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Abstract of the Dissertation 

Cell type specific mechanisms for the refinement of receptive fields 

in developing visual cortex 

 

By 

Dario Xavier Figueroa Velez 

Doctor of Philosophy in Neurobiology and Behavior 

University of California, Irvine, 2021 

Associate Professor Sunil P. Gandhi, Ph.D. 

 

The brain’s ability to resolve sensory information is limited by the receptive field 

properties of primary sensory neurons. Abnormal experience can disrupt receptive field 

refinement, sometimes causing irreversible damage to circuit function and visual 

behavior. Two cell types have been of strong interest in researching visual circuit 

development and plasticity: inhibitory neurons and microglia. Using transplantation, 

microglia depletion, and two-photon calcium imaging of developing neuronal 

populations, this thesis aims to better understand how inhibitory neurons and microglia 

contribute to the maturation of receptive fields in mouse V1. 

Inhibitory neurons contain multiple mechanisms important for the experience-

dependent refinement of ocular dominance (OD) and spatial frequency selectivity in V1. 

Visual deprivation studies suggest patterned visual experience following eye-opening 
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initiates inhibitory mechanisms that gate visual plasticity. However, recent 

transplantation studies in juveniles suggest that intrinsic mechanisms within inhibitory 

neurons gate the onset and closure of CP plasticity. To better understand the relationship 

between intrinsic inhibitory mechanisms and vision onset, we transplanted medial 

ganglionic eminence (MGE) inhibitory neurons into adult V1. We find MGE 

transplantation into adult V1 opens a new window of juvenile-like OD plasticity whose 

timing coincides with when the donor tissue would have had its window. Interestingly, 

transplant-induced CP window did not perturb receptive field properties in host 

neurons. However, in a mouse model of amblyopia, transplantation improved V1 

selectivity for higher spatial frequencies. Thus, inhibitory neurons carry innate plasticity 

mechanisms that can be used to improve immature or aberrant V1 receptive field 

properties. 

In contrast to OD and spatial frequency selectivity, dark rearing experiments 

suggest vision onset guides the maturation of receptive field orientation selectivity in V1. 

To determine if the maturation of orientation selectivity in inhibitory neurons is similarly 

gated by innately timed mechanisms, we transplanted MGE cells into postnatal V1 and 

measured the orientation selectivity of receptive fields in host and transplanted neurons. 

We focused on the Parvalbumin-expressing inhibitory (PV) neuron whose receptive field 

maturation is most well understood. We find that the functional maturation of 

transplanted PV neurons is not affected by precocious light exposure. Instead, the 
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maturation of PV orientation selectivity coincides with the days after transplantation 

(DAT) when the host would have had its receptive fields refined. Importantly, the 

orientation selectivity of host neurons was unaffected by the maturation state of 

transplanted PV. Thus, our data show PV inhibitory neuron mechanisms of growth and 

circuit integration must first be present for visual experience to shape receptive field 

properties. 

Microglia are widely suspected to play a crucial role in the structural remodeling 

of synapses correlated with the developmental refinement of neuronal activity. 

Perturbations of microglia physiology increases synapse numbers, alters membrane 

dynamics, and increases spontaneous activity. To determine the role of microglia on V1 

receptive field refinement, we used the colony-stimulating factor-1 receptor (CSF1-R) 

inhibitor PLX5622 to rapidly ablate microglia starting in juveniles. Not surprisingly, the 

microglia depletion increased synapse umbers and elevated visually evoked activity 

across all V1 neurons. However, this did not alter neuronal coherence in V1. Moreover, 

microglia depletion did not prevent CP OD plasticity and the emergence of receptive 

fields with high spatial frequency selectivity. Instead, the functional consequences of 

microglia depletion were specific to and prevented the maturation of orientation 

selectivity in excitatory neurons. Together, our findings provide a compelling picture 

whereby innate inhibitory mechanisms permit visual experience to refine V1 receptive 

field properties with microglia as specific supporters of orientation selectivity.  
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Chapter 1: Introduction 

 

1.1: Overview 

More than a century ago, Santiago Ramón y Cajal’s seminal neuroanatomical work 

established the neuron doctrine: the nervous system is composed of different cellular 

units separated by gaps, or synapses. We now know that neurons communicate 

extensively through synaptic signaling and that structural components of the synapse are 

dynamic. It is thought that the synaptic landscape reflects the functional properties of 

neurons. In addition to fine-scale connectivity, developing brains start with coarsely 

connected brain regions that mature into highly organized systems. Understanding how 

circuits are established and interact to alter the synaptic landscape that shapes perceptual 

behavior is a fundamental goal of neuroscience. 

Perception is strongly linked with the acuity of sensory systems. Sensory 

processing starts with sensory neurons that transduce sensory information through 

multiple signaling pathways that connect brain areas important for extracting specific 

sensory information. The mammalian visual system is composed of two main visual 

pathways. The primary visual pathway involves processing of visual information from 

the retina to the lateral geniculate nucleus (LGN) and then to primary visual cortex (V1) 

before diverging to other brain regions. This pathway overrepresents the high acuity 

information available from our binocular visual field.  The extrageniculate pathway 
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involves processing coarse visual flow from the retina to the superior colliculus where 

information is integrated with other sensory modalities to orient individuals toward 

pertinent objects. 

In all sensory pathways, receptive field properties are the fundamental building 

blocks for sensory computation. Thus, receptive field properties determine the functional 

architecture of sensory circuits and set limits on sensory perception. In the visual system 

receptive fields are regions of delimited space where the presence of visual stimuli 

strongly modulates neuronal activity. Early in the visual pathway, the activity of local 

photoreceptor cells is pooled into retinal ganglion cells to form a center-surround 

receptive field. As one moves up the hierarchy, receptive fields become tuned to more 

complex stimuli. In the visual cortex, for example, receptive fields first emerge as edge 

detectors which are used by higher visual areas to recognize complex stimuli such as 

objects and faces. Without this visual computation, the visual system’s resolution is 

limited to coarse stimuli and visual perception is severely disrupted. Therefore, 

discovering the mechanisms guiding receptive field refinement will improve our 

understanding of how the brain computes vision. 

 

1.2: V1 Function Supports Central Vision 

The fovea is a site of densely packed cones containing the highest acuity in the retina. 

Therefore, it is not surprising that bilateral foveal lesions severely disrupt binocular 
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visual acuity (Blake and Bellhorn, 1978). Subsequent studies analyzing retinotopy in V1 

using electrodes (Van Essen et al., 1984) and metabolic staining (Tootell et al., 1988) 

revealed that the fovea is overrepresented in primate V1 (Figure 1.1). Importantly, V1 

lesion and silencing severely degrades fine vision and behavioral performance, thus V1 

is important for the processing of binocular high acuity vision (Berkley et al., 1979; Dean 

et al., 1981; Prusky and Douglas, 2004). Even though mice have relatively poor visual 

acuity and lack a fovea, imaging studies have confirmed that the binocular field of view 

is cortically magnified in V1 (Garrett et al., 2014). Therefore, given that binocularity 

predominately emerges in cortex, evidence suggests that mammalian visual acuity limits 

and perception are dependent on normal V1 function. 

         Stimulus Presented  Cortical Representation 

      
Figure 1.1: Central Vision is Overrepresented in V1. 

Using 14C-2-deoxy-d-guglucose to identify metabolically active tissue in V1, Tootell et al. revealed that the retinotopic 

transformation from stimulus (left) to V1 (right) overrepresented the central field of view. From Tootell et al., 1988 " 

Functional anatomy of macaque striate cortex. II. Retinotopic organization”, J. Neurosci. 8(5): 1531-1568. 

 

1.3: Receptive Fields in V1 

The functional activity of sensory neurons is dependent on the stimuli and its 

receptive field properties. Receptive fields are a region of sensory space whereby 
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sensory stimulation can evoke robust activity. Generally, receptive fields increase in 

complexity and abstract representation downstream a sensory pathway. In the primary 

visual pathway, ON- and OFF—center receptive fields are first formed in the retina via 

the integration of photoreceptor cell activity by retinal ganglion cells which then 

transmit visual information to the eye-specific layers of LGN (Barlow, 1953; Kuffler, 

1955; Field et al., 2010). LGN feedforward convergence to V1 establishes more complex 

cortical receptive field properties that act as spatial filters (Figure 1.2) (Hubel and 

Wiesel, 1959; Hubel and Wiesel, 1962; Maffei and Fiorentini, 1973; Movshon et al., 1978; 

Movshon et al., 1978).  

 
Figure 1.2: Hubel and Wiesel’s receptive field model. 

In this model, the observed receptive fields in V1 (left) are formed from multiple ON- and OFF-center retinal 

ganglion cells (right). From Hubel and Wiesel’s 1962 " Receptive fields, binocular interaction and functional 

architecture in the cat's visual cortex”, J. Physiol. 160(1): 160-154. 

 

In V1, receptive fields are sensitive to stimulus orientation, contrast, size, and spatial 

and temporal frequency. We chose to focus on three well-studied receptive field 

properties in V1 known to support visual acuity: 1) binocularity (ocular dominance), 2) 

orientation selectivity, and 3) spatial frequency selectivity. In juveniles, these receptive 

fields rapidly mature following eye-opening until the closure of a critical period for 



5 

 

ocular dominance plasticity (ODP) (Fagiolini et al., 1994; Hoy and Niell, 2015). Visual 

deprivation during this critical period can disrupt multiple receptive field properties 

(Hubel and Wiesel, 1964; Mitchell et al., 1977; Fagiolini et al., 1994). Here, I will discuss 

the developmental trajectory of receptive field properties, evidence for distinct 

mechanisms guiding their refinement, and the role they play in visual processing. 

1.3.1: Binocularity and Ocular Dominance Plasticity  

The slight offset between the two eyes can improve binocular depth perception 

(Rossel, 1983; Qian, 1997). In the brain, binocularity first emerges when visual input 

from both eyes converges onto V1 neurons. The influential work by Hubel and Wiesel 

revealed that the functional units of monkey and cat visual cortex are arranged as 

alternating rows of ocular dominance columns (Hubel and Wiesel, 1962). Importantly, 

they found that monocular visual deprivation during an early juvenile critical period 

can degrade that eye’s corticothalamic projections and V1 functional representation into 

adulthood (Hubel and Wiesel, 1963; Hubel and Wiesel, 1970). These findings have been 

observed in other mammals and help explain amblyopia, a visual condition of poor 

stereopsis due to juvenile misalignment of the eyes (Van Sluyters and Stewart, 1974; 

Emerson et al., 1982; Fagiolini et al., 1995; Gordon and Stryker, 1996). 

Following eye-opening, binocular competition rapidly matures V1 retinotopy 

and increases visually evoked responses (Smith and Trachtenberg, 2007). Although 

suspected, recent evidence confirms that this week-long period coincides with an 



6 

 

increase in the percentage of monocular and binocular responsive neurons that were 

previously unresponsive (Jenks et al., 2020). Interestingly, while the number of 

binocular responsive neurons continues to increase through the critical period for ODP, 

the number of responsive neurons is stable. Recent time-lapse data during the CP has 

revealed that binocular neurons continue to emerge from previously monocular 

neurons (Tan et al., 2020). Whether unique mechanisms support early versus later 

binocular refinement is unknown. Nonetheless, abnormal juvenile visual experience 

degrades the binocularity of V1; therefore, understanding the mechanisms the support 

its normal development may provide therapeutic interventions for human amblyopia. 

1.3.2: Orientation Selectivity 

Hubel and Wiesel first discovered that, in contrast to retinal and thalamic 

receptive fields, adult V1 neuron receptive fields had strong orientation selectivity 

(Hubel and Wiesel, 1959). In contrast, juvenile receptive fields are less orientation 

selective (Hubel and Wiesel, 1963; Braastad and Heggelund, 1985; Crair et al., 1998; 

White et al., 2001; Kuhlman et al., 2011). Importantly, the developmental refinement of 

orientation selectivity in V1 requires visual experience to reach adult levels (Hubel and 

Wiesel, 1965; White et al., 2001; Kuhlman et al., 2011). These preferences are cemented 

during the critical period for ODP and are largely stable in adulthood (Jeon et al., 2018; 

Tan et al., 2020). 
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Hubel and Wiesel first suggested that orientation selectivity in V1 emerged from 

the convergence of coaxial surround-center receptive fields in LGN receptive fields onto 

V1 neurons (Hubel and Wiesel, 1962). Recent evidence shows that the developmental 

refinement of feedforward excitatory and inhibitory retinothalamic input is correlated 

with the maturation of LGN receptive fields (Tschetter, et al., 2018). Importantly, this 

thalamic development precedes the sharpening of orientation selectivity in V1; 

therefore, although LGN may be crucial to seed selectivity, the mechanisms that 

sharpen V1 orientation tuning are likely contained within cortex. Indeed, horizontal 

connections in V1 have been found to preferentially link neurons with similar 

orientation tuned receptive fields (Bosking et al., 1997; White et al., 2001). More recent 

work (described in section 1.3.3, page 13) reveals the role of inhibitory neuron 

functional activity in the sharpening of V1 excitatory neurons. 

The presence of functional units in V1 with sharp selectivity but diverse 

orientation preferences provide a cellular mechanism to distinguish between two 

similarly oriented stimuli, thus supporting visual acuity. Indeed, V1 lesioning and 

reversible optogenetic-silencing degrade behavioral performance in a visual orientation 

task (Petruno et al., 2013; Glickfeld et al., 2013). However, it was not clear whether the 

deficits in orientation and contrast evoked activity were specifically due to V1 orientation 

selectivity or the absence of other V1 functional activity. Future studies can take 
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advantage of manipulations that uniquely disrupt orientation selectivity to determine 

their role in visual behavior (Kang et al., 2013; Chapter 4). 

The short reproductive cycle and extensive genetic tools available make mice a 

great model for vision research. Still, in contrast to rodent, primate V1 is highly 

structured and organized into arrangements of similar receptive field properties. For 

orientation selectivity, neurons across cortical layers are arranged by similarity of 

orientation preferences and wrap around a central point, establishing “pinwheels” 

(Hubel and Wiesel, 1964; Hubel et al., 1978; Bonhoeffer and Grinvald, 1991; Maldonado 

et al., 1997). However, even though mice lack the highly structured organization of 

higher mammals, spatial clustering of similarly oriented preferences has been observed 

in mouse V1 (Ringach et al., 2016). Recent evidence suggests mouse V1 behaves like a 

single, undeveloped pinwheel (Fahey et al., 2019). Therefore, the mechanisms found to 

support mouse orientation selectivity may extend to higher-order mammals. 

1.3.3: Spatial Frequency Selectivity 

Initially, V1 receptive fields were first described in terms of their elevated 

responses to bars of lengths, widths, and orientations (Hubel and Wiesel, 1962). 

However, later studies revealed that V1 receptive field units were better described as 

spatial frequency filters whose evoked responses can be predicted from the stimulus 

contrast, phase, and spatial frequency (Maffei and Fiorentini, 1973). Fundamentally, the 

spatial frequency of a stimulus describes the periodic distribution of contrast 
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throughout an image. The high spatial frequencies in an image correspond to the fine 

spatial structures. The low spatial frequencies in an image encode coarse structures 

which are more sensitive to contrast. When the stimulus presented is gratings, spatial 

frequency can be quantified as the number of cycles of sinusoidal components per 

degree of visual angle. 

Interestingly, recent recordings of developing LGN and adult thalamocortical 

projections reveal a comparable distribution of spatial frequency preferences between 

LGN and V1 (Tschetter et al., 2018; Huh et al., 2021). Importantly, high spatial frequency 

tuned neurons emerge in LGN before V1, suggesting V1 spatial frequency is inherited 

from LGN (Tschetter et al., 2018). Still, it is unclear how spatial frequency is encoded at 

the synaptic level in V1. Moreover, to date, few mechanisms have been found to uniquely 

support spatial frequency refinement. One mechanism is the neuronal nogo receptor 1 

(NgR1) which differentially supports spatial frequency selectivity and binocularity 

(Stephany et al., 2014). Importantly, NgR1 actively prevents the recovery of high spatial 

frequency but not binocularity from long-term monocular deprivation during the critical 

period for ODP (Stephany et al., 2018). Whether spatial frequency selectivity and 

orientation selectivity can be similarly mechanistically decoupled remains unknown. 

1.4: Role of Inhibitory Neurons 

Brain circuits are composed of excitatory and inhibitory neuron assemblies. 

Although inhibitory neurons account for only 20% of cortical neurons, their diverse 
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biochemistry, morphology, and physiology is correlated with their diverse control of 

circuit behavior (Meinecke and Peters, 1987; Swanson and Maffei, 2019). In addition to 

maintaining physiological levels of excitatory output, feedback and feedforward 

inhibition are fundamental building blocks of circuits important for the plasticity of 

activity and receptive fields (Wehr and Zador, 2003; Shu et al., 2003; Froemke et al., 2007; 

Isaacson and Scanziani, 2011; Atallah et al., 2012; Wilson et al., 2012; Lee et al., 2012; Lee 

et al., 2014).  

In juveniles, inhibition and inhibitory mechanisms are strongly associated with the 

functional development of sensory circuits. Importantly, across species, the maturation 

of inhibitory PV neurons is strongly linked with the onset and closure of critical period 

plasticity (Hensch, 2004; Hensch and Fagiolini, 2005; Reh et al., 2020). The next sections 

will discuss inhibitory mechanisms important for the development and plasticity of 

receptive field properties in V1. 

1.4.1: Binocularity and Ocular Dominance Plasticity 

Inhibitory neurons contain various mechanisms that set the timing and closure of 

V1 critical period plasticity (Hensch, 2005; Levelt and Hübener, 2012). Initial evidence 

came from mice lacking GAD65, an enzyme critical for GABA production at synaptic 

terminals. GAD65 mutants lack critical period ODP that can be restored by enhancing V1 

GABA receptor function via chronic diazepam infusion (Hensch et al., 1998). Moreover, 

juvenile mice treated with diazepam express a precocious critical period, solidifying a 
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crucial role for the maturation of cortical inhibition in the regulation of V1 binocular 

plasticity (Fagiolini and Hensch, 2000). 

Since, the experience-dependent maturation of other molecular programs within 

inhibitory neurons have been found to support binocularity and its plasticity in V1. One 

mechanism involves PV neurons and a positive feedback look that initiates and closes 

the critical period. First, upon eye-opening, retinal Otx2 protein is trafficked through 

LGN into V1. The increase of V1 Otx2 initiates critical period plasticity and increases 

extracellular perineuronal nets (PNN) of PV neurons which in turn capture more Otx2 

(Sugiyama et al., 2008; Beurdeley et al., 2012).  Once PNN sulfation reaches a maturation 

threshold, the cycle is broken and the critical period for ODP is closed, thus cementing 

the binocular state of cortex (Miyata et al., 2012). Importantly, the knockdown of Otx2 

or the enzymatic digestion of PNNs in adults removes the brake on critical period 

binocular plasticity (Pizzorusso et al., 2002; Beurdeley et al., 2012). Other surprising 

mechanisms of PV cells that control the timing of the critical period for ODP involve the 

nicotinic receptor negative allosteric modulator Lynx1 (Morishita et al., 2010) and even 

the circadian gene Clock and Bmal1 (Kobayashi et al., 2015). More recently, it has been 

hypothesized that the gamma oscillatory activity of PV neurons may serve a role for V1 

plasticity akin to that observed for hippocampal plasticity (Reh et al., 2020). These data 

provide a strong association between the maturation of PV inhibitory neuron and 

critical period plasticity. 
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To date, no direct mechanisms supporting juvenile critical period ODP have been 

found for other inhibitory neuron types. It is worth noting, however, that many 

investigations into inhibitory mechanisms restrict their observations to PV neurons. 

Two other inhibitory classes that have recently gained attention for their role in adult 

circuit plasticity are the vasoactive intestinal peptide- (VIP) and somatostatin-

expressing (SST) inhibitory neurons. In adults, VIP- and SST-mediated disinhibition 

supports ODP (Fu et al., 2015). Whether disinhibition by these cell types also plays an 

important role in juvenile plasticity is less untested. Interestingly, transplanted PV or 

SST neurons are sufficient for the reactivation of critical period ODP (Southwell et al., 

2010; Tang et al., 2014). Whether these transplant-related mechanisms exist normally 

and play a significant role in juvenile plasticity remains to be determined. 

In binocular V1, neurons respond to the stimulation of both eyes. However, the 

number and strength of eye-specific input onto individual neurons can vary and is not 

necessarily matched between the two eyes. Compared to excitatory neurons, inhibitory 

neurons are more binocular due to their pooling of local actrviity (Kameyama et al., 2010; 

Kerlin et al.2010; Runyan et al., 2013; Scholl et al., 2015). Therefore, a more binocular 

neuron may be better poised to detect relative differences in input from both eyes. Indeed, 

whereas inhibitory neurons initially respond to monocular deprivation by decreasing 

their activity, excitatory neurons temporarily increase their firing rates (Gandhi et al., 
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2008; Kameyama et al., 2010). Importantly, the fast response of PV neurons to MD 

supports a disinhibitory mechanism capable of initiating ODP (Kuhlman et al, 2013). 

 1.4.2: Spatial Frequency Selectivity 

 Many PV neuron mechanisms important for the disruption of normal binocularity 

(see section 1.3.1) have been found to similarly degrade spatial frequency tuning in V1 (   

et al., 2010; Beurdeley et al., 2012; Miyata et al., 2012). Thus, revealing a relationship 

between binocularity and spatial frequency selectivity. In contrast, the neuronal nogo 

receptor 1 (NgR1) limits binocular but not spatial frequency plasticity (Stephany et al., 

2014; Stephany et al., 2018). Thus, while the degradation of multiple receptive field 

properties may stem from similar mechanisms, the pathways that support recovery from 

degradation may be more distinct for individual receptive field properties. 

 Neuromodulation  has long been known to alter cortical states associated with 

enhanced receptive field plasticity and selectivity (Weinberger et al., 1984; Bakin and 

Weinberger, 1990; Niell and Stryker, 2010; Harris and Thiele, 2011; Polack et al., 2013). 

Recent evidence implicates inhibitory neurons in mediating the effects of arousal on 

circuit activity (Polack et al., 2013; Fu et al., 2014; Garcia-Junco-Clemente et al., 2019; 

Millman et al., 2020). In juveniles and adults, cholinergic signaling strongly activates SST 

neurons, causing PV disinhibition that allows for experience to enhance ODP and spatial 

frequency selectivity (Yaeger et al., 2019; Sadahiro et al., 2020). In adults, VIP neurons are 

strongly modulated by locomotion to alter circuit activity through PV and SST neuron 
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disinhibition (Dipoppa et al., 2018; Millman et al., 2020). Together, these studies reveal 

that non-PV inhibitory mechanisms precede and initiate PV mechanisms associated with 

CP refinement. 

1.4.3: Orientation Selectivity 

 More than 40 years ago, inhibition of GABA synthesis and receptor function were 

found to degrade the orientation selectivity of V1 receptive fields (Tsumoto et al., 1979). 

Yet, until recently, the cellular mechanisms were not known. It is now well accepted that 

inhibitory neuron tuning properties reflect a pooling of the local environment. Because 

of the salt-and-pepper nature of mouse V1, however, mouse adult inhibitory neurons are 

more broadly tuned than their excitatory counterparts (Kerlin et al., 2010; Runyan et al., 

2013; Scholl et al., 2015). Interestingly, at vision onset, PV neurons are sharply tuned to 

few orientations; with visual experience, PV neurons become broadly tuned (Kuhlman et 

al., 2011; Li et al., 2012; Figueroa-Velez et al., 2017). Coinciding with this developmental 

window, the percentage of excitatory neurons biased for cardinal orientations decreases 

significantly (Hoy and Niell, 2015). Therefore, pooling may be a general property of 

inhibitory neurons in part explains differences in excitatory and inhibitory tuning.  

 The iceberg model has been proposed to explain how PV cell inhibition maintains 

the sharp orientation selectivity of excitatory neurons (Somers et al., 1995; Laurentz and 

Miller 2003; Liu et al., 2011). In this model, broad inhibition lowers the membrane 

potential of neighboring excitatory neurons. This subtraction of evoked activity affects 
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the non-preferred orientation more than the preferred orientation, resulting in a more 

pronounced “tip of the iceberg” with sharper selectivity. More recently, it has been found 

that the developmental broadening of inhibition in inhibitory neurons supports the 

development sharpening of excitatory neuron orientation selectivity (Li et al., 2012). Yet, 

whereas dark rearing prevents the developmental broadening of orientation tuning in 

inhibitory neurons, it only partially impairs development in excitatory neurons (White et 

al., 2001; Kuhlman et al., 2011). However, at least in adulthood, optogenetic stimulation 

of either PV or SST neurons sharpens the orientation selectivity of excitatory neurons (Lee 

et al., 2012; Atallah et al., 2012; Wilson et al., 2012). Therefore, it is possible that in the 

absence of PV neuron maturation, SST neurons support the partial sharpening of 

excitatory neurons in mice lacking visual experience. 

 

1.5: Role of Microglia 

Microglia are the brain’s predominant immune cell which migrated from the yolk 

sac and rapidly proliferate to reach adult numbers in the brain by the first postnatal week 

(Alliot et al., 1999). In contrast to other brain cells, microglia have highly motile processes 

that constantly surveil the environment and respond rapidly to local insult (Davalos et 

al., 2005; Nimmerjahn et al., 2005).  Although microglia have classically been studied in 

the context of infection and neurodevelopmental disorders, recent evidence shows 

microglia synapse pruning supports circuit development (Paolicelli et al., 2011). 
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1.5.1: Synaptic Remodeling in LGN 

Retinogeniculate development is a classical model for the activity-dependent 

refinement of sensory circuits (Guido, 2008). In the primary visual pathway, early 

postnatal retinal activity drives the eye-specific segregation of retinothalamic 

projections to the LGN (Stellwagen and Shatz, 2002; Triplett et al., 2009). These early 

patterns of activity even support the fine-scale refinement of retinotopy in V1 (Cang et 

al., 2005). Initial findings revealed that microglia-phagocytosis of retinothalamic 

terminals supports the activity-dependent segregation of eyes in LGN (Shafer et al., 

2012). In addition, microglia have been shown to support retinogeniculate development 

through non-phagocytic synapse elimination (Cheadle et al., 2021). Interestingly, even 

though microglia C1q-deficient mice have abnormal retinothalamic connectivity and 

physiology, general activity and ODP in V1 is normal (Welsh et al., 2021). Nonetheless, 

microglia may play a more specific role in functional development which may require a 

battery of tests to uncover. 

1.5.2: Synaptic Remodeling in V1  

Microglia shape the synaptic landscape through presynaptic phagocytosis 

(Schafer et al., 2012), trogocytosis (Weinhard et al., 2018), spine elimination (Paolicelli et 

al., 2011; Cheadle et al., 2020) and spine induction (Miyamoto et al., 2016; Weinhard et al., 

2018). In addition, microglia regulate excitation through surveillance-mediated negative 

feedback by converting extracellular ATP into the inhibitory nucleotide adenosine 
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(Badimon et al., 2020; Merlini et al., 2021). Therefore, it is no surprise that removing 

microglia causes excess synaptic connectivity, alters subthreshold membrane dynamics, 

and increases spontaneous activity in V1 (Mai et al., 2020; Liu et al., 2020). 

Prior to eye-opening, microglia prune retinothalamic terminals in an activity-

dependent manner via complement signaling (Schafer et al., 2012). After eye-opening, 

microglia synapse elimination becomes more specific to non-bolbous spines, thus 

preserving robust thalamacortical projections to V1 (Cheadle et al., 2020). Yet, the 

perturbations to LGN connectivity in mice lacking normal complement signaling does 

not translate to dysfunction of evoked activity or ODP in V1 (Welsh et al., 2020). It may 

be that microglia mechanisms are region specific. 

Indeed, the type of microglia chemokine receptor that supports synaptic plasticity 

appears to be region specific. The  microglia chemokine receptors P2Y12 and CX3CR1 are 

important for normal surveillance and microglia-neuron interaction, respectively. 

Whereas microglia CX3CR1 supports hippocampal development and synaptic plasticity 

(Paolicelli et al., 2011), it is neither required for normal evoked activity nor ODP in V1 

(Lowery et al., 2017; Schecter et al., 2017). In contrast, the P2Y12 receptor supports ODP 

(Sipe et al., 2016). Regardless, these studies have severe limitations that make it difficult 

to interpret the results. 

First, specific disruptions to microglia physiology may alter their normal behavior 

and this altered state may alter neural development. While microglia elimination studies 
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may better reveal necessary roles of microglia to normal development, to date, these 

studies have limited their observations to spontaneous activity and ODP as a proxy for 

general circuit wiring. Yet, it is now well appreciated that the plasticity available to one 

receptive field property does not predict the plasticity available to another (Jeon et al., 

2018). Moreover, mechanisms that support deprivation induced plasticity may be distinct 

from those that support normal experience-dependent refinement. Despite these 

mechanistic findings, it is still unclear if microglia play a broad role in synapse 

reorganization or alter specific aspects of the synaptic landscape necessary for normal 

visual computation. 
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Chapter 2: Inhibitory neuron transplantation into adult visual cortex creates 

a new critical period that rescues impaired vision 

 

2.1: Introduction 

During a developmental critical period, binocular vision drives the refinement of 

visual acuity. Deprivation of normal binocular vision during this period results in a 

lifelong visual deficit. Creating a new critical period in adulthood might give the visual 

system a second chance to rewire and recover normal vision. The maturation of inhibitory 

circuits in visual cortex is known to establish the timing of the juvenile critical period 

(Fagiolini and Hensch, 2000; Hensch, 2005; Hensch et al., 1998; Huang et al., 1999) and 

presents an attractive target for the reactivation of critical period plasticity in adulthood 

(Southwell et al., 2014). 

Several manipulations of inhibition have been shown to stimulate plasticity in 

mouse visual cortex up to postnatal day 70 (P70) (Fagiolini and Hensch, 2000; Kuhlman 

et al., 2013; Southwell et al., 2010; Stephany et al., 2014; Sugiyama et al., 2008). From P35 

to P90, after the peak of the critical period, however, a weaker, qualitatively distinct form 

of young adult plasticity exists in mouse visual cortex (Lehmann and Löwel, 2008; Sato 

and Stryker, 2008; Sawtell et al., 2003). This form of young adult plasticity can be 

amplified with extensive training and depends upon inhibition (Fu et al., 2015). 
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Therefore, it is possible that manipulations of inhibition boost young adult plasticity but 

cannot reactivate critical period plasticity.  

The transplantation of embryonic inhibitory neurons into neonatal visual cortex 

has been shown to induce new plasticity shortly after the critical period (~P45) (Southwell 

et al., 2010; Tang et al., 2014). However, it remained untested whether inhibitory neuron 

transplantation reactivates plasticity in adults. Here we develop a method to transplant 

inhibitory neurons into adult recipient mice up to P192, long after young adult plasticity 

has subsided. We find that transplantation into adult visual cortex creates new plasticity 

that exhibits key hallmarks of the critical period. 

The reactivation of critical period plasticity in adult visual cortex has the potential 

to reverse impairments in visual perception. Several manipulations have been used to 

recover visual function in impaired rodents (Kaneko and Stryker, 2014; Maya Vetencourt 

et al., 2008; Montey et al., 2013; Stephany et al., 2014; Tognini et al., 2012), but none have 

been shown to restore visual perception using a focal manipulation of plasticity in visual 

cortex. Here we use a behavioral test to demonstrate that inhibitory neuron 

transplantation restores the visual perceptual thresholds of impaired mice to normal 

levels. 
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2.2: Materials and Introduction 

2.2.1: Animals 

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

Committee at the University of California, Irvine. Embryonic donor tissue was produced 

by crossing CD-1 wild-type mice with homozygous mice expressing red fluorescent 

protein tdTomato in either PV cells (PV-tdT: PV-Cre)(Hippenmeyer et al., 2005) X (LSL-

tdTomato)(Madisen et al., 2010) or VGAT+ cells(Vong et al., 2011) (VGAT-tdT: VGAT-

Cre;LSL-tdTomato). Wild-type C57/BL6 host mice and CD-1 breeder mice were obtained 

from Charles River Laboratories. All mice were housed individually from experiment 

onset. 

2.2.2: Tissue Dissection 

The medial, or lateral ganglionic eminence (MGE, or LGE) was dissected from 

embryonic day 13.5 (E13.5) PV-tdT (adult MD experiments) or VGAT-tdT (visual deficit 

rescue experiments) embryos as previously described (Southwell, 2010). Caudal 

ganglionic eminence (CGE) was dissected at E13.5 from VGAT-tdT embryos by taking 

approximately the caudal third of the ganglionic eminence.  Detection of a sperm plug 

was used to define E0.5. Explants were maintained in chilled L-15 medium with 15mM 

HEPES buffer until transplantation. For dead MGE, cells in L-15 underwent three cycles 

of freeze-thaw (3x -20ᵒC to 100ᵒC) and were stored at -20ᵒC until transplantation. 
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2.2.3: Retinotopic Map Guided Cell Transplantation  

A map of binocular visual cortex was obtained using intrinsic signal imaging 

(described below; also see Figure 2.1A). This map guided the placement of skull slits 

medial and lateral to binocular visual cortex using a dental drill (Midwest 78044) and 

FG1/4 carbide burr (see Figure 2.1A; red dashed rectangles). Cells were loaded into a 

beveled glass micropipette (~75 µm tip diameter; Wiretrol 5 µl, Drummond Scientific 

Company) using a custom designed hydraulic injection apparatus. The micropipette was 

positioned at a 45 degree angle to the cortical surface and advanced axially ~700µm into 

the cortex. ~15-20 nL injections of cells (~2000 cells/nL) were made at three locations along 

each slit; totaling 6x ~15-20nL and approximately 12,000 cells per host animal; see Figure 

2.1A). The scalp was then sutured, anesthesia was terminated, and the animal was placed 

on a warm surface until mobile.  

2.2.4: Monocular Deprivation 

During critical period or adult MD, if an eye opened prematurely or was found to 

be damaged, the animal was excluded from the study. 4 day MD in adults:  The eyelid 

contralateral to the site of transplantation was closed for 4 days using two mattress 

sutures (7-0 silk, Ethicon) and checked daily. 14 day MD in juveniles: One eyelid was 

closed using one mattress suture. This closure was maintained for the duration of the 

normal critical period (~P18-P32) and was checked daily (Prusky and Douglas, 2003). If 
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signs of suture fraying were observed, a small drop of tissue adhesive (60% 2-octyl and 

40% N-butyl cyanoacrylate; GLUture) was applied to the suture knot.  

2.2.5: Surgical Preparation 

All mice were anesthetized with isoflurane in O2 (2%-3% for induction; 1.5% for 

surgical procedures; 0.6%-0.9% for imaging). During imaging sessions, anesthesia was 

supplemented by a single intraperitoneal injection of chlorprothixene (1mg/kg). Atropine 

(0.3 mg/kg SQ) and carprofen (5 mg/kg) were administered subcutaneously to reduce 

secretions and to provide analgesia, respectively. For experiments lasting three or more 

hours, 0.15mL saline was administered every 1-1.5 hours. Body temperature was 

maintained at 37.5°C using a feedback controlled homeothermic heating pad. For all 

imaging experiments, eyelashes were trimmed and a thin coat of silicone oil (30,000 cSt; 

Dow Corning) was placed over the eyes for protection.   

2.2.5.1: Two-Photon Calcium Imaging 

Two weeks prior to imaging, transplant recipients were injected with AAV-Syn-

GCaMP6s (UPenn Vector Core AV-1-PV2824; supplied by the GENIE Project, Janelia 

Farm Research Campus, HHMI) into binocular visual cortex (2 x 150-250 nL, 10 nL/min) 

using a custom designed hydraulic injection system. One to two days before imaging, 

custom made titanium headplates were affixed to the skull using Vet bond and dental 

acrylic. The skull over visual cortex was thinned to approximately 50 µm using a dental 

drill with a carbide burr and a bendable microblade (Nordland Blades #6900). 
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2.2.5.2: Intrinsic Imaging 

Surgical preparation was performed as previously described (Kaneko et al., 2008). 

The skull over visual cortex was exposed and covered with agarose (1.5% w/v in 1X PBS) 

and a coverslip. Agarose was sealed using sterile ophthalmic ointment (Rugby) to 

prevent drying. For adult MD experiments, monocular deprivation was initiated at the 

conclusion of pre-MD imaging. Four days later, the sutured eyelid was opened and the 

skull was exposed at the same location for the second recording session.  

2.2.6: Visual stimuli 

Visual stimuli were generated by custom-written Matlab code using the 

Psychophysics Toolbox(Brainard, 1997). All visual stimuli were confined to -5 degree to 

+15 degree visual field azimuth (binocular visual field). The monitor was positioned 25 

centimeters from the animal and covered with a color correction gel filter sheet (day blue 

gel D2-70; Lowel) to better exploit the spectral sensitivity of mouse vision(Jacobs et al., 

2004).  

2.2.6.1: Calcium Imaging of Orientation Selectivity 

Drifting square wave gratings (0.05 cpd; 1 Hz) were presented at 12 orientations 

using an Acer V193 monitor (30 x 37 cm, 60 Hz refresh rate, 20 cd/m2 mean luminance). 

Each trial consisted of six seconds of drifting gratings followed by six seconds of gray 

screen. Four repeats at each orientation were presented in a pseudo-randomized order. 
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2.2.6.2: Mapping Binocular Visual Cortex and Assessing Ocular Dominance 

Responses to stimulation of the contralateral (previously deprived) versus the 

ipsilateral eye were recorded from the visual cortex that received transplantation. A 

visual noise stimulus was presented periodically sweeping either up or down from –18 

degree to 36 degree visual field elevation. The stimulus was created by multiplying a 

band limited (<0.05 cyc/deg; >2 Hz) spatiotemporal noise movie with a one-dimensional 

Gaussian spatial mask (30 degrees) that was phase modulated at 0.1 Hz. For adult MD 

experiments, stimuli were presented on an Acer V193 monitor (30 × 37 cm, 60 Hz refresh 

rate, 20 cd/m2 mean luminance). The stimulus was presented for 5 minutes to each eye 

in an alternating pattern. One set of recordings was made each at 0 and 180 degrees for 

4-6 sets resulting in a total of 40-60 minutes (4-6 presentations of stimulus movie per eye).  

2.2.6.3: Assessing Acuity of Cortical Responses 

For these experiments only responses to stimulation of the contralateral eye were 

recorded from both the recipient and control hemisphere. Horizontal sinusoidal gratings 

were presented. These gratings reversed in contrast with a 0.1 Hz sinusoidal modulation. 

The spatial frequencies of gratings shown were 0.05, 0.1, 0.2, 0.3, 0.4, 0.45, 0.5, 0.55, 0.6, 

and 0.7 cycles per degree (cpd). A grating stimulus at 2 cpd, well in excess of the mouse’s 

visual acuity (Prusky and Douglas, 2003; Prusky et al., 2000), was also presented in order 

to define background noise. Stimuli were presented on an Asus VG248 monitor (30 × 53 

cm, 144 Hz refresh rate, 35 cd/m2 mean luminance). Recording sessions were performed 
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separately in the recipient hemisphere for deprived eye stimulation and control 

hemisphere for nondeprived eye stimulation. One to two recordings were made at each 

spatial frequency for five minutes, totaling two to four hours of recording. 

2.2.7: Imaging procedures 

2.2.7.1: Transcranial, Repeated Intrinsic Signal Optical Imaging 

Mapping of the primary visual cortex using Fourier intrinsic signal optical 

imaging was performed through the intact skull as described previously(Kalatsky and 

Stryker, 2003; Kaneko et al., 2008; Southwell et al., 2010). For adult MD experiments, a 

custom-designed macroscope (Nikon 135 mm X 50 mm lenses) equipped with a Dalsa 

1M30 CCD camera was used to collect 512 x 512 pixel images sampled at 7.5 Hz (2.2 X 2.2 

mm image area). For visual deficit rescue experiments, a SciMedia THT macroscope 

(Leica PlanApo 1.0X; 3.4 x 3.4 mm image area) equipped with an Andor Zyla sCMOS 

camera was used. The surface vasculature was visualized using a 530 nm LED light and 

intrinsic signal was visualized using a 617 nm LED light (Quadica for MD experiments; 

Thorlabs LED4D210 for visual deficit rescue experiments).  For intrinsic signal recording 

in both adult MD and visual deficit rescue experiments, the camera was focused ~600 µm 

beneath the pial surface. Custom written Matlab (Mathworks) code was used to acquire 

images and stream to disk. Visual stimuli (described above) were presented, and 

response data was collected in 5 minute sessions. 
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2.2.7.2: Two-Photon Imaging of Calcium Signals 

A Sutter MOM system was used to perform two-photon imaging of GCaMP6s and 

tdTomato fluorescence using 920nm excitation light (Mai Tai eHP DeepSee). Image 

sequences typically covering a field of 140 x 140 µm (128 x128 pixels) were acquired 

(6.1Hz) using ScanImage software (v3.8) (Pologruto et al., 2003) at a depth of 150-300 µm 

below the pia. Red (Chroma HQ605/75) and green (Chroma 565dcxr) fluorescence 

emission channels were gathered using a 40X 0.8 NA IR objective (Olympus). 

2.2.8: Visual Water Task 

Visual acuity was assessed in a visual water maze, a forced choice, two-alternative 

discrimination task (Prusky and Douglas, 2003).  Acuity was determined through each 

eye independently. A post was surgically implanted onto the skull of each mouse using 

dental acrylic to act as an attachment point for removable custom-made eye occluders. 

One week later, mice were trained and tested by an experimenter who was blind to 

experimental condition. Mice learned to swim toward a hidden platform cued by vertical 

sine wave gratings displayed at a spatial frequency of 0.063 cycles per degree (cpd) as 

viewed from the choice plane (Figure 2.9A). Mice were trained until they reached 

performance levels of 90-100%. Mice then completed testing one eye at a time. During 

testing, the stimulus was increased by 0.032 cpd when a mouse achieved at least 70% 

correct over 10 trials. Mice were required to successfully complete three trials at 

frequencies below 0.28 cpd in order to advance.  At frequencies above 0.28 cpd they were 
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required to complete five trials successfully in order to advance. If an error was made, 

they were required to complete a block of 10.  When performance fell below 70%, the 

stimulus was decreased by at least 0.096 cpd. Testing took around 200-250 trials to 

complete.   

2.2.9: Histological Preparation and Cell Counting 

Animals were transcardially perfused with saline and 4% paraformaldehyde. 

Brains were removed, post fixed, and cryoprotected with 30% sucrose. Coronal brain 

sections (30 or 50 μm) were cut using a frozen sliding microtome (Microm HM450). Tissue 

was stained in free floating sections. Sections were blocked for 1 hour at room 

temperature with 0.5% Triton-X (Sigma T8787) and 10% BSA (Fisher BP1600-100) in 

1XPBS, then incubated overnight at 4°C with the following primary antibodies: rabbit 

anti-tdTomato, 1:1000 (Abcam ab62341); mouse anti-PV, 1:1000 (Sigma P3088); rat anti-

SST, 1:500 (Millipore MAB354), and rabbit anti-VIP, 1:200 (ImmunoStar). Sections were 

then washed three times in 1XPBS and incubated for 2 hours at room temperature with 

Fluorescein labeled wisteria fluorubunda agglutinin at 1:500 (Vector Labs FL-1351) 

and/or secondary antibodies from Invitrogen at 1:1000 (goat anti-rat IgG, goat anti-mouse 

IgG1, goat anti-rabbit IgG). Stained sections were mounted on glass slides with 

Fluoroshield containing DAPI (Sigma F6057), coverslipped, and imaged using an 

epifluorescence microscope (Zeiss Axio Imager 2) with a 20X objective (0.8 NA). For cell 

counting, sections of recipient visual cortex were sampled at 200 or 300 µm intervals.  
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2.3: Data analysis 

2.3.1: Orientation Selectivity of Cellular Responses 

Custom written Python routines were used to remove motion artifact, identify cell 

ROIs, extract calcium fluorescence traces and perform analyses. Transplanted PV cells 

were identified by the expression of tdTomato. The fluorescence signal of a cell body at 

time t was determined as Fcell (t) = Fsoma(t) – (R x Fneuropil(t)), (Chen et al., 2013; Kerlin 

et al., 2010). R was empirically determined to be 0.7. The neuropil signal Fneuropil(t) of 

each cell was measured by averaging the signal of all pixels outside of the cell and within 

a 20-um region from the cell center. In order to quantify orientation responses, each 

fluorescence trace recorded during the 6s stimulus presentation was normalized to the 

average baseline signal for the preceding 3s (ΔF/F0). For each orientation condition, a 

response was computed by taking the average of the normalized fluorescence traces 

during the stimulus presentation. From these orientation specific responses, an 

orientation selectivity index (OSI) was quantified as (Rpref -Rorth)/(Rpref +Rorth), where 

Rpref is the largest response and Rorth is the response observed at the orthogonal angle 

to the preferred response(Niell and Stryker, 2008). Cells that responded to the preferred 

orientation with an average ΔF/F0 below 6% were determined nonresponsive and 

excluded from analysis (4/125) (Kerlin et al., 2010). 
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2.3.2: Intrinsic Signal Imaging 

Maps of amplitude and phase of cortical responses were extracted from optical 

imaging movies via Fourier analysis of each pixel column at the frequency of stimulus 

repetition (0.1 Hz) (Kalatsky and Stryker, 2003; Southwell et al., 2010) using custom 

written Matlab code. Overall map amplitude was computed by taking the maximum of 

the Fourier amplitude map smoothed with a 5 x 5 Gaussian kernel.  Maps of retinotopic 

phase are shown in terms of visual field angle. 

2.3.3: Quantification of Ocular Dominance 

Ocular dominance index (ODI) was computed as ODI  = (C-I)/(C+I) where C and I 

are the averaged map amplitudes calculated for contralateral and ipsilateral visual 

stimulation respectively. Ocular dominance shift (ODS) was calculated for each animal 

in the adult MD experiments as ODS = (post-MD ODI – pre-MD ODI).  

2.3.4: Quantification of Acuity of Visual Cortical Responses 

Responses at the following spatial frequencies were recorded for each animal: 0.05, 

0.1, 0.2, 0.3, 0.4, 0.45, 0.5, 0.55, 0.6, 0.7, and 2 cpd. For each recording session, the amplitude 

of the visual response map to 2 cpd was subtracted from the response amplitudes of maps 

for all other spatial frequencies.  For each animal, the highest response to stimulation of 

the nondeprived eye was taken as 100% and all other responses were normalized with 

respect to this value. 
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2.3.5: Quantification of Cortical Visual Acuity Thresholds 

Background noise was taken as the average amplitude of the visual response map 

to 2 cpd, a stimulus well beyond the limit of mouse spatial acuity.  It was determined that 

the average background noise amplitude (1.52±0.08 ΔF/Fx104) was approximately 20% of 

the average peak amplitude of the response (7.3±0.64 ΔF/Fx104). Based on this we 

determined the threshold of acuity to be the stimulus spatial frequency at which 

responses fell below 20% (background level) of an animal’s nondeprived eye maximum 

response. 

Determination of perceptual acuity from performance on visual water task: 

Performance on the water task with stimuli of varying spatial frequency was recorded 

over 200-250 trials as percent correct at a given frequency. The threshold of acuity was 

determined by the spatial frequency corresponding to the 70% value of the sigmoidal fit 

to performance data (see Figure 2.9B) (Prusky et al., 2000). 

2.3.6: Statistical Analyses 

A one-way ANOVA was used to compare the mean rank of all groups and 

determine the differences in the orientation selectivity of transplanted and endogenous 

PV and neighboring PV- neurons. F(3, 117) = 17.56, p < 0.0001. Mean rank for each group 

was compared to mean rank for each other group. Significance values were corrected for 

multiple comparisons using Tukey’s test.  (tPV- vs tPV, p=0.0002; tPV- vs ePV, p=0.001; 

tPV vs ePV-, p<0.0001; ePV- vs ePV, p<0.0001). (Figure 2.3C).   
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A Wilcoxin matched pairs signed rank test was used to compare ODI before versus 

after 4d MD in each group in the adult MD experiments. Critical period animals, yellow 

n=6: W(5)=-21, p=0.03; MGE 35 DAT, magenta solid n=9: W(8)= -45; p=0.0039; Untreated, 

gray n=7: W(6)= 2.0, p=0.88; MGE 70 DAT, cyan n=8: W(7)= -18, p=0.16; dead MGE, 

magenta dashed n=4 W(3)= -3.0, p=0.75; LGE, black solid n=5: W(4)= -5.0, p=0.56; CGE, 

black dashed, n=3, W(2)=0, p>0.99. Data for two animals in each of the MGE 70 DAT 

group CGE group, and critical period group had recordings for only the pre-MD time 

point that are included in the plot, but not the statistical analysis as they lack the matched 

post MD paired data (Figure 2.5). 

A Kruskal-Wallis analysis of variance was used to determine significance of 

differences in ocular dominance shifts across groups in the adult MD experiments H= 

27.12, p=0.0001. Mean ranks for control groups were compared to mean rank for critical 

period animals. Significance values were corrected for multiple comparisons using 

Dunn’s test: critical period animals, yellow, n=5 vs MGE 35 DAT, magenta solid n=9 : 

p>0.99; vs untreated, gray n=7: p<0.003; vs MGE 70 DAT, cyan n=8: p=0.008; vs dead MGE, 

magenta stripes n=4: p=0.03; vs LGE, black n=5: p=0.02; vs CGE, black cross-hatched, n=5: 

p=0.02 (Figure 2.4C). 

A paired t-test was used to determine differences between shifts (before and after 

4d MD) in contralateral (deprived) and ipsilateral (nondeprived) response amplitudes 

following monocular deprivation in adult MD experiments. A D’Agostino-Pearson 
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omnibus test for normality and a ROUT test for outliers with Q set to 1% were used to 

confirm that data satisfied the assumptions of the t-test. Contra (n=8) shift: paired t-test; 

t(7)=4.83, p=0.0019; ipsi (n=8) shift: t(7)=0.045, p=0.97 (Figure 2.4D). 

An unpaired t-test was used to assess differences in PV cell counts for 35 DAT and 

70 DAT MGE recipient groups. No difference between groups was observed (MGE 35 

DAT, 262±90 cells versus MGE 70 DAT, 430±112, (t(9)=1.02, p=0.34). Insignificant numbers 

of PV cells were observed in LGE recipients, 42±34 cells. 

A linear regression and correlation analysis were used to determine whether there was a 

linear relationship between number of transplanted PV neurons and degree of plasticity 

induced in MGE cell recipients: R2=0.042, F(1,13)=0.57, p=0.46 (Figure 2.6). 

An ANCOVA (analysis of covariance) was used to determine significance of 

differences between slopes and intercepts (intercepts were not assessed when slopes were 

too different for accurate assessment) of all linear regression lines in visual deficit rescue 

experiments. Live MGE deprived eye 15 DAT (n=6) versus 55 DAT (n=5): slope, 

F(1,151)=6.52, p=0.01. Dead MGE deprived eye 15 DAT(n=3) versus 55 DAT(n=3): slope, 

F(1,66)=3.37, p=0.07; intercept, F(1,67)=0.027, p=0.87, n.s. (Figure 2.7). 

MGE deprived 55 DAT (n=5) versus nondeprived 15 DAT (n=6): slope, F(1,151)=0.055, 

p=0.82;  intercept, F(1,152)=1.34, p<0.25. MGE deprived (n=6) versus nondeprived (n=4) 

eye 55 DAT: slope, F(1,136)=0.278, p=0.6;  intercept, F(1,137)=6.44, p=0.99. MGE deprived 

15 DAT versus untreated impaired animals at P170: slope, F(1,116)=1.30, p=0.26; intercept, 
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F(1,117)=0.34, p=0.56. Dead MGE deprived versus live MGE deprived 55 DAT: slope, 

F(1,116)=10.52, p=0.002. Deprived eye 0 DAT vs 19-24 DAT: slope, F(1,101)=0.56, p=0.46; 

intercept, F(1,102)=2.86, p=0.09 (Figure 2.7). 

Kruskal-Wallis analysis of variance was used to determine significance of 

differences in cortical visual acuity for the following: nondeprived eye (15 and 55 DAT 

assessments averaged) versus deprived eye 15 DAT (live and dead MGE values 

averaged), live MGE deprived eye 55 DAT, dead MGE deprived eye 55 DAT, and 

deprived eye in untreated impaired animals (~P170). H= 28.35, p < 0.0001. Mean rank for 

each group was compared to mean rank for the nondeprived eye. Significance values 

were corrected for multiple comparisons using Dunn’s test: Non deprived eye (n=18, 

green) versus: recovery of deprived eye in live MGE recipients 55 DAT (magenta solid, 

n=5) p>0.99; versus deprived eye MGE recipients 15 DAT (black, n=7) p=0.002; versus 

deprived eye in dead MGE recipients 55 DAT (magenta stripes, n=3) p=0.04; versus 

deprived eye in untreated impaired animals ~P170 (gray, n=4) p=0.03 (Figure 2.7F). 

An ordinary one-way ANOVA was used to determine significance of differences 

perceptual visual acuity for the deprived and nondeprived eyes from both recipients and 

non-recipients as well as from naïve animals that were never deprived and received no 

treatment (MGE recipients deprived eye, n=5; non-recipients deprived eye, n=9; 

nondeprived eyes, n=18; naïve animals, n=9) F(3, 37) = 7.52, p = 0.0005. Mean rank for each 

group was compared to mean rank for each other group. Significance values were 
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corrected for multiple comparisons using Tukey’s test. MGE recipient deprived eye 

versus nondeprived eye, p=0.97; MGE recipient deprived eye versus non-recipient 

deprived eye, p=0.007; MGE recipient deprived eye versus naïve animal, p=0.99; non-

recipient deprived eye versus nondeprived eye, p=0.0008; non-recipient deprived eye 

versus naïve animals, p=0.003; nondeprived eye versus naïve animals, p=1.0 (Figure 

2.9C). 

A paired Mann-Whitney test was used to determine significance of differences in 

maximum performance on the behavioral task for the nondeprived eye in impaired 

animals versus naïve controls. Normal performance using the nondeprived eye 

confirmed that each animal was capable of performing the task and that the acuity deficit 

observed was specific to the deprived eye (U(11) = 12.50, p=0.21; Figure 2.9B, middle, inset 

graph).  

All error was reported or plotted as standard error mean. All statistical analyses were 

performed using Prism 6.03 (Graphpad). 

 

2.4: Results 

2.4.1: Transplanted MGE Cells Disperse in Adult Cortex and Develop Molecular and 

Cellular Properties of Inhibitory Neurons 

Neocortical inhibitory neurons are generated in the medial and caudal ganglionic 

eminences (MGE and CGE respectively) of the ventral forebrain (Wonders and Anderson, 
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2006). First, we transplanted embryonic day 13.5 (E13.5) inhibitory neuron precursors 

from the MGE into adult primary visual cortex (V1). Cell placement was guided using 

intrinsic signal imaging to map the cortical location of V1 (Figure 2.1A). Transplanted 

MGE cells dispersed broadly through adult V1 and expressed a marker specific to 

GABAergic neurons (VGAT: Figure 2.1B). 

 

 

Figure 2.1. Transplanted cells migrate in adult visual cortex and express markers of mature cortical interneurons. 

(A) Schematic of physiologically guided transplantation to binocular visual cortex. (Right) A retinotopic map overlaid 

on an image of the cortical surface. Location of MGE cell injections and GCaMP6s-expressing virus injections indicated 

in red and green, respectively. (B) Example coronal section from a MGE recipient 95 days after transplantation (DAT). 

Transplanted cells disperse across cortical layers and express the GABAergic neuron marker VGAT (red). (C) Example 

transplanted VGAT-positive cells (left column) from a recipient ∼100 DAT stained for Parvalbumin (PV, top row), 

Somatostatin (SST, middle row), and vasoactive intestinal peptide (VIP, bottom row). White chevrons show 

transplanted cells expressing PV or SST. (D) Quantification of transplanted marker expression for PV, SST, and VIP (n 



37 

 

= 480 cells, n = 2 mice). (E) Example perineuronal nets (PNNs) on transplanted cells ∼100 DAT. White chevrons show 

transplanted cells that carry PNNs. Error is reported as SEM. 

 

We next determined whether MGE cells transplanted into adult visual cortex 

developed other characteristics typical of cortical inhibitory neurons. The relative 

proportion of PV and SST-expressing transplanted neurons in adult recipients (39.5% PV, 

21.5% SST+; Figure 2.1C,D) was comparable to that reported for MGE transplantation into 

both embryonic and neonatal recipients (Butt et al, 2005; Southwell et al, 2010). The 

laminar distribution of transplanted MGE cells also largely reproduced the profile 

observed in a fate mapping study of MGE cells (21.4% in L2/3 and 54.4% in L5/6; Figure 

S2.1b; see (Pla et al., 2006)). In addition, approximately 25% of transplanted cells 

developed perineuronal nets as revealed by Wisteria floribunda agglutinin staining (see 

Figure 2.1e). Together, our results suggest that transplanted MGE cells survive, disperse 

to appropriate locations, and develop appropriate subtypes and characteristics. 
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Figure 2.2. Laminar distribution of inhibitory neurons from CGE and MGE transplantations shown in Figure 2.1. 

(A) Example sections from a CGE recipient cells 42 days after transplantation (DAT) into adult visual cortex that 

express the GABAergic neuron marker VGAT (red). Many transplanted inhibitory cells are found close to the 

injection site (left). Some transplanted CGE cells migrate into the adult cortical tissue (right). (B) Comparison of the 

laminar distribution of transplanted CGE (cross hatched; n=193 cells, 3 mice) and MGE (magenta; n=582 cells, 3 mice) 

inhibitory cells. Whereas MGE cells disperse across cortical layers, CGE cells are mostly found in the deeper layers. 

Error is reported as SEM. 

It was previously shown that MGE cells transplanted to neonatal visual cortex 

receive excitatory synaptic inputs (Southwell et al., 2010), however it was unknown 

whether these cells developed normal sensory-evoked responses. Next, we assessed the 

visual response properties of fluorescently identified transplanted inhibitory cells using 

two-photon imaging of the genetically encoded calcium indicator GCaMP6s (Figure 

2.3A). We focused our study on PV neurons because of their established importance in 

critical period plasticity (Fagiolini et al., 2004; Hensch, 2005; Kuhlman et al., 2013) and 

because the visual response properties of these cells have been well characterized (Kerlin 
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et al., 2010; Kuhlman et al., 2011; Li et al., 2012; Runyan and Sur, 2013; Runyan et al., 

2010). As expected, the visual responses of transplanted PV cells at 91-93 DAT exhibited 

much broader orientation selectivity (OSItPV=0.39±0.07, n=11 cells) than that of 

neighboring, presumptive excitatory cells (OSItPV-=0.72±0.04, n=17 cells). The average 

orientation selectivity of transplanted PV cells was similar to that of endogenous PV cells 

measured in untreated adult visual cortex (OSIePV=0.45±0.03; Figure 2.3B-D). 

Furthermore, the amplitude of the visually evoked calcium transients in the transplanted 

cells was quantitatively similar to endogenous PV cells (ΔF/F0 tPV=0.42±0.06 vs ePV= 

0.38±0.03). The cell-type appropriate responses from transplanted PV cells suggest that 

these cells successfully integrated into the adult cortical circuit. 

 

Figure 2.3. Transplanted inhibitory neurons develop cell-type-appropriate visual responses 

(A) A transplanted PV+ (red) cell coexpressing calcium indicator GCaMP6s (green). (B) GCaMP6s visual responses 

from a PV− cell (top, green) and transplanted PV cell (bottom, red) to drifting gratings presented at 12 different 



40 

 

orientations (gray bars denote stimulus presentation, gray traces reflect single trial responses, red or green trace 

represents averaged signal). (C) Polar plots of averaged response to stimulus orientation are shown for each example 

trace. (D) Orientation selectivity of transplanted PV neurons (∼90 DAT; tPV, solid red bar), endogenous PV neurons 

(∼P140; ePV, striped red bar), and neighboring PV− neurons (tPV−, solid green bar; ePV−, striped green bar). 

Transplanted PV neurons have broader orientation tuning than their neighbors (OSI tPV = 0.39 ± 0.07, n = 11 versus 

tPV− = 0.72 ± 0.04, n = 17). This orientation tuning is equivalent to endogenous PV cells(OSI ePV = 0.46 ± 0.03, n = 19; p 

= 0.78). (E) Average response at preferred orientation (ΔF/F0) is shown for transplanted and endogenous PV (tPV, solid 

red bar; ePV, striped red bar) and PV− neurons (black bar). Responses from transplanted PV cells (ΔF/F0 = 0.42 ± 0.06) 

were comparable in strength to endogenous PV cells (ΔF/F0 = 0.38 ± 0.03). Error is reported as SEM. 

 

2.4.2: MGE Transplantation Reactivates Ocular Dominance Plasticity  

In adult mice over P90, brief (<5 days) closure of one eye (monocular deprivation; 

MD) produces little effect on visual cortical responses (Lehmann and Löwel, 2008). In 

juvenile mice, brief MD strongly shifts the balance of visual responses away from the 

deprived eye and towards the nondeprived eye, a shift that is most pronounced during 

the critical period (P19-P32). To test for this ocular dominance plasticity, we used intrinsic 

signal imaging to measure the strength of eye-specific visual responses before and after 

four days of MD (see Figure 2.4A). An ocular dominance index (ODI) was calculated to 

quantify the relative strength of eye-specific visual responses. An ODI of -1 indicates that 

cortex responds only to ipsilateral eye stimulation, 1 indicates that cortex responds only 

to contralateral eye stimulation, and 0 indicates equal responses to both eyes. Four days 

of MD produced no discernible change in the visual responses of untreated adult mice 

aged P77-113 (Figure 2.4B gray; pre-MD ODI=0.18±0.02; post-MD ODI=0.18±0.02). In 

contrast, MD produced a robust shift in critical period mice (~P27) (Figure 2.4B yellow; 

pre-MD ODI=0.17±0.01; post-MD ODI=0.0±0.03). 
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Figure 2.4. Transplantation reactivates critical period plasticity. 

(A) Timeline of the experimental protocol. Responses to contralateral versus ipsilateral eye stimulation were used to 

calculate an ocular dominance index (ODI). Recordings were made only in the transplanted hemisphere. (B) Ocular 

dominance index determined before (white columns) and after (gray columns) 4 days of monocular deprivation (4d 

MD). A significant difference was seen between pre- and post-MD ODI in the CP group (yellow, n = 6: W[5] = −21; p = 

0.03) and in the 35 DAT MGE group (magenta, n = 9: W[8] = −45; p = 0.004), but not in any other group. (C) Average 



42 

 

ocular dominance shift (ODS) following 4d MD for each experimental group in (B). ODS for MGE 35 DAT (magenta, 

n = 9) recipients was equivalent to critical period shifts (yellow, n = 6), but ODS in all other groups were significantly 

smaller than critical period ODS (versus untreated, gray, n = 7, p = 0.006; versus MGE 70 DAT, cyan, n = 8, p = 0.01; 

versus dead MGE, dashed magenta, n = 4, p = 0.04; versus LGE, black solid, n = 5, p = 0.03; and versus CGE, black 

crosshatched, n = 5, p = 0.02). (D) (Upper graph) Four days of MD produced a loss of deprived eye visual responses (n 

= 8; black; t[7] = 4.83, p = 0.0019) but no significant change in nondeprived eye visual responses (n = 8; green). n.s. 

denotes not significant. (Lower graph) The same data shown in a plotted as a percentage of baseline amplitude. Error 

is reported as SEM. 

 

To probe for plasticity in MGE transplant recipients, we first examined plasticity 

33-35 days after transplantation (33-35DAT), the time point at which the levels of critical 

period plasticity would have reached a peak in the donor animal (33-35 days = time span 

from E13.5 to ~P27 ). MD at 33-35 DAT (MGE 35 DAT group) resulted in a robust shift of 

visual responses towards the nondeprived eye (Figure 2.4B magenta; pre-MD 

ODI=0.21±0.01; post-MD ODI=0.07±0.01). Figure 2.4C shows average shifts in the ocular 

dominance index (ODS) for each group compared to ODS for critical period animals 

subjected to the same 4 day monocular deprivation.  To rule out that the reactivated 

plasticity was a surgical artifact or caused by factors present in embryonic MGE tissue, 

we also transplanted dead MGE cells. MD did not produce a significant shift of visual 

responses in dead MGE cell recipients (Figure 2.4B magenta dashed; pre-MD 

ODI=0.19±0.02; post-MD ODI=0.18±0.02), indicating that living MGE cells are needed for 

the reactivation of plasticity.  

During the juvenile critical period, MD produces a rapid loss of deprived eye 

visual responses followed by a slower gain in nondeprived eye responses. In contrast, in 

the weeks following the critical period, MD produces a slow gain in nondeprived eye 
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visual responses alone (Sato and Stryker, 2008; Sawtell et al., 2003). In transplantation-

induced plasticity, we observed a rapid reduction in deprived eye responses (Figure 2.4D; 

post 4d MD deprived eye versus pre: 23% reduction), with no discernible change in 

nondeprived eye responses. Therefore, transplantation-induced plasticity mimics critical 

period plasticity. 

 
 

Figure 2.5. Transplant induced plasticity shown in Figure 2.4 is not dependent on recipient age. 

Ocular dominance index (ODI) before and after 4 days of monocular deprivation (4d MD) and shifts in ODI in MGE 

35 DAT group (magenta, n=9) and LGE 35 DAT group (black, n=5). Most animals underwent 4d MD at around P100. 

A few older recipients underwent 4d MD much later in adulthood (empty black circles and dashed lines; P192, n=2, 

MGE 35 DAT group; P217, n=1, LGE group). (A) ODI values before and after MD in these older adult recipients were 

comparable to values for their respective groups. (B) ODS in older adult animals were within the observed range for 

their respective groups. Error is reported as SEM. 

 

Most recipient mice were ~P65 at transplantation and were studied for plasticity 

at ~P100, approximately two months after the normal critical period. Two MGE 

recipients, however, received cells at P159 and were studied for plasticity at P192, nearly 

five months after the endogenous critical period. MD produced robust effects in these 

older adult recipients (Figure 2.5) indicating that inhibitory neuron transplantation can 

reactivate plasticity up to at least five months after the critical period. 
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We observed reactivated plasticity 35 DAT, when the critical period would have 

been open in the donor animal (see Figure 2.4A). To determine whether transplantation 

creates a time-limited period of plasticity like the endogenous critical period, we 

performed MD 58-81 DAT (70 DAT group), when the critical period would have been 

closed in the donor animal. MD produced no significant effect at this time point (Figure 

2.4B, cyan), in contrast to the robust shift observed in the 35 DAT group (Figure 2.4C, 

magenta 35 DAT ODS=0.15±0.02 versus cyan 70 DAT ODS=0.02±0.02).  

PV neurons are thought to play a prominent role in the regulation of critical period 

plasticity (Fagiolini et al., 2004; Hensch, 2005; Kuhlman et al., 2013). It was possible that 

plasticity was absent in the 70 DAT group because transplanted PV cells died during the 

extended period between transplantation and assessment. We therefore compared counts 

of transplanted PV cells in a subset of recipients from the 35 DAT and the 70 DAT group 

(Figure 2.6). There was no significant difference in the number of PV cells between 35 and 

70 DAT MGE recipient groups. We also did not observe a relationship between the 

number of PV cells and the extent of ocular dominance plasticity (Figure 2.6C). 
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Figure 2.6. The number of transplanted PV cells does not predict the extent of plasticity. 

(A) An example coronal section from a MGE recipient. Transplanted PV cells (red) are observed in all layers of 

binocular visual cortex (CTX I-VI) but do not cross the corpus callosum (CC). (B) An example coronal section from a 

LGE recipient; few transplanted PV cells were found in LGE recipients. (C) Quantification of transplanted PV cells 

found in a subset of MGE 35 DAT (magenta), MGE 70 DAT (cyan), and LGE (black) recipients plotted against ocular 

dominance shifts for each animal. Square points correspond to individuals presented in (A) and (B). No relationship 

between ocular dominance shift and cell count was observed for MGE recipients (R2 = 0.042; p = 0.46, n.s.). (D) 

Transplanted PV cell spread aligned to the peak PV cell count position (0 on the x axis) and averaged for each group 

to illustrate distribution of transplanted cells. Error is reported as SEM. 

 

2.4.3: CGE and LGE Transplants Do Not Activate Plasticity  

To determine whether another source of cortical interneurons could produce 

ocular dominance plasticity, we transplanted cells from the caudal ganglionic eminence 

(CGE).  CGE cells also expressed markers specific to GABAergic neurons, but dispersed 

in the adult neocortex less extensively than MGE cells (VGAT: Figure 2.2A).  CGE 

transplantation did not induce any detectable plasticity at 35 DAT (Figure 2.4B, black 

dashed; pre-MD ODI=0.18±0.01; post-MD ODI=0.17±0.03)). In contrast to MGE cells, CGE 
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cells transplanted into adult visual cortex adopted a laminar distribution that was biased 

towards the deeper layers as compared to normal (71.6% in L5/6; Figure 2.2B; %20-30 in 

L5/6 (Miyoshi et al., 2010; Pla et al., 2006).  

Whereas the medial and caudal ganglionic eminence produce cortical 

interneurons, the lateral ganglionic eminence (LGE) produces interneurons destined for 

the olfactory bulb and striatum. MD produced no effect in adult LGE recipients (Figure 

2.4B, black solid; pre-MD ODI=0.14±0.02; post-MD ODI=0.13±0.03). As expected, 

transplanted LGE tissue largely failed to disperse in the adult visual cortex (Southwell et 

al., 2010; Wichterle et al., 1999).  A small number of PV cells were occasionally found in 

LGE recipients however, likely due to a small amount of contamination from MGE 

originating cells. Nonetheless, these cells did not induce plasticity (Figure 2.4B,C). Taken 

together, these results demonstrate that the transplantation of live, MGE-derived 

inhibitory neurons creates a new critical period of plasticity in adult visual cortex. 

2.4.4 Recovery of Visual Cortical Function 

In our next set of experiments, we sought to recover cortical function in visually 

impaired animals using transplantation-induced plasticity. MD that spans the critical 

period produces a permanent disruption of visual cortical responses to the deprived eye. 

The dominant visual input to primary visual cortex comes from the contralateral eye. We 

transplanted inhibitory neurons to and assessed effects in the cortex contralateral to the 
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previously deprived eye. As a control, visual responses in the opposite hemisphere were 

recorded in response to stimulation of the nondeprived eye (Figure 2.7). 

 

Figure 2.7. Transplantation reverses cortical effects of visual deprivation during the critical period. 

(A) Timeline of the experimental protocol. Only responses to contralateral eye stimulation were recorded from 

each hemisphere. (B) Retinotopic maps for an example animal. From left to right: deprived eye 0 DAT (black) 

and 48 DAT (magenta), and nondeprived eye (green). Scale bar denotes visual field elevation. (C) For animal 

from (B), cortical responses to visual stimuli across a range of spatial frequencies presented to the deprived 

eye at 0 DAT (black) and 48 DAT (magenta), and responses from the control (nondeprived) eye (green dashed 

line) (D) Average deprived eye responses at 15 DAT (black, n = 6) compared to 55 DAT (magenta, n = 5); Lines 

differ significantly: ANCOVA, p = 0.01. Control eye responses for this group shown as green dashed line. (E) 
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Average deprived eye responses at 15 DAT (black, n = 3) and 55 DAT (dashed magenta, n = 3) in dead MGE 

transplant recipients; lines do not differ significantly. Control eye responses for this group are shown as green 

dashed line. (F) Average acuity of visual responses to stimulation of deprived and nondeprived eyes in live 

and dead MGE recipients as well as untreated animals differed across groups H = 28.35, p < 0.0001. Compared 

to nondeprived control eye (green, n = 18) acuity, deprived eye acuity of live MGE (black solid, n = 7) and 

dead MGE (black striped, n = 4) recipients at 15 DAT was poor (p < 0.002 and p < 0.05, respectively). By 55 

DAT, deprived eye acuity recovered to nondeprived eye levels in live MGE (magenta, n = 5), but not dead 

MGE (magenta, stripes; n = 3; p < 0.05) recipients. No spontaneous recovery was observed in untreated 

impaired animals (gray, n = 4, p < 0.03). Error is reported as SEM. 

We used intrinsic signal optical imaging to assess impairment of cortical responses 

prior to the reactivation of plasticity, 0-24 DAT (15 DAT). To probe for recovery, we then 

reassessed the same animals after reactivation of plasticity, at 47-62 DAT (55 DAT), 

(Figure 2.7). Figure 2.7B shows example intrinsic imaging responses to drifting noise 

stimulus. The deprived eye retinotopic map reveals a particularly severe deficit (Figure 

2.7B; black, 0 DAT). By 48 DAT, however, the deprived eye retinotopic map has recovered 

(magenta).  

We then assessed responses in primary visual cortex to stimuli across a range of 

spatial frequencies in order to provide a neurophysiological measure of visual acuity 

(Beurdeley et al., 2012; Heimel et al., 2007; Sugiyama et al., 2008). Response values were 

normalized as a percentage of the maximum response produced by stimulation of the 

nondeprived eye measured in the opposite, untreated hemisphere. Figure 2.7C shows 

cortical responses for the severely impaired mouse in Figure 2.7B at 0 DAT (black) and 

48 DAT (magenta). At 0 DAT, no response was observed at any spatial frequency. 

Strikingly, by 48 DAT, responses to deprived eye stimulation were restored to levels 

equivalent to responses to nondeprived eye stimulation (green dashed line). For all live 
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MGE recipients, we observed marked deficits prior to reactivation of plasticity (15 DAT; 

Figure 2.7D; black). After the reactivation of plasticity (55 DAT), however, visual 

responses improved significantly (p=0.01; Figure 2.7D; black versus magenta) to levels 

indistinguishable from the nondeprived eye (dashed green line). 

We also examined the effects of transplanting dead MGE cells to the cortex of 

visually impaired mice. In the previous MD experiments, no plasticity was observed at 

35 DAT in dead MGE recipients (Figure 2.4B,C). As expected, at 55 DAT, visual responses 

to the deprived eye remained unchanged compared to 15 DAT (Figure 2.7E). We also 

assessed untreated visually impaired animals to test for spontaneous recovery. These 

untreated animals were assessed up to approximately five months after initial 

deprivation and showed no sign of recovery (acuity: 0.20±0.07 cpd, Figure 2.7F, grey).  

To assess thresholds of acuity in cortical responses, we determined the spatial 

frequency of the visual stimulus at which responses fell to background levels. Figure 2.7F 

shows that at 15 DAT, average acuity for the deprived eye responses in both live and 

dead MGE recipients is significantly lower than for nondeprived eye responses (0.20±0.16 

cycles per degree [cpd] for MGE recipients, n=7; 0.23±0.13 cpd in dead MGE recipients, 

n=3; versus 0.52±0.11 cpd in nondeprived eyes, n=18; p=0.0015 and p=<0.05 respectively). 

By 55 DAT in live MGE cell recipients, average acuity for the deprived eye reached 

threshold levels indistinguishable from the nondeprived eye (0.52±0.11 cpd versus 

0.59±0.07 cpd).  In contrast, at 55 DAT in dead MGE cell recipients (n=3), results were 
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unchanged compared to 15 DAT and matched untreated impaired mice (n=4), (0.17±0.06 

cpd versus 0.23±0.13 cpd, versus 0.20±0 cpd.14; Figure 2.7F).  

Figure 2.8. No improvement in cortical visual responses for 

animals shown in Figure 2.7 is observed up to 24 days after 

transplantation. 

 (A) The cortical responses to deprived eye visual stimulation in 

visually impaired animals were assessed 0 DAT (n=5; black) and 

19-24 DAT (n=3; blue). Cortical responses to the deprived eye 

were not significantly improved 19-24 DAT from responses 

obtained at 0 DAT (ANCOVA; p = 0.46 for slope, p = 0.09 for 

intercept). Error is reported as SEM. 

 

 

It was possible that the migration of transplanted cells through the host cortical 

tissue initiated recovery.  If this were the case, we would expect to see improvements in 

cortical responses by 14 DAT, when the cells complete their migration in the host brain.  

Figure 2.8 shows that even by 19-24 DAT, the acuity of cortical responses has not yet 

improved. These data suggest that the observed recovery of cortical function produced 

by inhibitory neuron transplantation comes after cell migration is completed.  Taken 

together, these results show that inhibitory neuron transplantation reverses the 

impairment in deprived eye cortical responses (Figure 2.7). However, it remained 

possible that visual perception through the deprived eye remained impaired despite the 

restored acuity of visual cortical responses (Stephany et al., 2014).  

2.4.5: Restoration of Visual Perception 

Next, we tested the ability of transplant recipients to see through the deprived eye 

and nondeprived eye using a visual water task (Prusky et al., 2000). Mice learned to 
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associate a hidden escape platform with a visual grating (Figure 2.9A). Mice were then 

challenged to find the platform with visual gratings of increasing spatial frequency to 

determine the perceptual limit of their vision. Acuity through the deprived and 

nondeprived eyes was assessed independently by covering one eye during testing. We 

tested three groups: visually impaired mice that received live MGE cells, untreated 

impaired mice, and normally sighted mice. Recipient mice were trained on the task 

starting at 31 DAT, along with age matched controls. Perceptual thresholds for vision 

through the nondeprived eye of each mouse were also assessed. The average threshold 

for vision through the nondeprived eye was 0.45±0.01cpd , equivalent to that of normally 

sighted controls (0.46±0.02 cpd) and consistent with published data (Prusky and Douglas, 

2003) (for representative cases Figure 2.9B).  Thresholds for untreated impaired mice 

using the deprived eye were significantly lower (0.33±0.04 cpd; p=0.0008 vs nondeprived 

eye; p=0.003 versus normally sighted controls; Figure 2.9C). The same mice, however, 

performed the task using their nondeprived eyes as well as normally sighted animals. 

Therefore, the visual deficit in the impaired mice was specific to the deprived eye. In 

contrast to untreated impaired mice, MGE recipients fully recovered vision through the 

deprived eye (0.47±0.03 cpd; Figure 2.9B,C).  These results make clear that inhibitory 

neuron transplantation reverses the visual deficit imposed by monocular deprivation 

during the endogenous critical period. 
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Figure 2.9. Transplantation reverses 

perceptual deficits in visually impaired 

animals. 

(A) Schematic of the visual water task. (B) 

(Top) Representative performance on a visual 

task for (top) a mouse using the nondeprived 

eye (green), acuity threshold = 0.46 cpd 

(gradings on x axis schematically represent 

the spatial frequency of the visual stimulus); 

(middle) an untreated mouse using the 

deprived eye, acuity threshold = 0.30 cpd. 

Inset graph compares the maximum 

performance by untreated animals through 

deprived (black) and nondeprived (green) 

eyes versus normally sighted animals (gray). 

(Bottom) A MGE recipient mouse using the 

deprived eye for the visual task, acuity 

threshold = 0.51 cpd. (C) Quantification of 

perceptual acuity across groups (F(3, 37) = 7.52, 

p = 0.0005). MGE recipients tested using the 

deprived eye (n = 5, magenta) had acuity 

equivalent to that of deprived animals using 

the control (nondeprived) eye (n = 18, green) 

and to that of naive animals (n = 9, gray). 

Untreated, impaired animals tested using the deprived eye (n = 9, black) had significantly depressed acuity thresholds 

compared to MGE recipients (p = 0.007), nondeprived eyes (p = 0.0008), and naive animals (p = 0.003). Error is reported 

as SEM. 

 

2.5: Discussion 

In light of our findings, we conclude that the transplantation of inhibitory neurons 

into the adult visual cortex creates a new critical period in the binocular visual system. 

Four lines of evidence support this conclusion: 1) Transplantation induces ocular 

dominance plasticity at 35 DAT when the critical period would be open in the donor 

animal but not at 70 DAT when the donor critical period would be closed. 2) The level of 
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ocular dominance plasticity induced by transplantation is quantitatively similar to 

normal critical period plasticity. In addition, transplantation induced plasticity is 

equivalent to that induced by diazepam treatment before the critical period (~P18-22; data 

not shown). 3) The transplant-induced recovery of visual acuity in adult amblyopic mice 

begins after 25 DAT and is complete by 45 DAT, when the donor critical period would be 

closed. 4) Brief monocular deprivation during the transplant-induced critical period 

produces a loss of deprived eye input, a hallmark of critical period and not adult 

plasticity.  

It is striking that transplanted cells acquire normal visual response properties 

(Figure 2.3). There is some recent evidence that the orientation selectivity of PV neurons 

in the visual cortex may be heterogeneous, with some sharply tuned and other broadly 

selective cells (Runyan and Sur, 2013).  Future studies may address any functional 

heterogeneity of transplanted cells once new genetic markers become available for 

parceling out subpopulations of PV cell types.  

Further investigation of different properties of transplanted MGE and CGE cells 

may yield insight into the mechanisms of transplant-induced plasticity. For example, in 

fate mapping studies, cells from CGE predominately migrate into cortical layers 2 and 3 

(Miyoshi et al., 2010). In contrast, most cells from our CGE transplants were found in 

layers 5 and 6, with a very small fraction found in layer 2. The lack of transplanted CGE 

cells in the superficial layers of cortex may have prevented the induction of plasticity. 
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A detailed study of the cell types contributed by MGE versus CGE transplants may 

shed light on the mechanisms of the critical period. A dominant hypothesis in the field is 

that PV cells are critical to the induction of plasticity (Hensch, 2005). In our study, 

however, we found that the number of transplanted PV cells from the MGE did not 

predict the extent of induced plasticity in adult recipients. This finding agrees with earlier 

transplantation studies in neonatal mice that find no obvious relationship between the 

reactivation of plasticity and the number of PV cells (Southwell et al., 2010; Tang et al., 

2014). Moreover, a recent publication shows that the depletion of both PV and SST 

transplanted cell populations prevented plasticity induction, but that the ablation of 

either population independently did not prevent plasticity (Tang et al., 2014).  

It is intriguing that transplanted MGE cells migrate to the appropriate cortical 

layers in adult tissue in the absence of juvenile migration cues whereas CGE cells do not 

appear to do so (Figure 2.2). Unlike for transplanted CGE cells, distributions of 

transplanted MGE cells in our experiments were similar to those previously reported in 

MGE fate mapping studies (~54% in layers 5/6 and ~21% in layers 2/3). Perhaps cells from 

the MGE have intrinsic migration cues while CGE derived cells require external 

developmental cues from the neonatal brain in order to migrate into appropriate layers. 

Since the anatomical boundaries of CGE are less defined than MGE, it may also be that 

our dissection procedure missed those CGE cells that are normally fated to occupy the 

upper cortical layers. 
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It is remarkable that the transplantation of embryonic inhibitory neurons is 

sufficient to restore visual function in primary visual cortex without any explicit sensory 

training. Various manipulations of sensory environment or experience coupled with 

physical activity have been shown to recover visual function (Kaneko and Stryker, 2014; 

Montey et al., 2013; Tognini et al., 2012). These manipulations, however, are likely to have 

widespread effects in the brain. In contrast, transplantation of inhibitory neurons 

provides a focal manipulation because transplanted cells do not spread beyond visual 

cortex. 

Interestingly, while the addition of new interneurons to the cortex induced a new 

critical period in adults, diazepam does not induce plasticity in adulthood (Fagiolini and 

Hensch, 2000). Thus, it is not merely increased inhibition that results in critical period 

plasticity induced by MGE cell transplantation. How then do transplanted cells induce 

such extensive plasticity in the adult?  Perhaps the addition of young interneurons 

weakens endogenous inhibition, allowing developmental events to occur for a second 

time in the adult brain. Another possibility is that the transplanted cells have little effect 

on endogenous inhibition and enact their own intrinsic program for critical period 

plasticity. Future experiments are needed to assess physiological changes to endogenous 

and transplanted cells across the weeks following transplantation and during the induced 

critical period.  
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Inhibitory neuron transplantation provides a powerful context in which to 

discover the developmental mechanisms that create the critical period. There is evidence 

that factors expressed at the onset of the critical period trigger the maturation of 

inhibitory circuits and set the timing of the critical period (Beurdeley et al., 2012; 

Sugiyama et al., 2008). If these factors were responsible for triggering transplanted cells 

to activate plasticity, we would have expected different results. If the adult brain were no 

longer expressing these factors, transplantation should not produce plasticity.  If these 

factors remained present in the adult, transplantation should have produced plasticity 

earlier than we observed. Our findings suggest instead that the mechanism responsible 

for producing the timing of the critical period is contained within inhibitory neurons. 

This observation suggests that extrinsic developmental factors are permissive for the 

induction of critical period plasticity and not instructive.  

To our knowledge, this is the first demonstration that a focal reactivation of 

plasticity in the cortex restores visual perception in impaired mice. Further, these results 

reveal that factors intrinsic to inhibitory neurons from the MGE are responsible for 

creating the critical period. Inhibitory neuron transplantation offers a promising avenue 

for reorganizing the brain after injury or disease. It also provides a broadly applicable 

new tool for exploring the logic of postnatal development. 
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Chapter 3: Contribution of Innate Cortical Mechanisms to the Maturation of 

Orientation Selectivity in Parvalbumin Interneurons 

 

3.1: Introduction 

The mature response properties of neurons in primary visual cortex emerge 

during the first few weeks after eye opening. Dark rearing experiments have revealed 

that a rudimentary level of cortical organization develops in the absence of normal vision 

(Hubel and Wiesel, 1963, 1974; Blakemore and Van Sluyters, 1975; Chapman and Stryker, 

1993; Crair et al., 1993; Chapman et al., 1999; White et al, 2001). For example, numerous 

studies have shown that excitatory neurons develop normal orientation selectivity 

without visual experience (Rochefort et al., 2009; Wang et al., 2010; Kuhlman et al., 2011; 

Li et al., 2012a, 2012b; Ko et al., 2014; Sarnaik et al., 2014). The onset of visual experience 

does have a pronounced impact on inhibitory interneurons (Desai et al., 2002; Maffei et 

al., 2004; Gandhi et al. 2005). Dark rearing prevents the emergence of broad orientation 

selectivity in cortical PV neurons (Kuhlman et al., 2011; Li et al., 2012a; Li et al., 2012b). It 

has been proposed that the onset of vision guides the maturation of interneurons by 

promoting the production of growth factors such as Otx2 (Sugiyama et al., 2008; 

Beurdeley et al., 2012) and BDNF (Huang et al., 1999). The release of these growth factors 

at the onset of vision may instruct the emergence of mature orientation selectivity in PV 

interneurons. Alternately, innate cortical mechanisms may determine when PV 
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interneuron orientation selectivity matures while experience-dependent mechanisms 

merely play a permissive role (Xu et al., 2004; Cang et al., 2005; Chattopadhyaya et al., 

2007; Huberman et al., 2008; Kerlin et al., 2010; Maroof et al., 2013). 

Cortical GABAergic interneurons can be isolated from the embryonic medial 

ganglionic eminence (MGE) and transplanted into postnatal neocortex (Wichterle et al., 

1999; Wonders and Anderson, 2006). Remarkably, MGE precursors disperse widely in 

host neocortex and express markers of mature GABAergic interneurons (Wichterle et al., 

1999; Southwell et al., 2010; Southwell et al., 2012; Davis et al., 2015). Transplanted 

interneurons have been shown to undergo apoptosis following an intrinsically timed 

program (Southwell et al., 2012). Transplantation studies have also revealed that 

interneurons induce critical period cortical plasticity through a cell-age dependent 

process (Southwell et al., 2010; Tang et al., 2014; Davis et al., 2015). In this study we make 

use of interneuron transplantation to investigate whether maturation of orientation 

selectivity in PV interneurons is innately timed. 

If the availability of vision dependent growth factors determines when PV 

interneurons mature, then younger PV interneurons introduced through transplantation 

should mature at the same time as their host counterparts. In contrast, if innate growth 

programs determine when broad orientation selectivity emerges, then younger PV 

interneurons introduced into older visual cortex ought to mature later than endogenous 

PV interneurons in the host animal. Using embryonic interneuron transplantation into 
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postnatal visual cortex, we find that broad orientation selectivity emerges in transplanted 

PV interneurons after it emerges in endogenous PV interneurons. We also find that 

transplantation does not alter the orientation selectivity of endogenous PV interneurons. 

These findings support the idea that an innately timed mechanism contributes to the 

maturation of orientation selectivity in PV interneurons. 

 

3.2: Materials and Methods 

3.2.1: Animals 

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

Committee at the University of California, Irvine. In order to identify PV expressing 

interneuron, PV-tdT mice were generated. The PV promoter in these mice drives 

expression of Cre which then subsequently activates expression of the red fluorescent 

reporter protein tdTomato (Madisen et al., 2010; Hippenmeyer et al., 2005). Other mice 

solely expressing Cre under the control of the PV promoter were used for viral targeting 

of GCaMP6s expression to PV cells. Both male and female mice were studied. 

3.2.2: MGE Dissection and Transplantation 

The medial ganglionic eminence (MGE) was dissected from embryonic day 13.5 

(E13.5) PV-tdT embryos as previously described (Davis et al., 2015). Detection of a sperm 

plug was used to define embryonic day 0.5 (E0.5). Explants were maintained in chilled L-

15 medium and DNAse (Roche; 40uL/mL) until transplantation. MGE chunks were 
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loaded into a beveled glass micropipette (50-75 µm tip diameter) using a hydraulic 

manipulator (Narishige, MO-10). The loaded micropipette was lowered perpendicular to 

the surface of the right hemisphere and advanced quickly 650-750 µm into the cortex. 

3.2.3: GCaMP6s Virus Delivery 

To assess visual responses of PV and Exc neurons, AAV-Syn-GCaMP6s (Chen et 

al., 2013) (UPenn Vector Core AV-1-PV2824) was injected into visual cortex two to three 

weeks prior to imaging. For recordings from host PV interneurons, PV-Cre pups were 

injected with Cre activated GCaMP6s (AV-1-PV2821). Virions were diluted 10-fold with 

ACSF to ~2x1012 GC/mL and 150-400nL was injected at a rate of 5-15nL/min. 

3.2.4: Surgical Preparation 

At least two days before imaging, custom-made titanium headplates were affixed 

to the skull using Vet bond and dental acrylic. Kwik-cast sealant (WPI) was placed on the 

skull to prevent drying. Mice were anesthetized with isoflurane in O2 (2-3% for induction, 

0.5-1.5% maintenance). Carprofen (5 mg/kg, s.c.) was administered to provide analgesia. 

Sterile eye ointment (Rugby) was used to protect the eyes. Body temperature was 

maintained at 37.5°C using a heating pad under feedback control from a rectal 

thermoprobe. Lactated Ringer’s (~0.2mL) was given towards the end of surgery to 

prevent dehydration. Mice were allowed to recover on a warm heating pad. 

For the calcium imaging session, isoflurane and Carprofen were used as described 

above and supplemented by Chlorprothixene (1-2mg/kg, i.p.). A craniotomy (<3mm 
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diameter) was performed over binocular visual cortex located using intrinsic signal 

imaging mapping performed in an earlier recording session (Kalatsky and Stryker 2003; 

Gandhi et al., 2008; Davis et al., 2015). A 3mm glass coverslip (World Precision 

Instruments) was placed over the exposed brain and sealed with Vetbond and dental 

acrylic. A thin layer of optically clear silicone oil (30,000 cSt; Dow Corning) was used to 

protect eyes, and secretions reduced using Atropine (0.15-0.3 mg/kg s.c.). 

3.2.5: Two-Photon Imaging 

Red (Chroma HQ605/75) and green (Chroma 565 dcxr) fluorescence were gathered 

with a Sutter MOM system using a 40X 0.8 NA IR objective (Olympus) with 920nm 

excitation light (Mai Tai HP). Image sequences typically covering a field of 140 x 140 µm 

(128 x128 pixels) were acquired at 6.1Hz using ScanImage software (v3.8; Pologruto et al., 

2003) at a depth of 175-350 µm below the pia. 

3.2.6: Visual Stimuli 

Visual stimuli were generated by custom-written Matlab code using the 

Psychophysics Toolbox (Brainard, 1997). The monitor was positioned 25 centimeters from 

the animal and covered with a color correction gel filter sheet (day blue gel D2-70; Lowel) 

to better exploit the spectral sensitivity of mouse vision (Jacobs et al., 2004). All stimuli 

were presented on an Acer V193 monitor (30 × 37 cm, 60 Hz refresh rate, 20 cd/m2 mean 

luminance). To measure orientation selectivity, full field drifting square gratings (0.05 

cyc/deg; 1 Hz) were presented at 12 directions spaced by 30 degrees. Some recordings 
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made to determine preferred orientation used 8 oriented gratings alone. Four or 8 repeats 

of each orientation and a blank stimulus were presented in a randomized order 

(percentage of PV interneurons shown 4 repeats: P18 = 50%, P28 = 55%, 25 DAT = 36%, 35 

DAT = 25%). Each stimulus repeat was presented to the contralateral eye for 6 seconds 

followed by a 6 second presentation of a gray screen.  

3.2.7: Cell Counting 

Brains were perfused and mounted (300µm intervals) 40-45 DAT as previously 

described (Davis et al., 2015), and imaged using a Leica SP8 confocal. Transplanted 

neurons were counted within a 250µm2 region centered over binocular visual cortex that 

spanned all cortical layers. 

 

3.3: Data Analysis 

3.3.1: Cell Responses 

Custom-written Python routines were used to remove motion artifact, identify cell 

ROIs and extract calcium fluorescence traces. Endogenous and transplanted PV 

interneurons were identified by the expression of tdTomato. Host PV interneurons were 

identified by the green fluorescence of flex-GCaMP6s and absence of red fluorescence 

present in transplanted PV interneurons. Neurons with nuclear expression of GCaMP6s 

were not recorded (Chen et al., 2013). 
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For each imaged cell, a fluorescence trace was computed by averaging the values 

across all pixels in the ROI. Neuropil contamination was removed from each trace by 

subtracting the averaged value of pixels in a 20um shell surrounding the ROI (Kerlin et 

al., 2010; Chen et al., 2013): FCELL = FROI – r* FNEUROPIL, where r, the neuropil contamination 

factor, was estimated from the ratio of averaged fluorescence present in small-diameter 

blood vessels compared to the surrounding neuropil. For the 0.8 NA objective used in 

these experiments r was estimated as 0.7, closely in line with values reported in other 

studies (Kerlin et al., 2010; Chen et al., 2013). 

To determine a cell’s response to each stimulus trial, the cell’s trace corresponding 

to the trial was 1) normalized to the baseline value for the 2s period preceding stimulus 

presentation, and 2) averaged over the 6s stimulation period. The cell’s response to a 

given direction 𝜃𝑖 was defined as the average response across the 4-8 repeats of each 

condition: F(𝜃𝑖). An estimate of a cell’s spontaneous calcium fluctuation was also 

determined using normalization to the two seconds preceding the start of the blank 

condition. Neuronal responsiveness was determined using a one-way ANOVA 

calculated (SciPy v0.16.1) across stimulus conditions plus a blank condition (p<0.05). 

3.3.2: Preferred Orientation 

Preferred orientation (θpref) was calculated as half the mean of the directions 

weighted by the response strength F(θ) at each orientation:  

𝜃𝑝𝑟𝑒𝑓 =
∑𝐹(𝜃)𝑒2𝑖𝜃

2∑𝐹(𝜃)
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A tuning curve, R(θ), was 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 response at the preferred orientation (Rpref) was R(θpref). 

3.3.3: Orientation Selectivity Index 

The cell’s orientation selectivity was determined using the circular variance 

method (Niell and Stryker, 2008; Kerlin et al., 2010): 

OSI =

(

 √(∑(𝐹(𝜃𝑖) ∗ sin(2𝜃𝑖))

𝑖

)

2

+ (∑(𝐹(𝜃𝑖) ∗ cos(2𝜃𝑖))

𝑖

)

2

∑𝐹(𝜃𝑖)

𝑖

⁄

)

   

where F is the response at direction θ. OSI was also computed using the sum of Gaussians 

method (Niell and Stryker, 2008; Wang et al., 2010; Davis et al., 2015). After fitting F(θ) 

with the tuning curve, R(θ), the orientation selectivity index (OSI) was computed as (Rpref 

-Rorth)/(Rpref +Rorth), where Rpref was R(θpref) and Rorth was R(θpref+ π/2). 

3.3.4: Calcium Signal Decay Time  

For each PV interneuron, the decay time of the calcium signal was estimated by 1)  

aligning the off periods to the stimulus that drove the maximal response, and 2) fitting  

the average of these off periods with a mono exponential function.  

3.3.5: Statistical Analyses 

The Mann-Whitney U test was used to assess differences between groups.  

Correlations were determined using Spearman rank correlation. Unless otherwise stated, 

statistical analyses were performed using Prism v6.03 (GraphPad). 
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3.4: Results 

3.4.1: Emergence of Broad Orientation Selectivity in Parvalbumin Interneurons 

In the days following the onset of vision, it has been shown that PV interneurons 

exhibit an initial orientation bias (Kuhlman et al., 2011; Li et al., 2012a). By postnatal day 

26-30, these cells develop broad orientation selectivity comparable to that of adult PV 

interneurons (Kuhlman et al., 2011; Li et al., 2012a; Li et al., 2012b). To confirm these 

electrophysiological observations, we performed two-photon functional imaging using 

the genetically encoded calcium indicator GCaMP6s (Chen et al, 2013). The visual cortices 

of neonatal mice were injected with a virus encoding GCaMP6s and then studied at one 

of two postnatal age ranges: P18-19 (P18) or P26-31 (P28) (Figure 3.1A). We guided our 

two-photon recordings to the binocular region of primary visual cortex using intrinsic 

signal mapping (Davis et al., 2015). Figure 3.1A shows an example field of view in which 

a PV interneuron expresses both the red fluorescent protein tdTomato and GCaMP6s 

while neighboring, putative excitatory neurons (Exc), express only GCaMP6s. Since the 

synapsin promoter driving GCaMP6s expression is active in all neurons, a small 

proportion of Exc neurons are likely to be inhibitory neurons. 
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Figure 3.1. The emergence of broad orientation selectivity in PV interneurons. 

(A) Illustration of experimental setup (above) and imaging timeline (below). In vivo two-photon imaging of visual 

responses to drifting square-wave gratings stimuli using GCaMP6s. An example field of view (top right) containing a 

PV interneuron that expresses tdTomato and GCaMP6s (red and green) along with putative Exc neurons expressing 

GCaMP6s alone (green). Orientation selectivity of cortical neurons was assessed at P18–P19 (P18) and P26–P31 (P28). 

(B) Visual responses to 12 directions of a grating stimulus (6 s on, 6 s off) shown for a PV interneuron recorded at P18 

(top) and another recorded at P28 (bottom). Traces for single trials shown in gray and averaged in green. (C) Polar 

plots of averaged visually evoked responses from example PV (green) and neighboring Exc (black) neurons at P18 (top 

row) and P28 (bottom row). The OSI determined using a circular variance method is shown below each polar plot. (D) 

Cumulative distribution of OSI for Exc (black) and PV (green) neurons at P18 (dashed line) and at P28 (solid line). (E) 

The selectivity of Exc neurons (black) does not change from P18 (0.44 ± 0.05) to P28 (0.48 ± 0.03; U = 469, p = 0.33). In 

contrast, broad orientation selectivity emerges in PV interneurons (green) between P18 (0.27 ± 0.04) and P28 (0.17 ± 

0.02; U = 37; p = 0.009). (F) Response amplitudes at the preferred orientation (Rpref). Exc neurons (left) have similar 

response amplitudes at P18 (0.64 ± 0.11) and P28 (0.74 ± 0.09; U = 452, p = 0.858). Likewise, PV (right) response 
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amplitudes are similar at P18 (0.61 ± 0.18) and P28 (0.59 ± 0.09; U = 87, p = 0.974). Error bars reflect SEM. PV: nP18 = 8 

cells, 6 mice; nP28 = 24, 6 mice; Exc: nP18 = 22 cells, 6 mice; nP28 = 50, 6 mice. 

 

We determined orientation selectivity by measuring responses to twelve 

directions of a drifting grating visual stimulus. Figure 3.1B shows the responses of two 

PV interneurons, one recorded in a P18 animal (top) and another recorded at P28 

(bottom). The response to each stimulus orientation was averaged across trials and 

normalized to the time preceding the stimulus. To quantify orientation selectivity, we 

computed an index (OSI) which was derived from the circular variance of evoked 

responses to the 12 stimulus directions (Niell and Stryker 2008; Kerlin et al., 2010; 

Kuhlman et al., 2011; Li et al., 2012a). Cells with a high OSI responded to only a few 

directions of the visual stimulus and were considered sharply selective. Cells with a low 

OSI responded to many directions and were considered broadly selective. The example 

PV interneuron recorded at P18 was sharply and not broadly selective for orientation 

(Figure 3.1B top; OSI = 0.33). In contrast, the example PV interneuron recorded at P28 was 

broadly selective (Figure 3.1B bottom; OSI = 0.10). Figure 3.1C shows more example PV 

and Exc visual responses plotted in polar coordinates. 

Previous electrophysiological studies have shown that OSI for PV interneurons is 

reduced between P18 and P28 (Kuhlman et al., 2011; Li et al., 2012a). The average OSI of 

P18 PV interneurons using calcium imaging is 0.27 ± 0.04 (Figure 3.1D-E). In contrast, the 

average OSI of P28 PV interneurons is 0.17 ± 0.02 (Figure 3.1D-E), confirming the 
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emergence of broad orientation selectivity in these cells by P28 (p = 0.009). In contrast to 

the PV interneurons, Exc neurons are sharply selective at both P18 (0.44 ± 0.05) and P28 

(0.48 ± 0.03) (Figure 3.1D-E). From P18 to P28, the amplitude of responses at the preferred 

direction (Rpref) for both populations remained unchanged (Figure 3.1F). 

 

Figure 3.2. Robust orientation 

selectivity estimation in endogenous 

PV interneurons. 

Open and closed green squares represent 

P18 and P28 PV neurons, respectively. 

(A) OSI calculated using the circular 

variance method is highly correlated to 

the index value determined using a sum-

of-Gaussians fitting method (r = 0.95, p < 

0.0001). (B) Response amplitude at the 

preferred orientation did not affect OSI 

values (r = −0.13, p = 0.484). (C) 

Orientation selectivity is weakly 

correlated with baseline signal intensity 

(r = −0.43, p = 0.014). (D) The calcium 

signal decay is not correlated with 

orientation selectivity (r = 0.038, p = 

0.838). 

 

 

 

 

 

 

In addition to the circular variance method, we computed an alternative 

orientation selectivity index by fitting evoked responses with a sum of Gaussians (Niell 

and Stryker, 2008; Kerlin et al., 2010). We found a strong correlation between OSI values 

computed using the circular variance method and the sum of Gaussians method (r = 0.95, 

p <0.0001; Figure 3.2A). 
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We considered alternative explanations for the apparent 37% reduction of OSI in 

PV interneurons from P18 to P28. It is possible that the apparent sharp selectivity at P18 

stemmed from weaker GCaMP6s expression. We found, however, no systematic 

relationship between the response at the preferred orientation, Rpref, and OSI (r = -0.13, p 

= 0.484; Figure 3.2B). It is also possible that the broader tuning observed at P28 is the 

product of increased baseline fluorescence. We found a significant but weak relationship 

between the baseline signal intensity and OSI (r = -0.43; p = 0.014; Figure 3.2C). Significant 

increases in the decay of calcium signals in PV interneurons could reduce OSI, however, 

we did not find a relationship between calcium decay and OSI (r = 0.038, p = 0.838; Figure 

3.2D). Together, these observations confirm previous studies which find that PV neurons 

develop broad orientation selectivity by P28. 

3.4.2: Emergence of Broad Orientation Selectivity in Transplanted PV Interneurons 

Next, we sought to address whether the onset of vision in host animals determines 

when transplanted PV (tPV) interneurons develop broad orientation selectivity. 

Precursors of cortical PV interneurons are born in the medial ganglionic eminence (MGE) 

from embryonic days 12 to 16 and subsequently migrate into the cerebral cortex during 

the third gestational week (Wichterle et al., 1999; Wonders and Anderson, 2006). At P18, 

4-6 days after the onset of vision, PV interneurons are approximately 20-28 days old. By 

P28, 14-16 days after the onset of vision, PV interneurons reach 33-38 days old. During 

this interval, we observe the emergence of broad orientation selectivity in endogenous 
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PV interneurons (Figure 3.1). To determine if the onset of vision instructs the emergence 

of broad orientation selectivity in transplanted PV interneurons, we grafted embryonic 

day 13.5 (E13.5) interneuron precursors from the MGE to the postnatal (P4-11) visual 

cortex, approximately one week before the onset of visual experience (Figure 3.3A). We 

injected GCaMP6s expressing virions (AAV-Syn-GCaMP6s) into transplanted visual 

cortex 2-3 weeks before imaging. Transplanted PV interneurons were identified by the 

expression of the red fluorescent protein, tdTomato.  

The orientation selectivity of tPV interneurons was first assessed 24-26 days after 

transplantation (25 DAT), more than two weeks (16-22 days) after the onset of vision. 

Figure 3.3B shows the visual responses of a 25 DAT tPV interneuron (top) to oriented, 

drifting gratings. The transplanted interneuron was sharply and not broadly selective 

(OSI = 0.40). Figure 3.3C shows more example tPV and Exc visual responses plotted in 

polar coordinates. Across the population of 25 DAT tPV interneurons, the average OSI 

was 0.32 ± 0.06 (Figure 3.3D,E).  
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Figure 3.3. The emergence of broad orientation selectivity in tPV interneurons. 

(A) Embryonic interneuron precursors were transplanted into neonatal pups aged P4–P11 and P4–P8 and studied 25 

and 35 DAT, respectively. tPV interneurons were identified by tdTomato expression. Neighboring, putative host Exc 

neurons were identified by GCaMP6s expression alone. Orientation selectivity was assessed 24–26 (25 DAT) or 35–38 

DAT (35 DAT) when the host age was between P30–P35 and P39–P44, respectively. (B) Visual responses to 12 directions 

of grating stimulus (6 s on, 6 s off) shown for a tPV neuron recorded 25 DAT (top) and another recorded 35 DAT 

(bottom). Traces for single trials shown in gray and averaged in red. (C) Polar plots of averaged visually evoked 

responses for example Exc (black) and tPV (red) neurons. The OSI is shown below each plot. (D) Cumulative 

distribution of OSI for Exc (black) and tPV (red) neurons at 25 (dashed line) and 35 DAT (solid line). (E) Change in 

orientation tuning between 25 and 35 DAT. Orientation selectivity in Exc neurons is unchanged between 25 (0.43 ± 

0.03) and 35 DAT (0.47 ± 0.04; U = 1432, p = 0.457). In contrast, broad orientation selectivity emerges in tPV interneurons 

between 25 (0.32 ± 0.06) and 35 DAT (0.16 ± 0.02; U = 60, p = 0.030). (F) The response amplitude at the preferred 
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orientation (Rpref) determined using a sum-of-Gaussians fit for Exc (black) and tPV (red) neurons. The response 

amplitude is higher for Exc neurons (left) at 35 DAT (closed bar; 1.32 ± 0.17) than at 25 DAT (open bar; 0.83 ± 0.10; U = 

1074, p = 0.003). In contrast, tPV interneuron (right) Rpref is similar between 25 (0.62 ± 0.09) and 35 DAT (0.60 ± 0.07; U 

= 107, p = 0.846). Error bars reflect SEM. tPV: n25DAT = 14 cells, 6 mice; n35DAT = 16, 6 mice; Exc: n25DAT = 72 cells, 6 

mice; n35DAT = 44 cells, 6 mice. 

 

The sharp orientation selectivity of tPV interneurons 25 DAT is revealing. At this 

stage, the host animals had two weeks of visual experience and had reached 30-35 days 

old, beyond the age at which broad orientation selectivity emerges in endogenous PV 

interneurons (Figure 3.1). If factors produced by the onset of vision drive the emergence 

of broad orientation selectivity in PV interneurons, then the development of broad 

selectivity in the younger tPV interneurons should have been accelerated. We found 

instead at 25 DAT that tPV interneurons are sharply tuned, challenging the view that the 

onset of vision alone determines when orientation selectivity emerges in these neurons. 

It was possible that tPV interneurons were prevented from developing broad 

orientation selectivity in the host brain. Next, we measured the orientation selectivity of 

tPV interneurons 35-38 days after transplantation (35 DAT) in recipient animals aged 39-

44 days old. Figure 3.3B (bottom) shows the responses and orientation selectivity of a tPV 

interneuron 35 DAT (OSI = 0.17). We observed that orientation selectivity for 35 DAT PV 

interneurons (0.16 ± 0.02) was broader than for the 25 DAT PV group (32 ± 0.06) (p = 0.030; 

Figure 3.3D,E). From 25 to 35 DAT, the amplitude of responses at the preferred 

orientation (Rpref) for tPV interneurons remained unchanged (Figure 3.3F). 
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We also assessed orientation selectivity in neighboring putative excitatory neurons 

(Exc) in the host visual cortex. In contrast to tPV interneurons, we found no discernible 

change in the orientation selectivity of Exc neurons in the host brain from 25 DAT (0.43 ± 

0.03) to 35 DAT (0.47 ± 0.04) (p = 0.467). Since Exc neurons were identified by GCaMP6s 

expression alone, this population may include some transplanted non-PV expressing 

interneurons as well as host interneurons. 

Similar to endogenous PV interneurons, the orientation selectivity of transplanted 

interneurons computed using the circular variance method and sum of Gaussians 

method were highly correlated (r = 0.96, p <0.0001; Figure 3.4A). As for endogenous PV 

interneurons, the developmental broadening of OSI in tPV interneurons could not be 

explained by changes in response strength (r = -0.175, p = 0.356; Figure 3.4B) or calcium 

signal decay time (r = -0.031, p = 0.872; Figure 3.4D). In contrast to the weak correlation 

found for endogenous PV interneurons, there was no relationship for transplanted PV 

neurons between baseline signal intensity and OSI (r = 0.336, p = 0.069). Furthermore, the 

number of transplanted interneurons could not explain the range of orientation 

selectivity observed (r = 0.40, p = 0.375; Figure 3.4E). Moreover, the laminar distribution 

of tPV interneurons was comparable 25 versus 35 DAT (Figure 3.4F). 
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Figure 3.4. Robust orientation selectivity estimation in tPV interneurons. 

Open and closed red squares represent tPV neurons 25 and 35 DAT, respectively. (A) OSI values calculated using the 

circular variance and two-peak Gaussian method were highly correlated (r = 0.96, p < 0.0001). (B) There is no correlation 

between orientation tuning and response at the preferred orientation (r = −0.175, p = 0.356). (C) Baseline signal intensity 

does not determine orientation tuning (r = 0.336, p = 0.069). (D) The calcium signal decay is not correlated with 

orientation selectivity (r = −0.031, p = 0.872). (E) Number of tPV interneurons found does not determine OSI (r = 0.40, p 

= 0.375). (F) Laminar distribution of tPV interneurons 25 (open) versus 35 DAT (closed). 
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Although we estimated and removed the local neuropil signal from each recording 

(see Methods; Figure 3.5A), it was possible that residual neuropil contamination biased 

our measurements of orientation selectivity in transplanted PV neurons. We observed a 

strong correlation between endogenous PV orientation selectivity and the selectivity of 

the surrounding neuropil (r = 0.709, p < 0.0001; Figure 3.5B). Furthermore, we found that 

the orientation selectivity of endogenous PV neurons was correlated to the intensity of 

the surrounding neuropil (r = -0.44, p = 0.012; Figure 3.5C). To assess whether our 

measurements from transplanted PV neurons was affected by neuropil, we compared the 

orientation selectivity of these cells with both the orientation selectivity and intensity of 

the surrounding neuropil. Unlike endogenous PV interneurons, the orientation 

selectivity of the transplanted interneurons was not correlated to either the orientation 

selectivity (r = 0.269, p = 0.150; Figure 3.5D) or intensity (r = 0.327, p = 0.077; Figure 3.5E) 

of the surrounding neuropil.  These results suggest that neuropil contamination was not 

artifactually producing the observed broadening of orientation selectivity in transplanted 

PV neurons. 
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Figure 3.5. Influence of local neuropil on the orientation selectivity of PV interneurons. 

(A) Fluorescence signal from a 25 DAT tPV interneuron without local neuropil signal subtracted (top, purple), the local 

neuropil (middle, blue), and the interneuron after neuropil signal subtraction (bottom, red). Polar plots on right show 

averaged visually evoked responses. Without neuropil signal subtracted, the selectivity of the neuron is 0.26. The local 

neuropil signal alone is broadly tuned (OSI, 0.12). With neuropil subtracted, selectivity of the cell is sharpened (OSI, 

0.40). (B) The orientation selectivity of endogenous PV interneurons (green) is correlated with the selectivity of the local 

neuropil at P18 (open) and P28 (closed; r = 0.709, p < 0.0001). (C) The strength of the neuropil signal is moderately 

correlated with the selectivity of endogenous PV interneurons (r = −0.44, p = 0.012). (D) No correlation was found 

between the orientation selectivity of tPV interneurons and local neuropil (25 DAT, open symbol; 35 DAT, closed 

symbol; r = 0.269, p = 0.150). (E) Similarly, no correlation was found between the orientation selectivity of tPV 

interneurons and the strength of the neuropil signal (r = 0.327, p = 0.077). 
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3.4.3: Transplantation Does Not Affect Host Parvalbumin Orientation Selectivity 

In early development, excitatory neurons in visual cortex initially respond to 

visual stimulus presented along the cardinal axes (Rochefort et al., 2011; Hoy and Niell, 

2015). Since the orientation preference of visual responses in mature PV neurons matches 

the averaged preferred orientation of their excitatory neighbors (Kerlin et al., 2010; 

Runyan et al., 2013; Scholl et al, 2015), it may be that the broadening of orientation 

selectivity in PV neurons reflects the emergence of excitatory responses to non-cardinal 

stimuli. The sharp orientation selectivity in transplanted PV (tPV) neurons observed at 

25 DAT might reflect a transplant-induced restoration to cardinal responses in the host 

excitatory population. If transplantation restores the bias to cardinal responsiveness, then 

the pooling of excitatory cell activity by endogenous PV interneurons in the transplanted 

cortex (host PV) would give rise to sharp orientation selectivity in these PV neurons. In 

order to characterize the orientation selectivity of hPV interneurons, we used a strategy 

that restricted GCaMP6s expression to PV interneurons expressing Cre recombinase.  By 

transplanting into PV-Cre recipients, we discriminated host PV from tPV interneurons 

by the presence of green fluorescence (expression of GCaMP6s) without red fluorescence 

(tdTomato – transplanted cells). Figure 3.6B shows responses of two example host PV 

interneurons at 25 DAT (top) and 35 DAT (bottom). Figure 3.6C shows more example 

host PV visual responses plotted in polar coordinates (green). 
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Figure 3.6. hPV interneurons retain broad orientation selectivity after transplantation. 

(A) Embryonic interneuron precursors expressing tdTomato following PV expression (PV-tdT) were transplanted into 

PV-Cre transgenic pups aged P8 and P3–P5 and studied at 25 and 35 DAT, respectively. Virus carrying Cre-activated 

GCaMP6s was injected 2–3 weeks before imaging. tPV interneurons were identified by tdTomato expression. 

Endogenous PV neurons in transplanted (top timeline; hPV) and nontransplanted age-matched (bottom timeline) 

brains were visualized by GCaMP6s expression alone. (B) Visual responses to 12 directions of grating stimulus (6s on, 

6 s off) shown for an hPV interneuron recorded 25 DAT (top) and another recorded 35 DAT (bottom). Traces for single 

trials shown in gray and for averaged trials shown in green. (C) Polar plots of averaged visually evoked responses from 

example hPV interneurons (green) 25 (top) and 35 DAT (bottom) and age-matched controls (magenta). (D) Cumulative 

distribution of OSI for hPV (green) interneurons and age-matched controls (magenta). (E) At 25 DAT (left), orientation 

selectivity of hPV (green; 0.19 ± 0.02) neurons is similar to that of age-matched controls (magenta; 0.17 ± 0.03; U = 236.5, 

p = 0.642). Likewise, at 35 DAT (right), orientation selectivity of hPV (green; 21 ± 0.03) neurons is similar to that of age-

matched controls (magenta; 0.16 ± 0.02; U = 342, p = 0.17). (F) Rpref for PV interneurons (green) and age-matched PV 

interneurons (magenta) 25 (left) and 35 DAT (right). PV interneuron Rpref 25 DAT (1.00 ± 0.12) is not significantly 

different from that of age-matched controls (0.76 ± 0.08; U = 184, p = 0.350). By 35 DAT, hPV interneuron Rpref (1.12 ± 
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0.10) is significantly greater than in age-matched controls (0.78 ± 0.09; U = 248, p = 0.004). Error bars reflect SEM. hPV: 

n25DAT = 31 cells, 4 mice; n35DAT = 31 cells, 5 mice; control for 25 DAT: n = 14 cells, 1 mouse; controls for 35 DAT: n 

= 28 cells, 2 mice. 

 

For comparison, visual responses were obtained from PV interneurons using the 

same Cre-dependent viral strategy in age-matched PV-Cre mice that did not receive 

transplantation (magenta). We found that the orientation selectivity of host PV neurons 

was not different from non-transplanted, age-matched PV neurons at either 25 DAT (host 

PV = 0.17 ± 0.03 vs P30 = 0.19 ± 0.02, p = 0.642; Figure 3.6D,E) or 35 DAT (host PV = 0.16 ± 

0.02 vs P40 = 0.21 ± 0.03, p = 0.166; Figure 3.6D,E). Interestingly, we observed a transplant-

induced increase in the amplitude of responses at the preferred orientation among host 

PV neurons 35 DAT (host PV = 1.12 ± 0.10 vs P40 PV = 0.78 ± 0.09, p = 0.004; Figure 3.6F) 

that was not present at 25 DAT (host PV = 1.00 ± 0.12 vs P30 = 0.76 ± 0.08, p = 0.350; Figure 

3.6F). 

Given that PV interneurons pool neighboring orientation preferences (Kerlin et al., 

2010; Runyan et al., 2013; Scholl et al, 2015), the broad tuning of hPV interneurons at 25 

DAT (Figure 3.6D,E) suggests that any potential cardinal bias in the host excitatory 

network has little bearing on PV orientation selectivity. Instead, our data suggest that the 

emergence of broad orientation selectivity in PV interneurons depends on innate 

mechanisms residing within these cells or in the excitatory connections onto these 

neurons. 
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3.5: Discussion 

Using in vivo calcium imaging and interneuron transplantation we have shown 

that the emergence of broad orientation selectivity in transplanted PV interneurons does 

not depend solely upon the start of vision in the host animal. Other transplantation 

studies have shown that inhibitory interneurons follow a developmental timeline that 

can be uncoupled from the animal’s age and experience. For example, transplanted 

cortical MGE interneurons undergo apoptosis according to the transplanted cell age and 

not the host tissue age (Southwell et al., 2012). In both juvenile (Southwell et al., 2010; 

Tang et al., 2014) and adult (Davis et al., 2015) visual cortex, MGE cell transplantation 

reactivates critical period plasticity when the donor animal would have reached its 

critical period. Although our results are consistent with the notion that the cell age of PV 

interneurons determines when orientation selectivity in these cells matures, further 

studies will be needed to evaluate this hypothesis. Perhaps the most direct demonstration 

of cell-age as the primary determinant would be to transplant older interneurons into 

younger cortex and then to examine whether the transplanted cells developed broad 

orientation selectivity earlier than their host counterparts. 

It has been proposed that the emergence of broad orientation selectivity in PV 

interneurons may be responsible for triggering the critical period for ocular dominance 

plasticity (Kuhlman et al., 2011). This hypothesis predicts that broad orientation 

selectivity would emerge in transplanted PV interneurons when these neurons reactivate 



81 

 

plasticity, approximately 35 days after transplantation. Our results confirm that broad 

orientation selectivity emerges in transplanted PV interneurons by 35 DAT. 

It has been shown that the development of inhibitory circuits depends on the 

presence of growth factors in developing visual cortex (Huang et al., 1999; Sugiyama et 

al., 2008; Beurdeley et al., 2012). Our results indicate that the availability of these factors, 

although likely supportive, does not appear to determine when PV interneuron 

orientation selectivity matures. Instead, our results suggest that in addition to visual 

experience, a mechanism that resides within PV interneurons or perhaps in the growth 

of excitatory connections onto these cells promotes the emergence of broad orientation 

selectivity.  

It is interesting that transplantation increases the amplitude of visual responses in 

endogenous PV interneurons while not disturbing orientation selectivity. Previous 

studies have shown that interneuron transplantation reactivates ocular dominance 

plasticity in both juvenile (Southwell et al., 2010, Tang et al. 2014) and adult recipients 

(Davis et al., 2015) approximately 35 days after transplantation. The increase in activity 

of endogenous PV interneurons 35 days after transplantation may provide a substrate for 

the rapid disinhibition found to initiate juvenile ocular dominance plasticity (Kuhlman 

2013; Sun et al., 2016). To better understand how transplantation reactivates cortical 

activity, future experiments ought to examine what effects transplantation has on the 

strength and connectivity of endogenous interneurons. 
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Interneuron precursors from the MGE give rise to multiple GABAergic cell types 

including SST expressing neurons. It has been shown recently that the maturation of PV 

circuit formation is dependent on the early integration of SST expressing interneurons 

(Tuncdemir et al., 2016). Therefore, it may be that the development of transplanted SST 

interneurons plays a role in the emergence of broad orientation selectivity in transplanted 

PV interneurons. Further MGE transplantation studies may address this possibility. 

It has been suggested that the broad orientation selectivity of mature PV 

interneurons is a product of the widely divergent orientation preferences of the local 

excitatory neurons (Kerlin et al., 2010; Hofer et al., 2011; Runyan and Sur, 2013; Scholl et 

al., 2015). Since the orientation preferences of young mouse visual cortex has an initial 

cardinal bias that is lost by adulthood (Rochefort et al., 2011; Hoy and Niell, 2015), the 

timed emergence of broad orientation selectivity in PV interneurons may simply be 

caused by the loss of cardinal preference among excitatory neurons. Our evidence of 

broad tuning in host PV interneurons at 25 DAT when transplanted PV interneurons are 

sharply tuned undermines this hypothesis. With our current data, however we cannot 

rule out that transplantation causes a subtle reorganization in the host visual cortex. 

Indeed, the presence of non-PV transplanted interneurons may skew our estimates of the 

orientation selectivity in the host network. Alternatively, it may be that developmental 

changes in spike threshold make PV interneurons responsive to a wider range of stimulus 

orientations (Okaty et al., 2009). Another possibility is that the developmental 
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reorganization of synaptic or electrical coupling between interneurons produces the 

broad orientation selectivity of mature PV interneurons (Galarreta and Hestrin, 2002; 

Meyer et al., 2002; Pangratz-Fuehrer and Hestrin, 2011; Ko et al., 2013).  The 

transplantation preparation developed in this study provides a powerful experimental 

system for addressing these mechanistic questions about PV interneuron maturation.  

Although we found no evidence that transplantation affected the orientation 

selectivity of cells endogenous to host cortex, it may alter other functional properties of 

visual cortical responses. Interneuron transplantation has been shown to reactive ocular 

dominance plasticity and to restore spatial acuity in the visual cortex of adult amblyopic 

mice (Davis et al., 2015). It may be that transplantation also affects the binocularity or 

spatial frequency selectivity of cortical neurons. 

Our functional recordings reveal that transplanted PV interneurons retain the 

growth programs needed to develop mature orientation selectivity. Our analysis of the 

orientation selectivity and orientation preferences of the host excitatory network also 

suggests that the insertion of these new cells does not grossly disturb information 

processing in the recipient visual cortex. Altogether, these results highlight the 

therapeutic potential for brain repair using inhibitory neuron transplantation while 

preserving normal function in recipient neural circuits. 
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Chapter 4: Arrested Development of Receptive Fields in V1 

Following Microglia Depletion 

 

4.1: Introduction 

Receptive field properties determine the functional architecture of sensory circuits 

(Kuffler, 1955; Mountcastle, 1956; Hartline, et al., 1940; Hubel and Wiesel, 1959; Hubel 

and Wiesel, 1962). Across multiple sensory systems, receptive fields rapidly mature 

during periods of heightened plasticity known as critical periods (CP) (Hubel and Wiesel, 

1963; Gordon and Stryker, 1996; Zhang et al., 2001). Abnormal experience during these 

windows can deteriorate circuit function into adulthood and is associated with multiple 

neurodevelopmental disorders (Hubel and Wiesel, 1970; Woolsey and Wann, 1976; 

Fagiolini et al., 1994; Zhang et al., 2001; Villers-Sidani et al., 2007; Meredith et al., 2015). 

In the visual system, the emergence of binocular, high spatial frequency, orientation-

tuned receptive fields in visual cortex (V1) are developmental hallmarks necessary for 

high acuity stereopsis in adulthood (Hubel and Wiesel, 1962; Hubel and Wiesel, 1970; 

Fagiolini et al., 1994; Glickfield et al., 2013). This functional reorganization coincides with 

a transient increase in spine instability (Majewska and Sur, 2003) and spine elimination 

(Majewska and Sur, 2003; Holtmatt et al., 2005, Zuo et al., 2005). Microglia are widely 

suspected to play a crucial role in the structural remodeling of synapses correlated with 

the developmental refinement of neuronal activity. 



85 

 

Microglia support healthy levels of excitation through negative feedback control 

of circuit-wide activity (Badimon et al., 2020; Merlini et al., 2021). Structurally, microglia 

can sculpt circuit connectivity through presynaptic trogocytosis (Weinhard et al., 2018), 

spine elimination (Paolicelli et al., 2011; Cheadle et al., 2020) and spine induction 

(Miyamoto et al., 2016; Weinhard et al., 2018). Despite these recent findings, the exact role 

microglia play in the refinement of V1 receptive fields during the critical period (CP) for 

ocular dominance plasticity (ODP) is unknown. One possibility is that microglia mediate 

the synaptic mechanisms that play a crucial role in the refinement of V1 receptive fields 

and that without their support, visual properties stay immature. Some previous studies 

have presented evidence that support this possibility. Blocking microglia C1qa-mediated 

phagocytic activity interferes with juvenile refinement of innervation by retinal ganglion 

cells into distinct eye-specific regions of the dorsal lateral geniculate nucleus (dLGN), 

suggesting aberrant binocularity downstream in V1 neurons (Schafer et al., 2012). Other 

studies have shown that blocking the microglia-expressed chemokine receptor P2Y12 

prevents V1 juvenile ODP (Sipe et al., 2016). Lastly, microglia removal in the adult brain 

increases synaptic connectivity, alters subthreshold membrane dynamics, and increases 

spontaneous activity in V1 (Mai et al., 2020; Liu et al., 2020). Thus, microglia may be 

crucial for normal development, refinement, and maintenance of sensory receptive fields 

in cortex. 
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Another possibility is that microglia do not play a necessary role in the functional 

refinement of V1 receptive fields. A recent study revealed that the aberrant dLGN 

connectivity caused by microglia C1qa inhibition does not prevent V1 ODP or coarse 

visual activity (Welsch et al., 2019). Other studies have also reported that microglia 

CX3CR1 deficiency impairs synaptic plasticity in the hippocampus but not in V1 (Rogers 

et al., 2011; Paolicelli et al., 2011; Lowery et al., 2017; Schecter et al., 2017). Together, these 

studies suggest that the mechanisms essential for the refinement of functional activity in 

cortex is distinct from those in thalamus. Given these competing possibilities, it is 

important to directly test whether microglia are necessary for the normal experience-

dependent refinement of V1 receptive fields during the CP for ODP. 

Two-photon calcium imaging of neuronal populations in V1 revealed microglia 

depletion elevated visually evoked activity in excitatory and inhibitory neurons. 

Interestingly, this increased activity in V1 did not prevent the developmental emergence 

of high spatial frequency tuned neurons. Instead, microglia depletion specifically 

disturbed the developmental sharpening of orientation selectivity in excitatory neurons. 

Moreover, microglia depletion increased the likelihood of excitatory neuron coactivity in 

V1. Finally, correlations between pupil size and neuronal activity suggest normal 

arousal-induced cortical states. Together, our data provides compelling evidence that 

microglia maintenance of circuit excitability specifically supports sharp orientation 
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selectivity in excitatory neurons. Thus, microglia may support the acuity of receptive 

fields by increasing the orientation but not spatial frequency selectivity of V1 neurons. 

 

4.2: Materials and Methods 

4.2.1: Animals 

To visualize inhibitory neurons, mice harboring the Cre-dependent tdTomato 

reporter (Ai14, JAX 007914) were crossed with mice expressing Cre recombinase under 

the control of the Vesicular GABA Transporter (VGAT) promoter (VGAT-ires-Cre, JAX 

028862). Mice were kept on a light/dark cycle (12/12hrs). All experiments took place 

during the light cycle and used both male and female mice. Mice were weaned at P18 and 

1 pellet per animal dropped every morning. All protocols and procedures followed the 

guidelines of the Institutional Animal Care and Use Committee (IACUC) at the 

University of California, Irvine. 

4.2.2: Surgical Preparation 

Mice were anesthetized with Isoflurane (Patterson Veterinary) in O2 (2% for 

induction, 1-1.5% for maintenance). Injectable carprofen (10mg/kg s.c., Zoetis) was 

administered to provide perioperative analgesia. Ringer’s lactate solution (0.5 mL/20 

g/hr, s.c.) was given to replace fluid loss. Eyes were protected from dehydration with 

sterile eye ointment (Rugby, Livonia, MI). All surgical tools were sterilized using a hot 

glass bead sterilizer (Germinator 500). Mice recovered in their home cage over a warm 
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heating pad until normal eating and grooming behavior resumed. Post-operative care 

consisted of daily Carprofen injections for at least 2 days following headplate 

implantation and 5 days following cranial window surgeries. 

4.2.2.1: Headplate Implantation 

Following hair removal and sterilization with Povidone-iodine, the scalp was 

covered in topical 2% lidocaine hydrochloride jelly (Akorn) for at least 5 minutes. The 

scalp and underlying connective tissue were removed to expose the parietal and 

interparietal bone. Lidocaine hydrochloride (1%) was injected into the right temporal 

muscle and detached from the superior temporal line after 5 minutes. The skull was dried 

using ethanol (70% in DI water) and a thin layer of the tissue adhesive Vetbond (3M) was 

applied. Custom-printed titanium headplates (Star Rapid) were attached to the skull 

using the acrylic resin Ortho-Jet BCA (Lang Dental). 

4.2.2.2: GCaMP6s Virus Delivery 

To monitor neuronal activity, we used the genetically encoded calcium indicator 

GCaMP6s (Penn Vector Core) under the neuron specific promoter Synapsin (1x1012 

GC/mL). For juvenile recordings, neonates (P2-5) were ice-anesthetized and a beveled 

glass micropipette (~100µm tip diameter) lowered perpendicular to ~3.5mm lateral and 

1mm anterior the confluence of sinuses. The micropipette was advanced quickly into 

cortex to a depth of ~700µm below the surface and a hydraulic manipulator (Narishige, 

MO-10) used to inject a bolus of virus (200-400nL, 200nL/min). Subsequent retinotopic 
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maps (see intrinsic signal optical imaging section) were used to confirm virus was 

injected into binocular V1. For adult recordings, viral delivery to V1 was guided by 

retinotopic maps (see intrinsic signal optical imaging) at least 1 week following the 

headplate implantation. A burr hole was made over central bV1 until a small region of 

dura was exposed. A syringe tip was used to nick the dura to prevent the rupturing of 

blood vessels and tissue damage from the micropipette pushing down on the brain prior 

to penetration. Virus was injected at a depth of 350µm below the dura at 6.66nL/min. 

Mice with any brain vessel rupture were not used for this study. We found that multiple 

thin layers of Vetbond over the burr hole protected the skull and did not cause visible 

damage during the surgery and cranial window surgery that took place 3-4 weeks after 

viral delivery. 

4.2.2.3: Cranial Window Implantation 

In addition to Carprofen, mice received a single injection of Dexamethasone 

(5mg/kg, s.c.) to prevent brain edema. A small craniotomy (3 mm) was centered over 

binocular visual cortex. An additional 1mm outer skull region was thinned so that 4 mm 

glass coverslip (World Precision Instruments, Sarasota, FL) would sit over the exposed 

brain and pressed against thinned bone surrounding the craniotomy. GELFOAM sterile 

sponges (Patterson Veterinary) pre-soaked in sterile saline were used to absorb bleeding 

from the dura following skull removal. The glass was held down manually using forceps 

and the edges affixed to the skull first with a thin layer of Vetbond and lastly with acrylic 
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resin. Mice with operative or post-operative bleeding in the parenchyma were not used. 

A small percentage of mice had minor post-operative dural bleeding. If this did not 

completely clear within 3 days, those mice were not used for subsequent experiments. 

4.2.3: Imaging Procedures 

All recordings were done in awake, head-fixed mice on a smooth tablet surface. 

All stimuli were presented on a gamma-corrected 24 inch LED monitor (Asus VG248, 60 

Hz refresh rate, 20 cd/m2), placed at 25 cm from the mouse's eyes. 

4.2.3.1: Intrinsic Signal Optical Imaging 

V1 hemodynamic response was imaged using a SciMedia THT macroscope (Leica  

PlanApo 1.0×, 6.5 × 6.5 mm imaging area) equipped with an Andor Zyla sCMOS (30fps). 

An LED driver (DC4104 Thorlabs) was used for illumination. First, a reference image of 

the surface vasculature was captured using green light (530 nm). Next, the camera was 

focused ~600 μm beneath the skull surface. A red filter was inserted into the path and a 

red light (617 nm) used to evenly illuminate V1. The stimulus presented in all 

experiments spanned the central 30° of the mouse’s visual field and consisted of a contrast 

modulated sweeping noise stimulus periodically every 20s. Each recording trial consisted 

of 10 presentations at 0° and 180°. The stimulus was generated by multiplying a band-

limited (<0.15cpd, <4Hz) binarized spatiotemporal noise movie with a one-dimensional 

Gaussian spatial mask (20°) using custom Python scripts. Amplitude and phase maps of 
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cortical responses were extracted with Fourier analysis at the frequency of stimulus 

repetition (Kalatsky and Stryker, 2003) using custom MATLAB (MathWorks) software. 

4.2.3.2: Two-Photon Microscopy 

Calcium signal was detected using a resonant two-photon microscope 

(Neurolabware) equipped with a Nikon 16x (NA=0.8) water-emersion objective. Red 

(tdToamto) and green (GCaMP6s) fluorescence was stimulated using a Ti:Sapphire laser 

tuned to 900-920 nm (Mai Tai HP, Spectra-Physics). Data acquisition (10hz, 200-300μm 

below meninges) was controlled by Scanbox software (Neurolabware). Visual stimuli 

were generated by custom Python software. The stimuli consisted of a blank (uniform 

luminance) condition, a full-field flicker (3 Hz) condition, and full-field drifting 

sinusoidal gratings (100% contrast) of 6–7 spatial frequencies (0.015–0.96, spaced 

logarithmically) and 12 directions (0°–330°, in 30° steps) at 3Hz. Each condition consisted 

of a 1.5s visual stimulus followed by a 1.5s uniform gray screen. Each trial consisted of 

randomized conditions. Each recording consisted of 10 trials. Stimuli were presented to 

one eye at a time using an occlude. The order of occlusion was chosen randomly for each 

session. 

4.2.3.3: Immunofluorescence 

Mice were transcardially perfused first with 1XPBS and then with fixative (4% PFA 

in 1xPBS). Brains were extracted, post-fixed, and cryopreserved in 30% sucrose. A 

freezing microtome was used to slice the brains into 50µm thick sections. Fluorescent 
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immunolabeling followed a standard indirect technique as described previously 

(Spangenberg et al., 2019). Briefly, free-floating sections were blocked in PBS 

supplemented with 0.2% Triton X100 (Sigma-Aldrich) and 5% goat serum (Sigma-

Aldrich) and then incubated with primary overnight at 4°C. Brain sections were stained 

with primary antibodies against: ionized calcium binding adaptor molecule 1 (IBA1) 

(1:1000; Catalog #019-19741, Wako), and Bassoon (1:1000; Catalog #141003, Synaptic 

Systems). High resolution fluorescent images were obtained using a Leica TCS SPE-II 

confocal microscope and LAS-X software. For confocal imaging, three fields of view 

(FOV) per brain region was captured per mouse unless otherwise indicated. Total cell 

counts and spot analyses were obtained by imaging comparable sections of tissue from 

each animal at the 20X or 63X objective, at multiple z-planes, followed by automated 

analyses using Bitplane Imaris 7.5 spots. 

 

4.3: Data Analysis 

4.3.1: Two-Photon Analysis 

Custom-written Matlab and Python code was used to remove motion artifact, 

place cell ROIs, extract calcium signal, and perform analyses as previously described 

(Salinas et al., 2017). Briefly, recordings were registered using an efficient algorithm that 

corrects for translational artifacts by minimizing the Euclidean distance between frames 

and a template image using a Fourier transform approach (Dubbs et al., 2016). ROIs were 
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first placed manually for excitatory and inhibitory neurons. The somatic calcium signal 

at time t was determined as Fsoma(t) = Fsoma(t) − (R × Fneuropil(t)) (Kerlin et al., 2010; 

Chen et al., 2013). R was empirically determined to be 0.8 by comparing the intensity of 

GCaMP6s signal in blood vessels to the intensity of the neighboring neuropil. The 

neuropil signal Fneuropil(t) of each cell was measured by averaging the signal of all 

pixels outside of the cell and within a 20 μm region from the cell center. 

4.3.1.1: Responsiveness Criteria 

To determine a cell’s response to each condition, the ROI’s average calcium trace 

during a visual stimulus was normalized to the averaged calcium signal for the last 0.5s 

of the preceding grey screen. The response to a given orientation θi was defined as the 

average response across the 10 trials: F(θi). To assess receptive field tuning properties, 

we restricted our analysis to neurons that met the following two criteria. First, at each 

spatial frequency, responsiveness was determined using a one-way ANOVA (p < 0.01) 

across orientations against the blank condition. Second, the strongest evoked response 

had to be above the non-evoked calcium noise as determined using the blank stimulus: 

meanblank+(2xSDblank). A cell’s responsiveness was determined for each eye separately. 

4.3.1.2: Peak Spatial Frequency 

The peak spatial frequency was determined as the spatial frequency of the 

condition that elicited the strongest calcium response (Rmax). For statistical analysis, only 

the peak spatial frequency of the eye with the strongest evoked response was used. 
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Population spatial frequency tuning curves were calculated first for each animal and then 

averaged across all mice. First, the spatial frequency tuning curves were shifted centered 

around the peak spatial frequency, and then averaged. The averaged tuning curves for 

each mouse were then averaged. 

4.3.1.3: Preferred Orientation 

The preferred orientation (θpref) was calculated along the peak spatial frequency, by 

calculating half the mean of the directional vectors weighted by the response F(θ) at each 

orientation as follows: 

𝜃𝑝𝑟𝑒𝑓 =
∑ 𝐹(𝜃𝑖)𝑒

2𝑖𝜃𝑖
𝑖

2∑ 𝐹(𝜃𝑖)𝑖
 

 

4.3.1.4: Orientation Selectivity 

Orientation selectivity was calculated at the peak spatial frequency using a method based 

on circular variance as follows: 

𝑂𝑆𝐼 =
√∑ 𝐹(𝜃𝑖)𝑠𝑖𝑛2𝜃𝑖)2𝑖 + ∑ 𝐹(𝜃𝑖)𝑐𝑜𝑠2𝜃𝑖)2𝑖

∑ 𝐹(𝜃𝑖)𝑖
 

For statistical analysis, only the orientation selectivity of the eye with the strongest 

evoked response was used. Population orientation tuning curves were calculated first for 

each animal and then averaged across all mice. First, orientation tuning curves were 

shifted and centered around the orientation which elicited with the strongest response, 

and averaged. The averaged tuning curves for each mouse were then averaged. 
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4.3.1.5: Ocular Dominance Index 

Ocular dominance index was calculated as follows: 

𝑂𝐷𝐼 =  
𝐶 − 𝐼

𝐶 + 𝐼
 

where C and I are the strongest contralateral and ipsilateral responses, respectively. An 

ODI of -1 indicates a cell that only responds to stimulation through the ipsilateral eye. An 

ODI of 1 indicates a cell that only responds to stimulation through the contralateral eye. 

For neurons that were only responsive to monocular stimulation, the peak spatial 

frequency through the responsive eye was used to extract the strongest calcium signal 

through the non-responsive eye. 

 

4.3.2: Pupillometry 

During two-photon imaging, eyes were recorded using IR-compatible GigE 

cameras (Mako-131B, Allied Vision). The two-photon IR light escaping through the pupil 

was sufficient to capture the eye. Pupil dynamics using custom-written code based on 

Matlab’s imfindcircles(). Frames in which mice blinked produced inaccurate NaN values. 

To amend this, we replaced NaN values with the median pupil size. Next, we smoothed 

the trace using Matlab’s movmedian(), a moving median window that matched the pupil 

camera sampling rate. Recordings were down sampled to match the two-photon frame 

rate prior to correlation coefficient calculations. 

 



96 

 

4.3.3: Statistical Analysis 

The ANOVA tests for visual responsiveness and related selectivity calculations 

were performed using custom Python routines. For statistical analyses on receptive field 

tuning properties, we used linear mixed-effects models with Satterthwaite's 

approximation, with experimental variables (juv vs adult vs plx) as fixed variables and 

mouse ID as a random variable. Correlation coefficients were calculated and plotted 

using Matlab’s corrcoef() and heatmap() functions. All other data was analyzed using 

repeated measures and mixed effects model analysis in GraphPad Prism for Windows 

(GraphPad Software v8).  Data plotting were performed using Graphpad Prism and 

Matlab scripts. 

 

4.4: Results 

4.4.1: PLX5622 Rapidly Eliminates Juvenile Microglia 

In adult mice, three days on PLX5622 chow diet eliminates most microglia from 

the brain (Spangenber et al., 2019). We wanted to determine whether we could get 

comparable and sustainable depletion rates in juveniles and adults, respectively. To this 

end, P18 mice were weaned and fed either control or PLX5622 chow diet until brains were 

collected for immunofluorescence staining (Figure 4.1A). We visualized microglia using 

Iba1 staining (Figure 4.1B,C) and found PLX5622 chow diet rapidly ablates >99% of 
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microglia from juvenile V1 (Figure 4.1D). Importantly, we found that continued PLX5622 

chow diet sustained >95% microglia depletion well into adulthood (Figure 4.1E). 

 

 

Figure 4.1. Rapid and sustained depletion of juvenile microglia with PLX5622 chow. 

(A) Timeline for PLX5622 administration. (B) Example images of Iba1+ microglia in P22 juvenile (left) and P74 adult 

(right) V1 of mice fed normal (top) and PLX5622 (bottom) chow starting at P18. Scale bar represents 50µm. (C) The 

number of juvenile microglia is reduced by more than 99% in mice fed PLX5622 chow (juv ctrl (4 mice) = 142.5 ± 12.6 

vs juv plx (4 mice) = 1.5 ± 1.2; Welsch’s t test: t = 11.2, df = 3.1, p = 0.0015). (D) Chronic PLX5622 treatment maintains 

suppressed number of adult microglia (adult ctrl = 161.2 ± 8.9 vs adult plx = 6.8 ± 2.8; Welsch’s t test: t = 16.6, df = 6.0, p 

< 0.001). (E) Example brain sections stained for Bassoon in adult V1 of normal (left) and PLX5622 (right) mice. Scale bar 

represents 20µm. Error bars represent the S.E.M. 

 

4.4.2: Arrested Development of Receptive Field Refinement in Microglia Depleted V1 

In the weeks following eye opening, the developmental refinement of V1 receptive 

fields is particularly sensitive to visual experience. To determine the role of microglia in 

the experience-dependent refinement of visual activity, we used two-photon microscopy 



98 

 

to record visually evoked calcium signals in control juvenile and adult mice, and adult 

mice fed PLX5622 (Figure 4.2A).  

 

Figure 4.2. Timeline for microglia depletion and example neuron receptive field properties. 

(A) Timeline for two-photon imaging of receptive field properties in normally reared juvenile and adult mice (top, 

middle), and adult mice fed PLX5622 chow starting at P18 (bottom). (B) Experimental set up for assessing single-cell 

activity to visual stimuli. In addition to grey and full field flicker stimuli, mice were presented with drifting gratings 

at 7 spatial frequencies (0.015-0.96cpd, log spaced) and 12 directions (0-330°, 30° apart) with interleaved grey screen of 

equal length. Stimuli were presented 10 times to each eye independently. (C) An example image of two-photon view. 

Excitatory neurons (asterisk) are identified by exclusive GCaMP6s expression.  Neurons co-expressing GCaMP6s and 

tdTomato are inhibitory neurons (arrow). Example excitatory (D) and inhibitory (E) visually evoked calcium signal to 

contralateral (top left black traces) and ipsilateral (bottom left green traces) stimuli in adult V1 organized by grating 

spatial frequency and direction. Gray boxes represent stimulus presentation of drifting gratings and lines represent 

trial averaged traces. Yellow boxes represent responses to different spatial frequencies at the neuron’s preferred 

direction. Magenta traces represent the responses to different directions at the neuron’s peak spatial frequency. To the 

right is the neuron’s spatial frequency tuning curve showing evoked activity to multiple spatial frequencies along the 

preferred orientation. The polar plot to the right shows evoked response to multiple directions at the neuron’s preferred 

spatial frequency. An OSI of 1 represents a cell that only responds to one orientation. An OSI of 0 represents a cell that 

responds equally to all directions. (D) This example adult excitatory neuron responds strongly to 0.12cpd (peakSF) 

with a strong preference for grating directions of 0° and 180° (OSIcontralateral = 0.85; OSIipsilateral = 0.99). (E) This 

example adult inhibitory neuron responds strongly to 0.12cpd (peakSF) weak orientation selectivity (OSIcontralateral 

= 0.21; OSIipsilateral = 0.06). 

 

At the time of recording, mice were presented with a battery of stimuli consisting 

of drifting gratings spanning 7 spatial frequencies (0.015-0.96 cpd spaced logarithmically) 

and 12 directions (0-330°) (Figure 4.2B). Stimuli were randomized and presented 10 times 
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to each eye separately. Inhibitory neurons were identified based on expression of the red 

fluorescence protein tdTomato in cells that express the vesicular inhibitory amino acid 

transporter (VGAT) (Figure 4.2C). Typically, excitatory neuron receptive fields in adult 

V1 have a contralateral eye bias and are strongly stimulated by few drifting gratings that 

are mid-to-high spatial frequency and in directions that are diametrically opposed 

(Figure 4.2D). In contrast, neighboring inhibitory neurons are more binocular and 

respond to multiple spatial frequencies and directions (Figure 4.2E). 

 

Figure 4.3. Microglia depletion does not perturb percent visually responsive and binocularity in V1.  

(A) Percentage of neurons well-tuned to stimuli is similar between developmental ages (juv = 58 ± 2% vs adult = 48 ± 

5%; p=0.30) and PLX5622 treatment (plx = 52 ± 5%; plx vs juv: p = 0.61; plx vs adult: p = 0.95). (B) Histogram of ocular 

dominance for tuned excitatory neurons. ODI was similar between control juvenile, control adult, and plx adult (juv 

(9 mice, 2,030 cells) = 0.45 ± 0.08. vs adult (9 mice, 1,213 cells) = 0.30 ± 0.08 cpd; plx (11 mice, 1,035 cells) = 0.36 ± 0.11; 

LMEM F = 0.26, p = 0.77). (C) Histogram of ocular dominance for tuned inhibitory neurons. ODI was similar between 

control juvenile, control adult, and plx adult (juv (9 mice, 277 cells) = 0.26 ± 0.10; adult (9 mice, 346 cells) = 0.19 ± 0.08 

cpd; plx (11 mice, 436 cells) = 0.25 ± 0.08; LMEM F = 0.14, p = 0.73). (D) Averaged population spatial frequency tuning 

curves for excitatory (left) and inhibitory (right) neurons. Error bars represent S.E.M 

 

In our data, the percentage of visually responsive neurons was similar between 

juveniles and adults; microglia depletion had no effect on the percentage of visually 

responsive neurons (Figure 4.3A). Although the binocularity of V1 receptive fields is 

rapidly established following eye-opening (Smith and Trachtenberg, 2007), ODP persists 

through the CP as other receptive field properties continue mature. A neuron’s ocular 
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bias can be quantified by the ocular dominance index (ODI). A value of -1 and 1 is a cell 

that responds only to ipsilateral and contralateral eye stimuli, respectively. Across all 

groups, whereas excitatory neuron responses were highly skewed toward the 

contralateral eye, their inhibitory counterparts were more binocular (Figure 4.3B,C). 

Thus, microglia depletion alone does not disturb the normal maintenance of V1 receptive 

field responsiveness and binocularity. (Smith and Trachtenberg, 2007). 

 

Figure 4.4. Microglia depletion does not affect the developmental emergence of high spatial frequency tuning in 

V1 neurons. 

A) Raincloud plots with box plots for the peak spatial frequency of excitatory (left) and inhibitory (right) neurons. (B) 

For excitatory neurons (left), the spatial frequency of the stimulus that elicited the strongest response increased between 

juvenile and adult ages (juv (9 mice, 2,109 cells) = 0.08 ± 0.01 vs adult (9 mice, 1,366 cells) = 0.13 ± 0.01 cpd; LMEM: F = 

8.86, p = 0.008). Microglia depletion does not affect the developmental shift toward higher spatial frequencies (plx (11 

mice, 1,035 cells) = 0.16 ± 0.02 cpd) (plx vs adult LMEM: F = 1.31, p = 0.27) (plx vs juv LMEM: F = 12.92 p = 0.002). 

Inhibitory neurons (right), the spatial frequency of the stimulus that elicited the strongest response increased between 

juvenile and adult ages (juv (9 mice, 280 cells) = 0.07 ± 0.02 vs adult (9 mice, 370 cells) = 0.16 ± 0.02 cpd; LMEM: F = 8.86, 

p = 0.008). Microglia depletion does not affect the developmental shift toward higher spatial frequencies (plx (11 mice, 

436 cells) = 0.17 ± 0.03 cpd) (plx vs adult LMEM: F = 0.42, p = 0.53) (plx vs juv LMEM: F = 12.58, p = 0.002). (C) Population 

spatial frequency tuning curves for excitatory (left) and inhibitory (right) neurons were aligned to peak spatial 

frequency. Microglia depletion does not disturb the developmental sharpening of spatial frequency tuning for 

excitatory neurons (left) but impairs the developmental suppression of inhibitory neuron (right) spatial frequency 

tuning curves. 

 

The emergence of high spatial frequency tuned receptive fields in adults is a 

hallmark of development strongly associated with high acuity vision. First, for each 

neuron, we looked at the spatial frequency that evoked the strongest response in (Figure 



101 

 

4.2A). Surprisingly, the developmental shift toward higher spatial frequencies for 

individual excitatory and inhibitory neurons did not require microglia (Figure 4.2B). 

Interestingly, the response magnitude of excitatory neurons at their peak spatial 

frequency was similar across developmental ages and was not disturbed by microglia 

depletion (Figure 4.2C, left). However, in both excitatory and inhibitory neurons, a 

developmental decrease in visual response activity is more pronounced at spatial 

frequencies one or two octaves away from the preferred spatial frequency of the neurons. 

Microglia depletion led to greater visually evoked activity at these neighboring spatial 

frequencies and this trend was particularly clear in inhibitory neurons (Figure 4.2C, 

right). Thus, while microglia depletion does not prevent the developmental shift toward 

higher spatial frequency preferences, it does elevate the level of activity of inhibitory 

neurons in the spatial frequency domain. 

 

Figure 4.5. Microglia depletion 

prevents the developmental 

increase in orientation selectivity 

of V1 neurons. 

(A) Raincloud plots with box plots 

for the orientation selectivity index 

of excitatory (left) and inhibitory 

(right) neurons. (B) Excitatory (left) 

orientation selectivity index 

increases during development (juv 

(9 mice, 2,030 cells) = 0.48 ± 0.02 vs 

adult (9 mice, 1,213 cells) = 0.58 ± 

0.02; LMEM: F = 12.84, p = 0.002). 

Microglia depletion prevents the 

developmental increase in 

excitatory neuron (left) OSI (plx (11 

mice, 1,035 cells) = 0.51 ± 0.02; plx vs 

A B 

C D 
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adult LMEM: F = 5.88, p = 0.025; plx vs juv LMEM: F = 1.20, p = 0.29). Inhibitory neuron (right) orientation selectivity 

increases during development (juv (9 mice, 277 cells) = 0.079 ± 0.02, adult (9 mice, 346 cells) = 0.15 ± 0.02, plx (11 mice, 

436 cells) = 0.15 ± 0.02; juv vs adult LMEM: F = 7.54, p = 0.01; juv vs plx LMEM: F = 1.36, p = 0.26; adult vs plx LMEM: F 

= 2.67, p = 0.11). Population orientation tuning curves for excitatory (C) and inhibitory (D) neurons. PLX5622 increases 

visually evoked activity to non-preferred orientations in excitatory neurons. PLX5622 increases visually evoked activity 

to all orientations in inhibitory neurons. 

 

In addition to spatial frequency, neurons are sensitive to the orientation of 

stimulus in their receptive fields. A cell’s orientation selectivity index (OSI) provides a 

summary value that considers the responses at all orientations. A neuron with an OSI of 

0 responds to all orientations with equal magnitude. A neuron with an OSI of 1 responds 

to only 1 orientation. Microglia depletion prevented the developmental sharpening of 

orientation selectivity in excitatory neurons (Figure 4.2A). We did not detect a 

developmental change in inhibitory neuron orientation selectivity (Figure 4.2B). 

However, we find that excitatory and inhibitory evoked activity across most directions 

was elevated in microglia depleted mice compared to normal adult mice, indicating 

arrested development of visually evoked activity levels and orientation tuning properties 

(Figure 4.2C,D). 

 

4.4.3: Microglia Depletion Does Not Alter V1 Coactivity 

Synchronized neuronal activity emerges from functionally similar synaptic input and is 

thought to dictate circuit function. Example calcium traces show typical temporal 

dynamics of single-cell calcium signals in excitatory and inhibitory neurons (Figure 

4.6A). An example heat map of the inter-neuronal correlation coefficients illustrates the 
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difference between excitatory-excitatory and inhibitory-inhibitory coactivation (Figure 

4.6B). In agreement with previous studies, we found excitatory populations were less 

correlated with each other than their inhibitory counterparts (Figure 4.6C,D). 

 

Figure 4.6. Normal inter-neuronal correlations in microglia 

depleted mice. 

(A) Aligned traces for excitatory (top) and inhibitory (bottom) 

calcium signals. (B) Correlation coefficient matrix for an 

example recording organized by neuron type. (C) Correlation 

coefficients for excitatory neurons does not change during 

developmental ages (juv (9 mice, 2,574 cells) = 0.08 ± 0.01 vs 

adult (9 mice, 2,075 cells) = 0.09 ± 0.02 cpd; p = 0.84). Microglia 

depletion had no effect on excitatory correlation coefficients 

(plx (11 mice, 2,075 cells) = 0.11 ± 0.02; plx vs juv: p = 0.20; plx 

vs adult: p = 0.43). (D) Correlation coefficients for inhibitory 

neurons does not change during developmental ages (juv = 

0.23 ± 0.02 vs adult = 0.19 ± 0.02 cpd; p = 0.51). Microglia 

depletion had no effect on excitatory correlation coefficients 

(plx = 0.20 ± 0.02; plx vs juv: p = 0.77; plx vs adult: p = 0.97). 

Error bars represent S.E.M 

 

4.4.4: Microglia Depletion Does Not Alter Pupil Dynamics and Arousal-Induced 

Modulations of V1 activity 

Behavioral states modulate neuronal activity and alter circuit behavior. In wakefulness, 

arousal is a potent neuromodulator of visual processing that can alter tuning properties 
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(Vinck et al., 2015; Schröder et al., 2020). Pupil size is a non-invasive readout of arousal 

level that is strongly correlated with the activity of V1 neurons (Niell and Sptryker, 2010). 

Enough IR light escapes the pupil during two-photon imaging for detection by a separate 

camera. For each frame gathered, the pupil was fitted to a circle and its properties used 

to quantify pupil dynamics (Figure 4.7A). An example of pupil size temporally aligned 

with calcium signals from several excitatory and inhibitory neurons illustrates the 

positive modulation of cortical activity during bouts of pupil dilation (Figure 4.7B). In 

agreement with previous literature, we report that V1 activity is positively modulated by 

arousal (Figure 4.7C). Importantly, microglia depletion did not disturb arousal-induced 

cortical states (Figure 4.7C). Thus, the effects of microglia depletion on V1 receptive fields 

are not likely mediated by arousal dysfunction. 

 

Figure 4.7 Average pupil modulation of V1 us not disturbed by microglia depletion. 

(A) Example frame of the eye during visual stimulus presentation. A circle detection process was run for each frame 

and its properties used to determine pupil size. (B) Aligned traces for example pupil size (top), excitatory calcium traces 

(middle) and inhibitory calcium traces (bottom). (C) Correlation coefficients for excitatory (left) neurons does not 

change during developmental ages (juv (9 mice) = 0.08 ± 0.02 vs adult (9 mice) = 0.04 ± 0.03; p = 0.54) and are unaffected 

by microglia depletion (plx (11 mice) = 0.04 ± 0.03; juv vs plx: p = 0.71; adult vs plx: p > 0.99). Correlation coefficients 

for inhibitory (right) neurons does not change during developmental ages (juv (9 mice) = 0.15 ± 0.05 vs adult (9 mice) = 

0.14 ± 0.05; p > 0.99) and is unaffected by microglia depletion (plx (11 mice) = 0.12 ± 0.05; juv vs plx: p = 0.96; adult vs 

plx: p = 0.99). Error bars represent S.E.M.  
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4.5: Discussion 

 The reorganization of synaptic connectivity is thought to underlie the 

experience-dependent maturation of sensory circuits (Majewska et al., 2006; cite more 

from A1, S1). In the visual system, while microglia support the refinement of LGN 

connectivity through synapse elimination (Schafer et al., 2012; Cheadle et al., 2020), their 

contribution to V1 receptive field development is unknown. In this study we addressed 

what role microglia play in the refinement of receptive fields by depleting them using the 

CSF1 inhibitor PLX5622 during a critical period for V1 development. Microglia depletion 

led to an increase in visually evoked activity for both excitatory and inhibitory neurons. 

Surprisingly, microglia elimination specifically disturbed orientation selectivity but not 

spatial frequency tuning or binocularity. Although microglia depletion led to increased 

activity, the synchronization of neurons in V1 was unaffected. Finally, we find that 

microglia depletion had no effect on arousal-linked modulations of V1 activity. Together, 

our results reveal a selective and necessary role for microglia in the functional maturation 

of V1 orientation selectivity. In contrast to specific disruptions of microglia physiology, 

selective elimination can reveal essential mechanisms. Although it was possible that 

neuroinflammation underlies the selective deficits observed, PLX5622-induced apoptosis 

does not stimulate inflammatory cytokine signaling (Dagher et al., 2015) and is cleared 

by astrocyte phagocytosis in a few days (Konishi et al., 2020). Instead, the selective effects 

observed may reflect the mechanistic decoupling of juvenile V1 receptive field 
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development (Kang et al., 2013; Stephany et al., 2014; Stephany et al., 2018). Similarly, in 

adults, the instability of spatial frequency tuning does not correlate with the instability of 

orientation tuning in adult V1 (Jeon et al., 2018). Moreover, whereas sharp orientation 

selectivity emerges in V1, high spatial frequency tuning can be found in thalamocortical 

projections (Huh et al., 2021). Thus, our data provide additional evidence for the notion 

that distinct cellular mechanisms, in this case by microglia, support the refinement of V1 

receptive field properties. 

We find that microglia depletion differentially affected the functional refinement 

of excitatory and inhibitory receptive field properties. This may be due to the underlying 

synaptic mechanisms that gives rise to sharp orientation tuning. In agreement with 

others, we find that excitatory neurons are more sharply tuned than their inhibitory 

neighbors (Kerlin et al., 2010; Kuhlman et al., 2011; Liu et al., 2011). Importantly, we 

confirm the developmental sharpening of orientation selectivity in excitatory neurons 

(Kuhlman et al., 2011; Li et al., 2012). This developmental sharpening, however, is 

thought to reflect the elimination of synaptic activity at non-preferred orientations. Thus, 

removal of microglia synapse elimination mechanisms. In contrast, inhibitory neurons 

are a more heterogenous population. Whereas SST inhibitory neurons display selective 

but weak orientation selectivity, PV inhibitory neurons gain broad tuning in 

development through increased connectivity (Ma et al., 2010; Runyan et al., 2013; 

Kuhlman et al., 2013; Figueroa Velez, 2017). Therefore, microglia may support the 
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receptive refinement of inhibitory neurons in a subtype-specific manner. Future work 

with identified inhibitory subpopulations may provide a clearer picture for the role of 

microglia in the refinement of inhibitory neuron receptive field properties. 

While our observations were limited to V1, the effects of microglia depletion on the 

maturation of orientation selectivity may extend to other visual circuits. Though sharp 

orientation selectivity first emerges in V1, preference for concentric orientations has been 

found in the superior colliculus (SC), a highly conserved sensorimotor circuit key to 

visually guided oriented responses (Krauzlis et al., 2013; Feinberg and Meister, 2015; 

Ahmadlou and Heimel, 2015). Recently, it has been shown that mouse SC engages in 

distinct mechanisms that support prey-avoidance and prey-capture behavior (Shang, et 

al., 2015; Hoy et al., 2016). Future work should explore the role of microglia in the 

refinement of SC receptive fields and prey behavior. 

Microglia processes in V1 have been associated with small, short-lived dendritic 

spines during normal visual experience (Tremblay et al., 2010). Yet, to date, the 

relationship between the functional properties of synapses and subsequent microglia-

mediated synapse reorganization is limited to large-scale changes in circuit activity. 

Relating the functional properties of synapses to microglia-induced synapse change may 

provide a generalizable model for how microglia shape cortical circuits. Nonetheless, 

until this study, the role of microglia in development during normal visual experience 

was not directly assessed. Here we find a subtle but long-lasting impact on circuit 
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function when microglia are eliminated during juvenile development. Importantly, these 

tuning deficits are not due to changes in co-activity or arousal. Although high spatial 

frequency tuned neurons emerge in microglia depleted V1, the immature orientation 

selectivity likely impairs visual resolution by making it difficult to distinguish between 

closely oriented stimuli. Our study provides compelling evidence for a key role for 

microglia in the postnatal development of sensory systems and suggests that microglia 

deficiencies during juvenile windows may lead to subtle but long-lasting deficits in 

sensory processing.  
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Chapter 5: Discussion 

 

5.1: Transplant-Induced Critical Periods 

5.1.1: Discussion 

The extent of transplant-induced binocular plasticity (ODP) in adults was surprisingly 

comparable to juvenile levels, suggesting common mechanisms. An advantage of 

transplantation is that it reintroduces a new critical period window outside of juvenile 

development. Therefore, transplantation is more likely to yield mechanisms that are 

specific to critical period plasticity and removed from other developmental programs. 

Still, it is important to keep in mind that while transplantation recapitulates some 

hallmarks of visual critical periods, it does not for others. For example, whereas PNN 

deposition onto PV neurons marks the closure of juvenile ODP, the deposition of PNNs 

on transplanted inhibitory neurons precedes the presence of transplant induced ODP 

(Beurdeley et al., 2002; Miyata et al., 2012, Bradshaw et al., 2018). On the other hand, 

ErbB4-neuregulin signaling which is required for both juvenile and transplant ODP (Sun 

et al., 2016; Zheng et al., 2021). Still, future transplantation studies may reveal that 

previously undiscovered molecules initiate some but not all juvenile mechanisms of 

plasticity. 

The molecular and functional maturation of PV inhibitory neurons is strongly 

associated with juvenile critical period plasticity (Reh et al., 2020). We find that mature 

transplanted neurons expressed appropriate inhibitory subtype markers, supporting the 

notion that MGE inhibitory subtype identity is determined by innate mechanisms 

(McKenzie et al., 2019). Indeed, the expression of PV by transplanted neurons is 

dependent on cell age (Bradshaw et al., 2018). Yet, we found no correlation between the 

number of transplanted PV cells and transplant induced ODP. Moreover, the removal of 
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either PV or SST from the transplanted population does not prevent transplant-induced 

plasticity (Tang et al., 2014). In barrel cortex, however, removal and dysfunction of SST 

neurons disrupts PV neuron development, suggesting that critical periods may indeed 

require both cell types for normal expression. Alternatively, host inhibitory subtypes may 

play a compensatory role when either PV or SST is ablated (Priya et al., 2019; Zheng et 

al., 2021). 

Nonetheless, GABAergic transmission from the transplanted population is necessary 

for transplant induced ODP (Priya et al., 2019). This GABAergic perturbation in the 

transplanted cells increased their axonal and dendritic complexity, suggesting these cells 

were not capable of inducing plasticity due to their immaturity. Yet, the deposition of 

perineuronal nets and expression of subtype molecular markers such PV were not 

disturbed by decreasing GABAergic transmission. Moreover, the electrophysiological 

properties of transplanted fast-spiking (PV) neurons were not dependent on GABAergic 

transmission. Therefore, it was unclear if the absence of transplant induced ODP was due 

to a loss of transplanted inhibition or specific growth programs. More recently, 

DREADDs, channelrhodopsins, and archaerhodopsins were used to modulate the 

activity of transplanted neurons and show that transplant inhibition is not required for 

the expression of plasticity (Hoseini et al., 2019; Zheng et al., 2021). Thus, GABAergic 

transmission from transplanted inhibitory neurons supports the induction but not the 

expression of transplant-induced plasticity. Whether this mechanism is local connectivity 

or interactions with other visual circuits remains unclear. 

 While our engraftment was restricted to V1, transplanted MGE neurons dispersed 

across all cortical layers albeit with a bias toward deeper layers. In the neocortex, deeper 

layers contain neurons that are corticothalamic and cortico-cortico projecting. Therefore, 

it may be that the transplant GABAergic inhibition required for ODP is dependent upon 

the modulation of other circuits via feedback loops. Of particular interest is layer 6 (L6) 
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which contains corticothalamic neurons that project to dLGN (Bourassa et al., 1995; 

Thomson, 2010). In V1, L6 activation perturbs visual response properties and can 

suppresses activity through inhibition across all cortical layers (Grieve and Sillito, 1991; 

Olsen et al., 2012; Bortone, et al., 2014). Whether corticothalamic neurons support 

development during the critical period is unknown. Future studies should investigate the 

role of L6 corticothalamic activity to juvenile and transplant induced critical period 

plasticity. Nonetheless, circuit integration and GABAergic output play a crucial role in 

the induction of a critical period plasticity following MGE transplantation. 

Initial studies of transplantation into mature striatal circuits showed that MGE 

neurons were unique in their ability to disperse and alter circuit inhibition (Wichterle et 

al., 1999; Alvarez-Dolado et al., 2006). Yet, later studies revealed that although 

transplanted MGE neurons contain more synaptic connectivity than their host 

counterpart, the strength of these connections is much weaker (Southwell et al., 2010). 

Therefore, it was unclear whether transplanted inhibitory neurons would functionally 

integrate into visual circuits and acquire appropriate receptive fields. Our initial study 

found that transplanted MGE-derived PV neurons developed broad tuning with evoked 

strength indistinguishable from their host counterpart. Still, while the tuning of 

transplanted inhibitory neurons is comparable to their host counterpart, their functional 

outputs may differ. In adult V1, inhibitory neuron stimulation increases the sharp 

orientation selectivity of excitatory neurons (Lee et al., 2012; Atallah et al., 2012; Wilson 

et al., 2012). It has yet to be determined whether the activation of integrated transplanted 

neurons similarly supports excitatory neuron tuning.  

5.1.2: Future Directions 

Unraveling the mechanisms underlying transplant-induced critical periods may 

provide unique plasticizers that can be used for the therapeutic activation of plasticity. 

Although not necessary for the expression of transplant induced ODP, transplanted 
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GABA transmission initiates the cascade of mechanisms underlying our observed effects 

(Priya et al., 2019; Hoseini et al., 2019; Zheng et al., 2021). Therefore, suppression of 

transplanted GABAergic transmission via inhibitory DREADDs at defined timepoints 

following transplantation (e.g. 10-20DAT, 20-30DAT, 30-40DAT) should provide a more 

clear map of critical windows. 

One appealing mechanism for transplant-induced plasticity involves the 

corticothalamic suppression of V1 (Grieve and Sillito, 1991; Olsen et al., 2012; Bortone, et 

al., 2014). While it has been shown that corticothalamic projections regulate 

retinogeniculate refinement, its role in later postnatal development is unkown 

(Thompson et al., 2016; ). To determine if corticothalamic circuitry plays an important 

role, future studies of transplant-induced plasticity should silence corticothalamic 

feedback by suppressing L6 excitatory neurons using the NTSR1-Cre transgenic line. 

Additionally, it would be interesting to see if corticothalamic feedback similarly supports 

juvenile ODP. 

Whether transplantation similarly supports critical period plasticity in other 

sensory circuits is yet to be determined. Could transplantation be used to rescue sensory 

deficits that result from trauma in adulthood such as tinnitus? Do the transplantation 

effects extend to non-sensory circuits? More research into the mechanisms underlying 

transplant-induced plasticity will be invaluable for future transcriptomic studies with the 

aim of finding a potent, universal brain circuit plasticizer. 

 

5.2: Specific Roles for Microglia in Functional Development 

5.2.1: Discussion 

In early postnatal visual development, retinal activity instructs the separation of 

ocular input to the LGN (Stellwagen and Shatz, 2002; Triplett et al., 2009). In addition, 
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retinal activity modulates microglia engulfment that supports this early circuit-wide 

refinement (Schafer et al., 2012). In later development, visual deprivation during the 

critical period has been shown to modulate microglia-mediated synapse elimination in 

V1 (Tremblay et al, 2010). Yet, vision onset can have more specific, instructive roles for 

the fine-scale functional changes in V1. For example, rearing mammals in a striped 

environment increases the number of neurons responding to the stripe’s orientation but 

does not disturb the binocularity or spatial frequency selectivity of cortical neurons 

(Blakemore and Cooper, 1970; Sengpiel et al., 1999; Kreile et al., 2011). The establishment 

of binocularity and presence of ODP stem from binocular competition (Hubel and Wiesel, 

1970; Sawtell et al., 2003; Smith and Trachtenberg, 2007). Interestingly, whereas juvenile-

specific vision onset is required for the maturation of sharp orientation selectivity in V1, 

dark rearing merely delays the maturation of binocularity and spatial frequency (Kang et 

al., 2013). We found that microglia support the critical period refinement of orientation 

selectivity but not the maturation of binocularity and spatial frequency selectivity. 

Together, these experiments suggest microglia synapse remodeling mechanisms can be 

sensitive to specific patterns of visual experience. 

For a given adult V1 neuron, there a strong relationship between the orientation 

selectivity of the summed spine responses and the parent soma (Jia et al., 2010; Chen et 

al., 2011; Wilson et al., 2016; Scholl et a., 2021). Although unknown, if this relationship for 

juveniles, then the developmental sharpening of orientation selectivity may simply 

involve an increase in the pruning of synapses least correlated to the functional activity 

of a neuron’s synaptic landscape. Alternatively, increased synapse formation of 

functional clusters that match somatic functional properties could bias the presynaptic 

landscape toward a sharper orientation selectivity. In either case, microglia-contact can 

mediate this remodeling by synapse elimination and induction (Paolicelli et al., 2011; 
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Miyamoto et al., 2016; Weinhard et al., 2018; Cheadle et al., 2020). However, the rules that 

guide microglia-contact to either remove or induce a synapse are not well understood. 

Although our recordings were restricted to V1, microglia depletion may more 

generally support orientation selectivity of visual circuits. Sharp orientation selectivity is 

a unique hallmark of the primary visual pathway that emerges in V1. However, weak 

selectivity can be found in the superior colliculus (SC) of the extrageniculate pathway, a 

sensorimotor circuit underlying visually guided oriented responses (Krauzlis et al., 2013; 

Feinberg and Meister, 2015; Ahmadlou and Heimel, 2015). Importantly, SC mechanisms 

support prey-avoidance and prey-capture behavior (Shang, et al., 2015; Hoy et al., 2016). 

Thus, research into microglia support of SC development may reveal a general role for 

microglia across visual circuits. 

It was possible that the effects of microglia ablation on V1 receptive fields were due 

to a chronic inflammatory cortical state induced by circuit-wide apoptosis. However, 

microglia ablation using PLX5622 chow diet is cleared by astrocyte phagocytosis in a few 

days and is not associated with classical inflammatory cytokine signaling (Dagher et al., 

2015; Konishi et al., 2020). Still, the removal of the predominant brain immune cell is 

bound to have consequences on the behavior of other cell classes it interacts with toward 

a common goal. For example, astrocyte release of interleukin-33 recruits microglia to 

prune developing thalamic circuit synapses (Vainchtein, et al., 2018). More recently, 

astrocytes and microglia have been found to work in synchrony to clear distinct parts of 

apoptotic neurons (Damish et al., 2020). Thus, although our observations of immature 

orientation selectivity following microglia ablation reveal a necessary role, other cell 

types like astrocytes may also play a necessary role for proper circuit wiring. 
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5.2.2: Future Directions 

We expected that brain-wide microglia depletion would elevate activity during 

development and disturb or accelerate the development of multiple receptive field 

properties in V1. We were surprised to find that only orientation selectivity was 

developmentally retarded following PLX5622 treatment. It would be interesting to see if 

similar results are attained in other developing sensory circuits. Nonetheless, our results 

suggest that at least some necessary microglia synapse remodeling mechanisms are 

uniquely sensitive to specific patterns of visual experience. Time-lapse imaging of the 

functional properties of a neuron’s synapses and microglia contact dynamics may reveal 

important rules for microglia engagement. Moreover, it may help provide a more general 

set of rules for when microglia remove and induce synapses. 

While sharp orientation selectivity is important for V1 acuity, more weak orientation 

selectivity plays important roles in prey-predator behavior. To determine if microglia 

support SC-mediated behavior, removal of microglia during periods of rapid SC 

development may reveal a role for microglia in establishing circuits crucial for prey 

behavior. Still, in all future ablation studies, a more localized removal of microglia should 

better resolve their circuit specificity role. One plausible method is to generate and 

introduce a CSF1 receptor inhibitor via localized viral injections. In addition to spatially 

restricting the ablation, this method can provide further specificity using cell-specific 

promoters. 

While focus on microglia has intensified, recent evidence suggests astrocytes and 

microglia work in tandem to support circuit refinement. While both cell types make 

synaptic contact, microglia contact is short-lived (). Thus, astrocytes may be better 

positioned to detect relative changes and instruct microglia to alter their behavior. It 

would be interesting to see if astrocyte suppression during the critical period window 

has similar effects on orientation tuning as microglia ablation. Nonetheless, these data 
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show microglia function can have a subtle but lasting effect on circuit function. Therefore, 

therapies which consist of microglia ablation should consider possible changes to circuit 

behavior, especially in developing brains.  

 

5.3: Conclusion 

The developmental refinement of sensory circuit function involves the interaction 

between intrinsic programs and sensory experience. In the visual system, innate 

mechanisms establish coarse binocularity, orientation selectivity, and spatial frequency 

tuning. Upon eye-opening, intrinsic programs and visual experience guide the rapid 

refinement of single-cell receptive field properties. In chapter 2 and 3, we reveal that 

multiple hallmarks of the visual critical period can be reinstated by the functional 

integration of a small number of transplanted MGE inhibitory neurons.  These findings 

add to the emerging body of knowledge that many but not all hallmarks of visual 

development are timed by the cellular age of inhibitory neurons. Specifically, this 

dissertation reveals that while vision onset can be instructive to visual development, the 

mechanisms that permit and initiate receptive field plasticity and functional maturation 

during critical periods are contained within inhibitory neurons. 

Lastly, in chapter 4, we reveal that microglia selectively support critical period 

refinement of orientation selectivity, a receptive field property that is uniquely dependent 

on juvenile vision onset to fully develop. Our results suggest that the normal role of 

microglia in V1 development is to support orientation selectivity and not spatial 

frequency selectivity or binocularity. This thesis provides compelling evidence that 

inhibitory neurons are intrinsically programmed to reactivate critical period plasticity 

and functional maturation, and that they may do so in part through microglia-mediated 

mechanisms. 
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