1 (e.g. autocrine) or the receptors on other cells 

(e.g. paracrine; Falls, 2003). In contrast, type III NRG1 remains on the cell membrane and 

requires cell-to-cell contact to activate ErbB4 receptors. In this manuscript, we do not 

differentiate the types of NRG1. In the cortex, NRG1 is expressed in multiple cell types, 
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including both excitatory and inhibitory neurons as well as glial cells (Liu et al., 2011). The 

subcellular localization depends on the NRG1 isoforms (Vullhorst et al., 2017). 

ErbB4 receptors are expressed predominantly but not exclusively by PV interneurons 

in the visual cortex (Batista-Brito et al., 2017; Mei and Nave, 2014; Sun et al., 2016; Vullhorst 

et al., 2009). Although majority of studies find that ErbB4 receptors are localized to the 

excitatory synapses on the cell bodies and dendrites of PV interneurons (Buonanno and 

Fischbach, 2001; Garcia et al., 2000; Huang et al., 2000), others suggest that they may also be 

present at the axon terminals of PV interneurons (Fazzari et al., 2010; Woo et al., 2007).  

NRG1 and ErbB4 expressions in the cortex are developmentally regulated (Grieco et 

al., 2020; Liu et al., 2011). Both NRG1 and ErbB4 expressions have been detected in 

interneurons as early as embryonic development during which they are involved in survival, 

maturation and migration of interneuron progenitors (Liu et al., 2011; Mei and Nave, 2014). 

In the postnatal visual cortex, ErbB4 expression in PV interneurons stays relatively stable 

(Grieco et al., 2020; Sun et al., 2016). In contrast, NRG1 expression level in PV interneurons 

peaks during the critical period around P26-P28 and gradually decreases and stabilizes in 

adulthood (Grieco et al., 2020; Sun et al., 2016). On the other hand, NRG1 and ErbB4 

expressions in excitatory neurons are stable in postnatal visual cortex. 

The level of NRG1 in PV interneurons is also activity dependent. Both short-term and 

long-term MD during development reduce the level of NRG1 in PV interneurons, but have 

very little effect on NRG1 level in excitatory cells (Grieco et al., 2020; Sun et al., 2016). The 

overall expression of ErbB4 does not change after MD (Grieco et al., 2020; Sun et al., 2016), 
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but the phosphorylated ErbB4 expression is reduced (Sun et al., 2016), in agreement with 

the reduced NRG1 binding.  

In the visual cortex, NRG1/ErbB4 signaling regulates the excitatory synapses onto PV 

interneurons (Gu et al., 2016; Sun et al., 2016). During the juvenile critical period, one day 

MD rapidly decreases the level of PV interneuron activity in layer 2/3 binocular visual cortex 

(Kuhlman et al., 2013; Sun et al., 2016). Using laser-scanning photostimulation (LSPS) via 

glutamate uncaging, Sun et al. (2016) confirms that the reduction in PV interneuron 

responses is mainly due to the loss of excitatory inputs from L4 and L5. At the molecular 

level, it is mediated by the reduction in the level of NRG1 within PV interneurons (Sun et al., 

2016). The reduction of PV interneuron responses can be rescued with exogenous NRG1. The 

downstream signaling of NRG1 depends on binding of ErbB4 receptor on PV interneurons, 

because in the presence of ErbB4 inhibitor, exogenous NRG1 fails to restore excitatory inputs 

onto PV interneurons after MD. Furthermore, exogenous NRG1 shows no effect on mini-

excitatory postsynaptic current amplitude in PV cells in PV-cre;ErbB4 knock-out mutant 

mice. It has been proposed that soluble NRG1 can produce autocrine as well as paracrine 

signals (Falls, 2003). Since the NRG1 level within PV interneuron is activity dependent, it is 

possible that in the visual cortex, NRG1 acts through an autocrine loop. One can imagine that 

PV interneurons produce NRG1 and transport to the membrane, the transmembrane pro-

NRG1 (inactive form) is then cleaved when the PV interneurons are stimulated by the 

presynaptic excitatory inputs, and the soluble extracellular domain of NRG1 (active form) 

binds to the ErbB4 receptors on PV interneurons to further potentiate excitatory inputs. 

However, this hypothesis has to be further tested. 
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The canonical forward signaling pathway of NRG1/ErbB4 is the subject of many 

reviews (Mei and Xiong, 2008; Mei and Nave, 2014). NRG1 binding of ErbB4 receptors 

induces dimerization of the receptors and activates the ErbB4 kinase domain, resulting in 

phosphorylation of the intracellular domains. The phosphorylation activates the 

downstream kinase pathway, including protein kinase C (PKC) pathway, which subsequently 

results in protein synthesis (Mei and Xiong, 2008; Sun et al., 2016). Specifically blocking the 

activity of PKC in PV interneurons, Sun et al. (2016) shows that exogenous NRG1 fails to 

prevent the reduction in PV interneuron activity after MD. PKC-dependent protein synthesis 

may be linked to  AMPA receptor production and trafficking (Mei and Xiong, 2008; Sun et al. 

2016) because blocking the AMPA receptor insertion prevents NRG1-mediated increase in 

PV interneuron activity. Taken together, these results suggest that protein synthesis is 

needed for NRG1/ErbB4-mediated potentiation of excitatory synapses in PV interneurons.    

 

1.6 Interneuron Transplantation Reactivates a New Critical Period for Ocular 

Dominance Plasticity in Adult Mouse Visual Cortex 

Mature mammalian brains have a limited potential for regeneration and repair. 

Dentate gyrus and olfactory bulb are the only two regions in the adult brain where new 

neurons are generated throughout animal’s life. It is well accepted that there are no newborn 

cells in the adult cortex. This limitation of the adult brain makes it difficult for the brain to 

recover itself from injuries or neurological disorders which is characterized a substantial 

loss of neurons. The initial attempt for cell-based therapy came from epilepsy research. In 

temporal lobe epilepsy, there is a loss of GABAergic interneurons in the hilus of 
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hippocampus. The excitatory cells become more excitable with less local inhibition. 

Therefore, it seemed reasonable to transplant GABAergic inhibitory interneurons to the 

seizure focal site to restore inhibition. Even though the normal adult brains have limited 

capacity for regenerating new cells, these transplanted embryonic interneurons readily 

integrated into the host tissue and suppressed seizures. Since the initial studies in epilepsy, 

labs across the world have adopted interneuron transplantation to treat a number of 

neurological disorders, including traumatic brain injuries, autism spectrum disorders and 

schizophrenia. Interneuron transplantation is not only used to treat diseased brains, but our 

lab and others have demonstrated that these embryonic interneurons can reactivate a new 

critical period for plasticity in the adult brain. Even though these show that maturation of 

the transplanted interneurons regulates the timing of the second critical period, the 

mechanisms underlying the reactivated cortical plasticity are not well understood. 

Considering that reduction of intracortical inhibition can reactivate cortical plasticity, 

at first it may seem counterintuitive that interneuron transplantation can induce OD 

plasticity in the adult brain. These findings imply that cortical plasticity may be reactivated 

by changes in the host inhibitory circuitry, not simply the reduction in the level of cortical 

inhibition.  

1.6.1 Origins of subtypes of GABAergic interneurons 

 Majority of the initial studies in the field have focused on the maturation and 

differentiation of transplanted interneurons. Taken from region in the embryonic forebrain, 

ganglionic eminence, these embryonic interneurons have demonstrated great potential for 

migration in the host brain. They can spread to up to 2 mm from the site of injection (Davis 
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et al., 2015; Zhu et al., 2019). This probably has to do the fact these cells have to migrate all 

the way to distant brains like cortex and hippocampus in the normal developing brain. What 

makes these cells so useful is their ability to differentiate into subtypes of GABAergic 

interneurons. There are three regions in the ganglionic eminence, and each region gives rise 

to different subtypes of interneurons (Wonders and Anderson, 2006). Somatostatin and PV 

interneurons are generated in the medial ganglionic eminence (MGE), while caudal 

ganglionic eminence (CGE) gives rise to majority of interneurons that express vasoactive 

intestinal peptide (VIP). On the other hand, lateral ganglionic eminence (LGE) gives rise to 

majority of interneurons that migrate to the olfactory bulb. Much of the early research in the 

interneuron transplantation field was devoted to the characterization of the transplanted 

interneurons, and they found that transplanted interneurons retain the ability to 

differentiate into different GABAergic interneuron subtypes, although the host environment 

also plays a role in determining the final proportion of each cell types. In order for the 

transplanted cells to exert therapeutic effects on the host brains, they must be integrated 

into the host circuit. So far, in vitro electrophysiology recordings have provided evidence that 

these cells exhibited electrophysiological properties that mostly resemble the normal 

interneurons (Larimer et al. 2017). Pair-recording experiments suggest that these cells are 

receiving proper inputs and forming connections with the host cells (Larimer et al., 2017; 

Southwell et al., 2010).  

1.6.2 Therapeutic potentials of interneuron transplantation 

 It is still not clear, however, how these transplanted interneurons modify the host 

circuit and ameliorate the effects caused by normal aging or injuries. In the case of epilepsy 

and other neurological disorders that are characterized by loss of interneurons, where there 
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is a loss of specific subtypes of cells, it makes sense to think that transplanted cells simply 

replace the lost interneurons and suppress seizures by forming a healthy local inhibitory 

circuit that controls the firing of the host excitatory cells. This hypothesis is further 

supported by the studies on critical period. Numerous studies have demonstrated that 

critical period started when the transplanted interneuron reach their developmental critical 

period for ocular dominance plasticity (Davis et al., 2015; Priya et al., 2019; Southwell et al., 

2010). Therefore, it seems that transplanted cells form a young circuit that recapitulate the 

developmental process. They create a new critical period plasticity when they reach certain 

maturation state in the adult host brain.  

There is loss of GABAergic interneurons in the hilus of hippocampus in patients with 

temporal lobe epilepsy. Studies using GABAergic interneurons derived from embryonic stem 

cells or induced pluripotent stem cells as well as from the medial ganglionic eminence of 

mouse embryos all demonstrate that GABAergic interneuron transplantation suppresses 

seizures in mouse models of temporal lobe epilepsy (Hunt et al., 2013; Henderson et al., 

2014; Upadhya et al., 2019). Hunt et al. 2013 also demonstrates that interneuron 

transplantation rescues cognitive deficits in epileptic mice. A recent study directly 

demonstrates the causal link of synaptic integration and seizure suppression using 

chemogenetic manipulations (Upadhya et al., 2019). Seizure suppression is reduced when 

the transplanted cells are silenced using DREADDs, providing evidence that the activity of 

transplanted interneurons is necessary for seizure suppression. 

Traumatic brain injury is another disorder marked by an irreversible loss of 

inhibitory interneurons in the hippocampus. While interneuron transplantation does not 
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modify the lesion in the host hippocampus, it improves animals’ cognitive abilities (Zhu et 

al., 2019). The study demonstrates that the transplanted interneurons mature, differentiate 

into PV and SST interneurons and synaptically integrate into the host circuit and form 

inhibitory synapses onto the host cells in the hippocampus. Zhu et al. (2019) uses DREADD 

to manipulate the activity of transplanted interneurons and shows that silencing the activity 

of transplanted interneurons prevents the improvement in cognitive ability in transplant 

recipients, further supporting the idea that the activity of transplanted interneurons is 

necessary for disease amelioration. 

At least one study seems to challenge the idea that transplanted interneurons simply 

replace the function of the lost cells in the host brain. In an Alzheimer’s mouse model, in 

which the expression of Nav1.1 in the host cells is abolished, transplantation of wildtype 

MGE cells fails to rescue the cognitive and behavioral deficits (Martinez-Losa et al., 2018). 

Instead, overexpression of Nav1.1 in transplanted MGE cells is needed to rescue cognitive 

deficits in the mutant mice and restores gamma oscillation during behavioral tasks. 

Altogether, these studies suggest that the disease-modifying effect of MGE transplant 

partially depends on the state of the host circuit. When the host circuit is perturbed beyond 

a certain point, wildtype MGE cells are not sufficient to compensate for the deficit.  

1.6.3 Potential mechanisms for visual cortical plasticity 

In addition to recovering brain functions in disease models, interneuron 

transplantation can reactivate a second critical period in healthy adult cortex (Davis et al., 

2015). The effect is specific to interneurons from MGE because cells from CGE and LGE do 

not reactivate plasticity (Davis et al., 2015; Larimer et al. 2016). Moreover, transplanted 
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interneurons reactivate the second critical period at the time when these cells would have 

reached their developmental critical period, specifically at 33 – 35 days after transplantation 

(DAT; Davis et al., 2015; Priya et al., 2019; Southwell et al., 2010). As during the juvenile 

critical period, beyond this reactivated critical period the plasticity in the host brain becomes 

limited again. In the amygdala, transplanted reactivated critical period for fear erasure 

occurs two weeks after transplantation (Yang et al., 2016). These findings suggest that the 

timing of critical period may be different for different neural circuits. Moreover, the timing 

of the second critical period may depend on the maturation state of the transplanted 

interneurons. 

Two recent studies examine the direct role of transplant interneurons in ocular 

dominance plasticity during the reactivated critical period. Vesicular GABA transporter 

(VGAT) in normal GABAergic interneurons helps to package the neurotransmitters into 

vesicles. Disrupting the function of VGAT directly affects GABA transmission. Harvesting and 

transplanting MGE cells from VGAT KO mutant embryos, Priya et al. (2019) shows that even 

though these cells mature and disperse, they fail to induce ocular dominance plasticity. This 

result suggests the importance of transplant interneuron activity in inducing OD plasticity. 

One caveat with the study is that the transplanted interneurons from VGAT mutant embryos 

seem developmentally immature and develop abnormally. It is possible that the 

transplanted cells fail to integrate. A subsequent study uses optogenetics to manipulate the 

activity of transplanted interneurons and finds that the activity of transplanted interneurons 

is not needed for the expression of OD plasticity once it has been triggered (Hoseini et al., 

2019). Altogether, these results suggest the activity of transplanted interneurons is required 
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for the onset of the critical period, but it may not be necessary for the expression of OD 

plasticity.  

Recent studies challenge the idea that the activity of transplanted interneurons alone 

dictates the timing of the reactivated critical period. As mentioned above, in host animals 

with mutated Nav1.1, wildtype MGE cells are not sufficient to correct the behavioral deficits 

in those animals (Martinez-Losa et al., 2018). This result suggests that the host brain may 

partially influence the disease-modifying effect of the transplanted interneurons. Yang et al. 

(2016) demonstrates that transplantation of MGE cells in the amygdala facilitates fear 

erasure in adult mice. However, the reactivated critical period in the transplant recipient 

occurs earlier (14DAT equivalent to P7) than observed in normal developing animals (P16-

23). Furthermore, they show that during the reactivated critical period for fear erasure, 

there is a significant reduction in the expression of PNN in the host PV interneurons. In fact, 

the level of PNN in the host PV interneurons of the P49 adult recipients is equivalent to the 

level in a P21 mouse. Yang et al. (2016) provides the first direct evidence that interneuron 

transplantation exerts its effect by rejuvenating the host PV interneurons.   

 

1.7 Hypothesis and Significance 

Previous studies from our lab and others show that interneuron transplantation can 

reactivate a new critical period in the postnatal cortex (Davis et al., 2015; Larimer et al., 

2016; Priya et al., 2019; Southwell et al., 2010; Tang et al., 2014). The timing of the second 

critical period parallels the maturation of the transplanted interneurons, reminiscent of the 

juvenile critical period. Hoseini et al. (2019) manipulates the activity of transplanted 
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interneurons after four days of MD to show that transplanted interneuron activity is not 

involved in the expression of OD plasticity. In future studies, the manipulation can be done 

in the first day of MD to determine if transplanted PV interneuron activity plays a role in the 

initiation of transplant-induced cortical plasticity. Furthermore, Yang et al. (2016) is the first 

study that examines the role of a specific subtype of GABAergic interneurons in transplant-

reactivated plasticity in the amygdala. In contrast, the visual cortex and hippocampus 

transplantation studies have not yet examined cell-type specific mechanisms in transplant-

reactivated plasticity.  

 In development, NRG1/ErbB4 signaling in PV interneurons mediates the initial 

disinhibition of the excitatory circuit which subsequently results in OD plasticity. We 

hypothesize that NRG1/ErbB4 within transplanted PV interneurons may act similarly in 

transplant recipients during the reactivated critical period.  

Using in vivo time-lapse Ca2+ imaging, intrinsic signal optical imaging and 

pharmacological manipulation, this thesis aims to determine whether the same 

developmental processes underlying developmental OD plasticity are involved in 

transplant-induced plasticity, namely: (a) whether MD reduces transplanted PV interneuron 

activity; (b) whether the reduction in transplanted PV interneuron activity is mediated by 

NRG1/ErbB4 signaling; and (c) whether the reduction in transplanted PV interneuron 

activity is necessary for transplant-induced plasticity.  

This thesis provides the first cellular-resolution, in vivo Ca2+ imaging results on a cell-

type specific mechanism underlying reactivated cortical plasticity in transplant recipients. 

Our findings here show that interneuron transplantation reactivates a molecular signaling 
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pathway, which is normally restricted to juvenile development, within the adult host PV 

interneurons. The remaining question is how interneuron transplantation rejuvenates the 

host PV interneurons. Perhaps our study will inspire others to pursue the molecules that 

mediate the rejuvenation of host inhibitory neurons. 

 

1.8 Outline 

Chapter 2 provides detailed methods used in this thesis. Chapter 3 characterizes the 

maturation of transplanted PV interneurons and provides evidence that these cells integrate 

into the host circuit. Chapter 4 investigates the effect of MD on transplanted as well as host 

PV interneurons, and tests whether NRG1/ErbB4 plays a role in regulating the responses of 

PV interneurons and subsequent OD plasticity. Chapter 5 presents a general discussion of 

the findings.  

 

 

 

 

 

 

 

 



 

20 
 

CHAPTER 2: METHODS 

2.1 Resource Table 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Antibodies 
Mouse anti-Parvalbumin Sigma P3088 
Chicken anti-GFP Aves GFP-1010 
Rabbit anti-GABA Sigma 2052 
Goat anti-Mouse Alexa 647 Invitrogen A21240 
Goat anti-Chicken Alexa 488 Invitrogen A11039 
Goat anti-Rabbit Alexa 647 Invitrogen A21245 
Bacterial and Virus Strains  
AAV1-GCaMP6s virus   
synapsin-driven AAV1-GCaMP6s virus   
EnvA-SADΔG-DsRed rabies Sun et al., 2019 N/A 
pAAV-Ef1a-DIO-H2B-GFP-2A-oG-WPRE-hGH Addgene 74289 
   
Chemicals, Peptides, and Recombinant Proteins   
Leibovitz's L-15 medium Gibco 21083027 
DNAse Roche 0471672800 
Rimadyl Zoetis 141-199 
Chlorprothixene Sigma C1671 
Recombinant Human NRG1-beta 1 Roche 396-HB 
Experimental Models: Organisms/Strains 
B6;129P2-Pvalbtm1(cre)Arbr/J The Jackson Laboratory 008069 
B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J The Jackson Laboratory 007914 
STOCK Slc32a1tm2(cre)Lowl/J The Jackson Laboratory 028862 
C57BL/6J The Jackson Laboratory 000664 
LSL-R26TVA-lacZ Seidler et al., 2008 N/A 
PV-cre;ErbB4flx/flx Long et al., 2003 N/A 
CD1 Charles River Laboratories 482 
Software and Algorithms 
Custom-written Python scripts   
Matlab Psychophysics Toolbox extensions   
Prism 8.00 GraphPad  
ImageJ   
LAS X image processing software 
 

Leica https://www.leica-
microsystems.com 



 

21 
 

 

2.2 Experimental Models and Subjects 

All protocols and procedures followed the guidelines of the Animal Care and Use 

Committee at the University of California, Irvine. The following mouse lines were used in this 

study: B6;129P2-Pvalbtm1(cre)Arbr/J (PV-cre), B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J 

(Ai14, JAX 007914), STOCK Slc32a1tm2(cre)Lowl/J (Vgat-ires-cre, JAX 028862), C57BL/6J (JAX 

000664), and LSL-R26TVA-lacZ (Rosa-TVA) (Seidler et al., 2008). To visualize either 

parvalbumin (PV) interneurons or all GABAergic interneurons, PV-cre or VGAT-cre 

homozygous mice, respectively, were crossed with cre-dependent red fluorescent Ai14 

reporter mice. The embryonic donor tissue used for transplantation was generated either by 

crossing VGAT-tdTomato or PV-tdTomato homozygous males with C57BL/6J or CD1 

wildtype females, or by crossing PV-cre or VGAT-cre homozygous mice with Ai14 

homozygous mice.  To remove ErbB4 specifically from PV interneurons, the mice 

homozygous for loxP-flanked (flx) ErbB4 alleles (Long et al., 2003) were first crossed with 

PV-cre homozygous mice. The resulting PV-Cre+/-, ErbB4flx/+ mice were crossed with each 

other to generate PV-cre+/+; ErbB4flx/flx mice, which were used as adult transplant recipients 

in some of the experiments. To selectively express TVA receptors (avian retroviral receptor, 

tumor virus A in PV cells, Rosa-TVA homozygous mice were crossed with PV-cre 

homozygous animals. For retrograde tracing of transplanted PV cells, we transplanted PV-

cre;TVA embryonic tissue into wildtype adult mice. This approach restricts the initial 

infection of rabies virus to transplanted TVA-expressing PV cells. Refer to Table 1 for more 

details on the experimental groups for each experiment.   

 



 

22 
 

2.3 Interneuron Transplantation in Adult Visual Cortex 

The procedure was previously described (Davis et al., 2015). Embryonic days (E) 

13.5-14 embryos from timed breeding were used for transplantation. Medial ganglionic 

eminence (MGE) of embryonic forebrain was dissected and suspended in chilled L15 

solution (Gibco, 21083027) with 2% (v/v) of DNase I (Roche, 0471672800). All 

transplantation and subsequent virus injections were performed on the right hemisphere of 

the animals. For precise targeting, binocular visual cortex (bV1) of adult transplant 

recipients was mapped using intrinsic optical imaging (described below) at least one week 

prior to transplantation. The injection sites around bV1 were thinned using a dental drill 

(Midwest 78044) and FG1/4 carbide burr to allow the injection micropipette to penetrate. 

The tissue was loaded into a beveled glass micropipette (75 µm; Wiretrol 5 µl, Drummond 

Scientific Company) and injected using a custom-made hydraulic manipulator (Narishige, 

MO-10).  The cells were injected at ~650-700 µm below the surface of the brain. Each 

transplant recipient received 20-30 nl per injection for a total of 6-8 injections, all in the 

same hemisphere. At the end of the procedure, the scalp was sutured using Perma-Hand Silk 

(Ethicon, J212H) and the animals were returned to the home cage on a heating pad. Refer to 

Table 1 for the genotype and the age of adult transplant recipients, and the type of donor 

tissue each received.   
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Table 2.2: Table of experimental groups.  

Figure 
No. Donor Tissue Embryonic 

region Host/Recipient 
Age of 
recipient 
(Day)* 

Imaging 
Method 

Cell type 
imaged 

Days after 
transplantation 
(DAT)  

4.2 No 
transplant N/A PV-cre 26-30 Ca2+ 

imaging  
critical period 
PV cells N/A 

4.4, 
4.5, 
4.6, 
4.7, 
4.8 

PV-
cre;tdTomato MGE PV-cre 114-237 Ca2+ 

imaging  

Host and 
transplanted 
PV cells 

35 

4.5, 
4.6, 
4.7 
4.8 

VGAT-
cre;tdTomato CGE PV-cre 113-180 Ca2+ 

imaging  Host PV cells 35 

4.5, 
4.6, 
4.7, 
4.8 

No 
transplant N/A PV-cre 115-204 Ca2+ 

imaging 
Age-matched 
adult PV cells N/A 

4.9A – 
4.9E 

PV-
cre;tdTomato MGE C57BL/6 

wildtype  140-170 Ca2+ 
imaging 

Host 
excitatory and 
transplanted 
PV cells 

35 

4.9F – 
4.9H 

No 
transplant N/A C57BL/6 114-164 Ca2+ 

imaging 

Age-matched 
adult 
excitatory cells 

N/A 

4.10 No 
transplant N/A C57BL/6 

wildtype  26-30 Ca2+ 
imaging  

critical period 
excitatory cells N/A 

4.11 VGAT-
cre;tdTomato MGE C57BL/6 

wildtype  129-178 
Intrinsic 
optical 
imaging 

N/A 35 

4.11 VGAT-
cre;tdTomato MGE PV-

cre;ErbB4flx/flx 104-132 
Intrinsic 
optical 
imaging 

N/A 35 

3.3 PV-cre;TVA MGE C57BL/6 
wildtype  85-150 N/A N/A 45-50† 

* Age of recipients on the day of transplantation for PV-cre;TVA transplantation experiments. Age on the day 
of imaging for all the other groups.  

† Day of perfusion  

 

2.4 In vivo Two-Photon Calcium Imaging 

2.4.1 Virus injection for calcium imaging 

To label neurons in layer 2/3 of binocular visual cortex, adult transplant recipients or 

age-matched adult controls received either synapsin-driven AAV1-GCaMP6s virus (Penn 

Vector Core, CS1118; titer: 7 X 1011- 2 X 1012 genome copies (GC)/ml) or cre-dependent 
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synapsin-driven AAV1-GCaMP6s virus (Penn Vector Core, CS1113; titer: 1 X 1012 GC/ml). 

Refer to Table 1 for details on the experimental groups. All virus injections were done in only 

the right hemisphere. Animals were anaesthetized with 2% isoflurane (Patterson Veterinary, 

07-893-1389) and received an injection of the analgesic Carprofen (0.8mg/ml; Rimadyl) 

before surgery. For adult transplant recipients, virus injection was performed at bV1 

between 10-12 days after transplantation (DAT) in the same hemisphere where the 

transplanted cells were injected. For age-matched adult mice without transplantation, the 

injection was made at the center of bV1 based on the intrinsic signal map, which was 

performed at least a week prior. The virus was injected at ~450-600 µm below the surface 

of the brain (Volume: 2 sites X 200-240 nl/site, rate:10-12 nl/min) using a beveled glass 

pipette and a custom-made hydraulic injector.  

For labeling cells in critical period mice, the injections were done between postnatal 

(P) days 2-3. The injections were made at 3-4 mm lateral and 1mm anterior relative to 

lambda, roughly where bV1 would be (rate: 30-40 nl/min). The exact location of bV1 in 

critical period mice was identified using intrinsic optical imaging at P16-18. Mice with off-

target virus injection were excluded from the subsequent experiments.   

2.4.2 Surgical preparation 

Three to five days before in vivo two-photon calcium (Ca2+) imaging, a custom-printed 

headplate was installed and fixed to the right skull using Vetbond (3M, Vetbond, 1469SB) 

and dental acrylic (Lang Ortho-Jet Powder and Ortho-Jet Powder Liquid). A cranial window 

4-5 mm in diameter was made over primary visual cortex and covered with a glass coverslip 

of the same size using Vetbond and dental acrylic. Mice received subcutaneous injections of 

Carprofen to reduce pain and inflammation for up to three days after the surgery.   
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2.4.3 Imaging procedures 

Two-photon Ca2+ imaging procedure was described previously (Salinas et al., 2017). 

A resonant two-photon microscope (Neurolabware, Los Angeles, CA) with a 16X (Nikon NA 

= 0.8) objective was used to record Ca2+ transients of neurons in layer 2/3 of bV1 (160-350 

µm below pia). The laser was set to an excitation wavelength of 910 or 920 nm 

simultaneously excite GCaMP6s and tdTomato. Emissions were filtered using a 510/84 nm 

and 607/70 nm BrightLine bandpass filter (Semrock, Rochester, NY). A field of view of 

approximately 600 X 250 µm was acquired at 12 Hz (660 lines) using Scanbox acquisition 

software (Scanbox, Los Angeles, CA). For some recordings, an electrically tunable lens 

(optotune) was used simultaneously record of multiple depths (at least 25 µm apart for up 

to 3 depths). 

For critical period experiments, some animals were anesthetized during the 

recording with 0.7% isoflurane and chlorprothixene (Sigma, C1671). The first imaging 

session started at P26-28. Adult transplant MD experiments were performed in head-fixed, 

awake mice. The first imaging session started at 33-35DAT, when the transplanted cells 

reached their normal developmental critical period. Each imaging session consisted of 

measuring each eye’s responses to drifting gratings in an alternating pattern for a total of 2-

3 sessions for each eye. Because of the sparsity of viral expression, we were able to capture 

the same PV interneurons in transplant recipients and age-matched adults before and after 

MD. For excitatory neurons, we located the same fields based on the vasculature.   

2.4.4 One-day monocular deprivation 

To examine the effect of 1-day monocular deprivation (MD), the eye contralateral to 

the imaging hemisphere was sutured using Perma-Hand Silk (Ethicon, K809H) immediately 
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after the first imaging session. To test the effect of neuregulin-1 (NRG1) on the response 

properties of PV interneurons, some mice received subcutaneous injections of soluble 

neuregulin-1 (R&D Systems, 396-HB; 0.5 µg per animal every 8 hour) during MD. The suture 

was carefully removed after 20-30 hours. To allow the eye to fully open, animals were 

returned to their home cage for 30 minutes after removing the suture. After MD, mice with 

cataracts, cloudy eyes, and drooping eyelids were excluded from the subsequent 

experiments and data analysis.   

2.4.5 Visual stimulus conditions 

Visual stimuli were generated by custom-written Python code using the PsychoPy 1.8 

library as described (Salinas et al., 2017). Spherically corrected, full field drifting sinusoidal 

gratings were presented in eight orientations and five spatial frequencies (0.03-0.48, 

logarithmically spaced) at 2 Hz temporal frequency. We also showed a blank condition and 

a full-field flickering condition. The 42 total stimulus conditions were presented in a different 

random order for each of the 8 repetitions. Each stimulus was presented for 2 seconds and 

followed by 3 seconds of gray screen for a total of 28 minutes per imaging session. The 

stimuli were presented to one eye at a time in an alternating pattern for 2-3 sessions per eye. 

The stimuli were displayed on an Acer V193 monitor (53 X 33 cm, 60 Hz refresh rate, 20 

cd/m2 mean luminance) which was positioned 25 cm from the animal.   

 

2.5 Intrinsic Signal Optical Imaging 

2.5.1 Surgical preparation 

The procedures for intrinsic signal optical imaging (ISOI) have been previously 

described (Davis et al., 2015; Sun et al., 2016). ISOI was performed to (a) generate retinotopic 
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maps of bV1, which were then used to guide transplantation and virus injections, and (b) 

measure ocular dominance index in transplant recipients. All imaging was performed 

through intact skull in animals that were anesthetized with chlorprothixene (0.4 mg/ml) and 

0.7% isoflurane. An injection of atropine (Med-Pharmex Inc, 54925-063-10; 1 mg/kg) was 

also given to dilate the pupil and decrease secretion. To prepare for imaging, the skull was 

covered with agarose (1.5% w/v in 1X PBS) and a 5- or 10-mm glass coverslip. For hour-long 

experiments, eye ointment was applied around the coverslip to create a seal and prevent the 

skull from drying out during imaging. Body temperature was maintained by feedback control 

heating pad during imaging.   

2.5.2 Intrinsic signal optical imaging in adult transplant recipients  

Intrinsic signal images were collected using a custom-designed macroscope (Nikon 

135 X 50 mm lenses) equipped with a Dalsa 1M30 CCD camera. First, a green (530 nm) LED 

light was used to visualize and capture an image of the surface vasculature. Then the camera 

was focused ~600 µm beneath the pia surface, and a red (617 nm) LED light was used to 

acquire the intrinsic signal. For adult MD experiments, all mice underwent both PreMD and 

PostMD imaging sessions, three to four times each. Each imaging session consisted of 

measuring the responses through each eye in an alternating pattern for a total imaging 

duration of 30 to 40 minutes.   

2.5.3 Four-day monocular deprivation 

For ocular dominance plasticity (ODP) experiments, the eye contralateral to the 

imaging hemisphere was sutured immediately after the first day of imaging and stayed 

closed for four days, which has been previously shown to effectively induce cortical plasticity 

(Davis et al., 2015). To examine the effect of exogenous NRG1 on ocular dominance plasticity 
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in transplant recipients, some recipients were injected with either saline or NRG1 (0.5 µg per 

animal every 8 hour) during MD.   

2.5.4 Visual stimulus conditions 

The MATLAB Psychophysics Toolbox extensions was used to generate visual stimuli 

(Brainard, 1997; Pelli, 1997). Visual stimuli consisted of contrast modulating sweeping 

noise. The display of the stimuli was restricted to -5° to +15° visual field azimuth and -18° to 

+36° visual field elevation. Each recording trial consisted of five-minute presentations of 

stimuli at 0° and 180°. The stimuli were displayed on an Acer V193 monitor (53 X 33 cm, 60 

Hz refresh rate, 20 cd/m2 mean luminance) which was positioned 25 cm from the animal.   

 

2.6 Retrograde Viral Tracing Using Rabies Virus 

Retrograde viral tracing using glycoprotein-deleted rabies virus was previously 

described (Sun et al., 2014; Sun et al., 2019; Wall et al., 2010). Three weeks after the 

transplantation of PV-cre;TVA tissue, transplant recipients were anesthetized under 1.5-2% 

isoflurane and injected with Carprofen before surgery. For labeling the inputs onto normal 

PV interneurons, we performed retrograde tracing in PV-cre;TVA animals a few days during 

the juvenile critical period (P29 – P31).  A pulled glass pipette (tip diameter, ~30 μm) was 

loaded with virus and then lowered into the brain (400 μm and 600 μm below the pial 

surface). A Picospritzer (General Valve, Hollis, NH) was used to deliver the virus. The helper 

virus (pAAV-Ef1a-DIO-H2B-GFP-2A-oG-WPRE-hGH; Addgene, Plasmid 74289; 1.5 X 1013 

GC/ml; 2 sites x 200 nl/site) was injected at bV1 at a rate of 8-10 nl/min. To prevent backflow 

of virus, the pipette remained in the brain for 5 minutes after completion of the injection. 

After the procedure, mice were allowed to recover in their home cages on a heating pad. 
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Three weeks after the AAV injection, the rabies glycoprotein (RG)-deleted rabies virus 

(EnvA-SADΔG-DsRed rabies, 200 nl, ∼2 X 109 GC/ml) was injected into the same location of 

the previous helper virus injection in bV1. The rabies virus was allowed to incubate for 9-10 

days before the animals were perfused for tissue processing.   

 

2.7 Immunohistochemistry 

The mice were perfused with chilled 1XPBS and 4% PFA. The brains were post-fixed 

overnight and cryoprotected with 30% sucrose. The 50-µm sections containing primary 

visual cortex were prepared using a microtome (Microm, HM450). 

Immunohistolochemistry of free-floating sections was previously described (Sun et 

al., 2016). Sections were first permeabilized with 0.3% Triton-X in PBS and then blocked 

with 0.3% Triton-X in PBS containing 5% normal goat serum (Vector Laboratories, S-1000) 

and 10% bovine serum albumin (Sigma, A7906). After 48-72 hours of incubation in primary 

antibodies for 48 – 72 hours at 4 °C, sections were rinsed with 1XPBS, and incubated 

overnight with secondary antibodies. Sections were then mounted with Fluoroshield with 

DAPI (Millipore-Sigma, F6057), and cover-slipped.  To quantify PV+ cells in the transplant 

brains, selected sections were stained with PV antibody (Sigma, P3088, Mouse, 1:500), 

followed with Alexa Fluor conjugated secondary (Invitrogen, A21240, Alexa 647 conjugated 

goat anti-mouse, 1:1000). To identify the starter cells and determine the cell identities of 

rabies-infected DsRed-positive cells in rabies infected brains, sections containing V1 were 

co-stained with GFP antibody (Aves, GFP-1010, Chicken, 1:500) and GABA (Sigma, 2052, 

rabbit, 1:1000) antibodies. Alexa 647-conjugated goat anti-rabbit (Invitrogen, A21245, 
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1:1000) and Alexa 488-conjugated goat anti-chicken (Invitrogen, A11039, 1:1000) 

secondary antibodies were used to visualize the staining.   

 

2.8 Whole Brain Clearing and Light-Sheet Imaging 

2.8.1 iDISCO+ brain clearing 

All samples were cleared as previously described (Renier et al., 2016). For full 

protocol details and solution reagents, refer to idisco.info.   

Pretreatment: Briefly, fixed transplant brains were washed three times in PBS for 1hr to 

remove PFA. Samples were then subjected to a series of 1hr MeOH dehydration steps of 

increasing concentration from 20% - 100% at room temperature (RT).  After overnight 

fixation in 2:1 dicholoromethane (DCM, Sigma, 270997): MeOH, samples were washed twice 

with 100% MeOH.  Samples were briefly incubated at 4 °C, then rocked overnight in freshly 

made, pre-chilled 1:5 30% H2O2: 100% MeOH bleaching solution at 4 °C. Upon removal from 

4 °C, samples were subjected to a series of 1hr MeOH rehydration steps of decreasing 

concentration from 80% - 0% at RT.   

Immunolabeling: Samples were washed twice in PTx.2 at RT, followed by permeabilization 

for two days at 37 °C. Samples were again washed twice in PTx.2 at RT, then blocked for three 

days at 37 °C. To amplify the host AAV1-GCaMP6s and transplanted PV-tdTomato signals, 

samples were washed twice in PTwH at RT and incubated for 6 days at 37°C with 1:500 

chicken anti-GFP (Aves Labs, GFP-1020) and 1:400 rabbit anti-RFP (Rockland, 600-401-

379), respectively. Samples were then washed in PTwH for increasing durations of 0 min – 

2 hrs for the first day, 2 hrs each for the second. Following a secondary incubation for 6 days 

at 37°C with 1:500 donkey anti-chicken Alexa 647 (Jackson, 703-605-155) and 1:400 donkey 
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anti-rabbit Alexa 568 (Abcam, ab175692), samples were washed using the same post-

primary protocol.   

Clearing: Samples were subjected to a final series of 1 hr MeOH dehydration steps of 

increasing concentration from 20% - 100% at RT.  After another overnight fixation in 2:1 

DCM:MeOH, samples were incubated twice for 15 min with 100% DCM. To render the tissue 

optically clear, samples were lastly incubated with dibenzyl ether (DBE, Sigma, 108014) at 

RT.   

2.8.2 Light-sheet microscopy  

Equipped with an s-CMOS camera and multi-view imaging, a light-sheet fluorescence 

microscope (Zeiss Z.1) was used to image cleared transplant brains as whole brains. Cleared 

brains were first mounted on custom 3D printed suspension clamps and submerged in a 

large custom chamber (Translucence) filled with DBE. Using two illumination objectives (EC 

Plan-Neofluor 5x/0.16), cleared brains were excited by LED lasers (561-50 and 638-75, SBS 

LP 640) and emissions collected by a collared (n = 1.45) detection objective (LSFM 5x/0.1). 

Tile scan configurations were calculated using an external multiview-setup program (Zeiss). 

16-bit resolution scans were captured at 1X zoom magnification, with laser power (561: 

15%, 638: 20%) and exposure time (70 ms) optimized for clarity and high signal-to-noise 

ratio. Scans retained a constant interval (5.324 μm), overlap (20%), and delay (4 sec) 

between z-stack tiles.   

2.8.3 3D image reconstruction  

Overlapping regions between tiles were used for manual realignment and creation of 

stitched, multi-dimensional image stacks via Arivis. Image stacks were post-processed in 
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Imaris, applying a gamma correction (0.8) to reduce auto-fluorescence intensity. Orthogonal 

slice animations were also generated using Imaris.  

 

2.9 Quantification and Data Analysis 

2.9.1 Calcium imaging data analysis  

The analysis procedures were previously described in more detail (Figueroa-Velez et 

al., 2017; Salinas et al., 2017). Custom-written Python scripts were used to compute the 

fluorescence signal of each cell body by subtracting the average neuropil signal from the 

signal of the soma. Each cell’s response to each stimulation period was normalized to the 

baseline value preceding stimulus presentation (ΔF/F0). At each spatial frequency, the cell’s 

response to a given orientation θ was defined as the average response across the 8 repeats 

of that orientation. The peak spatial frequency was defined as the frequency that produces 

the maximum average response, and this response was chosen as F(θ).  Median peak spatial 

frequency is plotted in Figure 3.6E, Figure 3.7C, and Figure 3.8C. 

The cell’s preferred orientation at its peak spatial frequency was then determined as 

follows:     

𝜃𝜃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =  
∑ F(𝜃𝜃)𝑒𝑒2𝑖𝑖𝑖𝑖

2∑ F(𝜃𝜃)
 

The fitted response R(θ) was then determined by fitting F(θ) to a sum of two Gaussians 

centered on θpref and θpref + π, with different amplitudes and equal width, and a constant 

baseline. The amplitude of the fitted response at the preferred orientation was R(θpref), and 

this value is reported as a cell’s response amplitude in the figures and text. A cell is 

responsive (1) when its responses to each stimulation across all spatial frequencies reach 
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significance when compared against the blank screen condition (one-way ANOVA, p < 0.01); 

and (2) when its average peak response ΔF/F0 is at least 5%. 

 The cell orientation selectivity index (OSI) was determined using the circular 

variance method described previously based on the following equation (Figueroa-Velez et 

al., 2017; Hoy and Niell, 2015; Kerlin et al., 2010; Salinas et al., 2017): 

 OSI =  

��� (𝐹𝐹(𝜃𝜃𝑖𝑖) ∗ sin(2𝜃𝜃𝑖𝑖))
𝑖𝑖

�
2

+ �� (𝐹𝐹(𝜃𝜃𝑖𝑖) ∗ cos(2𝜃𝜃𝑖𝑖))
𝑖𝑖

�
2

�𝐹𝐹(𝜃𝜃𝑖𝑖)
𝑖𝑖

�  

 

Time-lapse imaging of PV interneurons in transplant recipients and untreated adults 

allowed us to track the same cells before and after MD. For calculating the percent change in 

response amplitude (Figure 4.5E), only cells that were responsive during both Pre- and 

PostMD imaging sessions were included. We first calculated percent change for individual 

cells, and then calculated the average for each field. The actual data points plotted are 

therefore the average response amplitude per field (Figure 4.5E). For calculating the percent 

difference in responsiveness for each field, we included the same cells before and after MD 

(Figure 4.5D). Each animal contributed 2 – 5 fields.   

The ODI for each cell was calculated as (C – I)/(C + I), where C is R(θpref) for the 

contralateral eye and I is R(θpref) for the ipsilateral eye. Contralaterally dominated neurons 

have an ODI value of 1, and these neurons are labeled as Contra throughout the paper. 

Ipsilaterally dominated neurons have an ODI value of -1, and they are labeled as Ipsi. 

Binocular neurons have ODI between -1 and 1. In cases where no significant response was 
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detected for one eye, response amplitude for that eye was set to 0. Non-responsive cells are 

those neurons that showed no significant response to either eye.  

 2.9.2 Intrinsic signal optical imaging data analysis  

Custom-written Matlab scripts were used to generate amplitude and phase maps of 

cortical responses using Fourier analysis as described previously (Davis et al., 2015; Gandhi 

et al., 2008; Kalatsky et al., 2003; Sun et al., 2016). The Fourier map was then smoothed with 

a 5 X 5 Gaussian kernel to compute the final amplitude map. The phase map was normalized 

by subtracting the phase of the cortical responses at 180° from the phase at 0°, to remove 

hemodynamic delay. Maps of absolute retinotopic phase are shown in terms of visual angle 

relative to the center of the monitor. Phase maps are then overlaid on top of vasculature 

image to facilitate the targeting of bV1 in other surgical and imaging procedures.  

The ODI for each animal was calculated as (C-I)/(C+I), where C is the average 

response amplitude for the contralateral eye, and I is the average response amplitude for the 

ipsilateral eye across 3 or 4 repetitions. OD shift is used as a measure for cortical plasticity 

and is calculated by subtracting PreMD ODI from PostMD ODI.  

 2.9.3 Immunohistochemistry image analysis 

Immunostained sections were imaged using a confocal microscope (Leica SP8, 20X 

Objective, Leica Microsystem, Germany). LAS X image processing software (Leica 

Microsystem) was used to perform image tiling and acquire z-stack. To count the 

transplanted cells in bV1, sections were sampled at 300 µm intervals. The tdTomato red 

fluorescence was bright enough to count the transplanted cells without amplification. The 

percentage of transplanted tdTomato cells that co-expressed PV was calculated by dividing 

the number of PV+/tdTomato+ neurons by the total number of tdTomato+ cells.  



 

35 
 

In rabies infected V1, the starter cells expressed DsRed (rabies), nuclear GFP and 

GABA. No amplification was needed to identify DsRed+ cells. The cells that only expressed 

DsRed and GABA were categorized as presynaptic GABAergic neurons. We counted GABA-

negative DsRed-positive cells as putative presynaptic excitatory neurons.   

 

2.10 Statistical Analysis 

For data plotted as mean ± s.e.m.. either parametric (Brown-Forsythe and Welch one-

way ANOVA test followed by Dunnett’s T3 multiple comparison test) or non-parametric 

(two-way ANOVA followed by Bonferroni multiple comparison test, Mann-Whitney U test, 

Wilcoxon signed-rank test, Kruskal-Wallis one-way ANOVA followed by Dunn’s multiple 

comparison test) statistics was performed. Normality of the data was tested using 

D'Agostino-Pearson normality test, and non-parametric statistics was performed when the 

data was not normally distributed. Due to the small sample size, the calcium imaging data of 

transplanted cells were plotted using box and whisker plots. The central mark indicates the 

median, the bottom and top edges of the box indicate 25th and 75th percentiles, respectively 

(Figures 3.6, 3.7 and 3.8).  In addition, linear regression and correlation analysis and Fisher’s 

exact test were also performed where appropriate.  
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CHAPTER 3: TRANSPLANTED PV INTERNEURONS MATURE AND 

SYNAPTICALLY INTEGRATE INTO ADULT VISUAL CORTEX 

3.1 Introduction 

Maturation and synaptic integration to the host brain are required for transplanted 

GABAergic interneurons to produce functional changes in the host brain (Henderson et al., 

2014; Priya et al., 2019; Southwell et al., 2010; Upadhya et al., 2019; Zhu et al., 2019). Pair-

recordings in slices demonstrate that transplanted interneurons form functional synapses 

with host neurons (Henderson et al., 2014; Southwell et al., 2010; Zhu et al., 2019). Moreover, 

silencing the transplanted interneurons in vivo using DREADDs reduces the transplant-

induced improvement in seizure (Upadhya et al., 2019) and traumatic brain injury (Zhu et 

al., 2019) models. Collectively, these results imply that transplanted interneurons recover 

brain functions in various models of neurological disorders by enhancing GABAergic 

synaptic transmission. The extent of the synaptic integration, however, is not clear since 

pair-recording limits the sampling to local circuits. In the visual cortex interneurons receive 

long-range inputs from various brain regions outside of primary visual cortex (Lu et al., 

2014). 

Previous studies have documented the development of firing properties, synaptic 

connectivity and in vivo tuning properties of the transplanted interneurons (Figueroa-Velez 

et al., 2017; Larimer et al., 2017). However, it is not clear how the integration of transplanted 

interneurons alters the responses of the host neurons.   

To address these questions, we performed rabies viral tracing and in vivo Ca2+ 

imaging in transplant recipients. We found that even though transplanted PV interneurons 
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are synaptically integrated into the host visual cortex by 35 days after transplantation (DAT), 

they do not significantly alter the response properties of host PV interneurons or excitatory 

neurons. We first showed that transplanted interneurons disperse throughout primary 

visual cortex and express mature markers for parvalbumin (PV) GABAergic interneurons. 

We then showed that transplanted PV interneurons exhibit mature visual tuning properties 

by 35DAT. Using retrograde rabies tracing, we also found that transplanted PV interneurons 

receive extensive local and long-range inputs from the host brain. Local inputs include both 

excitatory and inhibitory inputs, consistent with previous electrophysiology studies 

(Larimer et al., 2017; Southwell et al., 2010). Interestingly, the interneuron transplantation 

does not significantly alter the orientation selectivity index or spatial frequency responses 

of the host neurons. Overall, these results indicate that the transplanted PV interneurons 

display mature properties that allow them to regulate cortical plasticity.  

 

3.2 Results 

3.2.1 Transplanted interneurons express marker for mature interneurons  

Twenty percent of the neurons in the cortex are GABAergic interneurons. During 

embryonic development, GABAergic progenitors from ganglionic eminence of the embryonic 

forebrain migrate tangentially to the cortex and other subcortical regions starting around 

embryonic day 12-14. For parvalbumin interneurons, the progenitors originate specifically 

from medial ganglionic eminence (MGE). We took advantage of the fact that the progenitors 

are highly concentrated in the MGE between embryonic day 12-14 and harvested the tissue 

from MGE for transplantation. 
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Previous studies have demonstrated that transplanted interneurons disperse widely 

even in the adult cortex (Davis et al., 2015). Here, we measured the spread of the 

transplanted PV interneurons in our experimental animals after the in vivo Ca2+ imaging 

sessions at around 35-40DAT or 65-70DAT. We harvested MGE from embryos that 

expressed red fluorescent protein tdTomato specifically in PV interneurons and 

transplanted into the binocular visual cortex (bV1) of adult mice (~P80 – 120; Fig. 3.1A). The 

bV1 was located based on the phase map generated using intrinsic signal optical imaging 

(Fig. 3.1B) at least one week prior to transplantation. The in vivo Ca2+ imaging of the 

transplant recipients occurred at 33-35DAT or 60-65DAT. The imaging procedure will be 

discussed in more detail in the later sections. After repeated imaging sessions, the animals 

were perfused, and the brains were harvested for post-hoc immunohistochemistry and 

anatomical analysis (Fig. 3.1A). Fig. 3.1C shows an example of coronal section taken from a 

transplant recipient that received virus injection calcium indicator GCaMP6s at the center of 

bV1. The center of the viral infected region was marked as 0 when quantifying the medial-

to-lateral spread of the transplanted neurons. I confirmed that the transplanted PV 

interneurons migrated up to ~1mm from the center of bV1 by 35-40DAT (Fig. 3.1D). They 

were found in all layers of the visual cortex, however, majority of them resided between layer 

II/III and layer V (Fig. 3.1E). The distribution of the cells deviated somewhat from what has 

been reported in the normal cortex (Almási et al., 2019; Tremblay et al., 2016), in which PV 

interneurons are found in all layers except layer I. The difference might be explained by the 

fact that we biased our injection to the superficial layer, and therefore there may be some 

cells that migrated ectopically or stayed in the superficial layer. In the caudal to rostral axis, 

the transplanted cells were found as far as ~1.4 mm rostral from the posterior visual cortex 
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(Fig. 3.1F). The spread and survival of the transplanted PV interneuron could be better 

visualized in 3D in cleared brains (Fig. 3.1G).  

In normal development, by P26-28, majority of PV interneurons express 

parvalbumin. Here, we stained for parvalbumin in our transplant and quantified the 

percentage of the transplanted tdTomato cells that were co-labeled with PV antibodies. First, 

we found that genotype of the adult recipients did not determine the final number of 

transplanted PV interneurons (Fig. 3.2B).  Immunostaining results also showed that about 

80% of the TdTomato+ cells are also PV+. There was also no difference in the percentage of 

co-labeled cells between PV-cre or wildtype adult recipients (Fig. 3.2A and Fig. 3.2C). 

Altogether, these results confirmed previous findings that transplanted MGE progenitors 

mature and disperse throughout bV1 of adult recipients. By 35DAT, these transplanted cells 

express mature markers for parvalbumin.  
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Figure 3.1 Survival and dispersion of transplanted PV interneurons 

(A) Schematic of experimental design. (B) Right, intrinsic signal optical imaging was performed to locate 
binocular visual cortex (bV1). Left, an example phase map of bV1 on the right hemisphere of an adult mouse. 
The red marks indicate the transplantation sites, and the green marks indicate the virus injection sites. Scale = 
500 µm. (C) An example of a coronal section from an MGE-transplant recipient. The MGE-derived parvalbumin 
(PV) interneurons were labeled with red fluorescent protein tdTomato (red), and the host PV interneurons in 
bV1 were virally labeled with calcium indicator GCaMP6s. (D) Distribution of transplanted PV-tdTomato+ cells 
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along the medial-lateral axis. The center of the virus expression was set to be 0 on the x-axis (n = 19 sections 
from 10 mice). (E) Laminar distribution of transplanted PV-tdTomato cells. (n = 10 mice). (F) Spread of 
transplanted interneurons in the caudal-rostral axis. The most posterior section collected for analysis is the 0 
(n = 13 mice). (G) Left, whole brain image of transplant recipient cleared using iDISCO+ method, scale bar = 1.4 
mm. Right, a magnified view of the outlined region above. Transplanted PV interneurons are in red, AAV1-
GCaMP6s labeled PV interneurons are in green, and transplanted interneurons that expressed GCaMP6s are in 
yellow, scale bar = 200 µm. Data are mean ± sem.  
 

Figure 3.2 Transplanted cells express marker of mature PV interneurons 
 
(A) Example coronal section from a PV-tdTomato MGE recipient at 35DAT stained for parvalbumin (green). 
Scale bar = 100 µm. (B) In the same section as (A), transplanted PV cells expressed red fluorescent protein 
tdTomato. (C) Transplanted PV-tdTomato cells stained for parvalbumin (yellow). (D) Estimated number of 
transplanted cells in adult recipients. (E) Percentage of transplanted tdTomato cells co-labeled with 
parvalbumin antibody. WT = wildtype adult recipient. PV-cre = PV-cre adult recipient. The genotype of the 
recipients did not affect total number of transplanted PV+ interneurons. (n = 13 mice).  
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3.2.2 Transplanted interneurons receive proper local and long-range connections 

from the host brain 

In order to participate in cortical plasticity, transplanted cells must form proper 

synapses with the host circuit. Previous studies have performed in vitro electrophysiology in 

slice to show that transplanted cells form and receive connections from the host circuit 

(Southwell et al., 2010; Hunt et al., 2013; Henderson et al., 2014). However, 

electrophysiological recording can only reveal the synaptic connections within the local 

circuit. To identify both local and long-range inputs to transplanted PV interneurons, we 

performed retrograde tracing using rabies virus (Figure 3.3A; Chapter 2 Methods). We 

harvested tissue from embryos that selectively expressed TVA receptors in PV interneurons 

and transplanted into the binocular visual cortex of wildtype adult mice. We then 

injected cre-dependent rabies helper virus with a nuclear GFP tag 3 weeks after 

transplantation. The rabies virus with DsRed tag was injected at 6-7 weeks after 

transplantation. The cre-LoxP based approach restricted the helper virus and initial rabies 

virus infection to transplanted PV interneurons (Chapter 2 Methods; Callaway and Luo, 

2014; Sun et al., 2014; Wall et al., 2010). Therefore, the transplanted starter cells should 

express both nuclear GFP and DsRed. Out of all the rabies-labeled neurons in V1, 12% 

were transplanted starter cells that expressed both DsRed and nuclear GFP (Figure 3.3F). 

The transplanted PV starter cells received both local (Figure 3.3B and 3.3C) and long-range 

inputs (Figure 3.3E) from the host brain like PV interneurons in normal adult mice (Figure 

3.4; Lu et al., 2014). The local connections included GABAergic (12%) and putative excitatory 

inputs (Figures 3.3D, 3.3F and 3.3G). Altogether, these results suggest that the transplanted 
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cells have differentiated into mature PV interneurons and received proper synaptic inputs 

from host brain.  

Figure 3.3 Transplanted PV interneurons are integrated into the host circuit   

(A) Experimental design.  (B) Identification of transplanted starter cells by co-expression of rabies glycoprotein 
(green) and rabies virus (red). scale bar = 100 µm. 50-µm max projection.  (C)  Magnified images of the starter 
cell in B. Scale bar = 100 µm. 3-µm max projection.  (D)  Transplanted PV cells received both GABAergic (yellow) 
and putative excitatory inputs (red) from the host cortex. Scale bar = 100 µm.  (E) Transplanted PV cells 
received long-range inputs from various brain regions. Scale bar = 200 µm, 100 µm.  (F) Quantification of 
transplanted starter cells (total number of rabies+ cells counted: 754, number rabies+/GFP+ starter cells: 91, 
and number of rabies+ only cells: 663, 1 mouse).  (G) Quantification of local presynaptic cells that provided 
inputs to starter transplanted cells (total number of rabies+ presynaptic cells: 136, number of GABA+/rabies+ 
cells: 16, number of GABA-/rabies+ cells: 120, 1 mouse). 
 

Local presynaptic cells 
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Figure 3.4 Local and long-range inputs to PV interneurons in adult PV-TVA mice 
 
(A) Experimental design. (B) Identification of starter PV cells by co-expression of rabies glycoprotein (green) 
and rabies virus (red). scale bar = 100 µm. 50-µm max projection. (C)  Magnified images of the starter cell in B. 
Scale bar = 100 µm. (D)  PV cells received both GABAergic (yellow) and putative excitatory inputs (red) from 
the host cortex. Scale bar = 100 µm. (E) PV cells received long-range inputs from various brain regions. Scale 
bar = 200 µm, 100 µm. (F) Quantification of starter PV cells (total number of rabies+ cells counted: 416, number 
rabies+/GFP+ starter cells: 69, and number of rabies+ only cells: 347, 2 mice). (G) Quantification of local 
presynaptic cells that provided inputs to starter transplanted cells (total number of rabies+ presynaptic cells: 
307, number of GABA+/rabies+ cells: 46, number of GABA-/rabies+ cells: 261, 2 mice).   
 

 Theoretically, the glycoprotein-deleted rabies virus used in our study will only enter 

the cells that express TVA receptors and infect the direct presynaptic partners if the starter 
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cells express rabies glycoprotein. To confirm the specificity of rabies virus and to make sure 

that there was no leakage of the virus, we injected rabies virus into transplant recipients that 

did not receive helper virus injections. In two of the transplant recipients without helper 

virus injection, there are no rabies-labeled cells in the local circuit or the more distant brain 

regions (Figure 3.5). This result confirms that in the local circuit rabies-labeled the cells are 

indeed the presynaptic cells to the transplanted PV interneurons. 
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Figure 3.5 No rabies expression was detected in transplant recipients that did not receive helper virus 
 
Two transplant recipients received transplantation of MGE-derived PV interneurons but did not receive helper 
virus that contained rabies glycoprotein (GFP), which was needed for monosynaptic infection of presynaptic 
neurons.  (A) Example coronal sections from one of these control mice. 50-µm sections were cut and stained 
with GFP antibody and DAPI. The sections shown here are spaced 600 µm apart and arranged from posterior 
to anterior. Scale = 1 mm. (B) Magnified view of the boxed region in (A) to show that in binocular V1 where the 
transplant sites were there was no GFP+ or dsRed+ rabies expression.  
 

 



 

47 
 

3.2.3 Transplanted interneurons exhibit mature interneuron visual responses and 

tuning properties 

The maturation of neurons in the visual cortex is reflected in their visual tuning 

properties, such as orientation selectivity and spatial frequency preferences. In normal 

development, by postnatal 26-30, parvalbumin (PV) interneurons exhibit broad orientation 

tuning which persists throughout adulthood (Kuhlman et al., 2011; Figueroa-Velez et al., 

2017). We confirmed the previous findings by performing Ca2+ imaging in P26-P28 animals 

that received viral injection of calcium indicator GCaMP6s. We showed that for both 

contralateral and ipsilateral eye stimulations, PV interneurons had low orientation 

selectivity index as reported previously (Figure 3.6C; Contralateral OSI: 0.196 ± 0.001, n = 

198 cells; Ipsilateral: 0.186 ± 0.016, n = 88 cells).  

Next, we sought to examine whether transplanted PV interneurons also developed 

broad orientation tuning by the time of reactivated critical period at 33-36 days after 

transplantation. We harvested interneuron precursors from MGE of 13.5-14-day old 

embryos and transplanted them into the binocular visual cortex of mature mice. Depending 

on the genotype of the transplant recipients, we injected either synapsin-driven AAV1-

GCaMP6s virus (Penn Vector Core, CS1118; titer: 7 X 1011- 2 X 1012 genome copies (GC)/ml) 

or cre-dependent synapsin-driven AAV1-GCaMP6s virus (Penn Vector Core, CS1113; titer: 1 

X 1012 GC/ml) to label both the transplanted interneurons and host cells. We performed in 

vivo Ca2+ imaging at 33-35DAT and 63-65DAT. We presented the animals with full drifting 

gratings with 8 orientations and 5 spatial frequencies (0.03-0.48, logarithmically spaced) at 

2 Hz temporal frequency. We also showed a blank condition and a full-field flickering 

condition. The 42 total stimulus conditions were presented in a different random order for 
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each of the 8 repetitions. Each stimulus was presented for 2 seconds and followed by 3 

seconds of gray screen for a total of 28 minutes per imaging session.  

There were responsive transplanted PV interneurons at 33-35DAT (Fig. 3.6A top, red) 

and 63-65DAT (Fig. 3.6A bottom, blue). We next sought to determine the orientation 

selectivity and peak spatial frequency for these responsive cells. We first calculated the 

spatial frequency that produced the maximum responses for the cell (peak spatial 

frequency), and then determined orientation selectivity index of the cell at that spatial 

frequency.  

By 33DAT, the transplanted PV interneurons already exhibited broad orientation 

tuning (Fig. 3.6B and Fig. 3.6C, red). The property did not change much by 63DAT (Fig. 3.6B 

and Fig. 3.6C, blue), implying that the transplanted interneurons were fully mature and 

integrated by the fourth week after transplantation. Interestingly, when compared to P26-

28 normal critical period PV interneurons, transplanted PV interneurons in general were 

more sharply tuned even though the difference did not reach significance. This is not 

surprising, considering that the adult host brain may lack some developmental factors 

needed for normal development of these PV interneurons.  

 

3.2.4 Interneuron transplantation does not alter the tuning properties of the adult 

host neurons 

We confirmed that transplanted interneurons developed mature tuning properties 

by 35DAT, which implies that these cells were integrated into the host circuit. However, it is 

not clear how interneuron transplantation alters the tuning of host neurons. We examined 
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visual responses and visual tuning properties of host PV interneurons at 33-35DAT. We did 

not notice any significant difference in spatial frequency tuning between the transplant 

recipient and age-matched adult control (Fig. 3.7A – C). For the contralateral eye stimulation, 

the spatial frequency responses for both groups appeared to extend to the high spatial 

frequencies at around 2.4 cycle/degree (Fig. 3.7B, top; Fig. 3.7C). In contrast, the responses 

for the ipsilateral eye stimulation preferred the lower spatial frequencies at 0.6 cycle/degree 

(Fig. 3.7B, bottom; Fig. 3.7C). More importantly, there was no difference in the peak spatial 

frequencies between transplant recipients and age-matched adult controls for both 

contralateral and ipsilateral eye stimulation (Fig. 3.7C). 
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Figure 3.6 Transplanted PV interneurons exhibit mature visual tuning properties  
(A) Example responses of visually evoked responses at the peak spatial frequency for transplanted PV 
interneurons at 35DAT (top; red) and 65DAT (bottom; blue). Light traces present individual trials, and dark 
traces are the average responses. (B) Peak response at each orientation is represented in polar plots. (C) Box 
plots of median orientation selectivity index. There was no difference in orientation selectivity between 35DAT 
and 65DAT transplanted interneurons and critical period (CP) PV interneurons. The central mark indicates the 
median, the bottom and top edges of the box indicate 25th and 75th percentiles, respectively (Contralateral: 
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35DAT, n = 7 cells from 5 mice; CP, n = 198 cells from 7mice; 65DAT, n = 17 cells from 3 mice; 35DAT vs. 65DAT 
p > 0.999, 35DAT vs. CP p = 0.385, Kruskal-Wallis one-way ANOVA test with Dunn’s multiple comparison test; 
Ipsilateral: 35DAT, n = 4 cells from 4 mice; CP, n = 88 cells from 4 mice; 65DAT, n = 11 cells from 4 mice; 35DAT 
vs. 65DAT p > 0.999, 35DAT vs. CP p = 0.132, Kruskal-Wallis ANOVA test with Dunn’s multiple comparison 
test). (D) Examples of spatial frequency responses of transplanted PV interneurons at 35 and 65DAT. The 
average responses (solid) at each spatial frequency are overlaid with a difference of Gaussians fit (dotted line). 
Peak spatial frequency is determined by the maximum of the average response. (E) Box plots of median peak 
spatial frequency of transplanted PV interneurons at 35 and 65DAT, as well as that of the CP PV interneurons. 
The central mark indicates the median, the bottom and top edges of the box indicate 25th and 75th percentiles, 
respectively. There is no difference in peak spatial frequency between 35 and 65DAT transplanted PV 
interneurons (Contralateral: 35DAT, n = 8 cells from 5 mice; 65DAT, n = 18 cells from 3 mice, CP, n = 56 cells 
from 2 mice, 35DAT vs. 65DAT p > 0.999, 35DAT vs. CP *p = 0.021, Kruskal-Wallis ANOVA test with Dunn’s 
multiple comparison test; Ipsilateral: 35DAT, n = 5 cells from 4 mice; 65DAT, n = 11 cells from 4 mice, CP, n = 
53 cells from 2 mice, , 35DAT vs. 65DAT p > 0.999, 35DAT vs. CP p = 0.624, Kruskal-Wallis ANOVA test with 
Dunn’s multiple comparison test).  
 

Next, we determined if interneuron transplantation altered the orientation tuning of 

host PV interneurons. We found that at the peak spatial frequency, the host PV interneurons 

showed characteristic broad orientation tuning (Fig. 3.7D-F). Compared to the tuning of age-

matched PV interneuron adult mice, the median OSI of the host PV interneuron in transplant 

recipients was slightly but not significantly lower (Fig. 3.7F). These results indicate that the 

interneuron transplantation has little impact on the tuning of the host PV interneurons.  

We also examined the tuning properties of the host excitatory neurons in the 

transplant recipients. As reported previously (Salinas, et al., 2017), there were multiple types  
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Figure 3.7 Interneuron transplantation does not alter the visual tuning properties of host PV 
interneurons 
(A) Example binocular responses from a host PV interneuron at 35DAT. Gray boxes represent when the visual 
gratings were shown. Gray traces represent individual trials. Dark green represents averaged responses for 
contralateral eye stimulation. Light green represents averaged responses for ipsilateral eye stimulation. The 
peak spatial frequency for the contralateral responses is 0.12 c/d and 0.06 c/d for the ipsilateral responses in 
the example shown.  (B) Composite spatial frequency tuning curves for responses of host and age-matched 
control PV interneurons. Responses to contralateral eye stimulation of both host and control PV interneurons 
(top) biased toward higher spatial frequency compared to the responses to the ipsilateral eye stimulation 
(bottom). The error bars represent s.e.m. (C) There was no difference in median peak spatial frequency 
between 35DAT host PV interneurons and age-matched control. Box plots of median peak spatial frequency of 
host PV interneurons in transplant recipients and age-matched adult control. The central mark indicates the 
median, the bottom and top edges of the box indicate 25th and 75th percentiles, respectively. (Contralateral: 
35DAT, n = 11 mice; age matched control, 8 mice, p = 0.814, Mann-Whitney U test; Ipsilateral: p = 0.289, Mann-
Whitney U test). (D) Evoked peak response of host PV interneurons at each orientation is represented in polar 
plots. (E) Left, cumulative distribution of orientation selectivity index (OSI) for contralateral responses of host 
PV interneurons in MGE transplant recipients (MGE, green, n = 11 mice), age-matched adult control (Adult 
control, black, n = 8 mice). Right, cumulative distribution of OSI for ipsilateral responses of PV interneurons. 
(F) Interneuron transplantation did not alter orientation tuning of adult host PV interneurons. Box plots of 
median orientation tuning of host PV interneurons in transplant recipients and age-matched adult control.  The 
central mark indicates the median, the bottom and top edges of the box indicate 25th and 75th percentiles, 
respectively. (Contralateral: 35DAT, n = 11 mice; Adult control, n = 8 mice, p = 0.238, Mann-Whitney U test; 
Ipsilateral: 35DAT, n = 11 mice; adult control, n = 8 mice, p = 0.395, Mann-Whitney U test).  
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of spatial frequency responses (Fig. 3.8A). Overall, there was no significant difference in 

spatial frequency tuning responses between 35DAT, age-matched and 65DAT host 

excitatory neurons. Even though the differences in median peak spatial frequency were not 

significant, the age-matched excitatory neurons seemed to have higher spatial frequencies, 

especially for the contralateral eye response (Fig. 3.8C). This suggests that interneuron 

transplantation may slightly alter the circuit connectivity in bV1. Interestingly, interneuron 

transplantation significantly lowered the orientation tuning of host excitatory neurons, 

specifically in the ipsilateral pathway.  

Figure 3.8 Interneuron transplantation does not alter the visual tuning properties of host excitatory 
neurons 

(A) Example spatial frequency tuning curves for contralateral and ipsilateral eye responses. Solid lines 
represent the average response at each spatial frequency. Dashed lines represent fitted responses.   (B) 
Composite spatial frequency tuning curves for responses of host and age-matched control excitatory neurons. 
Responses to contralateral eye stimulation of both host and control excitatory neurons (top) biased toward 
higher spatial frequency compared to the responses to the ipsilateral eye stimulation (bottom). (C) There was 
no difference in the median peak spatial frequency between 35DAT, age-matched control and 65DAT excitatory 
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neurons. Box plots of median spatial frequency of 35DAT and 65DAT host excitatory neurons in transplant 
recipients as well as excitatory neurons in age-matched adult control. The central mark indicates the median, 
the bottom and top edges of the box indicate 25th and 75th percentiles, respectively.  (Contralateral: 35DAT, n = 
5 mice; age matched control, 6 mice, 65DAT, n = 4 mice, p = 0.316, Kruskal-Wallis ANOVA test; Ipsilateral: p = 
0.552, Kruskal-Wallis ANOVA test). (D) Left, evoked contralateral and ipsilateral responses of a binocular 
excitatory neurons from transplant recipient at 35DAT. Right, responses are represented in corresponding 
polar plots. (E) Left, cumulative distribution of orientation selectivity index (OSI) for contralateral responses 
of host excitatory neurons in 35DAT transplant recipients (35DAT, dark red, n = 5 mice) age-matched adult 
control (age control, black, n = 6 mice), and 65DAT transplant recipients (65DAT, purple, n = 4 mice). Right, 
cumulative distribution of OSI for ipsilateral responses of excitatory neurons. (F) Interneuron transplantation 
did not alter orientation tuning of adult neurons through the contralateral eye stimulation. In contrast, the OSI 
for the host excitatory neurons through the ipsilateral eye stimulation appeared lower than the age-matched 
excitatory neurons. Box plots of median orientation selectivity index of 35DAT and 65DAT host excitatory 
neurons in transplant recipients as well as excitatory neurons in age-matched adult control. The central mark 
indicates the median, the bottom and top edges of the box indicate 25th and 75th percentiles, respectively. 
(Contralateral: 35DAT, n = 5 mice; age matched control, 6 mice, 65DAT, n = 4 mice, p = 0.068, Kruskal-Wallis 
ANOVA test; Ipsilateral: p = 0.003, Kruskal-Wallis ANOVA test, 35DAT vs. Adult control, **p = 0.007, Dunn’s 
multiple comparison test).  
 

 

We note that the method we used for determining the orientation tuning of the cells 

deviated from previous studies, in which the stimulus consisted of only one, and usually low, 

spatial frequency (<0.05cpd; Figueroa-Velez et al., 2017; Kuhlman et al., 2013). To be 

consistent with the existing literature, therefore, we took a subset of the data presented in 

Figure 3.6 and 3.7, and plotted orientation tuning at both low (0.03 and 0.06cpd) and peak 

spatial frequency. The orientation selectivity index for many cells differs depending on the 

spatial frequency (Fig. 3.9A). However, there was no significant difference in median 

orientation selectivity index between low spatial frequency and peak spatial frequency. 

Recent studies have also demonstrated that orientation tuning of layer 2/3 excitatory 

cells in the visual cortex is modulated by spatial frequencies (Ayzenshtat et al., 2016; Salinas 

et al., 2017). Therefore, we decided to probe the relationship between orientation tuning and 

spatial frequency tuning in PV interneurons further (Figure 3.9). We confirmed that at the 

single cell level, the responses of PV interneurons to different orientations varied across 

different spatial frequencies (Figure 3.9B). Here, we showed the direction tuning curves 
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fitted with a double Gaussian centered at preferred orientation ϑpref and ϑpref + π (see 

Method). Moreover, orientation selectivity index at the peak spatial frequency, the value 

used to generate orientation selectivity index graphs in Figure 3.6 and Figure 3.7, was not 

always representative of the overall tuning across all spatial frequencies. These were some 

preliminary results showing how spatial frequency modulates orientation tuning. Future 

studies could probe this relationship further and find a better way to represent the data. 
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Figure 3.9 Orientation tuning of PV cells is modulated by spatial frequency 

(A) Orientation selectivity index of PV cells plotted by low spatial frequency and peak spatial frequency. Overall, 
there was no significant difference in the median orientation selectivity index between low spatial frequency 
and peak spatial frequency. (B) Visual responses of example cells across 5 spatial frequencies. At the individual 
cell level, the orientation tuning was modulated by spatial frequency. (C) Orientation selectivity index at 
different spatial frequencies. The solid dots represent the orientation index at the peak spatial frequency. 
Orientation index selectivity varied across spatial frequencies. 

 

 

3.3 Discussion 

Our results show that transplanted interneurons mature, integrate and develop 

proper tuning properties by the time of reactivated critical period. As shown in previous 

studies, the transplanted PV interneurons retain the potential to migrate. In our case, the 

transplanted cells disperse up to 1.4 mm from the injection site. Moreover, for the first time, 

we show that transplanted PV interneurons receive both local and long-range connections 

from the host brain, comparable to PV cells in the normal adult cortex. Furthermore, majority 

of these transplanted PV interneurons express mature markers for parvalbumin. 

Interestingly, even though transplanted cells are well integrated into the host brain by 33-

35DAT, their synaptic integration does not seem to dramatically affect the visual responses 

and visual tuning properties of the host excitatory and PV interneurons. This observation is 

consistent with a previous study (Figueroa-Velez et al., 2017), which demonstrates that the 

maturation of broad orientation tuning of host neurons is not altered by interneuron 

transplantation. 

To our knowledge, our study is the first to show that transplanted PV interneurons 

receive direct long-range inputs, including those from the other hemisphere and lateral 

geniculate nucleus (LGN) of the thalamus. The monosynaptic inputs that the transplanted 

interneurons receive are comparable to the inputs onto endogenous PV interneurons as 
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reported in previous studies (Lu et al., 2014). Studies in normal development have 

demonstrated the importance of thalamic (Huh et al., 2020; Jaepel et al., 2017; Sommeijer et 

al., 2017) and callosal inputs (Pietrasanta et al., 2012; Restani et al., 2009) in ocular 

dominance plasticity, but it is not clear how these long-range inputs to transplanted PV cells 

contribute to the plasticity of the visual cortex. In future studies, the combination of rabies 

tracing and in vivo calcium imaging could be used to dissect the role of different long-range 

inputs in transplant-reactivated cortical plasticity.  

Furthermore, it would be interesting to use rabies tracing to investigate how the host 

circuitry is altered by transplanted interneurons. Previous in vitro paired whole cell 

recordings provide inconsistent results. While Southwell et al. (2010) reports that the 

transplanted cells are more likely to form connections with the host excitatory neurons, 

Larimer et al. (2017) demonstrates that the transplanted interneurons are ~50% less likely 

to form synaptic connections onto host excitatory neurons. This discrepancy can be partly 

explained by the interneuron cell diversity. Neither of these two studies identify the cell 

types that are recorded in the study. In future studies, we can perform both rabies and in 

vitro electrophysiology to specifically examine the synaptic connections between 

transplanted PV interneurons and the host excitatory neurons. We can also examine how 

interneuron transplantation alters the synaptic connectivity between host PV interneurons 

and host excitatory neurons. 

Overall, our results in agreement with previous studies. We demonstrate that the 

transplanted interneurons are mature and able to disperse and integrate into the host circuit 

by the reactivated window for plasticity. In next chapter, we will explore how the visual 
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experience affects the response of the transplanted interneurons and how the changes 

contribute to the expression of ocular dominance plasticity in the adult recipients. 
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CHAPTER 4: Embryonic interneuron transplantation re-sensitizes the 

adult host cortex to sensory experience 

4.1 Introduction 

The modification of inhibitory signaling in the adult brain using the transplantation 

of embryonic inhibitory neurons has emerged as a promising strategy to recondition 

dysfunctional or diseased neural circuits (Chohan and Moore, 2016; Spatazza et al., 2017; 

Southwell et al., 2014; Tyson and Anderson, 2014). Previously, we have demonstrated that 

embryonic interneuron transplantation reverses visual deficits in adult mice by reactivating 

a second critical period for cortical plasticity (Davis et al., 2015). Since the reactivated 

window for plasticity coincides with the developmental critical period of transplanted 

interneurons, it has been hypothesized that transplanted cells add a young inhibitory circuit 

to the mature brain that executes a cell-intrinsically timed developmental program that 

induces cortical plasticity (Davis et al., 2015; Southwell et al., 2010; Tang et al., 2014; Priya 

et al., 2019). While anatomical and electrophysiological properties of transplanted 

interneurons have been well characterized (Spatazza et al., 2017; Larimer et al., 2017), there 

is little understanding of how sensory experience affects the activity of transplanted 

interneurons and host neurons in intact animals. 

During the development of the visual cortex, a sudden reduction in the activity of 

parvalbumin (PV) GABAergic interneurons is essential for the experience-dependent 

plasticity of excitatory circuits. The changes in PV interneuron responses depend on 

neuregulin1 (NRG1), which regulates the excitability of PV interneurons by binding to ErbB4 

receptors on these neurons (Mei and Xiong, 2008; Vullhorst et al., 2009; Wen et al., 2010). 
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After brief monocular deprivation by eyelid suture (MD), NRG1/ErbB4 mediates the loss of 

excitatory drive onto PV interneurons (Sun et al., 2016). The resulting loss of PV cell activity 

is necessary for the subsequent reorganization of the excitatory circuit (Kuhlman et al., 2013; 

Sun et al., 2016). When the activity of PV interneurons is maintained, the ocular dominance 

plasticity is blocked (Figure 4.1; Gu et al., 2016; Sun et al., 2016). The level of NRG1 within 

PV interneurons peaks during the critical period but gradually decreases as the cortex 

matures (Grieco et al., 2020; Sun et al., 2016). These results suggest that NRG1/ErbB4 

signaling may only be involved in juvenile cortical plasticity. 

We sought to determine whether the same developmental processes underlying 

developmental OD plasticity are involved in transplant-induced plasticity, namely: (a) 

whether MD reduces transplanted PV interneuron activity; (b) whether the reduction in 

transplanted PV interneuron activity is mediated by NRG1/ErbB4 signaling; and (c) whether 

the reduction in transplanted PV interneuron activity is necessary for transplant-induced 

plasticity. To answer these questions, we performed in vivo Ca2+ imaging in transplant 

recipients and track the same cells before and after MD. Surprisingly, we found that brief MD 

greatly reduces the visual activity of adult host PV interneurons but has little effect on 

transplanted interneurons. Moreover, our study demonstrates that not only is NRG1 

signaling essential for transplant-reactivated cortical plasticity, but also that the signaling 

depends on the ErbB4 receptors in the host PV interneurons. These results suggest that 

interneuron transplantation reactivates NRG1/ErbB4, a signaling pathway normally 

involves in developmental cortical plasticity, within the adult host PV interneurons and 

allow them to participate in the second critical period. 
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Figure 4.1. Manipulation of NRG1/ErbB4 signaling in PV Neurons prevents critical period ocular 
dominance plasticity 
(A) Schematic of intrinsic signal optical imaging. (B) Schematic of experimental design. (C) Ocular dominance 
shift is reduced in NRG1-treated critical period animals (n = 6, blue) compared with control critical period 
animals (n = 7, red). **p = 0.004 (Mann-Whitney U test). OD shift is also reduced in PV-specific ErbB4 knockout 
(KO) animals (PV-Cre; ErbB4flx/flx, n = 6 mice, orange) compared with their ErbB4flx/flx littermates (n = 8 
mice, gray). *p = 0.014 (Mann-Whitney U test). (D) Examples maps of contralateral and ipsilateral visual 
response from an NRG1-treated animal (left) and a control animal (right) before (top panels) and after (bottom 
panels) 4 days of MD. (E) Contralateral (deprived) input changes for control: Pre-MD (n = 7 mice, 24 responses) 
versus Post-MD (n = 7 mice, 23 responses). ****p = 0.0001 (Mann-Whitney U test). No contralateral input 
change observed in NRG1 treated animals: pre-MD (n = 7 mice, 22 responses) versus post-MD (n = 5 mice, 16 
responses), p = 0.3 (Mann-Whitney test). (F) In contrast, ipsilateral input increases in NRG1-treated animals: 
PreMD (n = 6 animals, 18 responses) versus Post-MD (n = 6 mice, 15 responses). ***p = 0.0002 (Mann-Whitney 
U test). No ipsilateral input change observed in control animals: Pre-MD (n = 6 animals, 23 responses) versus 
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Post-MD (n = 6 animals, 23 responses). p = 0.6 (Mann-Whitney test). In PV-ErbB4 KO animals, there is a 
significant increase in the contralateral input: PreMD (n = 6 mice, 21 responses) versus Post-MD (n = 6 mice, 
22 responses), *p = 0.022.  No ipsilateral input change is observed: Pre-MD (n = 6 mice, 21 responses) versus 
Post-MD (n = 6 mice, 22 responses), p = 0.0812. In contrast, in ErbB4flx/flx littermates, there is a significant 
increase in the ipsilateral input: Pre-MD (n = 8 mice, 36 responses) versus Post-MD (n = 8 mice, 35 responses), 
**p = 0.005 (Mann-Whitney U test). No contralateral input change observed: Pre-MD (n = 8 mice, 35 responses) 
versus Post-MD (n = 8 mice, 36 responses), p = 0.97 (Mann-Whitney U test).  In (E)–(H), the error bar represents 
the SEM. The figure was generated by XiaoTing Zheng and published in Sun et al. (2016, Neuron). 

 

4.2 Results 

4.2.1 Sensory deprivation reduces the responses of juvenile PV interneurons 

Previous studies have shown that visual deprivation rapidly decreases the responses of PV 

interneurons, and a series of in vitro experiments shows that the reduction can be prevented 

by treating PV interneurons with exogenous NRG1 (Sun et al., 2016). Here, we confirmed 

previous results in juvenile critical period (P26-28) mice using in vivo two-photon calcium 

(Ca2+) imaging of GCaMP6s. We recorded visually evoked activity of layer 2/3 PV cells in 

binocular visual cortex using cre-dependent AAV1-Syn-GCaMP6s injections into PV-cre mice 

(Figure 4.2A to 4.2C). We presented the animals with full field drifting sinusoidal gratings 

were presented in eight orientations and five spatial frequencies (0.03-0.48, logarithmically 

spaced) at 2 Hz temporal frequency. We also showed a blank condition and a full-field 

flickering condition. The stimulus conditions were presented in a different random order for 

each of the 8 repetitions. A cell is responsive (1) when the cell’s responses to each 

stimulation across all spatial frequencies reached significance when compared against the 

blank screen condition (one-way ANOVA, p < 0.01); and (2) when the cell’s average peak 

responses ΔF/F0 across 8 trials is at least 5%. One to two days of monocular deprivation (MD) 

rapidly reduced the overall responsiveness of PV interneurons. We determined the overall 

responsiveness by calculating: (a) the percentage of responsive cells (Figure 4.2D) and (b) 

response strength of responsive cells (Figure 4.2E).  We found that one day MD reduced both 
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the percentage of responsive PV interneurons (Figure 4.2D) and response amplitude 

(Figures 4.2B and 4.2E) of PV interneurons, consistent with previous studies (Kuhlman et al., 

2013; Sun et al., 2016). A second group of mice received subcutaneous injections of soluble 

NRG1 (3x daily) immediately after eye suturing. We showed that treatment with exogenous 

NRG1 during MD prevented the reduction in PV cell activity (Figures 4.2D and 4.2E).  

 

 Figure 4.2. Sensitivity of juvenile PV interneurons to brief MD depends on NRG1 signaling 
(A) Left, Schematic of experimental design for viral labeling PV interneurons in neonates and Ca2+ imaging in 
critical period animals. Right, In vivo image of visually responsive PV interneurons (green). Scale bar = 50 µm. 
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(B) Visually evoked responses of PV interneurons through the deprived eye before and after MD in saline 
controls. (C) Visually evoked responses of PV interneurons through the deprived eye before and after MD in 
neuregulin1 (NRG1) treated mice. (D) 1D MD significantly decreased the percent of responsive PV interneurons 
(PreMD: n = 9 fields from 3 mice; PostMD: n = 10 fields from 3 mice; *p = 0.036, Mann-Whitney U test). 
Exogenous NRG1 prevented the reduction in PV cell responsiveness (PreMD: n = 7 fields from 2 mice; PostMD: 
n = 5 fields from 2 mice; p = 0.909, Mann-Whitney U test). (E) 1D MD also reduced the response amplitude of 
PV interneurons through the contralateral, deprived eye stimulation (ΔF/F0: PreMD, 0.401 ± 0.031, n = 78 cells 
from 5 mice; PostMD, 0.205 ± 0.022, n = 61 cells from 3 mice; ****p < 0.0001, Mann-Whitney U test). Exogenous 
NRG1 blocked the reduction in response amplitude of PV interneurons. (ΔF/F0: PreMD, 0.449 ± 0.035, n = 73 
cells from 3 mice; PostMD, 0.342 ± 0.028, n = 36 cells from 2 mice; p = 0.266, Mann-Whitney U test). Data are 
mean ± SEM.  
 

4.2.2 Sensory deprivation does not alter the responses of transplanted PV interneurons 

To test whether transplanted cells were responsive to sensory manipulation, we 

performed in vivo time-lapse two-photon Ca2+ imaging to examine the effects of brief 

monocular deprivation on layer 2/3 transplanted PV cell activity (Figure 4.3). First, we 

transplanted PV-tdTomato interneurons into the binocular visual cortex of adult mice and 

confirmed that the transplanted PV interneurons dispersed and expressed mature 

interneuron markers. We found transplanted PV-tdTomato+ cells in all layers of the visual 

cortex (Figure 3.1). Immunostaining revealed that more than 80% of these transplanted cells 

were PV+ (Figures 4.3). 

 

Figure 4.3. Number of transplanted cells is not correlated with the magnitude of reduction in host PV 
interneuron responsiveness 
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(A) Estimated number of transplanted PV-tdTomato cells in all MGE transplant recipients (n = 13 mice, red, 
including “MGE” and “NRG1” groups). MGE includes transplant recipients for which host PV cells were imaged 
in Ca2+ imaging experiments at 35DAT (n = 5 mice). NRG1 includes transplant recipients for which host PV cells 
were imaged but also treated with exogenous soluble NRG1 (n = 3 mice; see also Figure 3). There was no 
difference between the estimated total number of transplanted PV-tdTomato cells between MGE and NRG1 
treated groups. (B) Quantification of transplanted PV-tdTomato cells coexpress PV. More than 80% of 
transplanted cells co-expressed PV in both MGE (n = 12 sections from 3 mice) and NRG1 groups (n = 11 sections 
from 2 mice). (C) No correlation between the total number of transplanted PV-tdTomato cells and the change 
in responsiveness was observed in MGE or NRG1 treated recipients (R2 = 0.112) 
 

Figure 4.4. Transplanted PV interneurons are not sensitive to MD  
(A) Experimental timeline. The calcium imaging of transplanted PV interneurons was performed at either 33-
35 days after transplant (35DAT) or 65-70 DAT. (B) Left, whole brain image of transplant recipient cleared 
using iDISCO+ method, scale bar = 1.4 mm. Right, a magnified view of the outlined region above. Transplanted 
PV interneurons are in red, AAV1-GCaMP6s labeled PV interneurons are in green, and transplanted 
interneurons that expressed GCaMP6s are in yellow, scale bar = 200 µm. (C) Visually evoked responses at the 
peak spatial frequency before and after MD of an example transplanted PV interneuron. (D) Responsiveness of 
transplanted PV interneurons remained unchanged after 1D MD. Fraction of responsive and non-responsive 
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neurons before and after MD was not significantly different (PreMD: n = 12 cells from 5 mice; PostMD: n = 7 
cells from 3 mice, p = 0.656, Fisher’s exact test). (E) Response amplitude of transplanted PV interneurons at 
35DAT before and after 1D MD through the contralateral, deprived eye (PreMD: n = 6 cells from 5 mice; PostMD: 
n = 5 cells from 4 mice) and ipsilateral eye stimulation (PreMD and PostMD: n = 4 cells from 4 mice). The 
response amplitude of transplanted PV interneurons did not change after 1D MD for either the contralateral or 
ipsilateral eye.   
 

We labeled the transplanted PV cells with either cre-dependent or synapsin-driven 

AAV-1 GCaMP6s (Figure 4.4A). The Ca2+ imaging was performed at 33-35 days after 

transplantation (DAT) when the age of transplanted PV interneurons was equivalent to P26-

P28 critical period PV cells.  After the first day of imaging, the eye contralateral to the imaged 

cortex was closed by eyelid suture for 20-24 hours. Whereas MD reduced the responsiveness 

and response amplitude of PV cell activity in juvenile critical period mice (Figure 4.2), we 

were surprised to find no change in the overall responsiveness (Figure 4.4D) or the response 

amplitude of transplanted PV interneurons (Figure 4.4E).  

 

4.2.3 Sensory deprivation reduces the responsiveness of host PV interneurons 

Since transplanted cells failed to respond significantly to sensory deprivation, our 

results are inconsistent with the notion that transplanted cells recapitulate the 

developmental program for cortical reorganization. Next, we examined whether interneuron 

transplantation restores sensitivity to visual deprivation in host PV interneuron. To record 

the visually evoked responses of layer 2/3 host PV interneurons, we transplanted PV-

tdTomato positive interneurons into PV-cre adult mice. Then, we labeled the host PV cells 

with cre-dependent synapsin-driven AAV-1 GCaMP6s (Figure 4.5A). We observed no 

difference in the baseline responsiveness of PV interneurons between experimental groups  

before MD (Figure 4.7B). As shown in Chapter 3, the tuning properties of host PV 

interneurons were also not altered by transplantation (Figure 3.7). We found no significant 
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difference in median peak spatial frequency (Figure 3.7C) or orientation selectivity index 

(Figure 3.7F) in PV interneurons between MGE transplant recipients and adult controls 

before MD.  

In contrast to the negligible effect we found in the transplant PV interneurons, the 

overall responsiveness of host PV interneurons was greatly reduced after one day of MD. We 

noticed that the decrease in the percentage (35-40%) of responsive PV interneurons (Figure 

4.5D; green) and the reduction of response amplitude (30%; Figure 4.5E; green) were 

significantly greater in 35DAT MGE transplant recipients compared to untreated adult 

controls (Figures 4.5D and 4.5E; Figures 4.6B and 4.6E, black). Previously, studies have 

shown that interneurons derived from caudal ganglionic eminence (CGE) do not induce 

cortical plasticity (Davis et al., 2015; Larimer et al., 2016). Here, we found that MD-induced 

reduction in host PV interneuron responsiveness in CGE transplant recipients was 

equivalent to that in untreated adult control (Figures 4.5D and 4.5E; Figure 4.6B, turquoise). 

These results suggest that the deprivation-induced reduction in host PV cell responsiveness 

is specific to MGE transplant recipients. 
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Figure 4.5. Transplant-induced sensitivity of host PV interneurons to brief MD depends upon NRG1 
signaling 
(A) Experimental timeline. (top) Calcium imaging of host PV interneurons in MGE transplant recipients (green), 
MGE recipients treated with NRG1 (blue) or CGE transplant recipients (turquoise) were performed at 33-35 
days after transplantation. (bottom) Imaging of PV interneurons in untreated adult control mice was performed 
around postnatal day (P) 115 (black). (B) In vivo image of GCaMP6s-labeled host PV interneurons in a MGE 
transplant recipient before and after 1D MD. Responsive cells are outlined in yellow and green. Scale bar = 
50µm. (C) Visually evoked responses at the peak spatial frequency for the cell outlined in green in panel (B). 
(D) MGE: host PV interneurons from MGE transplant recipients at 35DAT. Adult control: PV interneurons from 
age-matched adults that receive no transplantation. CGE: host PV interneurons from CGE transplant recipients 
at 35DAT. NRG1: host PV interneurons from MGE transplant recipients that have been treated with exogenous 
NRG1 at 35DAT. 1D MD reduced the overall responsiveness of host PV interneurons in 35DAT transplant 
recipients (MGE: n = 20 fields from 6 mice, green; adult control: n = 30 fields from 8 mice, black; 35DAT CGE: n 
= 8 fields from 5 mice, turquoise; NRG1: n = 20 fields from 5 mice, blue; 35DAT MGE vs. adult control: **p = 
0.0054; 35DAT MGE vs. 35DAT CGE: **p = 0.0051; 35DAT MGE vs. NRG1: ***p = 0.0002, Brown-Forsythe and 
Welch ANOVA followed by Dunnett’s T3 multiple comparisons test). (E) 1D MD resulted in a large reduction in 
the response amplitude of 35DAT host PV interneurons through both the deprived eye, which is not observed 
in the adult control or adults received CGE transplant. However, exogenous NRG1 did not prevent the reduction 
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in the response amplitude of host PV interneurons (Contra: 35DAT MGE vs. adult control, *p = 0.019; 35DAT 
MGE vs. 35DAT CGE: *p = 0.026; 35DAT MGE vs. NRG1: p = 0.983; Ipsi: 35DAT MGE vs. adult control, p = 0.1697; 
35DAT MGE vs. 35DAT CGE: p = 0.9739; 35DAT MGE vs. NRG1: p = 0.4357, Brown-Forsythe and Welch ANOVA 
followed by Dunnett’s T3 multiple comparisons test). Data are mean ± SEM.  
 

Figure 4.6. Change of responsiveness of host PV interneurons at the single-cell level and at the 
individual animal level 
 
(A) Visual responses of the same host PV interneurons before and after 1D MD. MD reduced response amplitude 
of host PV interneurons through the deprived eye in 35DAT MGE transplant recipients, adult control and 
35DAT MGE transplant recipients with NRG1 treatment (MGE: n = 111 cells; adult control: n = 189 cells; 35DAT 
CGE: n = 77 cells; NRG1: n = 94 cells; ****p<0.0001, Wilcoxon matched-pairs test). (B) The reduction in response 
amplitude was significantly greater in 35DAT MGE transplant recipients compared to adult control and CGE 
transplant recipients (**p = 0.0068, ***p=0.0006, Kruskal-Wallis one-way ANOVA test with Dunn’s multiple 
comparison test). (C) The trend remained when plotted by animal, although the difference was not statistically 
significant. (D) Visual responses of host PV interneurons through the ipsilateral, open eye after 1D MD (MGE: 
n = 62 cells; adult control: n = 180 cells; 35DAT CGE: n = 61 cells; NRG1: n = 96 cells; **p = 0.005, ****p < 0.0001, 
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Wilcoxon matched-pairs test). (E) The reduction in response amplitude was again significantly greater in 
35DAT MGE transplant recipients when compared to that in the adult control. There was no difference the 
reduction of PV cells between 35DAT MGE transplant recipients, CGE recipients or NRG1 treated recipients 
(***p = 0.0004, Kruskal-Wallis one-way ANOVA test with Dunn’s multiple comparison test). (F) The trend 
persisted when plotted by animal. (G) Percent responsive PV cells before and after MD in each animal. The 
percent of responsive PV cells was significantly lower in the 35DAT MGE transplant recipients after MD (MGE: 
n = 6 mice; adult control: n = 8 mice; CGE: n = 5 mice; NRG1: n = 5 mice; *p = 0.031, Wilcoxon matched-pairs 
test). (H) NRG1 treatment prevented the MD-induced reduction in the percent of responsive neurons in 35DAT 
transplant recipients (*p = 0.016, Kruskal-Wallis one-way ANOVA test with Dunn’s multiple comparison test). 
 

4.2.4 Exogenous NRG1 blocks the reduction in binocular PV interneuron responses 

The expression of NRG1 in PV interneurons is developmentally regulated (Grieco et 

al., 2020; Sun et al., 2016). Its expression in the visual cortex peaks during the critical period 

in development but decreases significantly in the adult cortex. The high expression of NRG1 

within PV interneurons during the critical period allows these cells to regulate experience-

dependent plasticity. We demonstrated previously that exogenous NRG1 prevents the 

reduction in PV interneuron responses which subsequently blocks cortical plasticity 

(Figures 4.2D and 4.2E; Sun et al., 2016). To determine if the reduction in host PV 

interneuron responses also depends on NRG1, we treated a second group of MGE transplant 

recipients with soluble NRG1 during one day of MD (0.5 µg per animal every 8 hour, s.c.). 

While exogenous NRG1 did not prevent the reduction in the response amplitude of host PV 

interneurons after MD (Figures 4.5E and 4.5F; Figures 4.6B and 4.6E, blue), we found that it 

blocked the drop in the percentage of responsive PV interneurons (Figure 4.5D; Figures 4.6G 

and 4.6H,  blue). Post-hoc immunostaining shows that there was no difference in the overall 

number of transplanted TdTomato+ cells between the two experimental groups (Figure 

4.3A), and more than 80% of TdTomato+ cells that were positive for PV in both transplant 

recipients with NRG1 and without NRG1 (Figure 4.3B). Furthermore, the overall number of 

transplanted interneurons was not correlated with the percent change in responsiveness 
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(Figure 4.3C). Taken together, our results suggest that interneuron transplantation 

reactivates a developmental program within adult host PV interneurons that re-sensitizes 

them to visual deprivation.  

To further examine how NRG1 affects the host PV interneuron responses, we again 

performed Ca2+ imaging to measure visually evoked responses of PV interneurons after one 

day of MD in transplant recipients treated with NRG1. Time-lapse recording enabled us to 

track the same host PV interneurons before and after MD and measure deprivation-induced 

ocular dominance plasticity at the single-cell level. Before deprivation, a large fraction of host 

PV interneurons were visually responsive (80-83%; Figure 4.7B), and a little more than 40% 

of all cells recorded had binocular responses (Figure 4.7D). We did not observe any 

difference in the percentage of responsive cells (Figure 4.7B) or binocular responses 

between all experimental groups (Figure 4.7D). Like the excitatory neurons in normal adult 

mice (Salinas et al., 2017), there were also PV interneurons that responded only to the 

contralateral or ipsilateral inputs (Figures 4.7A, 4.7C and 4.7D).  
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Figure 4.7. Interneuron transplantation does not alter the responsiveness of host interneurons. 

(A) Different types of spatial frequency responses for host PV interneurons. (B) There was no difference in the 
% responsive host PV interneurons between MGE transplant recipients (35DAT and NRG1), age-matched adult 
controls (Adult Control) and CGE transplant recipients before MD. (C) Left, The ocular dominance index 
distributions for all responsive cells were similar between all four experimental groups; Right, the distributions 
for only binocular cells were also very similar across all four groups. (D) Percentage of responsive host PV 
interneurons grouped by response types. There was no difference between any of the experimental groups 
across different response types. 
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We determined whether MD differentially affected these groups of host PV 

interneurons and how exogenous NRG1 counteracted the effect of MD. We found that MD-

induced reduction of responsiveness was most pronounced in binocular PV interneurons 

(Figures 4.8A and 4.8E), which was prevented in transplant recipients treated with soluble 

NRG1 (Figures 4.8D and 4.8H). With NRG1 treatment, not only did a higher percentage of 

binocular cells remain binocular, but many previously monocular and unresponsive cells 

also became binocular (Figure 4.8K). Consequently, the overall percent of responsive 

binocular PV interneurons remained stable after MD in transplant recipients treated with 

NRG1. Although many PV interneurons in the untreated adults (Figure 4.8B) and CGE 

transplant recipients (Figure 4.8C) also exhibited ocular dominance plasticity at the single-

cell level, there was no selective reduction in the responsiveness of binocular cells (Figures 

4.8F and 4.8G). In fact, there is no change in ODI after 1 day MD across all four experimental 

groups when analyzed by animals (Figure 4.8I).  
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Figure 4.8. NRG1 prevents the selective reduction of binocular responses in host PV interneurons 

(A-D) Single-cell ODI distribution of PV interneurons before and after MD in (A) 35DAT MGE transplant 
recipients (n = 260 cells from 6 mice), (B) adult age-matched adult controls (n = 435 cells from 8 mice), (C) CGE 
transplant recipients (n = 150 cells from 5 mice), and (D) MGE transplant recipients with NRG1 treatment (n = 
202 cells from 5 mice) The colors of the lines are determined by the cell’s PostMD ODI. Non-responsive cells 
(NR): gray; contralateral only cells: dark green; binocular cells: medium green; ipsilateral cells: light green. (E-
H) Same data as (A-D) but plotted by animal. (E) 1D MD selectively reduced the percentage of responsive 
binocular PV interneurons in MGE transplant recipients (n = 6 mice, green, **p = 0.0018, Two-way ANOVA 
followed by Bonferroni’s multiple comparison test). No significant reduction in the percentage of responsive 
binocular PV interneurons in (F) age-matched adult control (n = 8 mice, Two-way ANOVA followed Bonferroni’s 
multiple comparison test) or (G) CGE transplant recipients (n = 5 mice; Two-way ANOVA followed by 
Bonferroni’s multiple comparison test). (H) NRG1 treatment prevented the reduction in responsiveness of 
binocular PV interneurons after MD (n = 5 mice. Two-way ANOVA followed by Bonferroni’s multiple 
comparison test). (I) There was no significant difference in OD shift of all responsive cells or binocular cells 
between all four experimental groups. (All cells: MGE, n = 6 mice; Adult Control, n = 8 mice; CGE, n = 5 mice; 
NRG1, n = 5 mice; p = 0.98; Binocular cells, p = 0.742, Kruskal-Wallis ANOVA test). (J) Distribution of host PV 
interneurons across different cell responses before and after MD in 35DAT MGE transplant recipients. The 
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thickness of the lines indicates the proportion of neurons within that specific response group. For example, the 
thickness of the lines connecting PreMD Ipsi to PostMD Non-Resp indicates that majority of the ipsilateral cells 
became non-responsive after MD. Binocular cells are color-coded by their Post-MD responses. (K) Changes in 
the distribution of host PV interneurons across different cell responses in 35DAT MGE transplant recipients 
that received NRG1 treatment during MD. Not only more binocular cells remained binocular after MD, but 
previously ipsilateral and contralateral cells also became binocular. Data in (E), (F), (G), (H) and (I) are mean ± 
SEM.  
 
 

4.2.5 Interneuron transplantation accelerates reorganization of binocular excitatory 

neuron responses  

 
During development, MD-induced reduction in the visual responses of PV 

interneurons results in an enhancement of visual activity in excitatory cells (Figure 4.10B 

and 4.10C; Kuhlman et al., 2013; Sun et al., 2016). To test whether reduction in host PV 

inhibition resulted in a similar increase in excitatory neuron response amplitude, we 

transplanted PV-tdTomato interneuron progenitors from MGE into wildtype C57BL adult 

mice, and then labeled the host cells using non-cre dependent synapsin-driven AAV-1 

GCaMP6s (Figure 4.9A). When plotted by cell, MD seemed to produce a significant reduction 

in the response amplitude of host excitatory neurons at 35DAT (Figure 4.9C). However, the 

extent of the reduction was small, and it disappeared when plotted by animal (Figure 4.9D). 

When we analyzed all cells and determined whether MD altered the overall responsiveness 

of excitatory neurons, we were surprised to find that one day of MD produced a selective 

reduction in the percentage of binocular excitatory neurons (Figure 4.9E), which was not 

apparent in the juvenile critical period animals (Figure 4.10D) or adult control mice (Figure 

4.9H). During the critical period, the reorganization of binocular responses usually occurs 

after a longer period of MD. The fact that the transplant recipients exhibited cortical 
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reorganization after one day of MD suggests that interneuron transplantation accelerates 

cortical plasticity.  

 
 Figure 4.9. Interneuron transplantation selectively reorganizes binocular responses in host cortex  
(A) Schematic of experimental design for transplantation and viral labeling host excitatory neurons. (B) 
Visually evoked responses before and after MD of example host excitatory neurons at 35DAT. (C) At the single-
cell level, MD significantly reduced the response amplitude of host excitatory neurons through both the 
deprived and open eye. (D) When plotted by animal, there was no significant change in the response amplitude 
after MD across all three cell types (n = 5 mice; two-way ANOVA with Bonferroni’s multiple comparison test). 
Ipsi includes neurons that only have significant ipsilateral eye responses, contra includes neurons that only 
have significant contralateral eye responses. Binocular includes neurons that have both ipsilateral and 
contralateral responses, but only the dominant eye response amplitude is plotted here. (E) However, 
percentage of binocular host excitatory neurons was reduced after 1D MD (n = 5 mice. ***p = 0.0002; ****p < 
0.0001, two-way ANOVA with Bonferroni’s multiple comparison test). (F) In contrast, MD did not change the 
response amplitude of adult control excitatory neurons. (G) No change in the response amplitude of excitatory 
neurons was observed at the animal level either (PreMD: n = 6 mice; PostMD: n = 5 mice; two-way ANOVA with 
Bonferroni’s multiple comparison test). (H) The percentage of responsive cells also remained unchanged after 
1D MD in age-matched control mice (Two-way ANOVA with Bonferroni’s multiple comparison test).  
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Figure 4.10. Excitatory neurons increase in responses after MD during developmental critical period 
(A) Schematic of experimental design for viral labeling excitatory neurons in neonates and Ca2+ imaging in 
critical period animals. (B) Example traces of evoked visual responses before (top) and after (bottom) 1D MD 
for contralateral (left) and ipsilateral (right) eye stimulation. (C) During juvenile critical period, the response 
amplitude of excitatory neurons was significantly increased through the contralateral, deprived eye 
stimulation. (Contralateral: PreMD, n = 333 cells from 4 mice; PostMD, n = 373 cells from 3 mice; Ipsilateral: 
PreMD, n = 247 cells from 3 mice; PostMD, n = 173 cells from 2 mice. Contra: ****p < 0.0001; Ipsi: p = 0.109, 
Mann-Whitney U test). (D) However, unlike in the transplant recipients, there was no change in the percentage 
of responsive binocular neurons after 1D MD in critical period mice (Two-way ANOVA with Bonferroni’s 
multiple comparisons test). Data are mean ± SEM. 
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4.2.6 NRG1/ErbB4 signaling within host PV interneurons is necessary for transplant-

induced ODP 

Finally, we asked if NRG1-mediated reduction in host PV interneuron responsiveness 

is necessary for transplantation-induced cortical reorganization. Like in the juvenile critical 

period, we found that transplant-induced ocular dominance shift measured using intrinsic 

signal optical imaging was prevented in transplant recipients treated with exogenous NRG1 

(Figure 4.11). In transplant recipients receiving saline injections, four days of MD produced 

a significant reduction in the cortical responses through the deprived eye, and thus resulted 

in a significant shift in ocular dominance index (Figure 4.11C). In contrast, in transplant 

recipients treated with soluble NRG1, the reorganization of cortical responses was blocked 

(Figure 4.11C). Considering that exogenous NRG1 also blocked the reduction in the overall 

responsiveness of host PV interneurons (Figure 4.5), this result suggests that NRG1-

mediated reduction of host PV cell responsiveness was necessary for cortical reorganization 

in transplant recipients.  

To directly test the possibility that NRG1-dependent plasticity operated through the 

ErbB4 receptors on the host PV interneurons, we transplanted embryonic MGE tissue into 

adult recipients in which the ErbB4 receptors were genetically ablated in the host PV 

interneurons selectively (PV-cre;ErbB4flx/flx). We found that interneuron transplantation 

failed to reactivate cortical plasticity in these mutant mice (Figures 4.11D and 4.11E), which 

further supports that the NRG1/ErbB4 signaling in the host PV interneurons is necessary for 

transplant-mediated cortical plasticity. Consistent with previous studies, the number of 

transplanted cells in each group could not account for the differences observed in ocular 

dominance plasticity across these three groups (Figure 4.12D). We also did not observe a 
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correlation between the extent of plasticity and the number of transplanted cells (Figure 

4.12E). 

 

Figure 4.11. Transplant-induced ODP depends on NRG1/ErbB4 signaling  
(A) Experimental timeline. (B) Intrinsic optical imaging was performed to measure ocular dominance plasticity 
(ODP) in adult transplant recipients around 33-35 days after transplantation (DAT). The wildtype adult 
recipients received either saline or soluble neuregulin1 (NRG1) during four days of monocular deprivation 
(MD). (C) Examples of response amplitude before and after 4D MD. Scale bar = 500 µm. (D) Four-day MD 
resulted in a shift of ocular dominance index (ODI) in transplant recipients that received saline injections. 
Injections of soluble NRG1 diminished transplant-induced ODI shift. Interneuron transplantation also failed to 
reactivate ODP in PV-cre;ErbB4flx/flx adult recipients. ODI is calculated as (Contra response amplitude – Ipsi 
response amplitude) / (Contra response amplitude + Ipsi response amplitude) (Saline n = 7 mice, red; NRG1 n 
= 6 mice, blue.  PV-cre;ErbB4flx/flx n = 6 mice, orange. Saline: *p = 0.0156, NRG1: p = 0.344, PV-cre;ErbB4flx/flx: p 
= 0.844, Wilcoxon matched-pairs signed rank test). (E) Ocular dominance shift is calculated as (PreMD ODI – 
PostMD ODI). Ocular dominance shift was significantly reduced in the transplant recipients treated with NRG1 
and in PV-cre;ErbB4flx/flx adult recipients (Saline vs. NRG1: *p = 0.033, Saline vs. PV-cre;ErbB4flx/flx: **p = 0.005, 
one-way ANOVA followed by Bonferroni’s multiple comparison test). Data are mean ± SEM. (F) Contralateral 
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(deprived) input was significantly reduced after MD in Saline control (n = 7 mice, *p = 0.016, Wilcoxon matched-
pairs signed rank test). No contralateral input change observed in NRG1 treated transplant recipients (n = 6 
mice, p = 0.063, Wilcoxon matched-pairs signed rank test) or PV-cre;ErbB4flx/flx recipients (n = 6 mice, p = 0.344, 
Wilcoxon matched-pairs signed rank test). (G) No ipsilateral input change observed in Saline control (p = 0.469, 
Wilcoxon matched-pairs signed rank test), NRG1 treated transplant recipients (p = 0.125, Wilcoxon matched-
pairs signed rank test), or PV-cre;ErbB4flx/flx recipients (p = 0.313, Wilcoxon matched-pairs signed rank test). 
In (D)–(G), the error bar represents the SEM. 
 

 

Figure 4.12. The extent of ODP is not correlated with the number of transplanted cells 
(A) An example coronal section from an adult mouse that received VGAT-tdTomato MGE transplantation. 
Transplanted VGAT+ cells (red) dispersed throughout all layers, and a subset of the transplanted cells 
expressed marker for mature PV interneurons (green). (B-C) Magnified images of the region outlined in (A).  
(D) Quantification of VGAT-tdTomato-positive transplanted cells (Saline: n = 7 mice; NRG1: n = 6 mice; PV-
cre;ErbB4flx/flx: n = 6 mice. p = 0.690, Kruskal-Wallis one-way ANOVA). The error bar represents the SEM. (E) 
Estimated number of transplanted cells plotted against ocular dominance shifts for recipients injected with 
saline (red) or NRG1 (blue), and PV-cre;ErbB4flx/flx recipients (orange). There was no correlation between the 
number of transplanted cells and ocular dominance shift (R2 = 0.234).  
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4.3 Discussion 

Using in vivo time-lapse Ca2+ imaging, our study obtained the first functional data on 

the effect of interneuron transplantation on the cortical responses of host neurons at single-

cell resolution. We demonstrate that MGE interneuron transplantation reinstates a 

NRG1/ErbB4-dependent reduction of host PV interneurons upon sensory deprivation. First, 

we show that brief MD results in a rapid reduction in the visual activity of host PV 

interneurons, to a similar degree as observed in during the developmental critical period 

(Figures 4.2 and 4.5). Second, the reduction in host PV interneuron responsiveness is 

blocked by exogenous NRG1 (Figures 4.5, 4.6 and 4.8). Third, exogenous NRG1 also blocks 

cortical reorganization that depends on the function of ErbB4 receptors on host PV 

interneurons (Figure 4.11). Taken together, these results suggest that transplanted cells 

modify host interneurons to create a new critical period for synaptic plasticity. 

Our results are surprising because they counter the prevailing idea that transplanted 

interneurons play a direct role in gating the plasticity of the host circuitry. Even though the 

transplanted PV interneurons show normal receptive field properties and proper synaptic 

integration in our study, visual deprivation has little effect on the activity of transplanted PV 

interneurons. A recent study, in which MGE cells from VGAT-mutant embryos fails to induce 

plasticity in the host visual cortex, appears to support our initial hypothesis that 

transplanted PV cell activity regulates the induction of plasticity (Priya et al., 2019). Since 

the transplanted VGAT-/- interneurons in that study did not fully mature, reflected in their 

abnormally developed axonal and dendritic processes, release of the necessary factors for 

the rejuvenation of NRG1/ErbB4 signaling in the host PV interneurons may have been 

prevented. In support of our conclusion, another recent transplantation study shows that 
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suppressing the activity of transplanted interneurons after MD does not prevent the 

expression of transplant-induced OD plasticity (Hoseini et al., 2019). Together these two 

pieces of information strongly support our idea that host and not transplanted PV cells 

mediate the reactivated plasticity. 

Our study provides the first mechanistic insight into transplant-induced cortical 

reorganization. We highlight the role of NRG1/ErbB4 signaling within a specific cell type – 

host PV interneurons – in mediating the cortical reorganization. 

The mechanisms for NRG1, however, may be different between the normal critical 

period and transplant-induced critical period. During the developmental critical period, 

exogenous NRG1 prevents the reduction in both the percentage of responsive PV 

interneurons and PV cell activity after one day of MD and subsequently blocks cortical 

plasticity (Gu et al., 2016; Sun et al., 2016). In transplant recipients, NRG1 prevents the 

reduction in the percentage of responsive host PV interneurons but not their response 

amplitude. The downstream signaling of NRG1 remains unclear. Our evidence indicates that 

NRG1 activates the ErbB4 receptors on the host PV interneurons, but this needs to be further 

examined since other cell types, including transplanted cells, may also express ErbB4 

receptors (Batista-Brito et al., 2017). Future studies can also probe what upstream signals 

are responsible for reinstating NRG1/ErbB4 signaling in host PV interneurons. It is not how 

interneuron transplantation alters the expression of NRG1 and ErbB4 receptors in the adult 

host neurons.  

In summary, our findings suggest that interneuron transplantation reactivates 

cortical plasticity by rejuvenating the plasticity program within the host PV interneuron 

circuit. The mechanism that we describe here resembles parabiosis, in which factors 
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released by young blood cells are thought to restore function to older host blood, muscle and 

neural stem cells (Conboy et al., 2005; Conese et al., 2017; Ruckh et al. 2012). In this young-

to-old neural transplant paradigm, perhaps the transplanted young inhibitory cells create a 

second critical period by introducing rejuvenating factors into the adult host brain. Host PV 

interneurons may then receive these factors and become re-sensitized to sensory 

experience. The identification and isolation of these factors would enable development of 

non-invasive therapeutics for treating neurological diseases.   
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CHAPTER 5: CONCLUSION AND GENERAL DISCUSSION 

5.1 Overview of Findings 

To the best of our knowledge, our study is the first attempt to identify cell type-

specific molecular mechanisms underlying interneuron transplant-induced cortical 

plasticity. Our findings indicate that interneuron transplant-induced cortical plasticity is 

mediated by the host PV interneurons. We first confirm that transplanted interneurons 

disperse, mature, and integrate into the host circuit. By 33 – 35 days after transplantation, 

the tuning properties of transplanted PV interneurons are comparable to those during 

normal critical period. However, integration of these cells does not alter the visual tuning 

properties of the host PV interneurons. More importantly, brief visual deprivation has very 

little effect on the responsiveness of the transplanted PV interneurons. What we find, 

instead, is that in transplant recipients, one day monocular deprivation (MD) reduces the 

responsiveness of the host cells. The deprivation mainly affects the binocular responses of 

the host PV interneurons, whereas the ipsilateral and contralateral-only responses remain 

intact.  

A recent transplantation study done in young mouse pups, however, partially 

supports our results. The study reports that silencing the transplanted interneurons does 

not prevent the MD-induced ocular dominance plasticity in transplant recipients (Hoseini et 

al., 2019). Optogenetic inactivation of transplanted interneurons is performed after four 

days of MD, while our study looks at the initial effect of MD on the transplanted PV cells. It 

would be interesting for future studies to examine the effect of silencing the transplanted 

interneurons before MD. 
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Another important finding of our study is that the heightened sensitivity to visual 

manipulation in the host PV interneurons depends on a developmental molecular pathway 

– NRG1/ErbB4 signaling. We definitively demonstrate with a genetic (ErbB4KO) and a 

pharmacological approach (NRG1 treatment) that blocking the NRG1/ErbB4 pathway in 

host PV interneurons prevents transplant-induced plasticity. Our findings significantly 

advance our understanding of the cellular and molecular mechanisms of interneuron 

transplantation and shift focus to the host PV interneurons.  

In the following sections, we will address the limitations of our study and the 

remaining questions for future studies. First, the experiments in our study heavily depend 

on Ca2+ imaging. While this approach has its advantages, it does not provide a complete 

picture of the transplant circuitry. Second, by narrowing our focus to PV interneurons, we 

are able to investigate cell-type specific mechanism on cortical plasticity. The limitation is 

that this simplification may not capture the complexity of the interneuron circuitry. Lastly, 

we use OD plasticity as a proxy for cortical rejuvenation. However, interneuron 

transplantation may reprogram the host brain at the gene level in ways that extend beyond 

OD plasticity. 

 

5.2 Circuit Mechanisms for Transplant-induced Cortical Plasticity 

The differentiation and maturation of transplanted interneurons have been 

extensively studied in the interneuron transplantation field (Chohan and Moore, 2016; 

Spatazza et al., 2017; Southwell et al., 2014). While physiological and immunohistochemical 

characterization of the transplanted interneurons are important and valuable, they shed 
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very little light on the mechanisms of cortical plasticity. Our study is the first to provide a 

cellular-resolution, time-lapse view of the reorganization of cortical circuits after 

transplantation. Using time-lapse Ca2+ imaging, we show that the host interneurons, and not 

transplanted cells, become re-sensitized to changes in sensory experience after 

transplantation.  

One major limitation of our study is the low yield of transplanted interneurons using 

Ca2+ imaging. It is possible that the reason we do not observe any change in transplant 

interneuron responses after MD is because of the low sample size. For our current study, we 

used viral approach to deliver GCaMP6 into transplanted PV interneurons, which constitutes 

about 20-40% of MGE cells. In the future, we can harvest cells from transgenic embryos 

where all PV cells are labeled with GCaMP6. This transgenic line became available at the 

Allen Institute after my project was well under its way. Another approach we can take is to 

harvest PV interneurons from PV-cre;DREADDs mouse embryos (JAX, stock # 026219; Zhu 

et al., 2019; Upadhya et al., 2019), in which all the PV interneurons will express DREADDs. 

We can directly manipulate PV interneuron activity and examines its role in OD plasticity in 

the transplant recipients.  

Furthermore, while in vivo Ca2+ imaging technique has many advantages, it cannot 

easily tell us how the synaptic connectivity between cells are affected by visual deprivation 

and how these changes contribute to the resulting plasticity. One important remaining 

question is what causes the reduction in the host PV interneuron responsiveness after MD 

(Figure 5.2). During the normal critical period, MD-induced reduction in layer 2/3 PV 

interneuron responses is due to a reduction of excitatory inputs from layer 4 and layer 5 
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pyramidal cells (Figure 5.1; Kuhlman et al., 2013). In future studies, we can perform in vitro 

circuit mapping experiments in addition to Ca2+ imaging to test whether there is a reduction 

in the excitatory inputs to the host PV interneurons. However, to answer this question, we 

must understand how the host circuit is altered by the interneuron transplantation. 

Figure 5.1 Exogenous NRG1 prevents MD-induced reduction in excitatory drive onto layer 2/3 PV 
interneurons during development.  
(A) In the binocular visual cortex, Layer 2/3 PV interneurons receive excitatory inputs from layer 2/3, 4 and 5 
excitatory neurons. PV interneurons, in turn, preferentially target the soma of the excitatory neurons. (B) Brief 
MD reduces the layer 4 and 5 excitatory inputs onto PV interneurons, which results in a reduction of somatic 
inhibition on the layer 2/3 excitatory neurons. (C) Exogenous NRG1 during MD prevents the reduction in 
excitatory inputs and subsequently prevents the reduction of the somatic inhibition. 

 

With additional new inhibitory neurons, the overall circuit in the transplanted 

hemisphere may be more complex (Figure 5.2). The rabies tracing experiments show that 

transplanted PV interneurons integrate properly into the host circuit. They receive both 

inhibitory and excitatory inputs (Figure 5.2A). We do not know, however, how the 

integration of the new inhibitory interneurons alters the inputs to the host PV interneurons. 

Do they compete for inputs from the same neurons? How does the host circuit keep the 
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balance of inhibition and excitation in the visual cortex? More importantly, are there synaptic 

changes to the host PV interneurons that result in the renewed sensitivity to the visual 

manipulation? It is possible that the transplanted PV interneurons are competing for 

excitatory inputs, and now there is less excitatory control of the host PV interneurons so that 

they respond more readily to the visual manipulation. Previous studies show that the 

excitatory synapses received by the host PV interneurons are fewer but stronger compared 

to those received by the transplanted interneurons (Southwell et al., 2010). Unfortunately, 

Southwell et al. (2010) does not record from age-matched control to show that sparse inputs 

received by the host inhibitory neurons are specifically due to transplantation and not due 

to developmental changes in the excitatory inputs.  

 

Figure 5.2 Exogenous NRG1 prevents MD-induced reduction in host PV interneuron responsiveness, 
but the cause is not known. 

(A) Rabies tracing experiments show that transplanted PV interneurons (solid blue) integrate properly into the 
host circuit. They receive both excitatory and inhibitory inputs (not shown) from the host cells. (B) Ca2+ imaging 
results indicate that MD leads to a reduction in host PV interneuron responsiveness (empty blue) but has little 
effect on the transplanted interneurons (solid blue). Dashed lines indicate that we do not know yet whether 
MD results in reduction of presynaptic excitatory inputs onto host PV interneurons like during the normal 
developmental critical period. (C) Exogenous NRG1 during MD prevents reduction in host PV interneuron 
responsiveness. However, we do not know where NRG1 is acting.  
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Another interesting observation is that adding more inhibitory neurons to cortex 

does not seem to induce dysfunction; instead, it has been shown repeatedly that interneuron 

transplantation can correct deficits in the dysfunctional cortex. It was first illustrated by 

Southwell et al. (2012) that the cortex can incorporate a large number of inhibitory neurons 

without affecting the number of the host interneurons. Subsequent interneuron 

transplantation studies have provided both physiological evidence as well as behavioral 

evidence that interneuron transplantation does not overtly change the properties of the 

cortex. For example, on our hand, we have shown that interneuron transplantation does not 

change the tuning properties of the host neurons. Other properties such as ocular dominance 

index remains comparable between transplant recipients and age-matched adult controls. 

In other studies (Martinez-losa et al., 2018; Southwell et al., 2020), interneuron 

transplantation into wildtype, healthy animals also does not significantly alter the behavioral 

performance of those animals on various learning and memory tasks. It seems that the 

transplantation only exerts its effect when the cortex is perturbed. These studies imply that 

to incorporate additional inhibition, the host cortex responds through a homeostatic 

mechanism so that the overall excitation and inhibition balance is maintained. To test this 

hypothesis and understand the effect of interneuron transplantation on the connectivity of 

host circuit, we would have to perform circuit mapping experiments.  
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5.3 Structural Brakes on Transplant-induced Cortical Plasticity 

Many cellular and molecular signaling pathways are involved in cortical plasticity in 

normal development. One class of these molecules are involved in structural consolidation 

of inhibitory synapses late in development or in adulthood, such as perineuronal nets (PNN). 

These extracellular structures consisting of chondroitin sulfate proteoglycans surround the 

cell bodies of PV interneurons in the adult cortex and limit the synaptic plasticity by 

providing a structural barrier. It has been shown that removing these extracellular 

structures can reactivate plasticity in adult mice (Pizzorusso et al., 2002). 

At first it seems counterintuitive that interneuron transplantation can serve as a 

brake on inhibition since adding more inhibitory cells is likely to increase the level of 

inhibition in the host circuit. The story is a little more complicated though. A transplantation 

study in the amygdala shows that interneuron transplantation reduces the level of the 

perineuronal nets on the host PV interneuron and therefore reinstates synaptic plasticity 

within the host amygdala circuit (Yang et al., 2016). In contrast, the study from our lab does 

not find reduction of PNN in the host visual cortex after transplantation; instead, we find that 

transplanted PV interneurons show precocious expression of PNN compared to the PV 

interneurons in normal development (Bradshaw et al., 2018).  

These results suggest that the host circuit may have influence over the structural 

development of the transplanted interneurons. Whereas interneuron transplantation 

reduces PNN expression in the host amygdala cells, it has little effect on the host PV 

interneuron in the visual cortex. Nevertheless, it does not mean that interneuron 

transplantation in V1 does not affect other aspects of structural plasticity in the circuit such 
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as myelination and axonal arborization of host cells, both of which have been implicated in 

cortical plasticity. 

One may wonder if adding any new cells could make the host brain more plastic 

structurally – new cells could somehow break the structural integrity of the host circuit. 

However, this is not supported by our current study or previous studies (Davis et al., 2015; 

Larimer et al., 2016). The cells from other regions of the embryonic brain (caudal and lateral 

ganglionic eminence) do not induce OD plasticity in host animals.  

Decline in axon growth is another brake on cortical plasticity. Myelin associated 

inhibitor Nogo and Nogo-66-receptor 1 inhibits axon growth both in the brain and the spinal 

cord. Additionally, Nogo signaling restrains adult cortical plasticity by also limiting PV 

interneuron-mediated circuit disinhibition.  By knocking out Nogo receptors specifically in 

PV cells in adult mice, the visual cortex exhibits critical period-like plasticity after brief MD 

(McGee et al. 2005; Stephany et al., 2016). Even though the overall expression of GAD65 

remains intact in Nogo receptor mutant mice (McGee et al., 2005), one day MD significantly 

reduces the excitatory inputs onto PV interneurons in adult mutant mice (Stephany et al., 

2016). These results suggest that Nogo signaling pathway puts a brake on cortical plasticity 

by preventing PV-mediated circuit disinhibition after the closure of the juvenile critical 

period. How interneuron transplantation alters Nogo signaling has not been studied. It is 

possible that the transplant disrupts Nogo signaling in the host PV cells and stimulates axon 

growth to promote cortical plasticity. 
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5.4 One Ring Does Not Rule Them All: The Role of Somatostatin Interneurons 

Interneurons are a diverse population of cells that exhibit distinct 

electrophysiological properties, anatomical features, laminar distributions, postsynaptic 

targets and synaptic connectivity with excitatory as well as inhibitory neurons. Depending 

on the regions of the brain, the same cell type can behave differently (Hattori et al., 2017). 

For cortical plasticity in the visual cortex, PV interneurons may be the main player in circuit 

disinhibition (Kuhlman et al., 2013). For the disinhibitory circuit underlying associative 

learning in the motor cortex, SOM and VIP together may be the ringmasters (Chen et al., 

2015). In our study, we narrow our focus on the role of PV interneurons in transplant-

induced cortical plasticity in the visual cortex. However, we cannot ignore the complexity of 

the interneuron circuit. 

Medial ganglionic eminence is a region in the embryonic forebrain that gives rise to 

majority of the parvalbumin and somatostatin inhibitory interneurons in the cortex. In our 

study, we use PV-tdTomato line to focus on PV interneurons, but the tissue transplanted 

contains both PV and SOM interneurons. A previous studying using cell-type specific ablation 

indicates that either PV or SOM interneurons alone can induce plasticity (Tang et al., 2014). 

In our study, we show that manipulating PV cell activity with exogenous NRG1 treatment or 

ablation of ErbB4 receptors are enough to prevent ocular dominance plasticity. However, 

this does not necessarily mean that SOM interneurons are not involved in other aspects of 

transplant-induced plasticity.  

Based on the results from developmental studies, SOM interneurons and PV 

interneurons are very likely to employ different mechanisms for inducing plasticity (Figure 
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5.3A). While somatic inhibition provided by PV interneurons is important in the initial 

disinhibition of the excitatory circuit and allows the excitatory synapses to participate in a 

Hebbian plasticity, the role of PV inhibition is more permissive. SOM interneurons, on the 

other hand, are in a better position to directly orchestrate the competition of eye-specific 

excitatory inputs that ultimately leads to the expression of OD plasticity as SOM interneuron 

axons mainly target the distal dendrite of the excitatory neurons (Scheyltjens and Arckens, 

2016; Trachtenberg, 2015). Although only 4% of somatostatin synapses are formed on the 

soma of the excitatory neurons, its connectivity to PV interneurons also allow them to 

modulate somatic disinhibition (Yaeger et al., 2019). This recent study reveals that SOM 

interneurons transiently but powerfully control both localized dendritic inhibition and 

somatic disinhibition during the developmental critical period. 

 

Figure 5.3 A more complete diagram of the interneuron circuitry in the visual cortex.  

(A) While PV interneurons preferentially target the soma of the layer 2/3 excitatory neurons, SOM 
interneurons mainly target the distal dendrites of the excitatory neurons. Additionally, SOM interneurons also 
inhibit other layer 2/3 PV interneurons. When the presynaptic cholinergic inputs are activated, SOM 
interneurons indirectly disinhibit the soma of the excitatory neurons by inhibiting PV interneurons, and at the 
same time inhibit the dendritic shaft of the excitatory neurons. Localized SOM inhibition is thought to regulate 
the specificity of excitatory inputs. (B) In the adult cortex, the cholinergic inputs to SOM interneurons is 
reduced, which results in a reduction of dendritic inhibition but an increase in somatic inhibition on the layer 
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2/3 excitatory neurons. The contribution of SOM inhibition in cortical plasticity is not well understood. (C) For 
our experiments, we transplant both PV and SOM interneurons into the bV1 of adult animals. While we have 
learned much about the transplanted PV interneurons, we do not yet know how SOM interneurons integrate 
into the circuit and how their responses are affected by visual deprivation. Dashed lines indicate the synaptic 
inputs that could be altered by interneuron transplantation.  

 

To have a more complete picture of the circuitry in the transplanted the cortex, 

therefore, it is important to map the wiring of not just PV interneurons but also the SOM 

interneurons. Optogenetic activation of SOM interneurons disinhibits PV interneurons in the 

visual cortex during the developmental critical period (Yaeger et al., 2019). However, it is 

not known what effect MD has on SOM interneuron activity and at what time scale. If MD also 

reduces SOM interneuron activity, then it makes sense that in our study MD shows no overall 

change in PV interneuron activity since SOM and MD can have opposing effects on PV 

interneurons.  

Transplanted SOM interneurons may also have direct influence on the structural 

plasticity of excitatory dendritic spines in the host visual cortex. Spine motility is one of the 

hallmarks of MD-induced cortical plasticity during development (Oray et al., 2004). Dendritic 

inhibition is important for learning and memory in other cortical regions (Chen et al., 2015; 

Cummings and Clem, 2020). How the plasticity of the SOM axonal terminals is involved in 

structural and functional plasticity of excitatory synapses and the expression of cortical 

plasticity is less clear. Given the diversity of the interneuron population, it is crucial to probe 

the cell type specific effects on transplant-induced cortical plasticity.  

 It is also important to note that PV interneurons are also a diverse group of cells. They 

are subdivided into basket cells and chandelier cells based on the morphology of their axonal 

arbors. The seminal study by Fagiolini et al. (2004) demonstrates that fast-spiking basket 
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cells but not chandelier cells are important for regulating the onset of the critical period. One 

limitation of our study was that we did not confirm which PV cell type was included in the 

data analysis. It might not pose a serious problem for the transplanted cells since the age of 

the transplant tissue was restricted to E13.5-E14, during which chandelier cells comprise 

less than 5% of all PV cells in the MGE (Inan et al., 2012). The percentage of chandelier cells 

triples by E15, and the birth continues along the ventral germinal zone late into the 

embryonic development, even after the MGE disappears (Taniguchi et al., 2013). Because of 

the timing for tissue harvest, we believe that most of the transplanted cells in our study are 

fast-spiking basket PV cells. In the future, we could perform immunostaining and cellular 

reconstruction to characterize the morphology of the transplanted cells and to confirm their 

cellular identity.  

 Since we are not aware of any transgenic lines that specifically label basket PV cells, 

it would be much more difficult to tease apart the two PV cell types in the adult host brain. 

We identified host PV cells by injecting cre-dependent calcium indicator into PV-cre adult 

cortex. This means that we likely included both cell types in our current study. There is 

evidence that late-born chandelier cells are more superficial and pressing against the border 

of layer 1 and layer 2 in the cortex (Taniguchi et al., 2013). In future imaging experiments, 

we could focus on deeper layer 2/3 to target the basket cells. We could further confirm the 

cellular identity post-hoc by immunostaining and reconstruction.  
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5.5 Molecular Mechanisms for Transplant-Induced Cortical Rejuvenation: 

NRG1/ErbB4, ODP and Beyond 

5.5.1 NRG1/ErbB4 Signaling  

In normal development, NRG1/ErbB4 signaling influences PV interneuron activity by 

regulating the excitatory inputs on those cells (Figure 5.1; Gu et al., 2016; Sun et al., 2016). 

The expression of NRG1 in PV interneurons is developmentally regulated (Figure 5.4; Grieco 

et al., 2020; Sun et al., 2016). The peak expression of NRG1 in PV interneurons coincides with 

the peak of cortical plasticity in development. The downregulation of NRG1 in adulthood 

implies that it does not play an important role in adult cortical plasticity. With interneuron 

transplantation, we find that manipulating NRG1/ErbB4 signaling within host adult PV 

interneurons can prevent transplant-induced cortical plasticity. These results suggest that 

interneuron transplantation may reinstate this developmentally restricted signaling 

pathway in the adult PV interneurons. But we do not know how. 

 

 

 

 

 

 

Figure 5.4 A summary diagram for ErbB4, NRG1 and NRG3 expression in PV interneurons in the normal 
cortex as well as transplant recipient cortex. The level of NRG1 in PV interneurons peaks during the 
developmental critical period (CP). After brief MD, the level of NRG1 in PV intenreurons trasiently drops 
(yellow arrow) which results in a reduciton of PV interneuron responsiveness (blue arrow). NRG3 may also be 
affected (not shown), but the change of NRG3 is not specific to PV intenreurons (Grieco et al., 2020). As the 
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animal matures, the level of NRG1 in PV interneurons decreases. Interneuron transplantation may reinstate 
the juvenile level of NRG1 (dashed yellow) in the cortex since the age of transplanted PV interneurons (dashed 
blue outline) at 33-35DAT is equivalent to that of critical period PV interneurons (solide blue outline). A brief 
MD during the reactivated CP results in a rapid reduction of host PV interneuron responsiveness (blue arrow).  

 

 

Since there are many other NRG isoforms in the adult brain (Figure 5.4; Grieco et al.., 

2020; Mei and Nave, 2014), it is not clear whether other NRGs are also involved in 

transplant-induced cortical plasticity. In adult cortex, the expression of NRG3 remains high. 

Like NRG1, the expression level of NRG3 in PV interneurons is activity dependent. Both brief 

MD and long-term dark rearing downregulate the mRNA expression of NRG3 in PV 

interneurons (Grieco et al., 2020). NRG1 and NRG3 both activate ErbB4 receptors, but NRG1 

has a higher affinity for ErbB4 receptors (Hobbs et al., 2002). The exogenous NRG1 used in 

our study activates ErbB4 receptors, and the effect it has in ocular dominance plasticity may 

reflect more of the downstream pathway of ErbB4 receptors rather than the direct role of 

NRG1. It is possible that exogenous NRG1 competes with the various forms of endogenous 

NRG for binding to ErbB4 receptors on either the transplanted neurons or the host PV 

interneurons. Since our Ca2+ imaging results show that exogenous NRG1 diminishes the MD-

induced reduction of host PV interneuron responsiveness, it is likely that exogenous NRG1 

binds to ErbB4 receptors on host PV interneurons. To directly test this, we can perform 

immunohistochemistry staining for ErbB4 activation on transplanted and host PV 

interneurons in the transplant recipients that receive exogenous NRG1 after MD. ErbB4 

receptors are phosphorylated when they are activated (Mei and Nave, 2014; Mei and Xiong, 

2008; Sun et al., 2016), so we can stain for pErbB4 and compare the level of phosphorylation 

in transplanted vs. host PV interneurons. 
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It is important to note that the NRG1/ErbB4 manipulations performed in our current 

study were not region-specific. ErbB4 receptors are expressed mainly in PV interneurons, 

but the expression is not restricted to the primary visual cortex. Therefore, both PV-

cre;ErbB4 knockout and subcutaneous injections of NRG1 are likely to have widespread 

effects on the sensorimotor systems in the transplant recipients. To achieve region-specific 

effect of NRG1, we could implant a minipump and connect it to an intracranial catheter that 

delivers NRG1 directly into the visual cortex. Considering that the mice in the current study 

already have to go through a series of invasive surgeries, for future studies the experimental 

design may need to be revised to accommodate the additional surgeries for minipump 

implantation. 

To directly test whether the NRG1 within the transplanted interneurons is important 

in transplant-induced cortical plasticity, we can harvest MGE cells from NRG1-knockout (KO) 

embryos. If NRG1 from transplanted interneurons is necessary, then MGE cells from the KO 

embryos will not induce OD plasticity when transplanted into wild-type adult visual cortex. 

However, if NRG1 from the transplanted interneurons is not needed, then it suggests that 

pathways other than or upstream to NRG1/ErbB4 signaling may be involved in inducing OD 

plasticity. 

5.5.2 Parabiosis 

Our findings suggest that interneuron transplantation reactivates cortical plasticity 

by rejuvenating the plasticity program within the host PV interneuron circuit. An interesting 

question is whether interneuron transplantation simply reinstates the critical period level 
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of NRG1 or the host PV interneurons are rejuvenated by other factors released by the 

transplanted interneurons and sensitivity to NRG1 is one of the outcomes. 

It is conceivable that transplanted PV interneurons express high levels of NRG1, since 

the transplanted cells at 33-35DAT are of a similar age to critical period PV interneurons 

(Figure 5.4). We can perform immunohistochemistry to examine the NRG1 protein 

expression in transplanted and host PV interneurons. Additionally, we can perform cell-type 

specific translating ribosome affinity purification to examine the NRG1 mRNA expression. 

The strategy has been previously used to determine different NRG mRNA levels in normal 

mouse cortex (Grieco et al., 2020). Then the next question would be how the level of NRG1 

within transplanted cells induces plasticity of the host PV interneurons. To answer this 

question, we can perform high-resolution in vivo imaging to examine NRG1 trafficking from 

transplanted interneurons and examine whether NRG1 is released by the transplanted PV 

interneurons and bind to the ErbB4 receptors on host PV interneurons. 

Sensitivity to NRG1 in host PV interneurons may be a downstream effect of the 

rejuvenated state of host PV interneurons. But how are the host PV interneurons rejuvenated 

in the first place? One rejuvenating mechanism can act similarly to parabiosis, in which 

factors released by young blood cells are thought to restore function to older host blood, 

muscle and neural stem cells (Conboy et al., 2005; Conese et al., 2017; Ruckh et al. 2012). In 

our neural transplant paradigm, perhaps the transplanted young inhibitory cells create a 

second critical period by releasing soluble rejuvenating factors, including but not limited to 

NRG1, into the adult host brain and thus restoring juvenile-like sensitivity to the adult PV 

interneurons (Figure 5.5). 
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5.5.3 Direct Nuclear Reprogramming 

Ocular dominance plasticity is one of the most extensively studied mechanisms in the 

brain. It is useful for indicating the state and function of the cortex because it has a well-

defined critical period in development and the process is age dependent. It is also useful 

because OD plasticity during developmental critical period and in adults are qualitatively 

different (Frenkel and Bear, 2004; Lehmann and Löwel, 2008; Sato and Stryker, 2008). OD 

plasticity has also been used in our lab to measure the rejuvenated state of the brain. As we 

have pointed out, measuring OD plasticity alone does not inform us about circuit, structure 

and molecular changes in the transplant brain. Perhaps OD plasticity is the downstream of 

more direct and fundamental molecular changes to the neurons in transplant cortex. 

Rejuvenation of the cortex can occur through direct gene reprogramming of the neurons. 

Identifying the specific target genes will not only help understand the transplant-induced 

cortical plasticity, but it will also answer the broader question of how interneuron 

transplantation rejuvenates the brain.  
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Figure 5.5 Direct reprogramming and rejuvenating of host PV interneurons.  

(A) Interneuron transplantation could rejuvenate the host interneurons by releasing some rejuvenating 
factors. (B) Rejuvenation of the host interneurons may occur at the genetic level. The rejuvenating factors 
released by the transplanted interneuron may stimulate expression of genes in adult host interneurons that 
are normally expressed only in young PV interneurons. 

 

5.5.4 Mechanisms Beyond NRG1/ErbB4 Signaling 

In our study, we focus our attention on a single signaling pathway, but it is unlikely 

that NRG1/ErbB4 is the only mechanism involved in reactivating cortical plasticity. In future 

studies, we can perform single-cell transcriptomics of transplant recipient brains and 

identify a broader range of signaling pathways that may be altered or rejuvenated by 

interneuron transplantation.  

A central idea in the field of cortical plasticity is the inhibitory threshold for critical 

period plasticity, which posits that a first threshold level of inhibition must be reached for 

visual experience to trigger cortical plasticity during early development. As the intracortical 
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inhibition continues to increase and crosses a second threshold, the brain shows diminished 

cortical plasticity with a parallel increase in the plasticity brakes (Fagiolini et al., 2000; Sale 

et al., 2010). This idea is supported by studies on the role of BDNF in PV cell maturation and 

critical period plasticity. Studies performed in mice with overexpression of brain-derived 

neurotrophic factor showed accelerated maturation of inhibitory neurons and a precocious 

onset and closure of critical period (Hanover et al., 1999; Huang et al., 1999). It is interesting 

to note that in both studies, the expression of ocular dominance plasticity is normal.  

The idea of inhibitory thresholds also guides the studies in the reactivation of adult 

cortical plasticity. Studies using pharmacological treatment or chemogenetics have 

successfully demonstrated that directly lowering the intracortical inhibition can promote 

ocular dominance plasticity in the adult cortex (Harauzov et al., 2010; Kuhlman et al., 2013). 

For example, the antidepressant fluoxetine has been shown to promote ocular dominance 

plasticity in the adult mouse visual cortex by reducing the level of intracortical inhibition 

(Maya Vetencourt et al., 2008). Other studies have shown that removing the plasticity brakes 

in the adult cortex can also promote plasticity. We have presented studies on two of these 

brakes, namely PNN and myelin-associated inhibitors. One other brake is p75 neurotrophin 

receptor. Its normal function is to promote PV cell maturation and connectivity when 

associated with proBDNF during early postnatal development. The p75 receptor level 

persists in the adult cortex, and when the animals are treated with exogenous proBDNF, 

ocular dominance plasticity can be reactivated (Baho et al., 2019). The mechanism includes 

destabilization of PV interneuron connectivity. Altogether, these studies demonstrate the 

importance of PV maturation and inhibition for the onset of critical period plasticity and for 

promoting adult cortical plasticity. However, whether the same factors are involved in the 
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expression of experience-dependent plasticity is not well understood. Some evidence to date 

shows that some neurotrophin factors are needed to set up the machinery for PV cell 

maturation for cortical plasticity, but the factors may not necessarily be needed for the 

expression of experience-dependent cortical plasticity. For example, monocular deprivation 

induces normal ocular dominance shift in BDNF-overexpressing mice even though the onset 

for the plasticity occurs earlier than the normal critical period (Hanover et al., 1999; Huang 

et al., 1999). BDNF only has mild effect on ocular dominance shift when infused directly into 

the rat cortex during monocular deprivation (Lodovichi et al., 2000). Similarly, removal of 

PNN in the adult cortex promotes cortical plasticity, but how the nets modulate the 

expression of ocular dominance plasticity is not well understood. 

 How interneuron transplantation alters these processes is not completely 

understood. Previous work from our lab has demonstrated that interneuron transplantation 

does not disrupt PNN expression in the adult host PV cells (Bradshaw et al., 2018). Adding 

interneurons also adds more inhibition to the cortex; therefore, it contrasts with the 

prevailing idea of reducing intracortical inhibition to reactivate cortical plasticity. The single-

cell transcriptomics of transplant cortex will reveal how these wide-range of signaling 

pathways are affected by interneuron transplantation. We can then perform in vivo and in 

vitro physiology to fully understand the circuit and cellular mechanisms involving the factors 

whose expression has been altered by transplantation. 
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5.6 Conclusion 

In summary, this thesis shows for the first time that transplant-induced plasticity is 

mediated by NRG1/ErbB4 signaling within the host PV interneurons. For a long time, the 

field has focused on development and integration of transplanted interneurons and believed 

that the plasticity is reactivated by the addition of the new inhibitory circuit. We show that 

monocular deprivation has little effect on the transplanted interneurons. Instead, the 

interneuron transplantation heightens the sensitivity of host PV interneurons to visual 

deprivation. Furthermore, we demonstrate that NRG1/ErbB4 signaling – a pathway involved 

in normal critical period plasticity – within host PV interneurons is necessary for transplant-

reactivated plasticity. Here we provide a cell type-specific mechanism for transplant-induced 

plasticity in the visual cortex. This is significant because it provides a means to directly 

manipulate the circuit to reactivate plasticity. It also directs future studies to focus the search 

of molecular mechanisms within the host circuit. 

In the normal MGE, the young interneuron progenitors are destined to journey long 

and far, and along the way, they are given instructions and guidance. This is how they 

normally grow and develop into their unique selves.  In our transplantation paradigm, these 

young progenitors are transported to a different time and space. They are taken from the 

embryonic brain where they are bathed in all kinds of growth factors and guidance cues to a 

land that may not be so nourishing. In our hands, these transplanted cells seem to fare well 

enough in the strange land. Even without the normal cues, they differentiate into mature PV 

interneurons and exhibit proper tuning properties. The puzzle is that their responses are not 

affected by the visual manipulation, and from another study, their responses also do not 
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affect the expression of OD plasticity when they are at the age to participate in cortical 

plasticity. So what are they doing in the host brain to induce plasticity? How do they re-

sensitize the host interneurons and make them become more vulnerable to visual 

manipulation? What if these transplanted neurons do not behave like normal interneurons 

at all due to the lack of proper growth molecules and guidance cues? In fact, transplanted 

interneurons could employ any of the mechanisms mentioned above (i.e., synaptic rewiring, 

paracrine or direct nuclear reprogramming) to induce plasticity, but whether they act like 

the normally developing interneurons still remains to be explored. 
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