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ABSTRACT 

The lateral geniculate nucleus (LGN) of the thalamus modulates and relays visual 

information from the retina to the visual cortex. Synapses onto LGN neurons include input from 

the retina, the brainstem, the cortex, the thalamic reticular nucleus (TRN), and local inhibitory 

interneurons and these inputs shape the signal that is sent out of the LGN by relay cells. Previous 

studies of the LGN have described the organization of these inputs onto geniculate dendrites. 

However, key information is missing describing how inputs from different origins organize onto 

different LGN neuron dendrites subtypes and neuronal dendrite segments. The experiments in 

this dissertation sought to use a connectomics approach to  characterize inputs onto LGN relay 

cell dendrites and interneuron dendrites with the goal of describing their organization in order to 

further explore how the setup of inputs into the LGN modulate visual information. Chapter II 

describes a method for determining putative terminal origin in the LGN through normal 

distribution based modeling of terminal volumes. This method was then used to study the 

organization of terminals onto different segments of LGN relay cell dendrites. Terminals from 

different origins show selectivity for different segments of relay cell dendrites based on both 

dendrite size and branch order. These terminals also show a selectivity for interactions with other 

distinct terminals on dendrite segments. Chapter III describes input selectivity onto LGN 

interneuron dendrites inside and outside of glomerular arrangements. Triadic motifs described in 

this chapter provide anatomical data that demonstrates how inputs onto interneurons affect 

inhibition of relay cells and therefore, the information that is sent by relay cells to the cortex. The 

results of these experiments detail the organization of terminals onto dendrites in a volume of 

LGN tissue and allows for more accurate speculation as to how this organization serves to 

modify visual information before it reaches the cortex.     
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CHAPTER I 

General Introduction 
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Of the five human senses, vision shows its importance as the navigator of everyday life. 

Our visual system must gather and combine features from the environment such as color, shapes, 

luminance, orientation, and movement to create a meaningful representation of the world. Each 

stop in the visual pathway performs a function that transforms more basic visual features into 

complex higher-order representations. Of particular interest to visual scientists, the lateral 

geniculate nucleus stands out because of its role as the principle relay of visual information from 

the retina to the cortex. This dissertation work aims to understand the anatomical and 

organizational principles that modify and modulate the response properties of the geniculate 

relay cells and interneurons. It also aims to reveal distinct synaptic circuitry properties for the 

pathways that encode different features for the visual signal processing. This introduction will 

provide a brief review of the extensive literature over the past six decades that has identified and 

characterized the anatomical and physiological properties of neuronal circuitries in the first two 

stops of the visual pathway, the retinal ganglion cells (RGCs) of the retina and the lateral 

geniculate nucleus (LGN). 

The Origin of the Visual Pathway: Retinal Ganglion Cells   

Retinal ganglion cells (RGCs) are the sole source of visual information that reaches the 

thalamus. Over 20 different classes of RGCs have been identified (for review, see Sanes & 

Masland, 2015). Different RGCs are tuned to distinct features of the visual environment, 

including luminance, orientation and direction (Kuffler, 1953; Levick, 1967).  The RGCs are 

categorized into groups based on morphological, physiological and gene expression properties 

(Madisen et al., 2012; Polyak, 1957; Siegert et al., 2009).  Although specific RGC cell types vary 
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among different species, many share similar properties and are considered homologous to each 

other. A description follows of four relatively well studied classes of RGCs appearing in studies 

that took advantage of the advances in transgenic and viral tracer techniques in the mouse.  

Alpha RGCs are one of the most extensively studied RGC types. Their homologues have 

been identified in mice, rabbits, cats, and primates (more commonly referred to as Y-type RGCs 

in cats and tree shrews, brisk-transient cells in rabbits, and parasol cells or M-cells in primates). 

This class of RGCs has large cell bodies, large and monostratified dendritic fields in the retina, 

and thick, myelinated axons that innervate magnocellular cells in the LGN (Boycott & Wässle, 

1974; Peichl, Ott, & Boycott, 1987).  The studies by Cleland, Wassle and Peichl classified alpha 

RGCs into four physiological subtypes: 1) sustained ON 2) sustained OFF 3) transient OFF 4) 

sustained OFF (Cleland, Levick, & Wässle, 1975; Peichl, 1991; Van Wyk, Wässle, & Taylor, 

2009; Wässle, Peichl, & Boycott, 1981).  In mice, alpha RGCs have extensive projections to 

most visual nuclei of the hypothalamus (supraoptic nucleus), midbrain (superior colliculus), and 

the LGN (Huberman, Feller, & Chapman, 2008; Martersteck et al., 2017).  In primates, studies 

that used single RGC axon physiology/anatomy approaches showed that parasol RGCs projected 

to the magnocellular layers of the LGN (Leventhal, Rodieck, & Dreher, 1981; Perry, Oehler, & 

Cowey, 1984).  

Beta RGCs are described extensively in the rabbit, the cat, and the primate, and these are 

referred to as X-cells in the cat and the tree shrew, and midget or P- cells in the primate (Silveira 

& Perry, 1991; Wong & Oakley, 1996).  The beta RGCs have small cell bodies, a narrow 

dendritic spread, and thinner axons that innervate parvocellular cells in the LGN (Dacey, 1993; 

Dacey & Petersen, 1992; Leventhal et al., 1981; Perry et al., 1984; Watanabe & Rodieck, 1989).  
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They are tuned to high spatial frequencies and thus detect details in the visual environment with 

high acuity. These RGCs have simple receptive fields with either an ON or OFF center, 

antagonist surround, and a sustained response to light (Stone & Fukuda, 1974).  Compared to 

alpha RGCs, beta RGCs are more numerous, but they have smaller receptive fields (Hochstein & 

Shapley, 1976).  Although beta RGCs have not been identified as a morphologically cohesive 

group in the mouse retina, mice do have RGCs with homologous receptive field size and 

response to light, suggesting these may function similarly to beta RGCs (Stone & Fukuda, 1974). 

Small bistratified RGCs are a diverse class of RGCs that relay chromatic information  

from across the visual field. Small bistratified RGCs are analogous to W-type RGCs in cats and 

primates and project to koniocellular relay cells in the LGN (Heine & Passaglia, 2011).  These 

RGCs have large receptive fields with a center-surround organization and low visual response 

(Field et al., 2007; Stone & Fukuda, 1974; P. D. Wilson, Rowe, & Stone, 1976).  In primates 

specifically, small bistratified RGCs have a blue-ON center organization (Dacey & Lee, 1994).  

Small bistratified RGCs are smaller than both alpha and beta RGCs with a variable dendritic 

field diameter depending on if the soma is in the center or periphery of the retina (Dacey, 1993).  

Another type of retinal ganglion cell present in the mammalian retina is intrinsically 

photosensitive retinal ganglion cells (ipRGCs). As their name suggests, ipRGCs are 

photosensitive and contain the photopigment melanopsin. These RGCs have large dendritic 

arbors and a primary projection to the suprachiasmatic nucleus, where the RGCs function to 

synchronize circadian rhythm (Do & Yau, 2010; Hattar, Liao, Takao, Berson, & Yau, 2002; 

Hattar et al., 2003; Panda et al., 2002; Provencio et al., 2000; Qiu et al., 2005).  Recent studies 
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have shown that some ipRGCs project to the LGN, however this projection is not well 

characterized and will not be considered further for this dissertation (Kim et al., 2019). 

Retinal inputs into the LGN are organized into parallel pathways that segregate different 

streams of visual information before they reach the cortex.  RGCs located in the nasal retina of 

each eye cross the midline at the optic chiasm and provide contralateral innervation onto 

geniculate dendrites which are generally segregated from dendrites that receive ipsilateral eye 

input (Guillery, 1970; Martersteck et al., 2017).  The projections from morphologically and 

physiologically distinct RGCs (i.e., Y vs. X; ON vs. OFF) also remain together in the LGN to 

form parallel-pathway-specific laminae (Bishop, 1933; Callaway, 2005; Hendry & Reid, 2000; 

Livingstone & Hubel, 1988).  The geniculate relay cells located in pathway-specific laminae in 

the LGN are morphologically distinct and display response properties reflecting the input RGC 

(Callaway, 2005; Connolly & Van Essen, 1984; Derrington & Lennie, 1984; Durand et al., 2016; 

Schiller, 2010; Usrey, Reppas, & Reid, 1999; Xu et al., 2001).  Thus the projections that 

originate from distinct RGCs may start a functionally distinct parallel pathway that remains 

segregated at least until the pathway reaches the cortex.   

 

LGN Cell Types 

The LGN contains two main cell types: thalamocortical relay cells that project to the 

primary visual cortex; and interneurons, whose axons remain within the nucleus and provide 

local inhibitory synapses (reviewed in Bickford, 2019; Casagrande, Royal, & Sáry, 2006).  

Primates have been shown to have three relay cell populations (Dacey, Peterson, Robinson, & 

Gamlin, 2003): Magnocellular (M) cells, Parvocellular (P) cells, and the more recently 
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discovered Koniocellular (K) cells. Respectively, these geniculate cells receive synapses 

exclusively from the parasol, the midget, and bistratified cells (Szmajda, Grünert, & Martin, 

2008; Watanabe & Rodieck, 1989).  Thalamocortical cells analogous to primate M, P, and K 

cells have been morphologically identified in mice (Parnavelas, Sullivan, Lieberman, & Webster, 

1977; Rafols & Valverde, 1973), and these occupy overlapping regions in mouse LGN 

(Howarth, Walmsley, & Brown, 2014; Krahe, El-Danaf, Dilger, Henderson, & Guido, 2011). 

Because of the extensive overlap of retinal inputs in the mouse LGN, parallel pathways through 

the mouse LGN are not as clear as seen in other species with anatomically defined LGN layers.  

The morphology of different relay cell types is described in the cat (Guillery, 1966), 

monkey (Saini & Garey, 1981), and mouse (Krahe et al., 2011).  In the cat LGN, the X (P) cells 

have a small body, with short, thin, and twisting dendrites that have several “grape-like” 

appendages (Friedlander, Lin, Stanford, & Sherman, 1981; Guillery, 1966). The Y (M) cells 

have morphological features that include a large cell body and large dendrites that are fairly 

straight, with few appendages (Friedlander et al., 1981; Guillery, 1966). In the mouse, X- and Y- 

like relay cells were described based on their morphological similarities to the cat relay cells, 

although mouse relay cells did not show any additional distinguishing characteristics (Krahe et 

al., 2011). 

Electrophysiologically, the cat  X, Y and W relay cells also have distinct properties that 

parallel those of the corresponding RGCs (reviewed in Kaplan, 2014, Schiller 2010). In primates, 

it has been shown that P cells have a higher spatial resolution but a lower temporal resolution 

(Derrington & Lennie, 1984; O’Keefe, Levitt, Kiper, Shapley, & Movshon, 1998; So & Shapley, 

1979). Conversely, M cells have a shorter latency of response, a lower spatial resolution, and a 

6



higher temporal resolution than P cells (Cheong & Johannes Pietersen, 2014; Derrington & 

Lennie, 1984; O’Keefe et al., 1998; Shapley, Kaplan, & Soodak, 1981; Usrey & Reid, 2000). 

These response properties (conductance and spatial versus temporal resolution) indicate that M 

cells may be important in motion perception, while P cells are important for the perception of 

fine spatial details (DeYoe & Van Essen, 1988; Livingstone & Hubel, 1988). K type relay cells 

are harder to generalize than their M and P counterparts, although most display poor spatial 

resolution and have large receptive fields (Hendry & Reid, 2000; White, Solomon, & Martin, 

2001; Xu et al., 2001). K (W) cells are also the only thalamocortical cells to receive input from 

the superior colliculus and to project to superficial layers of V1 (Hendry & Reid, 2000; White et 

al., 2001; Xu et al., 2001). 

The cat LGN has two identified types of interneurons that can be distinguished by 

morphology and synaptic connections (Bickford, Carden, & Patel, 1999). One type of 

interneuron stains positive for brain nitric oxide synthase (BNOS), has a slightly larger soma 

size, and has dendritic arbors that are composed of thin, widespread, but sparse dendrites. These 

interneurons were observed to create extraglomerular dendro-dendritic synapses. The second 

type of interneuron is negative for BNOS, has a small soma, and has compact dendritic trees. 

These interneurons participate in triadic arrangements in glomeruli (these structures are 

discussed in more detail in the next section) (Bickford et al., 1999; Famiglietti & Peters, 1972; 

Hamos, Van Horn, Raczkowski, Uhlrich, & Sherman, 1985; Montero, 1986). Similar to the relay 

cells, the geniculate interneurons have receptive fields with center-surround organization and are 

either classified as ON-center or OFF-center (X. Wang, Vaingankar, Sanchez, Sommer, & 

Hirsch, 2011). Although these differences in interneuron morphology and physiology have been 
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identified, it still remains to be determined if there are differential inputs onto different types of 

interneurons.  

 

LGN synaptic circuitry 

Since the 1960s, the anatomical organization of the synaptic circuitry in the LGN has 

been studied and characterized using track tracing, degeneration, and immunohistochemical 

techniques in combination with both light and electron microscope imaging (Balaram, 

Isaamullah, Petry, Bickford, & Kaas, 2015; Bickford, 2019; Bickford et al., 2000; Bickford, 

Zhou, Krahe, Govindaiah, & Guido, 2015; Briggs & Usrey, 2011; Campbell, Jane, & Yashon, 

1967; Connolly & Van Essen, 1984; Erişir, Van Horn, Bickford, & Sherman, 1997; Erişir, Van 

Horn, & Sherman, 1998, 1997; Guillery, 1966, 1970; Kaas, Guillery, & Allman, 1972; Kaas, 

Huerta, Weber, & Harting, 1978; Kaas, Ling, & Casagrande, 1976). These studies revealed that 

the distinct inputs making up the geniculate circuitry have distinct morphological features  

(Balaram et al., 2015; Cucchiaro, Bickford, & Sherman, 1991; Erişir, Van Horn, Bickford, et al., 

1997; Erişir et al., 1998; Erişir, Van Horn, & Sherman, 1997; Guillery, 1969b; Sherman & 

Guillery, 1996, 2001).  Furthermore, the studies provided evidence that specific input-target 

relationships may be primary in determining the output of LGN relay cells and network 

properties of the visual pathways (Bickford et al., 2010; Çavdar, Hacioǧlu, Şirvanci, Keskinöz, 

& Onat, 2011; Coomes, Bickford, & Schofield, 2002; Erişir, Van Horn, Bickford, et al., 1997; 

Erişir et al., 1998; Erişir, Van Horn, & Sherman, 1997; Govindaiah & Cox, 2006; Guillery & 

Sherman, 2002; Jones, 2002; Liu, Honda, & Jones, 1995; McCormick, 1992; Rovó, Ulbert, & 

Acsády, 2012; Sherman, 2007, 2016; Sherman & Guillery, 1996, 2002; Van Horn, Erişir, & 
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Sherman, 2000; S. Wang, Eisenback, Datskovskaia, Boyce, & Bickford, 2002). For example, 

large inputs onto proximal dendrites exert a strong post-synaptic influence, whereas small distal 

terminals have a much weaker influence on post-synaptic firing. Therefore, understanding the 

patterns of synaptic inputs from distinct origins onto geniculate dendrites may impact future 

studies of network modeling.  

The primary excitatory synapses to LGN cells come from RGC axons. The retinal axons 

synapse onto geniculate relay cell dendrites via very large-size glutamatergic axon terminals 

(Erişir et al., 1998; Hamos, Van Horn, Raczkowski, & Sherman, 1987; Sherman & Guillery, 

2001; Van Horn et al., 2000).  Although retinal terminals are the largest in size, they  comprise 

only about 3-5% of the total terminals in the LGN (Erişir et al., 1998; Guillery, 1969a; Sherman 

& Guillery, 2001), they synapse on larger-caliber dendrites,  and they engage in triads within 

glomeruli (more on that below). While selectivity of RGC inputs into the thalamus and 

differences in function suggest there may be different axon bouton structure, it is currently 

unknown if different RGC terminal boutons can be morphologically identified.    

In most species (excluding mice), only a single RGC provides the dominant input that 

drives relay cell firing, while several other RGC axons converge on that neuron in a smaller 

capacity (Sincich, Adams, Economides, & Horton, 2007; Usrey et al., 1999; Weyand, 2007). 

This primary input provides a strong enough EPSP that can result in an action potential in the 

relay cell (Balaram et al., 2015; Bickford, 2015). It is not known whether the dominant axons 

accomplish this with a few synapses or many synapses. Recent studies in mouse LGN and older 

studies in cat LGN have revealed that each RGC can target several relay cells at the same time, 
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although the divergence of RGC axons has not been studied in primates (Hamos et al., 1987; 

Morgan, Berger, Wetzel, & Lichtman, 2016).  

The LGN also receives four major modulatory inputs: 1) Glutamatergic feedback from 

layer 6 of the cortex (corticothalamic input) (Bartlett, Stark, Guillery, & Smith, 2000; Colonnier 

& Guillery, 1964; Erişir, Van Horn, Bickford, et al., 1997; Erişir, Van Horn, & Sherman, 1997; 

Smith, O’Leary, Harris, & Gay, 1964); 2) Cholinergic brainstem inputs (Bickford, 2019; 

Casagrande et al., 2006); 3) GABAergic input from the thalamic reticular nucleus (Guillery, 

1966); and 4) GABAergic input from local interneurons (Coomes et al., 2002; Ohara, Chazal, & 

Ralston, 1989; Van Horn et al., 2000; S. Wang et al., 2002). These inputs gate or modulate the 

action potentials generated in relay cells, and thus play a role in shaping the visual information 

that is relayed to the cortex. A brief review of these modulatory inputs follows.  

Corticothalamic (CT) axons provide feedback excitation to the thalamus. The terminal 

boutons of thalamocortical axons are very small (Erişir, Van Horn, Bickford, et al., 1997; Erişir, 

Van Horn, & Sherman, 1997), and they emerge from axons as single boutons with very thin 

stalks. These boutons rarely contain mitochondria. Erisir et al demonstrated that CT terminals 

synapse on small caliber dendrites, determining from this result that CT terminals are located on 

distal dendrite segments (Erişir, Van Horn, Bickford, et al., 1997; Erişir, Van Horn, & Sherman, 

1997). The function of corticothalamic input is thought to be to change the gain of 

thalamocortical cells (Cano, Bezdudnaya, Swadlow, & Alonso, 2006; Przybyszewski, Gaska, 

Foote, & Pollen, 2000). Studies in the cat and in the owl monkey show that feedback from the 

cortex to the LGN is organized retinotopically to match zones from which it receives LGN input 

(Grieve & Sillito, 1995; Ichida & Casagrande, 2002). Although the function of feedback from 
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the cortex remains a relative mystery, the prevailing idea is that corticothalamic feedback may 

function to enhance LGN relay firing related to a salient stimulus or focal attention (Sillito, 

Jones, Gerstein, & West, 1994). 

Cholinergic inputs to the LGN originate in the cholinergic cells located in the brachium 

region of the brainstem (PBN). Similar to the corticothalamic terminals, brainstem inputs are 

small, although larger than CT terminals (Erişir, Van Horn, Bickford, et al., 1997); they have 

dark mitochondria; and they synapse on small- to medium-caliber dendrites. Cholinergic 

terminals are also observed at the edges of the glomerular arrangements (Erişir, Van Horn, 

Bickford, et al., 1997; Erişir, Van Horn, & Sherman, 1997). The release of acetylcholine 

depolarizes thalamocortical relay cells and makes retinal stimulus more effective (McCormick, 

1992).  Cholinergic inputs also suppress inhibitory cells, which may have an indirect effect on 

relay cell excitability (McCormick & Prince, 1987). Cholinergic inputs are diffuse, that is, they 

do not obey retinotopy, and thus they have the capacity to modulate all geniculate input at 

once—a function that may switch the saliency of visual information at the expense of the other 

senses (Kobayashi & Isa, 2002).  The cellular response properties of geniculate cells in response 

to acetylcholine provide evidence for the impact of brainstem cholinergic input in modulating the 

output of the LGN: the cholinergic terminals are associated with switching relay cell dynamics 

from burst firing to tonic firing modes (Jahnsen & Llinas, 1984a, 1984b; McCormick, 1992); 

burst firing mode follows activation of voltage- and time-dependent calcium currents, while 

tonic firing occurs with inactivation of voltage- and time-dependent calcium currents and is 

associated with a linear transmission of visual information (McCormick, 1992). Like TC 

terminals, brainstem inputs synapse on small-caliber dendrites and thus are assumed to be 
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located on distal dendrite segments, although some were observed close to glomeruli (Erişir, Van 

Horn, Bickford, et al., 1997; Erişir, Van Horn, & Sherman, 1997). There also exist small inputs 

from the dorsal raphe nucleus that release serotonin and from the tuberomammillary nucleus of 

the hypothalamus that release histamine (Bickford et al., 2000; Uhlrich, Manning, & Pienkowski, 

1993). 

The axons from the thalamic reticular nucleus receive excitatory inputs from the 

collaterals of geniculocortical and corticogeniculate axons, and then provide GABAergic 

synapses onto geniculate relay cells and interneurons. These terminals are classified as F type 

because of the flat vesicles they contain (Sherman & Guillery, 2001).  Because of the TRN’s 

reciprocal and topographic connections with the LGN, it was hypothesized that TRN inputs were 

involved in spatial and focal attention (Cucchiaro, Uhlrich, & Sherman, 1991; Ide, 1982). 

Experiments by McAlonan further demonstrated that the mechanism for this may be one of 

disinhibition of relay cells because attention reduces TRN activity (McAlonan, Cavanaugh, & 

Wurtz, 2008) (McAlonan, Cavanaugh, & Wurtz, 2008). TRN neurons have been shown to have a 

topographical input into the LGN and are selective for complex and localized visual features (Y. 

W. Lam & Sherman, 2011; Uhlrich & Cucchiaro, 1992; Vaingankar, Sanchez, Wang, Sommer, 

& Hirsch, 2012). TRN axons primarily target medium-sized geniculate dendrites (Van Horn et 

al., 2000). 

Finally, the axons and dendrites of local interneurons provide feedforward inhibition on 

the relay cells (Colonnier & Guillery, 1964; McCormick & Bal, 1994; Montero, 1986; Smith et 

al., 1964). Interneurons can provide inhibitory inputs by releasing GABA either from their axon 

or presynaptic dendrites (Coomes et al., 2002; Uhlrich & Cucchiaro, 1992). Interneuron axon 
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boutons are termed F1 type terminals and create symmetrical synapses on relay cell dendrites 

(Friedlander et al., 1981; Sherman, 2007; Sherman & Guillery, 2001). Pre-synaptic interneuron 

dendrite boutons are termed F2 type terminals and can both receive input from RGCs and 

synapse onto relay cells (Montero, 1986; Sherman & Guillery, 2001; Uhlrich & Cucchiaro, 

1992). Interneuron dendrites get synaptic input as well as send it, and are known to receive input 

from the retina, other interneuron dendrites, the TRN, the PBN and perhaps even the cortex 

(Cox, Zhou, & Sherman, 1998; Hamos et al., 1985; Jones & Powell, 1969; McCormick & Pape, 

1988; Weber, Kalil, & Behan, 1989).  Depending on the local network circuit and the receptor 

utilized by the interneuron, F2 terminals can either provide an increase in spontaneous inhibitory 

postsynaptic current (sIPSC) or a suppression of sIPSCs, affecting the strength of inhibition on 

postsynaptic relay cells (Cox & Sherman, 2000). 

Triads and Glomeruli: Geniculate inputs can interact with each other on relay cell 

dendrites and interneuron dendrites to create complex synaptic arrangements called triadic 

arrangements (Famiglietti & Peters, 1972; Lieberman & Webster, 1974). Triadic arrangements 

consist of a retinal terminal that synapses onto a relay cell dendrite and an interneuron dendrite. 

That same interneuron dendrite, in turn, synapses onto the relay cell dendrite that is contacted by 

the same retinal input (Famiglietti & Peters, 1972; Hamos et al., 1987, 1985; Y. Lam, Cox, 

Varela, & Sherman, 2005). These synaptic organizations are encapsulated in a glial sheath, 

leading to a structure called a glomerulus. The glial encapsulation is thought to generate an 

electrically shielded environment in which nonspecific effects of neurotransmitter diffusion are 

prevented (Sherman & Guillery, 2001). In the triadic arrangement, the interneurons are situated 

to create feedforward inhibition on relay cells, thus increasing the timed precision of 

retinothalamic responses (Famiglietti & Peters, 1972; Lieberman & Webster, 1974; Liu et al., 
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1995; Montero, 1986).  Although not directly involved in the triadic arrangements, afferent 

inputs from the PBN also synapse onto interneuron dendrites in glomeruli however, feedback 

inputs from the cortex very rarely participate in the glomerular complex (Erişir, Van Horn, & 

Sherman, 1997). Interestingly, studies in the cat have shown that only X-type relay cells 

(comparable to P cells in primates) have glomeruli associated with them, and these arrangements 

are absent on Y-type relay cells (comparable to M cells in primates) (Hamos et al., 1987, 1985; J. 

R. Wilson, Friedlander, & Sherman, 1984). 

The terminal cross-section areas and the relative contribution of input synapses to 

geniculate circuitry was studied in transmission electron microscopy (TEM) studies in the cat 

(Erişir, Van Horn, Bickford, et al., 1997; Erişir et al., 1998; Erişir, Van Horn, & Sherman, 1997): 

Corticothalamic axons have terminals that are the smallest in size, while cholinergic inputs are 

only slightly larger. Together, these two terminal populations make up about 60% of all LGN 

terminals (Erişir, Van Horn, Bickford, et al., 1997; Erişir, Van Horn, & Sherman, 1997; Sherman 

& Guillery, 2001).  GABAergic terminals, including interneuron and TRN terminals, are 

medium in size while making up about 33% of LGN inputs (Guillery, 1969a; Sherman & 

Guillery, 2001; Van Horn et al., 2000).  The retinal axons provide 6% of synapses in the LGN, 

and these are the largest terminal boutons found in the LGN (Erişir, Van Horn, & Sherman, 

1997; Guillery, 1969a; Sherman & Guillery, 2001; Van Horn et al., 2000). In summary, a vast 

literature on anatomical and functional organization of LGN now tells us how several distinct 

inputs organize in the LGN.  Furthermore, the response properties of the geniculate neurons 

receiving these inputs are driven by distinct streams of retinal inputs, are refined by a rich 

14



network of interneuron inputs and a pervasive cortical feedback, and are modulated by primarily 

cholinergic and other GABAergic inputs.  

 

Summary 

While vast knowledge on synaptic circuitry of the LGN has been accumulated, this also 

exposed many other questions about synaptic circuitry in the LGN: How are axon terminals from 

different origins organized down a length of relay cell dendrite? Do terminals from different 

origins synapse on the same dendrite segment as other inputs preferentially? How do terminals in 

the same glomeruli organize together?  Determining input patterns onto different neurons is key 

to understanding whether there is a signature pattern for synaptic networks that impinge on 

functionally distinct geniculate cells.  Further characterization of inputs into the mouse LGN may 

clarify if the functional differences in parallel pathways of vision are determined more via the 

retinal ganglion cells, or via organizations of retinal and modulatory inputs onto LGN dendrites. 

The detailed descriptions of unique synaptic networks onto geniculate neurons may inform future 

studies that utilize network modeling and electrophysiology approaches.   

In summary, the aim of this dissertation is to qualitatively and quantitatively describe the 

synaptic circuitry onto relay cell and interneuron dendrites in the LGN of the mouse with the 

goal of answering the questions posed above.  In the coming chapters, I probe these questions 

with a series of experiments that take advantage of connectomics applied for SBEM image 

stacks, and I describe the synaptic circuitry in the mouse LGN in more detail that is allowed by 

2D EM techniques. Therefore my overarching hypothesis has been that inputs onto LGN 

neurons show selectivity in their locations both in terms of dendrite properties and 

15



proximity to other terminals. The results I report in following chapters  of this study will reveal 

and outline several novel observations and analyses about how terminals in the LGN are 

organized on relay and interneuron dendrite segments, and describe novel synaptic motifs that 

may provide a substrate for modification and modulation of of visual information that is relayed 

to cortex. 
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ABSTRACT 

 Relay cells in the lateral geniculate nucleus (LGN) are responsible for modifying and 

sending visual information from the retina to the cortex. Visual information is transformed due in 

part to modulatory inputs onto relay cell dendrites. Both the type of modulatory input and the 

location of the input on the geniculate dendrite determine how visual information is processed.  I 

used serial blockface electron microscopy (SBEM) image stacks to reconstruct geniculate relay 

cell dendrites as well as all associated synapses and terminals.  I then used Bayesian mixture 

modeling to determine the putative origin of terminals and describe their synaptic organization 

on relay cell dendrites. I saw that putative retinal terminals target primary and secondary dendrite 

segments, putative GABAergic terminals target all dendrite segments and putative cholinergic 

and cortical terminals target small, tertiary dendrites. I also determined the levels of association 

between terminals of different origins synapsing onto the same dendrite segment together and 

found that while cortical and cholinergic terminals synapsed on the same dendrite segments, they 

were not seen on the same segments as retinal terminals.    

 

 

 

 

 

 

 

 

 

35



INTRODUCTION 

            Understanding the network properties of neuronal circuits critically benefits from 

characterization of distinct input axons that drive and modify the signal processed by identified 

neurons of the lateral geniculate nucleus (LGN). Furthermore, the patterns of axon selectivity on 

geniculate dendrites and interactions among various inputs inform whether there is a signature 

pattern for synaptic networks that impinge on functionally distinct cells (Bickford et al., 2010; 

Çavdar, Hacioǧlu, Şirvanci, Keskinöz, & Onat, 2011; Erişir, Van Horn, Bickford, & Sherman, 

1997; Erişir, Van Horn, & Sherman, 1997; Govindaiah & Cox, 2006; Guillery & Sherman, 2002; 

Jones, 2002; McCormick, 1992; Rovó, Ulbert, & Acsády, 2012; Sherman, 2007, 2016; Sherman 

& Guillery, 1996, 2001; Van Horn, Erişir, & Sherman, 2000; S. Wang, Eisenback, Datskovskaia, 

Boyce, & Bickford, 2002). In order to study the fine detail of input patterns onto geniculate 

neurons, researchers have employed 3D connectomic techniques (Chai et al., 2017; Denk & 

Horstmann, 2004; Hammer et al., 2014; Helmstaedter, Briggman, & Denk, 2008; Hughes, 

Hawes, Monteith, & Vaughan, 2014; Maco et al., 2014; Morgan, Berger, Wetzel, & Lichtman, 

2016; Wilke et al., 2013).  Recent efforts by Morgan, Berger, Wetzel, and Lichman used 

connectomics to characterize retinal ganglion cell (RGC) inputs onto geniculocortical relay cells 

with the aim of charting parallel visual streams through the LGN (Morgan et al., 2016).  Their 

results demonstrated first that the retinal inputs into the LGN are more complex than were first 

hypothesized and second, that structurally distinct retinal input patterns onto relay cells could not 

be divided into distinct visual pathways. The inability to categorize geniculate relay cells into 

parallel pathways based on RGC input raises the following question: How do neural networks in 

the LGN implement specific physiological functions to different populations of relay cells? The 
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answer to this question may be that modulatory inputs known to synapse onto relay cell dendrites 

in the LGN work in conjunction with RGC inputs to shape the physiological responses displayed 

by LGN relay cells.         

Much is known about the sizes and distributions of axon terminals in the LGN.  The 

terminal cross-section areas in the cat and the relative contribution of input synapses to 

geniculate circuitry were studied with transmission electron microscopy (TEM) (Erişir, Van 

Horn, Bickford, et al., 1997; Erişir, Van Horn, & Sherman, 1998, 1997), resulting in the 

following observations: that corticothalamic axons have terminals that are the smallest in size, 

while cholinergic inputs are only slightly larger. Together, these two terminal populations make 

up about 60% of all LGN terminals (Erişir, Van Horn, Bickford, et al., 1997; Erişir, Van Horn, & 

Sherman, 1997; Sherman & Guillery, 2001).  Further study of the LGN revealed that 

GABAergic terminals, including interneuron and thalamic reticular nucleus (TRN) terminals, are 

medium in size, making up about 33% of LGN inputs; and that retinal axons are the largest 

terminal boutons found in the LGN, providing 6% of synapses in the LGN (Guillery, 1969a; 

Montero, 1986; Sherman & Guillery, 2001; Van Horn et al., 2000).  The accumulation of these 

knowledge has revealed a lot about LGN synaptic circuitry, but also exposed many other 

questions about synaptic circuitry onto relay cells in the LGN, including ones that are posed for 

the current experiments: Is there a specific synaptic organization of inputs from different origins 

onto relay cell dendrites? If there is a variability in target selectivity of geniculate inputs, do they 

correlate with any discernible variability in relay dendrite morphology that may allude to 

different synaptic circuitry properties governing different parallel pathways.  
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To answer these questions, I employed a connectomics approach that allowed me to study 

LGN circuitry in a three-dimensional space. I used serial blockface electron microscopy (SBEM) 

image stacks of the mouse LGN, 3D reconstructions of identified dendrite segments, and model-

based classification to determine terminal patterns on specific dendrite segments, terminal 

selectivity for identified dendrite segments, and terminal interactions with each other on the 

dendrite.  My results reveal direct evidence for selectivity of distinct inputs for specific 

compartments of the relay cell dendrites, and for interactions with other distinct terminals.  

 

MATERIALS AND METHODS 

Tissue Preparation  

In order to prepare the tissue for generating SBEM image stacks, mice were deeply 

anesthetized and transcardially perfused with phosphate buffered saline (PBS; 0.1MPB, 0.9% 

NaCl) followed by a mixture of 4% paraformaldehyde and 2% glutaraldehyde made in 0.1M 

cacodylate buffer. Brains were then removed from the skull and cut coronally at 300m sections 

on a vibratome. The LGN was then dissected from the appropriate sections and sent to Renovo 

Neural Inc for staining, embedding, sectioning and imaging. One LGN stack was composed of 300 

41m x 41m sections that are 75 nm thick each and one was composed of 200 41m x 41m 

sections that are 75 nm thick each. 
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SBEM image tracing  

Cell Bodies and dendrites: All image tracing was done using Reconstruct software (Fiala, 

2005). Tracing was started by identifying all cell bodies visible in the stack.  All dendrites 

emerging from each somata were also traced. Special care was made to identify dendrite 

branches and to classify each dendrite as primary (emerging from the soma), secondary, or 

tertiary. After all dendrites and branches associated with a soma were traced, we then looked for 

dendrite segments that displayed somatic organelles, identifying them as a primary branch, and 

traced them to the extent they spanned the image stack.  Dendrites that did not display an F2 

appendage, meaning they did not display a presynaptic site, were considered to belong to a relay 

cell and were included in this analysis. Those that displayed an F2 appendage or a presynaptic 

synapse, including a collection of vesicles, were classified as interneuron dendrites, and 

constituted the dataset for the experiments in Chapter III; those will not be considered in this 

chapter any further. All dendrites and cell bodies were traced until the profile of the object being 

traced was no longer visible in the stack (i.e. extended outside the volume of tissue represented 

in the stack).  Dendrite lengths and volumes were measured by using the Z-length and 3D 

volume tools of the Reconstruct. With the assumption that dendrites are roughly cylindrical 

structures, the dendrite caliber (diameter) is estimated with the formula: d=(volume ÷ (length × 

π)).  

Synapses and Terminals: To mark the terminals that synapse on the reconstructed 

dendrite, first, all synaptic zones that appeared on each already reconstructed dendrite segment 

were traced and reconstructed. Second, the terminal boutons that make each synapse were traced 

and reconstructed. We took care to capture the entire presynaptic bouton and to exclude the 
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thinner inter-bouton axon segments that are devoid of vesicles from the reconstructions.  

Terminal volumes were computed using Reconstruct software.  

 

Model-based classification  

Model-based classification calculations were done in R using the MClust package 

(Scrucca, Fop, Murphy, & Raftery, 2016).  MClust is a package used for model-based clustering, 

classification, and density estimation based on normal mixture modelling. Using the Bayesian 

Information Criterion (BIC) strategy of MClust, I estimated the clustering of subpopulations that 

make up the full population of terminal volumes.  This is based on the assumption that 

subpopulations with normal distributions partially overlap in the full population.  When applied 

for terminal and dendrite classification, MClust yielded the number of objects in each population 

as well as the average and standard deviation of terminal and dendrite size in each. The 

confidence level for each value for belonging to any given cluster (i.e. a confidence level for 

each terminal volume or dendrite caliber subpopulation) was also computed. Terminal clusters 

computed in Mclust will be referred to as populations from this point forward.    

 

Statistical Analysis 

            Analysis for association rules and network analysis were done with R using the Arules 

package version 1.6-4 and sna package version 2.5 respectively (Butts, 2008; Hahsler, Grun, & 

Hornik, 2005).  All graphs, descriptive statistics, and comparative statistics (including Mann-

Whitney U and Kriskal-Wallis tests) were completed using Prism software version 8.  All figures 

were created and annotated using Adobe Photoshop 2020.  
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RESULTS  

Datasets 

Relay Cell Dendrites: In this study, we reconstructed 86 individual dendrite segments 

belonging to 18 distinct relay cell dendrites. Dendrite segment caliber ranged from 0.12μm to 

2.68 μm+/- 0.37 μm, with an average caliber of 0.63μm3.  Of the 18 relay cell dendrites, 7 of 

them had 3 or 4 branching points (that is, primary, secondary, tertiary dendrite segments). Of the 

86 individual segments, I was able to identify 21 primary dendrite segments; 25 secondary 

dendrite segments and 20 tertiary dendrite segments (Figure 1). The primary dendrite segments 

are confirmed as such because they can be seen emerging out of cell bodies in the stack of EM 

images, or display morphology indicating their primary status (i.e. somatic organelles). In total, 

dendrites received a total of 986 synapses from 899 terminal boutons (Figure 2) .  

Terminal Bouton Volumes: In this study, I used three datasets of terminal volumes from 

the mouse LGN. I will describe each of these datasets below: 

1) Dataset A: This dataset consists of all terminal boutons that synapsed onto a relay 

cell dendrite reconstructed for this study. This dataset included 906 terminals.  

The average volume of synaptic terminal boutons was 1.23 μm3+/- 1.56, with a 

maximum of 23.95μm3and a minimum of 0.04μm3.   

2) Dataset B: This dataset consists of all terminal boutons reconstructed in any 

chapter of this dissertation that synapse onto LGN dendrites. This includes 

terminals synapsing onto relay cell dendrites and interneuron dendrites, as well as 

terminal volumes collected in appendix I.  This dataset includes 1448 terminals. 

The average terminal volume is 1.23μm3+/- 1.84, with a maximum of 
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Figure 1: Reconstructions of all relay cell dendrite and cell bodies traced in the mouse LGN. 

Relay cell dendrites in the mouse LGN display varying shapes, sizes, and branching patterns; 

scale cube = 1x1x1m 
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Figure 2: Example of data collection methods on a relay cell dendrite. (A) The entire length of 

the dendrite that is included in the image stack is traced. (B) All synapses onto the dendrite are 

identified and traced. (C) Terminals associated with each synapse are traced and reconstructed 

onto the dendrite; scale cube = 1x1x1m  
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23.95μm3and a minimum of 0.02μm3. This dataset was used for terminal 

population modeling. 

3) Dataset C: This dataset consists of an unbiased collection of terminal bouton 

volumes in the LGN sampled with stereological methods in appendix I. This 

dataset contained 408 terminals and had an average volume of 0.783 µm3 +/- 

1.392 µm3 with a minimum of 0.015µm3 and a maximum of 14.69µm3.     

 

Morphometric properties of LGN terminal boutons synapsing on relay cell dendrites 

A main aim of this study was to arrive at a model that allowed for the classification of 

geniculate terminals from distinct origins based on a terminal’s quantitative and qualitative 

features. In order to reveal the morphometric properties of input terminals that contribute to 

geniculate synaptic circuitry, I examined the volume frequency distribution of all reconstructed 

terminals in dataset A. The frequency distribution histogram of terminal volumes revealed a non-

normal distribution with multiple peaks, many small terminals, and a few very large terminals 

(Figure 3c&d), suggesting that terminals captured in the dataset constitute a heterogeneous 

group, representing multiple origins.  This is consistent with previous studies: ultrastructural 

surveys of the LGN have shown that inputs of different origins have distinct terminal size 

distributions (Erişir et al., 1998; Guillery, 1969a; Montero, 1991; Van Horn et al., 2000; Wilson, 

Friedlander, & Sherman, 1984).  

In order to discern inputs from different origins in the SBEM dataset, I used a 

multivariate clustering approach to reveal the quantitative parameters of distinct populations that 

make up the observed distribution of terminal volumes in the LGN.  The BIC analysis of the 
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terminal volume distribution of dataset B revealed that the best fit for my data was six different 

populations with unequal variances (Figure 3a). Using this model and the MClust package, the 

certainty of each terminal for belonging in any subpopulation was calculated. With that analysis 

the terminal volume cutoff points, where the certainty of any terminal volume to belong in one or 

the other subpopulation was equal, were computed. Gaussian mixture-based modeling sorted the 

mean of each terminal population with at least 80% certainty, whereas the terminal volumes 

close to population cutoff values had about 47-55% certainty (Figure 3b). The cutoff values 

collected from the BIC analysis were then used to sort terminal volumes in dataset A into 

different populations based on their terminal volume (Figure 3c&d). Next, in order to 

qualitatively evaluate synaptic selectivity of terminal populations, terminal reconstructions of 

boutons in dataset A were color coded based on the population identity and reconstructed onto 

dendrite segments (Figure 4a-f). 

 In order to confirm that the terminal population cutoff values determined by BIC 

analysis are suitable to reveal previously estimated percent contributions of distinct input 

terminals to the geniculate, I used dataset B (For unbiased sampling method, and more 

information about this dataset, see appendix I). Moving from the smallest terminals to the largest 

ones, I saw that the first (smallest) population comprised 40.2% of terminals, the second 

population comprised 26.2% of terminals, the third population was 14.9% of terminals, the 

fourth population was 12% of terminals, the fifth population was 4.9% of terminals, and sixth 

population (the largest) was 1.72% of the population.   
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Figure 3: Gaussian finite mixture modeling of terminal volumes synapsing onto relay cell 

dendrites in the mouse LGN. (A) BIC analysis shows the distribution of terminal volumes in the 

LGN is made of 6 populations of normally distributed terminal volumes. BIC analysis 

demonstrates a superior fit for each population of terminals displaying unequal variance (blue 

line) versus equal variance (green line).  (B) Certainty estimation of terminal sorting using BIC 

criteria for each terminal volume.  The certainty of terminal sorting decreases closer to the cutoff 
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value between populations (C&D) Terminal volume distribution of terminals synapsing onto 

relay cell dendrites in the LGN. Terminal volumes can be sorted into the 6 input populations, 

demonstrating the contribution of each population to all terminals in the LGN. Each population 

is represented by a different color.   
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Figure 4: Representative examples of terminals in each population. The left is a 3D 

reconstruction of the terminal (in color) as well as the neck of the axon (grey). The right is a 

cross section of the same terminal from one image in the SBEM stack. (A&B) Terminals in 
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Populations 1 and 2 are small and contain few to no mitochondria, a single synapse and very few 

protrusions; Population 1 = blue, Population 2 = yellow. (C&D) Terminals in Populations 3 and 

4 have a mix of light and dark mitochondria, most have a single synapse and over half contain 

protrusions; Population 3 = orange, Population 4 = red. (E&F) Terminals in Populations 5 and 6 

contain mostly light mitochondria, the majority form multiple synapses and almost all contain 

protrusions; Population 5= Light green, Population 6 = dark green. (G) After terminal sorting, 

terminals were reconstructed onto the dendrite with appropriate color coding for qualitative 

descriptions of terminal targeting. (H) Quantification of morphological characteristics from each 

terminal population; Scale bar = 1m, Scale cube =1x1x1m. 
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The percent of the total population composed by each population of terminals was 

compared to those collected in previous studies using TEM in order to determine the putative 

origin of each population (Table 1; Erişir, Van Horn, Bickford, et al., 1997; Erişir et al., 1998; 

Hammer et al., 2014; Van Horn et al., 2000).  

 

TABLE 1. 

 

% Terminals in SBEM Stacks 

 

% Terminals in TEM Images 

Population 1 + Population 2 66% Cortical and Brainstem  60% 

Population 3 + Population 4 27% GABAergic 33% 

Population 5 + Population 6 7% Retinal 3-6% 

 

These comparisons are consistent with a classification scheme in which Population 1, with 

smallest terminal sizes and the largest contribution to the geniculate circuitry, represents 

corticothalamic terminals. Similarly, Population 2, which has the second smallest terminal 

volumes and the second largest contribution to the geniculate circuitry, represent the cholinergic 

brainstem inputs. Population 3 and 4, the medium sized terminals that collectively bring ⅓ of all 

synapses to the LGN, represent putative GABAergic terminals, including interneuron dendritic 

appendages, interneuron axon terminals and axons terminals of cell located in the thalamic 

reticular nucleus. Population 5 and 6 are the largest sized terminals that provide <7% of the 

synapses in the LGN, and they largely represent retinal terminals.     
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Comparison of volume versus morphology terminal sorting methods 

The earliest studies that described morphological properties of distinct input terminals of 

geniculate synaptic circuitry in minute detail did not have access to immunohistochemistry and 

non-degenerative tract-tracing methods. However, subsequent studies have confirmed that 

terminals that were described as RLP come from retina; those described as RSD come from the 

cortex and the brainstem; and the medium sized terminals from inhibitory cells (Erişir, Van 

Horn, Bickford, et al., 1997; Guillery, 1969a; Hammer et al., 2014; Morgan et al., 2016).  The 

electron-contrast of membranes and cytoplasm of mitochondria in terminals continues to serve as 

a reliable criterion of terminal origin identification: retinal terminals have pale mitochondria, 

whereas other terminals contain dark mitochondria  (Behan, 1982; Guillery, 1969b).  In addition, 

presynaptic dendrites of interneurons can be identified as such when a terminal is observed to 

both receive and send a synapse.   

In order to confirm whether or not the terminal volume sorting method used in this study 

was able to capture the morphological criteria used to sort the terminals in my dataset to their 

putative origins, I re-evaluated the reconstructed geniculate terminals in dataset A based on their 

morphological features including mitochondria, synapse and protrusions in each population 

(Figure 4h). Second, I compared terminal sorting based on only morphological features to sorting 

based on volume, and evaluated relative reliability of each method. For this, I examined terminal 

volumes which fell under the cutoff criterion of two adjacent distributions, and found that pale 

mitochondria was not exclusive to large boutons: Twenty five percent of Population 4 terminals 

with a volume that overlaps with the distribution of terminals in Population 5, displayed pale 

mitochondria. Similarly, about 13% of terminals with a volume less than 1 micron (cut off point 
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for Populations 3 and 4) also contained light mitochondria. Two possible scenarios would be 

consistent with this finding: 1) Geniculate circuitry contains really small retinal terminals, as 

would be evidenced by the light mitochondria in Populations 1-2 (presumed corticothalamic and 

brainstem terminals); or 2) mitochondria density is not a reliable criterion to sort terminals in 

SBEM images. I find scenario 2 more plausible because TEM morphology tissue preparation 

approaches (which coined the pale mitochondria terminology and criteria) rarely yield 

identification of very small terminals with light mitochondria. In those studies, small terminals 

display dark mitochondria exclusively. I posit that instances of pale mitochondria detected in 

SBEM material is a function of the capacity of different embedding and contrasting agents used 

in SBEM and TEM processes to differentiate electron density gradations in the respective 

tissues. Also to speaking to the unreliability of morphological criteria of mitochondria electron-

density in SBEM stack images, we observed several terminals containing mitochondria with 

ambiguous opacity that could not be confirmed to be pale or dark, confirmed interneuron 

presynaptic dendrites with pale mitochondria, and a few terminals that contained both pale and 

dark mitochondria (Figure 5). Overall I conclude that although some terminals can be missorted 

based on volume (those remain under the cut-off criteria), still more others would have been 

missorted if only based on morphological characteristics. This is especially true when using 

mitochondria opacity as a terminal identifier as we observed some mitochondria opacity that did 

not agree with known terminal origin and other mitochondria opacities to be ambiguous. 

On the other hand, of the terminals sorted into Population 5 (putative retinal) by volume, 

only 3% were confirmed to be interneuron dendrite terminals by their morphology, suggesting 
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that cut-off criteria for Population 4 and 5 is reliable for differentiating retinal terminals from 

interneuron dendritic terminals.  

 

Terminal targeting of LGN relay cell dendrite segments   

After identifying putative terminal input origins, I next asked if there was targeting of specific 

dendrite segments by terminals from different origins. To answer this question, I first had to 

determine what characteristics could be used to define differences between dendrite segments. 

Previous studies made the assumption that dendrites with smaller calibers represented more 

distal dendrites, while dendrites with larger calibers represented proximal dendrites (Erişir, Van 

Horn, Bickford, et al., 1997; Wilson et al., 1984). However, I observed that this was not always 

the case.  In order to classify relay dendrite segments by size, I again employed a BIC-based 

gaussian distribution to sort dendrites based on dendrite caliber (Figure 6b&c). The analysis 

determined that there were three populations of dendrite sizes, and thus they will be referred to 

as small, medium and large dendrites. My data showed that of 17 primary dendrite segments, two 

are small in size and 12 are medium sized (Figure 6a). Overall, the distribution of primary 

dendrite calibers showed significant overlap with calibers of secondary and tertiary dendrites.  

Because of this, I treated dendrite order and dendrite caliber as two independent variables. A 

non-parametric regression test showed that calibers of primary, secondary, and tertiary dendrites 

were statistically different; however, it should be noted that there was a large variance in size of 

primary and secondary dendrites, which may contribute to this significance (Figure 6d). 

Although a larger sample size is needed to make large predictions about the relationship between 

dendrite order and caliber, overall I conclude that dendrite caliber is not predictive of branch 
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order, and it is not accurate to make the assumptions that smaller caliber dendrites are always 

distal, and larger caliber dendrites are always proximal.                TEM studies have shown there 

is a selectivity for smaller terminals to synapse onto smaller caliber dendrites in the thalamus 

(Erişir, Van Horn, Bickford, et al., 1997; Wilson et al., 1984).  Here, I again asked if there was a 

terminal selectivity onto dendrite segments, and further asked if this selectivity was more 

strongly correlated to dendrite caliber or dendritic branch order. First, I asked if there was a 

direct correlation between terminal volume and dendrite caliber. To answer this, I did a linear 

regression on paired terminal volume and dendrite caliber data points. The regression of this data 

showed that there was no linear relationship between these two variables (R2=0.01, Figure 7a).  

Next, I compared percent of terminals synapsing onto dendrite segments categorized first 

by branch order and then by size. My results showed that terminals from different dendrite 

origins targeted specific dendrite segments. The smallest terminals in Populations 1 and 2 

primarily synapsed on tertiary dendrites; medium-sized terminals from Populations 3 and 4 

synapsed on all dendrite orders but showed a slight preference for secondary dendrites; and large 

terminals from Populations 5 and 6 synapsed the most on primary and secondary dendrites, with 

a stronger preference for primary dendrites (Figure 7b-d). In order to determine if dendrite order 

or size were more predictive of terminal targeting, I ran a two-tailed ANOVA for each terminal 

population versus either dendrite order or size. I also ran a factor analysis to determine if the 

variables of dendrite order and size could be combined for more accurate terminal targeting 

predictions. The results of this statistical testing is shown in table 2. For terminal Populations 1, 

2, and 4, dendrite order was predictive of terminal targeting. However, factoring in both dendrite 

size and order created a stronger prediction for Population 1 terminal targeting. Terminal  
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Figure 5: Varying mitochondria opacity in geniculate terminals. (A-D) A group of 6 terminals 

synapsing onto a relay cell dendrite. (B) Mitochondria in some terminals can be identified as pale 

(mP) some are dark (mD) but others have ambiguous coloring and cannot reliably be classified 

as pale or dark (mA). (E) A 3D reconstruction of terminals in A-D. (F-G) A geniculate terminal 

with both dark (F) and pale (G) mitochondria (m). (H-I) An identified presynaptic interneuron 

dendrite with pale mitochondria (m), postsynaptic cleft marked with asterisk; scale bar = 1m. 
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Figure 6: Dendrite caliber distributions categorized either by branch order or size. (A) Dendrite 

caliber distribution color coded for dendrite order. (B&C) Dendrite caliber distribution color 

coded for dendrite size based on BIC analysis (inset). (D) Nonparametric regression tree shows 

that primary, secondary, and tertiary dendrites have significantly different dendrite calibers.   
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Population 5 targeting may also be predicted by the combined factors, but this had low 

significance.  Terminal Populations 3 and 6 targeting was not predicted by dendrite order, size, 

or a combination of the two factors.  

In addition to asking about dendrite targeting by specific input populations, I also asked if 

triadic arrangements have specificity for dendrite segments. Triads were sparse and selective in 

my dataset: only 15 (out of 81) dendrite segments from 9 dendrites contained triads. While some 

dendrites had only one triad, four dendrites had multiple triads on different dendrite segments, 

suggesting that triads can be more prominent features of selective relay cell types. Dendrites that 

contained triads showed variability in their morphology. The average dendrite diameter of 

segments containing triads was 0.65μm,  with 60% medium sized and 40% small sized. I asked 

whether triadic arrangements are selective for dendrite branch order. My results showed that 

40% of dendrite segments (6) with triads were primary, 20% (3) were secondary, and 40% (6) 

were tertiary branches. 

In order to determine if terminal targeting differed between different relay cell types in 

the LGN, I studied terminal targeting onto primary dendrites. My data set contained 20 primary 

dendrites. These were identified as such because they were either seen emerging from the soma, 

or they displayed morphological characteristics known to markers of primary dendrites (i.e. dark 

cytoplasm, somatic organelles).  I first separated primary dendrites into small, medium, and 

large, based on my earlier dendrite size criteria. Out of the 20 primary dendrite segments, one 

was small, 16 were medium, and 3 were large. The sizes of terminals synapsing onto different 

sized primary segments were significantly different from each other (Kruskal-Wallis, p=0.042). I 

also observed that the small primary dendrite was the only one to have terminals from the  
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Figure 7: Terminal targeting onto relay cell dendrites in the LGN. (A) A paired linear regression 

between dendrite caliber and terminal volume show that the two variables are not directly 

correlated.  Dotted lines represent cutoff values between small, medium and large dendrite sizes. 

(B) Percent of terminals from each population synapsing onto dendrite segments categorized by 

branch order. (C) Percent of terminals from each population synapsing onto dendrite segments 

categorized by size. (D) Percent each dendrite branch order is targeted by different terminals 

populations.  
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Table 2. 

Terminal Population Dendrite Order p 

value 

Dendrite Diameter p 

value 

Factor Combining 

Order and Diameter p 

value 

1 <0.001** 0.414 <0.001*** 

2 0.008** 0.5 0.039* 

3 0.396 0.76 0.569 

4 0.018** 0.876 0.023* 

5 0.291 0.478 0.068 

6 0.143 0.278 0.692 

 

smallest-size population synapsing onto it. This small dendrite also had a large percent of 

terminals from Population 2 synapsing onto it. In contrast, the medium and large primary 

dendrites had very few terminals from Population 1 or 2, and the majority of terminals were from 

the larger sized terminal populations (Populations 3-6).  Although my sample size of primary      

dendrites proved too small to be differentiated into relay cell types, these results show that 

primary dendrites of different sizes receive different input organizations and  suggest that 

primary dendrite diameter could be a feature of a specific type of relay cell.   

I next asked if there was selectivity for different populations of terminals synapsing onto 

the same dendrite segments together. For this, I used a basket analysis to determine association 

rules between different terminal populations on the same dendrite segment (Hahsler et al., 2005).  

Results from this test showed the confidence of the “if” terminal synapsing onto the same 

dendrite segment as the “then” terminal (Figure 8a). Confidence values showed that terminals of 

similar size show a strong association to each other and terminals in Populations 3 and 4 show a 
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strong association with most other terminal populations. In order to probe associations between 

terminals, I used the centrality measure of out-strength. Out-strength determines the centrality of 

a node (terminal population) by summing the weights coming from one node contacting all other 

nodes in the network. My results showed that Population 6 had the largest out-strength (Figure 

8b). The topology of association confidence values and out-strength are summarized in a 

network map (Figure 8c).  These results suggest that retinal terminals were closely associated 

with each other but rarely synapse onto the same dendrite segment as cortical or brainstem 

terminals whereas inhibitory inputs associate will all other terminal types.    
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Figure 8: Associations between terminals of different populations synapsing onto the same 

dendrite segments. (A) A Heat map of terminal association rules. When the ”If terminal” is 

present on a dendrite the square represents the confidence that the “then terminal” will synapse 

on the same dendrite segment. (B) Z-scores of the out-strength of each terminal population. This 
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measures which terminal population is the most influential when determining which terminal 

populations are more likely to synapse together on the same dendrite segment. (C) Network map 

of terminal associations. Nodes and their colors represent different terminal populations. The size 

of the node represents out-score, the larger the node, the larger the out-score. The opacity of the 

arrow represents confidence of association and the direction of the arrow illustrates the 

directionality of the association.  
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DISCUSSION 

            The aim of this study was twofold. The first was to devise a strategy for determining 

putative origin of terminals synapsing onto relay cell dendrites in the LGN. My results showed 

that terminal volumes could be used to accurately determine terminal subpopulations and that 

these subpopulations reflected the origin of terminals synapsing in the LGN.     

The second aim of this study was to characterize patterns of driving and modulatory 

synaptic inputs onto LGN relay cell dendrite segments. Results showed that 1) putative 

retinogeniculate terminals synapse onto primary dendrite segments or larger caliber secondary 

dendrite segments; 2) putative modulatory inputs from the brainstem and inputs that bring 

feedback excitation form cortex synapse onto tertiary dendrite segments, or small caliber 

dendrites even if they are primary dendrites; and 3) putative GABAergic inputs synapse onto all 

dendrite segments indiscriminately. I also show that terminals from the cortex and brainstem 

very rarely synapse on the same dendritic segments as the retinal terminals. These results suggest 

that while there is somewhat of a selectivity of distinct terminal types for dendrites with certain  

characteristics, there is an almost complete segregation of corticothalamic and brainstem inputs 

from the retinal inputs on the relay cell dendrites. . The level of segregation of inputs that bring 

feedforward (retinal) and feedback (corticothalamic) excitation on relay cells reported in this 

study is novel, and implies compartmentalization of network influences on relay cells. 

        

Methodological Considerations 

Recent advances in 3D serial imaging technology made up for several shortcomings of 

2D TEM: 1) Quantitative approaches used with 2D material provide estimated inferences for the 
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terminal size, while 3D material allows for direct volume measurements for terminal boutons. 2) 

In theory, the terminal size (cross-section area) frequency distributions for 2D material yield a 

non-normal distribution even if the population is normally distributed. This introduces an 

unresolvable factor for computations using multi-population data, and ambiguates potential size-

separation of subpopulations. Volume distributions obtained with 3D material do not have this 

confound. 3) 3D reconstructions are the only way to reliably visualize complex synaptic 

interactions. 4) Questions that involve organization in 3D space (such as the selectivity of inputs 

to primary secondary or tertiary dendrite branches) can only be addressed by using 3D EM. 

Because of these advantages offered by SBEM, I was able to collect an accurate representation 

of the distribution of terminal sizes in the LGN and to characterize the organization of inputs 

onto geniculate relay cell dendrite segments. These results do not contain confounds or 

assumptions that can be introduced by TEM methods. Although SBEM offered several 

advantages to me in the course of this work, collecting data for this study also brought to light 

some disadvantages that should be considered before using this technique. The first is that 

mitochondria opacity, although used accurately to identify terminals in TEM tissue, may not be 

as suitable a criteria for terminal identification in SBEM images. Second, although the size of the 

image stack used in this study was sufficient to answer the questions I posed here, larger and 

wider image stacks would be necessary to study long distance properties.  

 

Terminal Sorting and Putative Origin Identification 

In order to fully understand how inputs from terminals affect relay cell firing, it is 

important to know from where in the brain these terminals originate. However, one of the biggest 
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drawbacks of using SBEM to study synaptic circuitry is the current inability to use 

immunohistochemical methods to identify input origin.  To approach this obstacle from an 

alternative angle, I employed distribution modeling combined with knowledge of terminal size 

distribution data from past TEM studies to estimate a range of terminal volumes for each input 

into the LGN. I showed that using Gaussian-based normal distribution modeling is a reliable way 

to determine the putative origin of terminals given a large set of terminal volume data.   

Populations of terminals can be divided by input origin based on the overall contribution 

to the total number of terminals in the brain region. Previous tEM studies have shown that retinal 

terminals in the LGN are the largest but most sparse, inhibitory terminals are medium sized and 

constitute about a third of LGN terminals, and cortical and brainstem inputs are the smallest but 

most numerous terminals in the LGN (Erişir, Van Horn, & Sherman, 1997; Guillery, 1969a; Van 

Horn et al., 2000).  With this information in mind, I was able to assign putative origin of 

terminals in SBEM stacks using only terminal volume. The largest and most sparse terminals 

from Population 5 and 6 were putative retinal terminals, medium sized terminals in Populations 3 

and 4 were putative GABAergic terminals from interneurons and the thalamic reticular nucleus, 

and the smallest and most abundant terminals in Populations 1 and 2 were putative cortical and 

brainstem inputs respectively.   

Apart from immunohistochemical techniques, there are some morphological features of 

terminals that can be used to identify terminal origin. Retinal terminals are often described as 

having an “RLP” morphology, meaning they have round vesicles, are large, and have pale 

mitochondria (Behan, 1982; Guillery, 1969b).  Mitochondrial color in particular is used to 

identify retinal terminals in these instances. Presynaptic interneuron dendrites are easily 
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identified by the presence of a terminal that both sends and receives a synapse (Bickford, 

Carden, & Patel, 1999; Casagrande, Royal, & Sáry, 2006; Guillery, 1966; Krahe, El-Danaf, 

Dilger, Henderson, & Guido, 2011; Parnavelas, Sullivan, Lieberman, & Webster, 1977; Rafols & 

Valverde, 1973).  In TEM preparations, inhibitory synapses can be differentiated by junctional 

properties: GABA immunopositive terminals often display symmetrical synapses (the pre and 

postsynaptic membranes are equal thickness; versus excitatory synapses that have asymmetric 

morphology with thick postsynaptic densities). However, this property is not easily detected in 

SBEM images, which have lower resolution value than the images that can be achieved with 

TEM. Therefore, no morphological characteristics can be used to differentiate GABAergic 

terminals of axonal origin (i.e. from the axons of interneurons or from the thalamic reticular 

nucleus) in SBEM stacks. Similarly, TEM studies using track-tracing and immunohistochemistry 

have revealed that the terminals formed by corticothalamic and brainstem axons are similar in 

size, with brainstem terminals being slightly larger.  

The volume sorting approach designed in the current study was able to differentiate two 

distinct populations that fell in the smaller range of the all terminals, speaking for the utility 

value of my approach.  In order to further evaluate the accuracy of my terminal sorting 

technique, I compared my assigned putative terminal origin to those morphological features used 

by others to identify terminal origin. I demonstrated that, although many terminals with pale 

mitochondria fit the morphological criteria of a retinal terminal (also large with many 

protrusions), I also observed some small terminals and confirmed interneuron dendrite terminals 

with pale mitochondria. In addition, there were some mitochondria that were too ambiguous to 

be considered pale or dark and thus were not suitable to be used for terminal origin 
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identification. I also saw a few instances of terminals that contained both pale and dark 

mitochondria. Although defining terminal origin by volume did not sort every terminal perfectly, 

I was able to identify putative terminal origin with little mis-sorting while also being able to 

identify putative origin of previously ambiguous terminals with no distinct morphological 

properties (i.e. terminals from the cortex, brainstem, and inhibitory axons).  

 

Dendrite Characteristics 

Past studies using TEM have made the assumption that postsynaptic dendrites with a 

large caliber belong exclusively to primary dendrites and that terminals synapsing onto these 

dendrites are closer to the soma (Erişir, Van Horn, Bickford, et al., 1997; Wilson et al., 1984).  

Here I show that these assumptions about dendrite caliber are not correct. My results 

demonstrate that, although relay cell dendrites do indeed decrease in caliber as they branch, this 

does not speak to the initial caliber of the primary dendrite.  The caliber of some primary 

dendrites traced in this study can be considered small, while others are medium or large. I also 

demonstrate that the assumption cannot be made that terminals synapsing onto dendrites with 

thicker calibers are closer to the cell body than those synapsing onto thinner dendrites. Cable 

properties still apply to dendrite caliber in that thicker dendrites will have less resistance and 

therefore will propagate a stronger signal than that of thinner dendrites.  However, it is no longer 

accurate to make the assumption using TEM that dendrite caliber is indicative of branch order or 

distance from the soma. Because of this, when studying terminal targeting onto dendrite 

segments, I considered dendrite caliber and branch order as two separate variables.   
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Terminal Targeting of LGN Relay Cell Dendrite Segments 

The majority of work describing synaptic circuitry in the LGN focuses on retinal inputs 

onto relay cell dendrites (Dacey, Peterson, Robinson, & Gamlin, 2003; Kaas, Huerta, Weber, & 

Harting, 1978; Kaas, Ling, & Casagrande, 1976; Morgan et al., 2016; Perry, Oehler, & Cowey, 

1984; Usrey, Reppas, & Reid, 1999).  These studies are very informative, but do not give the full 

picture of synaptic inputs onto relay cells. Modulatory inputs onto relay cells play important 

roles in shaping the information sent to the visual cortex by relay cells. Glutamatergic cortical 

terminals bring feedback from the cortex, while cholinergic terminals from the brainstem cause 

relay cell firing to switch between burst and tonic modes (McCormick, 1992; McCormick & 

Prince, 1987).  GABAergic terminals from the thalamic reticular nucleus provide feedback 

inhibition, and GABAergic interneuron dendrites provide feedforward inhibition (Augustinaite & 

Heggelund, 2018; Crandall & Cox, 2013; Famiglietti, 1970; Famiglietti & Peters, 1972; X. Wang 

et al., 2008).  In order to understand the full impact of inputs onto relay cell dendrites, I 

characterized input patterns of all terminals onto dendrite segments.  

My results show that cortical and brainstem synaptic targeting can be predicted by 

dendrite order and that terminals from these areas primarily target tertiary dendrite segments. 

Small GABAergic terminals synapsed onto all dendrite segments relatively equally, and indeed I 

show that synapsing by these terminals could not be predicted by either dendrite caliber nor by 

dendrite branching pattern. I do find that large GABAergic terminal targeting can be predicted 

by dendrite order and these terminals preferentially synapsed onto secondary dendrites. Large 

GABAergic terminals were also more likely to be found forming triads in glomerular 
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arrangements, and thus it can be speculated that small GABAergic terminals may be from the 

reticular nucleus, whereas large GABAergic terminals come from interneurons.  

In addition to studying terminal targeting of modulatory inputs into the LGN, I also 

characterized targeting patterns of the driving terminals from the retina onto LGN dendrite 

segments. Although statistical analysis showed that dendrite order and caliber are both not 

predictive of retinal terminal targeting, this may be due to the fact that retinal terminals target 

primary and secondary terminals at the same rate, whereas they target tertiary dendrites very 

rarely. In most instances in which retinal terminals were targeting tertiary dendrites, it was in a 

triadic arrangement with other large terminals.   

Differential targeting of dendrite segments by axon terminals from different origins is 

more nuanced than was originally found by TEM studies, and I show that this targeting is driven 

by different dendrite characteristics depending on their origin. It is possible that there are more 

factors in play than those I have studied here. For instance, neurotransmitter receptors on 

postsynaptic targets play a large role in signal transduction and I can then assume they may play 

a role in axon targeting. Future studies should continue to gain a more complete picture of  the 

factors that influence terminal targeting of LGN axons in order to gain a fuller understanding of 

how information is processed in the LGN before reaching the cortex.   

 

Terminal Targeting Association Rules 

Spatial summation of neuronal inputs down a dendrite can have a large impact on firing 

in the postsynaptic cell (Bloomfield, Hamos, & Sherman, 1987).  Thus, it is important to 

understand how different inputs interact on dendrite segments and how close the association is 
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between terminals from different origins. My results showed that terminals from different origins 

have varying associations with each other. Terminals from the cortex and brainstem were closely 

associated with each other and synapse onto the same dendrite segment a majority of the time. 

Retinal terminals were closely associated with each other but rarely synapse onto the same 

dendrite segment as cortical or brainstem terminals. All terminal populations were closely 

associated with GABAergic terminals. This makes sense considering the diverse functions that 

GABAergic terminals have on LGN synaptic circuitry. Overall, small terminals that act in a 

modulatory capacity (i.e. terminals from the brainstem and cortex) synapsed onto smaller, 

higher-order dendrites, GABAergic terminals synapsed onto all dendrite segments, and retinal 

terminals synapsed onto larger, lower-order dendrites.   

Although I determined terminal targeting associations, I also wanted to determine what 

terminals were driving these associations. My results showed that, based on out-strength, retinal 

terminals and cholinergic terminals had the greatest impact on where cortical and inhibitory 

terminals were synapsing. The implications of this are that more information about terminals 

synapsing onto a dendrite segment can be inferred if a confirmed retinal or cholinergic terminal 

is seen on that dendrite segment.  

 

Considerations on Parallel Pathways in the Mouse LGN 

The results of this study characterized in detail the targeting properties of inputs onto 

relay cell dendrites in the LGN.  However, none of my analyses were able to separate dendrites 

into distinct parallel pathways. This result, combined with the results found by Morgan et al., 

lead us to consider why I have been unsuccessful in my attempts to characterize input differences 
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in different parallel pathways in the LGN of the mouse (Morgan et al., 2016). It is possible that 

parallel pathways through the mouse LGN are not as cut and dried as those in the cat, tree shrew, 

or primate. It may be prudent for future studies focusing on parallel pathways in the LGN to 

consider an animal model with clearly defined and spatially segregated parallel pathways 

through the LGN in order to fully understand how inputs differ between separate visual streams.   
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ABSTRACT 

Presynaptic interneuron dendrites play a central role in triadic arrangements in glomeruli 

in the lateral geniculate nucleus (LGN). Inputs onto geniculate interneurons dictate the level of 

inhibition released from interneurons onto relay cells. The present study aims to describe the 

organization of inputs onto geniculate interneurons and to determine how these inputs contribute 

to triadic motifs in glomeruli to modulate interneuron firing. I used serial blockface electron 

microscopy (SBEM) image stacks to reconstruct geniculate interneuron dendrites. We then 

reconstructed all synapses and terminals associated with these dendrites. Interneuron dendrites 

receive their primary input from large and medium sized terminals that are putative retinal and 

GABAergic inputs. Most inputs onto interneuron dendrites occurred in glomerular arrangements. 

Glomeruli contained several  different triadic motifs between terminals from different origins.  I 

also saw varying degrees of convergence and divergence of retinal input, interneuron dendrites, 

and relay cell dendrites between different glomeruli, indicating that interneuron dendrites may 

play several roles in modification of visual information depending on the other neurites involved 

in the glomeruli.  
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INTRODUCTION 

 The lateral geniculate nucleus (LGN) of the thalamus, which relays visual information 

from the retina to the cortex, consists of two major cell types: thalamocortical relay cells and 

inhibitory interneurons (Bickford, Carden, & Patel, 1999; Casagrande, Royal, & Sáry, 2006; 

Guillery, 1966; Krahe, El-Danaf, Dilger, Henderson, & Guido, 2011; Parnavelas, Sullivan, 

Lieberman, & Webster, 1977; Rafols & Valverde, 1973).  Interneurons provide strong feed 

forward inhibition to the relay cells in the LGN, refining the signals from the retina before they 

reach the cortex (Augustinaite & Heggelund, 2018; Crandall & Cox, 2013; Famiglietti, 1970; 

Famiglietti & Peters, 1972; X. Wang et al., 2008).  Interneurons are especially interesting 

because unlike traditional neurons, their dendrites can send and receive inputs (Bickford et al., 

1999; Casagrande et al., 2006; Guillery, 1966; Krahe et al., 2011; Parnavelas et al., 1977; Rafols 

& Valverde, 1973).  It is speculated that interneuron dendrites and axons are functionally isolated 

from one another because signals from synapses onto these dendrites do not reach the soma 

(Bloomfield, Hamos, & Sherman, 1987; Briska, Uhlrich, & Lytton, 2003; Grimes, Zhang, 

Graydon, Kachar, & Diamond, 2010; Halnes, Augustinaite, Heggelund, Einevoll, & Migliore, 

2011; Perreault & Raastad, 2006).  Because of this, dendrites of interneurons can be thought of 

as participating in their own local circuits that function to inhibit relay cells and  are separate 

from the functions of interneuron somas and axons.  

A specific interneuron dendritic circuit that has been described in abundance in visual 

literature is called a triadic arrangement. As the name suggests, these arrangements consist of 

three synapses. A retinal axon terminal synapses onto both an interneuron dendrite and onto a 

thalamocortical relay cell dendrite. To complete the triad, the interneuron dendrite then synapses 

onto the same relay cell dendrite as the retinal terminal, thus creating a mechanism of 
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feedforward inhibition onto the relay cell dendrite (Famiglietti & Peters, 1972; Hamos, Van 

Horn, Raczkowski, & Sherman, 1987; Hamos, Van Horn, Raczkowski, Uhlrich, & Sherman, 

1985; Lam, Cox, Varela, & Sherman, 2005; reviewed in Sherman, 2004).  All of the terminals 

involved in the arrangement are wrapped in an astrocytic sheath (Famiglietti & Peters, 1972).  

The interneuron dendrite can have different effects on the relay cell dendrite depending on the 

nature of the input from the retinal terminal. At low levels of retinal terminal firing, ionotropic 

receptors on the interneuron dendrite are activated and the resulting inhibitory postsynaptic 

potential onto the relay cell dendrite opposes the excitatory retinal input linearly (Cox & 

Sherman, 2000). At higher levels of retinal firing, metabotropic mGlu5 receptors on the 

interneuron dendrite are activated, resulting in an increase in GABAergic inhibition onto the 

relay cell dendrite that increases and persists after input from the retina has stopped  (Cox & 

Sherman, 2000; Cox, Zhou, & Sherman, 1998; Errington, di Giovanni, Crunelli, & Cope, 2011; 

Liu, Petrof, & Sherman, 2015).  

Although the functional implication of triadic arrangements for visual processing in the 

LGN remains to be proven, the main hypothesis is that triadic arrangements play a key role in 

contrast gain control of LGN relay cells (Errington et al., 2011).  Contrast gain control is an 

important method of visual adaptation and helps adjust neuronal activity to ambient stimulation; 

as contrast of the stimulus increases, retinal firing increases. As discussed above, an increase in 

retinal firing increases GABAergic input and thus decreases relay cell firing, reducing the 

contrast gain.    

In order to fully understand the influence of interneuron dendrites onto corticothalamic 

dendrites, it is important to have a full picture of all of the inputs synapsing onto relay cells in a 

glomerulus. To date, transmission electron microscopy (TEM) is the method used to study the 
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synaptic circuitry of triadic arrangements in the LGN (reviewed in Bickford, 2019).  While these 

studies have revealed the basic synaptic circuitry of triadic arrangements, they lack the ability to 

describe the organization of all terminals and synapses involved in this complex circuitry. In this 

study, I use serial electron microscopy to partially trace 6 interneuron dendrites and identify all 

synapses and terminals associated with these dendrites with a particular emphasis on triadic 

arrangements in glomeruli. The results reveal that triadic arrangements associated with 

interneuron dendrites consist of several retinal terminals and interneuron terminals and there are 

several variations of interactions between terminals and these different terminal motifs may have 

different functional effects on signals relayed to the cortex from the LGN.                          

 
 
METHODS 
 
Tissue Preparation   

2 stacks collected from the LGN of adult mice were used for data collection in this study. 

Mice were transcardially perfused with PBS followed by 4% paraformaldehyde/2% 

glutaraldehyde made in 0.1M cacodylate buffer. Brains were then immediately dissected and cut 

coronally at 300µm sections on a vibratome. The LGN was then dissected from the appropriate 

section and sent to Renovo Neural Inc for staining, embedding, sectioning and imaging. Both 

LGN stacks were composed of 200 or 300 41µm x 41µm sections that are 75 nm thick each. 

 

Serial Blockface Electron Microscopy (SBEM) image tracing  

 Interneuron Dendrites: All image tracing was done using Reconstruct software (Fiala, 

2005). Tracing was started by identifying potential interneuron dendrites. These dendrites could 
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be readily identified by finding a terminal that forms a presynaptic and postsynaptic terminal. 

Specifically, interneuron presynaptic dendrites contain a thin postsynaptic density, frequently 

contain mitochondria and have a collection of vesicles gathered at the presynaptic site. After an 

interneuron dendrite was identified, it was traced through the stack until the dendrite came to a 

natural ending or continued out of the area of the image. Dendrite length and volume were 

computed using the Reconstruct software.     

Terminals: To mark the terminals that synapse on the reconstructed dendrite, first all 

synaptic zones that appeared on the dendrite segment were marked and reconstructed as a slab-

like object. Following this, the  terminal boutons that make each synapse were traced and 

reconstructed. We paid care to capture the entire presynaptic bouton and to exclude the thinner 

interbouton axon segments that are devoid of vesicles from the reconstructions. Retinal terminals 

can be putatively identified  because they contain pale mitochondria, whereas other terminals 

contain dark mitochondria (Behan, 1982; Guillery, 1969).  In addition, interneuron dendritic 

terminals can be identified as such when a terminal is observed to be both a presynaptic and 

postsynaptic terminal (Bickford et al., 1999; Guillery, 1966; Parnavelas et al., 1977; Rafols & 

Valverde, 1973). Terminal volumes were computed using Reconstruct software.  

Glomeruli Identification: In order to identify glomeruli in our image stacks, I first 

identified synaptic triadic arrangements. Next, I looked for astrocytic appendages that wrapped 

around the entire synaptic motif. Astrocytic wrappings could be identified first from the light 

cytoplasm that does not contain any organelles and second from their shape, which is amorphous 

and fills irregular shapes in the neuropil. Once an astrocytic wrapping was identified, every 

terminal and dendrite within the borders of the astrocytic sheath were considered to be a part of 

the glomerulus.        

86



 

 

Model-based classification  

Model-based classification calculations were all completed in R using the MClust 

package (Scrucca, Fop, Murphy, & Raftery, 2016).  MClust is a package used for model-based 

clustering, classification, and density estimation based on normal mixture modelling. MClust 

uses the Bayesian Information Criterion (BIC) strategy for clustering and density estimation 

analysis. For terminal and dendrite classification, MClust yielded the number of objects in each 

population as well as the average and standard deviation of terminal and dendrite size in each. 

The confidence level for each value given (i.e. a confidence level for each terminal volume or 

dendrite caliber) was also computed.    

 

Statistical Analysis 

 All graphs, descriptive statistics and comparative statistics (including Mann-Whitney U 

and Kriskal-Wallis tests) were completed using Prism software version 8. 3D reconstructions of 

dendrites and terminals were generated in Reconstruct.  All figures were organized and annotated 

using Adobe Photoshop 2020. 

 

RESULTS 

  In the LGN, interneuron dendrites function both as a presynaptic and postsynaptic 

compartment (Bickford et al., 1999; Casagrande et al., 2006; Guillery, 1966; Krahe et al., 2011; 

Parnavelas et al., 1977; Rafols & Valverde, 1973).  In addition to this unique synaptic 

morphology, interneuron dendrites have been described to have the appearance of a “string of 

beads”, a morphology that is different from relay cells (Bickford et al., 1999; Friedlander, Lin, 
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Stanford, & Sherman, 1981; Guillery, 1966; Rafols & Valverde, 1973).  Previous studies have 

characterized the morphology of interneuron dendrites and synaptic inputs onto them with light 

microscopy and TEM but were insufficient in revealing potential complex interactions among 

those inputs.  In this study, I used SBEM image stacks and a sample of dendrite segments, to 

characterize the selectivity and convergence of distinct input types on geniculate interneurons 

and the motifs of connectivity in triads and glomerular structures.  

 

Qualitative Observations of Interneuron Dendrite Morphology 

 In order to characterize inputs onto specialized morphological features of interneuron 

dendrites, I reconstructed 6 interneuron dendrite segments (referred to as IDS1- IDS6) in the 

mouse LGN from SBEM image stacks (Figure 1). The length of the dendrite segments traced 

ranged from  16.8µm to 55.4µm. Collectively, these interneuron dendrites received 141 synapses 

from 130 terminals.  Interneuron dendrites display various morphological properties that 

differentiate them from relay cell dendrites studies in Chapter II (Figure 1). There are five major 

characteristics of note:  
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Figure 1: Reconstructions of all interneuron dendrites traced in the mouse LGN. Interneuron 

dendrites in the mouse LGN display varying shapes, sizes, and branching patterns; scale cube = 

1x1x1mm 
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1) Dendrite Shape: Interneuron dendrites were generally thin and the dendrite caliber 

varied even on lengths of dendrite between branch points.  The dendrite looked like an 

irregularly shaped string punctuated with swellings, appendages, and filopodia that emerged at 

uneven intervals.  Archetypal properties of neuronal dendrite branching seemed not to apply to 

interneurons: when a branch point occurred, the caliber of the daughter segments, when possible 

to discern, did not differ noticeably from the parent segment.    

2) Appendages and swellings. Most interneuron dendrite segments gave out thin 

protrusions that displayed filopodia morphology. Some of the thin protrusions turned into large 

end-swellings.  These end-swellings could become larger than the diameter of the dendrite shaft 

it emerged from. Swellings also occurred within the dendrite shaft without the typical thin 

filopodia stalk of the appendages, giving the dendrite its ‘beady’ appearance (Figure 1d & f).  

3) Postsynaptic regions: All portions of the interneuron dendrite segment (that is shaft, 

appendage, swelling and filopodia) could receive a synapse, although a great majority of 

synapses are found on appendages and swellings (also see below).  

4) Presynaptic regions: Only appendages and dendrite swellings displayed collections of 

vesicles in varying amounts, and formed synapses on other neuropil. Almost all of the 

appendages and swellings participated in triadic arrangements. The filopodia (appendages 

without swellings) did not form synapses or participate in triadic arrangements. 

5) Glial Wrapping:  As described previously (Famiglietti & Peters, 1972) glomerular 

structures that involve interneuron dendrites are wrapped in a glial sheath. Glial wrapping was 

also present around synapse-sparse dendrite shafts, an interesting interneuron dendrite 

characteristic that was not seen on relay cell dendrites.  Thin interneuron dendrite segments 

could be completely encapsulated by a glial sheath, which is a flattened and irregularly shaped 
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astrocytic process displaying light cytoplasm, few mitochondria and no cytoskeletal filaments  

(Figure 2).  The glia encapsulated the interneuron dendrite exclusively but occasionally wrapped 

around single, small terminals that were not involved in triadic arrangements (not shown). This 

glial encapsulation of interneuron dendrites persisted in between the regions of triadic 

arrangements (Figure 2).  In my dataset, the length of dendrite segments that were wrapped in 

astrocytic processes was as long as  37µm.  The glial ensheathment of dendritic segments, which 

provides electrical isolation of the dendrite segment, may help with signal propagation toward 

the cell body or between localized circuits in glomeruli.    

 

Selectivity of Inputs onto Interneuron Dendrites 

 Interneuron dendrites in the LGN receive input from several areas of the brain including: 

the retina, the thalamic reticular nucleus, the brainstem, other LGN interneurons, and the cortex 

(Hamos et al., 1987; McCormick & Pape, 1988; Weber, Kalil, & Behan, 1989).  Several studies 

have described the number and organization of inputs onto interneuron dendrites using light 

microscopy and TEM methods (Bickford et al., 1999; Famiglietti & Peters, 1972; Guillery, 1966; 

Hamos et al., 1987; Lam et al., 2005; S. Wang, Eisenback, Datskovskaia, Boyce, & Bickford, 

2002).  

Selectivity of terminal types onto interneuron dendrites: In order to find out whether or 

not there is a selectivity of geniculate inputs on interneuron dendrites, I examined a total of 134 

terminals that synapsed onto reconstructed segments (IDS1-IDS6).  Synapses onto interneuron 

dendrites display a wide range of morphological and morphometric features (Figure 3a-c). The 

average volume of synaptic boutons synapsing onto interneuron dendrites is 1.68 µm 3 +/- 

1.22µm 3 with a maximum of 6.92µm 3 and a minimum of 0.07µm 3 (Figure 3d). The terminal  
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Figure 2: Glial wrapping around a length of interneuron dendrite. (A-I) EM images of glia wrapping 

(blue) around an segment of interneuron dendrite (black asterisk). While it is wrapped in the glia, the 

dendrite receives no input and does not synapse onto another neurite. Part of the dendrite leaves the glial 
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ensheathment to participate in synaptic arrangements (red asterisk).  (J) A 3D reconstruction of the same 

interneuron dendrite segment (grey) surrounded by glia (blue).  The location of the dendrite leaving the 

ensheathment is again marked with a red asterisk; scale bar= 1µm; scale cube = 1x1x1µm.    
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volume distribution in this dataset was  significantly different than the terminals in the relay cell 

dendrite dataset analyzed in Chapter II, with the interneuron dataset containing more of the 

larger size terminals and less of the smaller size terminals (Mann-Whitney U, r<0.0001).  

In order to identify putative origins of terminals synapsing onto interneurons dendrites in 

this study, I primarily relied on morphological characteristics. However, in cases where 

morphology was ambiguous, incorporating volumetric data (as described in Chapter II) for 

terminal origin identification led to the best possible estimate of terminal origin without the use 

of immunohistochemical techniques.  As described in Chapter II, I used a randomly sampled 

volumetric terminal dataset of terminals found in LGN and used the multivariate clustering 

analysis to classify the terminals on interneuron dendrites into populations.  These populations of 

terminals then inform on putative origins (Figure 3d).  The terminals that fell into Populations 5-

6 (i.e., large terminals) often displayed morphological characteristics attributed to axon terminals 

from the retina, including pale mitochondria, many protrusions, and round vesicles filling the 

bouton (Figure 3a). Similar to the relay cell data (Chapter II), I also observed large and medium 

sized terminals with dark mitochondria and some small terminals (Populations 1-2) that had few 

or no mitochondria (Figure 3b&c). Some of the large and medium sized terminals could be 

identified as belonging to interneuron dendrites because they were both pre-and postsynaptic, a 

unique criteria for interneuron dendrites.  Small sized terminals (putative brainstem or cortical 

origin) constituted 15% all terminals synapsing onto interneuron dendrites. This is a notably 

small number, compared to the findings that ~60% of terminals of synapsing on relay cell 

dendrites are of brainstem and cortical origin), suggesting that corticothalamic feedback 

excitation and brainstem modulation do not play an as large role on interneurons.  The majority 

(75%) of these small terminals synapsed outside of glomeruli. The Population 6 terminals, the   
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Figure 3: Morphological feature of terminals synapsing onto interneuron dendrites. (A) Some terminals 

(blue) were large, filed with vesicles, contained protrusions and had light mitochondria. (B) Other 

terminals (blue) were medium sized and contained dark mitochondria. (C ) Few terminals (blue) 

synapsing onto interneuron dendrites were small and did not contain any mitochondria; interneuron 

dendrites are in red, black asterisks indicate the area postsynaptic to the cleft.  (D) Terminal volume 

distribution of all terminals synapsing onto interneuron dendrites demonstrates that most terminals 

synapsing onto LGN interneurons are medium to large in size. Colors correspond to terminal populations 

described in chapter II;  scale bar = 1µm  
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largest terminals seen synapsing on relay cell dendrites described in Chapter II, were not 

represented on interneuron dendrites in this dataset. This is not surprising because Population 6 

terminals were not found synapsing in glomeruli on relay cell dendrites, and almost all terminals 

with large volumes were located in glomeruli of the interneurons.    

Selectivity of terminal types in glomeruli: The majority (85%) of input onto interneuron 

dendrites occurred within glomeruli and a few (15%) terminals synapsed onto interneuron 

dendrites outside of glomeruli.  Terminals synapsing onto interneurons in glomeruli were 

significantly larger than those synapsing onto interneurons outside of glomeruli (Mann Whitney 

U, p<0.001).  The average volume of terminals synapsing onto interneurons in glomeruli was 

1.8µm  +/- 1.2µm and the average volume of terminals synapsing onto interneuron dendrites 

outside of glomeruli was 0.79µm +/- 0.89µm. These suggest that the larger inputs (putative 

retinal and GABAergic axon terminals from interneurons and thalamic reticular nucleus) onto 

interneurons are selective for dendrite segments in glomeruli, and that smaller terminals 

(corticothalamic and cholinergic brainstem) are selective for dendrite segments that are outside 

of glomeruli.  

 

Triad and Glomerulus Motifs 

 Inhibitory interneurons provide a feedforward inhibition onto relay cells via triadic 

arrangements that are located in glomeruli (Augustinaite & Heggelund, 2018; Crandall & Cox, 

2013; Famiglietti, 1970; Famiglietti & Peters, 1972; X. Wang et al., 2008). This inhibition is 

thought to filter out excess noise from retinal terminals, or to suppress the retinal excitation on 

relay cells in a temporal fashion, thereby refining the visual information before it is sent to the 

cortex (Augustinaite & Heggelund, 2018; Crandall & Cox, 2013; Famiglietti, 1970; Famiglietti 
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& Peters, 1972; X. Wang et al., 2008). This view emphasizes a localized function for triads, and 

de-emphasizes a potential network function of interneurons in generating lateral inhibition via 

their dendrites by summating receptive field or parallel pathway specific information. The 3D 

reconstruction dataset now allows me to reveal local and network properties of interneuron 

dendrites. To that aim, I first examine the patterns of connectivity in triads (that is, the triadic 

motifs), and reveal that the retinal terminal is not the ubiquitous partner of triads.  Second, I look 

at the glomerular motifs to reveal the extent of the retinal convergence in these structures. 

Finally, I examine if and how glomeruli are connected to each other via the sharing of synaptic 

partners.  

 

Triad Motifs 

This data set included 81 triads. Complete reconstruction of all terminals that contributed 

to each triad allowed identification of triadic motifs that eluded 2D EM studies.     

Retina-Interneuron-Relay Cell Motifs: The most common motif encountered is that of a 

stereotypical triadic arrangement: A retinal terminal synapses onto an interneuron dendrite and a 

relay cell dendrite. The interneuron dendrite then synapses onto the same relay cell dendrite as 

the retinal terminal (Figure 4).  63 out of 81 triads are this type. This triadic motif may be 

responsible for the rapid (two synaptic delays apart) inhibition of the relay cell dendrite induced 

by the excitation from retinal terminals.  

Interneuron-Interneuron-Relay Cell Motifs: The dataset included 14 examples of triads 

formed among an appendage or swelling of a dendrite that is presynaptic to a second presynaptic 

dendrite. Both presynaptic terminals also synapse onto a relay cell dendrite (Figure 5). Notice 

that in this configuration the retinal terminal is replaced by an interneuron dendritic terminal that  
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Figure 4: An example of a retinal-interneuron-relay cell motif. (A,B) A retinal input (green) synapses 

onto an interneuron dendrite (red). (E,F) The same retinal input (green) synapses onto a relay cell dendrite 

(yellow). (G) The interneuron dendrite (red) synapses onto the same relay cell dendrite (yellow) as the 
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retinal input; asterisks indicate area postsynaptic to the cleft.  (H) Schematic of the retinal-interneuron-

relay cell motif. Colors correspond to those in EM images; retinal terminal in green, interneuron dendrite 

in red, relay cell dendrite in yellow. Arrows indicate directionality of synapses. Scale bar = 0.5µm     
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Figure 5: An example of an interneuron-interneuron-relay cell motif. (A,B) An interneuron dendrite 

(pink) synapses onto a relay cell dendrite (yellow).  (F) A different interneuron dendrite (red) synapses 

both onto a relay cell dendrite (yellow) and onto the first interneuron dendrite (pink). (G) the second 

interneuron dendrite (red) continues to synapse onto the relay cell dendrite (yellow); asterisks indicate 

area postsynaptic to the cleft.  (H) Schematic of the interneuron-interneuron-relay cell motif. Colors 

correspond to those in EM images; first interneuron dendrite in pink, second interneuron dendrite in red, 

relay cell dendrite in yellow. Arrows indicate directionality of synapses. Scale bar = 1µm   
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makes two presynaptic contacts in the triad.  It is interesting that the interneuron making two 

presynaptic contacts can also take part in another triad in the same glomerulus, but this time as 

the interneuron dendrite that is postsynaptic to a retinal terminal. The interneuron-interneuron- 

relay triads clearly indicate complex interactions, including a tri-synaptic-delay of local 

disinhibition of relay cell dendrites, perhaps to facilitate the recovery of the feedforward 

inhibition generated via the retinal/interneuron triad.  

Small Terminal-Interneuron-Relay Cell Motifs: The least common motif (2 of 81) I 

encountered in the LGN is that of a small terminal that does not display the morphological 

features of retinal terminals (i.e., pale mitochondria) synapsing onto a relay cell dendrite and an 

interneuron dendrite which then synapses onto the same relay cell dendrite (Figure 6). The small 

terminals mentioned here may be akin to the cholinergic terminals (with small boutons and dark 

mitochondria) that are described to make synapses in glomeruli (McCormick & Pape, 1988).  

Physiology studies have demonstrated that cholinergic input decreases GABA release from 

interneuron dendrites while increasing firing of relay cell dendrites (Carden & Bickford, 1999; 

Cox & Sherman, 2000; McCormick, 1992; McCormick & Pape, 1988; Plummer, Manning, 

Levey, Rees, & Uhlrich, 1999).  With the assumption that these non-retinal small terminals are 

cholinergic, my data provide evidence that cholinergic input to glomeruli is formed both directly 

onto interneurons and relay cell dendrites, suggesting that brainstem modulation of glomerulus 

action is done via facilitation of disinhibition (via suppressive cholinergic receptors at the 

brainstem synapse on interneurons) as well as increased excitation of relay cell dendrites (via 

faciliatory receptors at this synapse) (Carden & Bickford, 1999; McCormick, 1992; McCormick 

& Pape, 1988).  The arrangement described above is a true triad however, I also saw a few (4) 

instances of putative cholinergic terminals that synapse onto presynaptic interneuron dendrites in  
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Figure 6: An example of a brainstem-interneuron-relay cell motif. (A) A brainstem terminal (orange) 

synapses onto a relay cell dendrite (red). (B) The brainstem terminal (orange) continues to synapse onto 

the interneuron dendrite (red). The same interneuron dendrite can also be seen synapsing onto a relay cell 

dendrite (yellow); asterisk indicate area postsynaptic to the cleft, scale bar = 0.5µm     
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glomeruli, but not onto relay cell dendrites.  This arrangement may also contribute to the 

disinhibition of relay cell dendrites without direct synaptic connections between the cholinergic 

terminals and the relay cell dendrite.  

 

Glomerular Motifs:      

We traced a total of 7 distinct glomeruli of various sizes. Some glomeruli were large and 

contained over 20 terminals and dendrites while some were much smaller and only contained 5 

total terminals and dendrites (Figure 7). 

Number of retinal boutons in the glomerulus: Glomeruli in my data set receive input from 

between 1 and 20 distinct retinal terminals (Table 1).  For most boutons, the axon was also 

reconstructed so that I would have the information for whether or not the same axon provided a 

second bouton into the same glomerulus, or onto another portion of the reconstructed interneuron 

dendrite. However, the volume of the reconstructed axon was not included in the volume 

calculation of the bouton.  I did not encounter any instance of a retinal axon providing more than 

one bouton to an individual glomerulus. Therefore, I am able to state that the retinal terminals 

that enter a single glomerulus are from different retinal ganglion cells1, suggesting that multiple 

retinal ganglion axons may converge in a single glomerulus.   

Number of Interneuron Dendrites in Glomeruli: Of the 7 glomeruli I characterized in this 

study, 1 contained 3 presynaptic interneuron dendrites, 2 contained 2 presynaptic interneuron 

dendrites, and 4 of them contained only 1 presynaptic interneuron dendrite (Table 1).  

Involvement of more than one interneuron dendrite in a glomerulus (which is centered around a  

                                                
1 The certainty of this finding is limited by the extent of reconstructions that can be performed in the volume of 
tissue that is represented in a stack. If a retinal axon had a collateral or branching point outside of the stack, and the 
branches traveled to the exact location of the glomerulus, I would not be able to identify those two boutons as 
coming from the same retinal ganglion cell. However, I assume the probability of the scenario above is negligible.   
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Figure 7: Synaptic arrangements in glomeruli are complex and involve several terminals and dendrites. 

(A) An EM image of what a glomerular arrangement looks like with a single two dimensional image. 

Although some terminals can be synapsing onto relay cell dendrites (RC) and interneuron dendrites (red, 

asterisk), many more synaptic interactions are missed; glomerular sheath = blue. (B) A 3D reconstruction 

of the same glomeruli. Some terminals have been reconstructed and their colors correspond to those in 

panel (A).  The 2D reconstruction of the glomerulus is able to give a more accurate representation of the 

complexity of synaptic arrangements around interneuron dendrites in glomeruli; dark grey = relay cell 

dendrites, light grey = interneuron dendrites, scale bar = 1µm. 
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Table 1. 

Glomerulus 
Name 

Number of 
Interneuron Dendrites 

Number of Relay Cell 
Dendrites 

Number of 
Triads 

Number of Retinal 
Terminals 

G1 3 1 20 10 

G2 1 1 3 3 

G3 2 1 28 20 

G4 1 2 15 13 

G5 1 1 3 1 

G6 2 1 4 2 

G7 1 1 9 9 

 

single relay cell dendrite-- although for an exception, see below) implies a convergence of  

inhibitory influences on a single relay cell dendrite within the localized circuit. Also of note and 

as mentioned above, my dataset included instances where the interneuron dendrites in the same 

glomerulus interacted with each other via interneuron-interneuron-relay type triads.  This 

arrangement sets the stage for modulation of localized circuits by other localized circuits, 

perhaps enabling adaptive response properties of geniculate parallel pathways.    

Finally, although most interactions between interneuron dendrites were limited to a one-

way interaction, I observed three interneuron dendrites in my sample making reciprocal synapses 

with each other in a glomeruli (Figure 8).  These synapses are small and only span 0.15 microns 

in depth (one or two SBEM images) each. Although the two interneuron dendrites do not show 

vesicles docking in the same section, they do appear to share the same extrasynaptic space.  

Number of Relay Cell Dendrites in Glomeruli: Of the 7 glomeruli described in this study, 

6 of them contained one relay cell dendrite segment and 1 contained two relay cell dendrite 

segments (Table 1). The relative paucity of multi-relay glomeruli confirms the standing notion  
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that the relay dendrite is the central element of glomeruli, and the main purpose of the other 

components of triads the in the glomerulus is to modulate or modify the temporal activity in that 

particular relay cell. On the other hand, the clear evidence for the presence of multi-relay 

glomeruli I provide in this study, suggests that glomeruli can also be the site of divergence of 

receptive-field specific inputs that converged on interneurons. An example of the observations 

that lead to this conclusion is described below.  

One glomerulus I characterized (G4) was unique in that it involved two different relay 

cell dendrites (R1 and R2), whereas all other glomeruli only centered around one relay cell 

dendrite. The G4 glomerulus involved a portion of the IDS3 interneuron dendrite that synapsed 

onto two different relay cell dendrites in the same astrocytic sheet.  G4 was a large glomerulus 

with 15 terminals synapsing onto IDS3. Of these 15 terminals, 13 were from the retina and 2 

were other interneuron dendrite terminals that act only in a presynaptic capacity. In addition to 

all terminals synapsing onto IDS3, 8 terminals (all retinal) synapsed onto R1, 3 terminals (all 

retinal) synapsed onto R2, and 3 terminals (two retinal and one interneuron) synapsed onto both 

R1 and R2. One interneuron dendrite terminal formed a synapse onto IDS3, but did not synapse 

onto a relay cell in the glomerulus. This glomerulus was the only example of two relay cell 

dendrites in the same glomerulus that received input from the same interneuron and the same set 

of retinal inputs.  

G4 is an example of convergence of retinal terminals onto one interneuron dendrite that 

will in turn affect the firing of two relay cells. The broad effect of this interneuron is an 

economical way for an interneuron to modulate firing of several retinal inputs onto relay cells. 

This also suggests that this interneuron has a powerful influence over the firing of these two 

relay cells because there are many retinal terminals that cause it to inhibit relay cell firing.  
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Figure 8: Reciprocal synapse between two interneuron dendrites. (A,B) One interneuron dendrite (red) 

synapses onto a second interneuron dendrite (blue). (C,D) The second interneuron dendrite (blue) then 

synapses onto the first interneuron dendrite (red) creating a reciprocal synapse between the two 

interneurons; asterisk indicate area postsynaptic to the cleft, scale bar = 0.5µm     
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G4 also gave us an example of lateral inhibition by interneurons in the LGN. A retinal 

input that synapsed onto IDS3 can cause inhibition onto a relay cell dendrite that did not receive 

input from that same retinal terminal.  These inhibitory characteristics can sharpen the response 

properties of relay cell dendrites in the LGN. Whether or not multi-relay glomeruli can form on 

selective relay cell-types will require a larger data set or an approach that yields cell-type 

identified geniculate tissue that is also suitable for connectomics analysis.  

 

Intraglomerular interaction motifs: 

In order to reveal, if any, repeated connections between an interneuron dendrite and 

another neuropil (a relay cell, a retinal terminal, or another interneuron dendrite), I  reconstructed 

each neuropil that appeared in a glomerulus with a interneuron dendrite, and looked for other 

instances of interaction between the two neuropils. This way, I was able to determine if each of 

these elements pair up or interact multiple times, or in other words, they are selective for each 

other.   

Relay Cells: The dataset included an interneuron (IDS6) that had selectivity for a single 

relay cell dendrite (R3) and interacted with R3 through multiple synapses. IDS6 and R3 traverse 

through the neuropil in close proximity and IDS6 synapses multiple times along the length of the 

R3 dendrite at swellings in glomeruli and once outside of a glomerulus (Figure 9).  This indicates 

that any excitatory input that the interneuron receives will inhibit the same relay cell, that is the 

interneuron’s local interactions can be amplified by its network properties. In addition, this 

selectivity also represents a convergence of different RGC axons onto an interneuron to inhibit a 

single relay cell.  That is, visual activity evoked at various visual field representations can inhibit 
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a single relay cell, perhaps sharpening its receptive field properties. This arrangement may 

provide a substrate for lateral inhibition via interneuron dendrites.  

I cannot comment whether or not the motif described above is a common property of all 

interneurons. All other reconstructed segments did not reveal selectivity for a relay dendrite 

within the confounds of the stack. In the IDS6 example, paired interactions occur in close 

proximity. It is possible that paired interactions occur in distant segments of an interneurons. It is 

also a possibility that interneuron-relay paired interactions (selectivity) is a characteristic of a 

distinct geniculate relay cell type, or of a distinct geniculate interneuron type. 

This reconstruction also confirmed that relay cells can receive inhibitory inputs from 

multiple interneurons. The dataset includes a total of 8 relay cell dendrites that receive input 

from interneurons in reconstructed glomeruli. Five of these relay dendrites receive input from 

one interneuron in a single glomerulus, two receive input from two interneurons in two different 

glomerulus, and one relay cell dendrite receive input from three interneurons in three separate 

glomeruli. These results demonstrate that relay cell dendrites are not under the control of one 

interneuron, but can be influenced by several different interneurons in separate glomeruli. 

Retinal Terminals: In my dataset, I see examples of retinal input divergence in which 

terminals originating from the same retinal axon synapse onto different interneuron segments and 

relay cells in different glomeruli.  For example, RGC1 synapsed onto IDS3 and IDS1. In terms 

of visual maps, divergence implies broadening of the receptive field tuning in the target cells. 

Because in this case the target cell is an inhibitory interneuron, which induces local inhibition via 

its own divergence and convergence on relay cells, this motif can be a substrate of lateral 

inhibition on relay cells to to sharpen their receptive field responses, or enable the ON/OFF  
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Figure 9: (A) Example of a relay cell dendrite (grey) traversing the neuropil in close proximity to an 

interneuron dendrite (red). Although this interneuron synapses onto the relay cell, the synapses are formed 

far apart and not at every point where the two dendrites come into contact. Synapses occur both in 

glomeruli (B) and outside of glomeruli (C); postsynaptic cleft marked by an asterisk; scale bar= 1µm.  
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phenotype of the interneurons. This motif can also be a substrate for adaptive regulation of 

interneurons’ ON or OFF type response properties. 

I also noted that reconstructed RGC axons synapse on more than one relay dendrite in an 

example of RGC divergence on relay cells.  It is possible that one RGC is providing input onto 

two different relay cells that belong to the same parallel pathways and therefore receive the same 

level of inhibition from the interneuron dendrite.  However, given that the current approach does 

not allow for the reliable identification of relay cell types that belong to distinct parallel 

pathways, this question remains unanswered.  

Interneuron Dendrites: My dataset contained four interneuron dendrite segments that 

participate in a glomerulus, where other interneuron dendrites are also present. While indirect 

interneuron-interneuron interactions are common (by definition of the glomerulus), interneuron 

dendrites located in the same glomerulus can have direct synaptic contacts (see Glomerular 

Motifs/ Interneurons above). None of the interneuron-interneuron pairs that took part in a 

glomerular motif did not appear to have another interaction together. Again, my dataset only 

speaks for interactions that take place within the span of the reconstructions in the limited 

volume of the SBEM stack. The lack of evidence in my dataset for multiple interneuron-

interneuron paired interactions suggests that, if present at all, interneuron selectivity for another 

interneuron takes place via synapses located at distant branches of these cells.  

 

 DISCUSSION 

 Inhibitory interneurons in the LGN have been a topic of study for decades and their 

morphology and physiology has been characterized in several species (Bickford et al., 1999; 

Blitz & Regehr, 2005; Casale & McCormick, 2011; Cox et al., 1998; Errington et al., 2011; 
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Famiglietti & Peters, 1972; Kaas, Huerta, Weber, & Harting, 1978; Lam et al., 2005). Here, I 

describe in detail the synaptic circuitry of interneurons in the mouse LGN using SBEM image 

stacks. Overall, the results from my study are consistent with past conclusions while also adding 

novel information about how interneurons are connected to LGN circuitry. I found that inhibitory 

interneuron dendrites in the LGN display a variety of morphological characteristics. Some 

portions of interneuron dendrites had small calibers and were enveloped by a glial sheath while 

other portions formed varicosities where it formed and received several synapses. I also saw a 

great diversity in synaptic motifs formed onto and by interneuron dendrites, which I will discuss 

below. My results indicate that interneurons play a variety of roles in synaptic circuitry in the 

LGN, with the foremost role being the inhibition of relay cells in order to refine visual 

information sent to the cortex.           

 

Glomeruli exhibit a diversity of synaptic motifs  

The results  demonstrate that synaptic circuitry in glomeruli of the LGN is complex and 

individual glomeruli have a large degree of variability in their composition.  Almost all input 

onto interneuron dendrites in triadic arrangements originate from the retina. My data show that 

there may be up to 13 retinal terminals synapsing onto one interneuron dendrite in a glomerulus. 

The large amount of retinal input being modulated by one interneuron dendrite terminal suggests 

some degree of consolidation of interneuron function. It could be that input coming from all 

retinal terminals in a glomerulus have the same receptive field properties and thus can be 

modulated in the same way however, this remains speculative. I also demonstrate that while most 

retinal axon terminals converging onto interneurons originate from separate RGCs, I saw some 

instances of terminals originating from separate branches of the same RGC synapsing onto the 
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same interneuron dendrite and the same relay cell dendrite. This is a very interesting retinal axon 

specificity and may function to increase the amount of inhibition in the case of extra noise from 

one type of RGC.       

  While the majority of interneuron dendrites receive input from retinal terminals, I also 

see evidence of modulatory inputs in glomeruli. The first of these inputs is from putative 

cholinergic terminals from the brainstem. Input from cholinergic terminals causes a decrease in 

GABA release from interneuron dendrites and these cholinergic terminals are more active when 

the animal is in an alert state (McCormick & Pape, 1988; McCormick & Prince, 1987; Steriade 

& Contreras, 1995; Steriade & McCarley, 2013). Therefore, it can be theorized that in a sleep 

state, not only do relay cells receive less excitatory input form cholinergic axons, but also not 

have a decrease in inhibition from interneuron dendrites, thus decreasing the overall 

responsiveness of relay cell dendrites. These small terminals only make up a small number of 

total the total inputs synapsing onto interneuron dendrites and therefore are not expected to play 

a large role in interneuron firing. 

It should be considered that terminals synapsing onto interneuron dendrites may be axon 

terminals from interneurons or inhibitory terminals from the thalamic reticular nucleus. Because 

input from the thalamic reticular nucleus has been shown to target more distal dendrites, it is 

more likely for inhibitory axon terminal in glomeruli to be from the axons of interneurons. 

Without additional methods such as transgenic identification of different inhibitory inputs, it is 

not possible for us to reliably identify the origin of these GABAergic terminals.   
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The Role of Interneurons in the Flow of Visual Information to the Cortex 

The results of this study bring us closer to understanding of how interneuron dendrites 

influence visual information that is sent to the cortex by LGN relay cells. Unlike traditional 

neurons in which the entire cell works as a unified, multistep computational unit, my data 

supports the hypothesis that inhibitory interneurons dendrites in the LGN are more accurately 

thought of as separate microcircuits and each individual mico circuit does not affect the response 

of the entire interneuron. This is especially true for glomeruli that are formed around appendages 

of interneuron dendrites.  Past evidence of this comes from physiological modeling studies of 

interneurons. These studies demonstrate that inputs onto distal interneuron dendrites can be 

attenuated up to 99% by the time it reaches the interneuron soma (Bloomfield et al., 1987; Briska 

et al., 2003; Grimes et al., 2010; Halnes et al., 2011; Perreault & Raastad, 2006).  It has also been 

shown in amacrine cells in the retina, a population of cells that behave similarly to interneurons, 

that activity of one dendrite terminal only affected other terminals if they were within 20µm of 

each other (Grimes et al., 2010). This suggests that interneuron dendrite influence is restricted to 

individual glomeruli. However, it may be the case that glomeruli formed around swellings of the 

main interneuron dendrite shaft facilitate the diffusion of EPSPs from one glomerulus to the 

other.   This is supported by the result demonstrating that portions of interneuron dendrites 

between glomeruli are encased in a glial sheath. This interneuron characteristic strongly suggests 

that dendritic transmission can occur between glomeruli on the same dendrite shaft, effecting 

more than just local dendrite dynamics.    

The diversity of synaptic motifs seen in glomeruli suggests that interneurons may have 

several different functions in the LGN. One of the leading ideas of interneuron function is 

decreasing visual noise from the LGN to the cortex (Sherman, 2004).  Retinal, inhibitory, and 
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cholinergic inputs all modulate the amount of inhibition exerted onto relay cells by interneuron 

dendrites. When there is an increase in visual stimulation in the retina, retinal terminals increase 

firing onto relay cell dendrites but also onto interneuron dendrites. Inhibition onto a relay cell 

dendrite from an interneuron prevents an excess of visual information from the retina being 

passed by that relay cell to the visual cortex. On the other hand, inhibitory and cholinergic inputs 

onto interneuron dendrites decrease inhibition onto relay cells. My findings show that there are 

few of these synaptic arrangements in glomeruli.  However, this indicates that only a few 

cholinergic and inhibitory inputs onto interneuron dendrites are necessary to change the firing 

pattern of a relay cell dendrite regardless of the number of RGC inputs in the glomerulus. This 

mechanism of rapid disinhibition may allow for relay cells to rapidly adapt to changes in the 

visual environment. 

Although retinal input onto relay cell dendrites shows little convergence, my results 

suggest that some convergence and divergence of retinal inputs happen via interneuron dendrites. 

This study demonstrates that not only do interneuron dendrites participate in feedforward 

inhibition onto relay cells in glomeruli, but also contribute lateral inhibition onto relay cell 

dendrites. It is reasonably speculated that lateral inhibition allows for relevant information to be 

passed through one relay cell and inhibited in another. This may have implications for 

adaptations in ON and OFF parallel pathways through the LGN. Relay cells in ON versus OFF 

center parallel pathways have opposite responses to luminance (Martinez, Molano-Mazón, 

Wang, Sommer, & Hirsch, 2014). Because of this, it makes sense that when a relay cell in one 

pathway is excited, the relay cell in the other pathway is inhibited. My results suggest that it 

could be input from interneuron dendrites that strengthens this firing contrast through lateral 

inhibition.               
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It is interesting to note that studies in the cat LGN show that the vast majority of 

glomeruli are found on type X relay cells and very few, if any can be found on Y cells (Wilson, 

Friedlander, & Sherman, 1984). Given that X type relay cells in the LGN are known to have 

higher spatial but lower temporal frequency then Y relay cells, triadic arrangements may play a 

crucial role in decreasing visual noise for spatial information over temporal information. In this 

study, I was unable to discriminate between X and Y relay cells in the mouse LGN and my 

attempts to sort relay cells into parallel pathways using input patterns proved unsuccessful. The 

reason for this may be because of a large amount of divergence of retinal inputs in the mouse 

LGN. This study and the results from Chapter II show a large amount of retinal divergence onto 

relay cell dendrites and interneuron dendrites and this result is in alignment with previous studies 

that show varying amounts of retinal divergence onto dendrites in the mouse LGN.  In order to 

probe how glomeruli function to modify visual information in different parallel pathways, 

studies of glomeruli and triadic motifs should be studied in a species where X and Y relay cells 

can be easily distinguished with minimal divergence of retinal input into the LGN.  
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DISCUSSION 

     The organization of synaptic circuits in the LGN determines the information that is passed 

to the visual cortex from the retina. The purpose of this dissertation was to characterize inputs 

onto relay cells and interneuron dendrites in the LGN to reveal the organizational principles of 

synaptic inputs on different geniculate cell types to a degree that was previously unfeasible by 

using connectomic approaches. Previous studies of LGN synaptic circuitry use TEM methods to 

identify and describe inputs into the LGN (Çavdar, Hacioǧlu, Şirvanci, Keskinöz, & Onat, 2011; 

Erişir, Van Horn, Bickford, & Sherman, 1997; Erişir, Van Horn, & Sherman, 1998, 1997; 

Famiglietti, 1970; Guillery, 1969; Hammer et al., 2014; Montero, 1986; Smith, O’Leary, Harris, 

& Gay, 1964; Van Horn, Erişir, & Sherman, 2000; Wilson, Friedlander, & Sherman, 1984). 

These foundational studies provide the basic principles of synaptic organization in the LGN.  

However, measuring three dimensional objects in the two dimensional space leads to sampling 

confounds that introduce ambiguity for the findings. Here, we aimed to answer several questions 

about LGN synaptic circuitry that are unable to be answered using TEM methods. These 

questions include: How are axon terminals from different origins organized on relay cell and 

interneuron dendrite segments? Do terminals from different origins synapse on the same dendrite 

segment as other inputs preferentially? How do terminals in the same glomeruli organize and 

interact? To answer these questions, I studied the synaptic circuitry onto dendrite segments in the 

LGN using SBEM image stacks and connectomics.  

123



Identification of Terminal input origin: 

            In order to study the organization of different inputs onto LGN relay cell dendrites, I first 

devised a method to infer terminal origin without the use of immunohistochemical methods. 

Previously, different morphological features have been used to assign putative origin to 

unlabeled terminals (Behan, 1982; Bickford, Carden, & Patel, 1999; Casagrande, Royal, & Sáry, 

2006; Guillery, 1966, 1969; Krahe, El-Danaf, Dilger, Henderson, & Guido, 2011; Parnavelas, 

Sullivan, Lieberman, & Webster, 1977; Rafols & Valverde, 1973).  In this dissertation, I 

demonstrate how terminal volume can be used alone or in conjunction with other morphological 

features to give a more accurate assumption of terminal origin. Previous studies have shown that 

terminals from the same brain region create a distinct size distribution (Erişir, Van Horn, 

Bickford, et al., 1997; Erişir et al., 1998; Erişir, Van Horn, & Sherman, 1997; Van Horn et al., 

2000).  I used this knowledge, as well as known relative terminal sizes from TEM studies of the 

LGN to classify terminals into putative terminal origin using Gaussian Mixture Modelling. There 

are several advantages of using model based clustering of terminal volume to sort terminals by 

axon origin. One advantage is the speed in which terminals can be sorted.  Terminal volumes are 

easily collected from tissue reconstruction software and unlike using only morphological 

features, each terminal does not need to be individually studied and described in order to 

determine terminal origin.  This method is also a reliable way to identify putative terminal origin 

of terminals who do not have distinct morphological correlates, like input from the cortex or 

brainstem.  I also demonstrate that this method of terminal sorting is just as accurate and possibly 

more accurate than using morphology alone and combining these two methods can increase 
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sorting accuracy.  Finally, this method can be applied to brain regions other than the LGN in 

order to classify terminal input and study the patterns of innervation with SBEM methods.   

  

 Input Targeting onto LGN relay cell dendrites 

Relay cell dendrite segments can be defined in several ways. In this dissertation, we 

studied terminal targeting of dendrite segments based on two variables that may contribute to 

their passive cable properties: dendrite branching order and dendrite diameter. These two 

variables are related to each other, and thus our data is in agreement that as dendrites branch the 

caliber decreases. However, I also show that dendrite caliber is not predictive of branch order 

and thus caliber and order should be considered as two different variables with each influencing 

terminal targeting in varying amounts. This results has implications for conclusions of earlier 

TEM studies. Previous TEM studies made the assumption that dendrites with larger calibers are 

primary dendrites that are more proximal to the cell body (Erişir, Van Horn, Bickford, et al., 

1997; Wilson et al., 1984).  In these dissertation studies, I show that dendrite caliber cannot 

reliably predict distance from the some or the order of a dendrite. Because of this finding, future 

studies of synaptic circuitry using TEM should supplement their findings with some type of 

spatial data (for example, light microscopy or SBEM) in order to draw conclusions about the 

exact location of a terminal on a dendrite in relation to the soma. My results also have 

implications for neuromodeling studies for which knowing the parameters for the cable 

properties of neurites is essential. Lastly, the variability of the primary dendrite caliber, as 

demonstrated in Chapter 2,  can constitute one of the criteria for identifying different relay cell 
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types by their ultrastructural morphology, although more parameters have to be discovered to 

reach a certainty for sorting relay cell types.                

Most populations of terminals synapsing onto relay cell dendrites in the LGN show 

specificity for the dendrite segment they synapse onto. Some of our results are consistent with 

what has been described in previous literature. For example, large terminals from the retina 

synapse onto larger caliber dendrites where as small terminals from the cortex and brainstem 

synapse onto small caliber dendrites (Erişir, Van Horn, Bickford, et al., 1997; Wilson et al., 

1984).  Through this experiment, I was able to establish the frequency of terminals from specific 

origins synapsing onto dendrite segments based on dendrite size and branch order.  This 

experiment also provides definitive evidence that retinal and corticothalamic excitation exerted 

on relay cells occupy completely segregated domains of these cells, suggesting that the 

integration of feedforward and feedback excitation of relay cells is not summative. Instead, the 

corticothalamic input that clusters on tertiary dendrite segments, which potentially extend out of 

the receptive field center watershed area of the geniculate visual map, may have the substrate of 

bringing in  surround information on the relay cells, and mediating the retinal input mediated 

information processing based on center-surround integration that occurs in cortex.  

 

Input Targeting onto LGN Interneuron Dendrites  

            Interneurons play an important role in shaping the visual information sent to the cortex.  

One way interneurons accomplish this is through triadic arrangements in which interneuron 

dendrites provide feedforward inhibition onto relay cell dendrites (Famiglietti & Peters, 1972; 

Hamos, Van Horn, Raczkowski, & Sherman, 1987; Hamos, Van Horn, Raczkowski, Uhlrich, & 
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Sherman, 1985; Lam, Cox, Varela, & Sherman, 2005).  In order to obtain a detailed description 

of inputs onto interneuron dendrites in the LGN, we reconstructed several interneuron dendrites 

and measured every terminal synapsing onto them. I describe synaptic motifs for triads and 

glomerular arrangements similar to those alluded to in TEM studies, as well as several novel 

motifs that were not described before. Using connectomics, I was able to characterize several 

glomeruli on the same interneuron dendrite and detail the motifs that substantiate the 

convergence and divergence of interneuron output on relay dendrites.   

My results build on existing evidence that interneuron dendrite segments in glomeruli act 

as individual microcircuits as opposed to one cohesive cellular unit (Bloomfield, Hamos, & 

Sherman, 1987; Briska, Uhlrich, & Lytton, 2003; Crandall & Cox, 2013; Grimes, Zhang, 

Graydon, Kachar, & Diamond, 2010; Halnes, Augustinaite, Heggelund, Einevoll, & Migliore, 

2011; Perreault & Raastad, 2006).  In addition, my results demonstrate that triadic arrangements 

display an even greater degree of complexity than what is shown with TEM methods and these 

triadic arrangements show varying degrees of convergence and divergence.  In particular, my 

results reveal convergence of retinal inputs onto interneuron presynaptic segments, a level that 

was previously unappreciated. This arrangement, that is,  the divergent inhibition of relay cells 

via interneuron appendages that has the capacity to collect information from retinal axons 

potentially representing a wide variety of receptive fields, may outline a substrate for ON or OFF 

response properties of interneurons and relays cells. My results also suggest that geniculate 

interneurons provide multiple types of inhibition onto relay cells via their dendrites, including 

local and temporal inhibition that occurs at triads, and receptive-field relevant feedforward 

inhibition that is substantiated via complex motifs found in the glomeruli.  
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Future Directions: 

The results of this dissertation provide a detailed account of patterns of innervation onto 

both relay cell and interneuron dendrite segments in the LGN.  This was done in an effort to 

understand how information is transformed in the thalamus before reaching the cortex. Although 

my results contributed to this understanding, I was unable to answer any questions in regard to 

parallel pathways of visual information in the LGN.  Similarly to what was reported in Morgan 

2016, several attempts to differentiate different parallel pathways based on input patterns onto 

dendrites were unsuccessful (Morgan, Berger, Wetzel, & Lichtman, 2016). One possible reason 

for this is because we used the mouse as an animal model.  Not all inputs into the mouse LGN 

are segregated neatly into parallel pathways like is seen in other species. Studies have 

demonstrated RCG input into the rodent LGN are more convergent than was first thought and 

studies that aim to segregate the mouse LGN into anatomically distinct parallel pathways lack 

confirmatory evidence (Godement, Salaün, & Imbert, 1984; Howarth, Walmsley, & Brown, 

2014; Morgan et al., 2016; Reese, 1988). 

In order to overcome the limitations of using the mouse LGN as a model of parallel 

pathways, future research on this topic should utilize an animal model that has known parallel 

pathways that are anatomically segregated in the LGN.  Although there are several examples of 

animal models that fit this criteria, tree shrews offer unique advantages that cannot be found in 

other species.  Tree shrews are a non-primate species that are considered to represent a prototype 

of prosimian primates (Murphy et al., 2001).  This includes anatomically segregated parallel 

pathways through the LGN that are organized into layers (Balaram, Isaamullah, Petry, Bickford, 

& Kaas, 2015; Campbell, Jane, & Yashon, 1967; Conway & Schiller, 1983; Holdefer & Norton, 
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1995; Hutchins & Casagrande, 1988).  Tree shrews have already been used in several studies of 

the visual system and have shown to be uniquely situated to answer questions about vision in 

primates (Cruz-Martín et al., 2014; Godement et al., 1984; Hammer, Monavarfeshani, Lemon, 

Su, & Fox, 2015; Huberman et al., 2009; Marshel, Kaye, Nauhaus, & Callaway, 2012; Petry, 

Fox, & Casagrande, 1984; Piscopo, El-Danaf, Huberman, & Niell, 2013; Reese, 1988; Rompani 

et al., 2017). 

Our lab has planned several follow up studies to this dissertation with the aim of 

describing the differences and similarities in synaptic circuitry between different layers in the 

tree shrew LGN.  We will achieve this by generating SBEM image stacks of tree shrew LGN 

tissue collected from different layers followed by reconstruction of dendrites and terminals using 

the methods described in this dissertation.  The results of these planned studies will show the 

differences in input pattern onto relay cells that process different visual characteristics and will 

allow us to speculate how the differences in input patterns lead to this differential visual 

processing.          

Conclusion: 

            This dissertation provided a detailed analysis of axon terminal patterns onto dendrites in 

the LGN. Here, I have provided important details of how synapses are organized onto dendrite 

segments and speculate as to how this organization may be affecting how visual information is 

modified before reaching the cortex. The findings of this dissertation have important 

implications for how EM image stacks can be used to study synaptic circuitry throughout the 

brain, and inform future electrophysiological and neuromodeling studies.      
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APPENDIX I 

Random Sampling of Terminal Volumes in 3D Electron Microscopy Image Stacks 

Using a Stereological Approach 
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SIGNIFICANCE STATEMENT 

The development of serial section electron microscopy (EM) has provided the tool 

necessary to study synaptic interactions in a volume of neural tissue. However, studies collecting 

volumetric data from these image stacks may be limited by large data sets that lack the clarity 

necessary to ask hypothesis based questions. Therefore, it is necessary to devise a strategy to 

unbiasedly collect a representative sample of terminal volumes for hypothesis based testing. The 

present report describes a stereology based technique for collecting random samples of terminal 

volume information from serial section EM image stacks.   

INTRODUCTION 

A major aim of neuroscience research is to understand how the brain changes and adapts 

throughout the lifespan due to internal and external factors. Some of these factors include, 

embryonic development, aging, addiction, injury, neurodegeneration and environmental toxicity 

(Fuchs, Czéh, Kole, Michaelis, & Lucassen, 2004; Heuninckx, Wenderoth, & Swinnen, 2008; 

Kalivas & O’Brien, 2008; Küppers & Beyer, 2001; Petzinger et al., 2013; Stephan, Baldeweg, & 

Friston, 2006; Thomas, Kalivas, & Shaham, 2008; Vasina et al., 2006; Yao, Petralia, & Mattson, 

2016).  Many of the functional adaptations made by the brain in response to changing 

environmental factors are subtle and lead to alterations in the fine structure of the brain. These 

ultrastructural changes include sprouting or pruning of axonal branches; terminal bouton number 

and size; the number and shape of dendrites and dendritic spines; the number of synapses; the 

size and shape of postsynaptic density; and the patterns of myelination (Bosch & Hayashi, 2012; 

Egawa et al., 2018; Gibson, Geraghty, & Monje, 2018; Long, Wan, Roberts, & Corfas, 2018; 

Nishiyama & Yasuda, 2015; Russo et al., 2010; Zeng et al., 2018).  Furthermore, adaptive 
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alterations can occur selectively for given inputs or neuron types in any circuitry. Therefore, 

characterizing the anatomical changes in synaptic circuitries can reveal factors underlying brain 

adaptation or plasticity across various developmental stages or external insults.  

Electron microscopy (EM) has been the best available tool to resolve brain ultrastructure, 

and effective quantification methods have been developed in order to evaluate changes in the 

ultrastructure (Bickford et al., 2010; Cucchiaro, Uhlrich, & Sherman, 1991; Erişir, Van Horn, 

Bickford, & Sherman, 1997; Erişir, Van Horn, & Sherman, 1997; Graziadei, Karlan, Monti 

Graziadei, & Bernstein, 1980; Raisman, 1969; Schecter et al., 2017; Van Horn, Erişir, & 

Sherman, 2000; Wilke et al., 2013).  Recent advances in techniques to obtain serial electron 

microscopy images has led to high throughput connectomic approaches that are capable of 

reconstructing local neuronal circuitries and obtaining detailed maps of neuronal connectivity 

(Briggman & Bock, 2012; Denk & Horstmann, 2004; Fiala, 2005; Goodman, Benson, Campbell, 

& Kidd, 2019; Kikuchi et al., 2020; Lakadamyali, Babcock, Bates, Zhuang, & Lichtman, 2012; 

Morgan & Lichtman, 2013; Peddie & Collinson, 2014).  Serial EM material is exceptionally 

suitable for accurate quantifications of volumetric synapse and spine density and is more reliable 

for morphometric classification of synaptic inputs. The precision of serial EM offers the potential 

to replace unbiased estimation approaches used with 2D images which have been the gold 

standard in revealing synaptic changes in neuroplasticity (Fiala, 2005; Merchán-Pérez, 

Rodriguez, Alonso-Nanclares, Schertel, & DeFelipe, 2009). The application of these estimation-

based approaches to 3D-EM image stack datasets opens new possibilities for hypothesis-based 

research without having to reconstruct large volumes of brain tissue in multiple ages, 

experimental conditions or species. One barrier to wider use of serial EM image stacks is the 

relatively small number of facilities that are able to image the material; thus, high-volume 
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connectomics analyses are currently limited to a few centers globally. Open source access to 

stacks made available by imaging centers may allow smaller labs to integrate their own research 

questions with connectomics technologies.  

In this paper, I describe a simple, accurate and replicable method to estimate the number 

of synaptic terminals that are associated with identifiable input origins using Scanning Blockface 

Electron Microscopy (SBEM) stacks obtained from the mouse dorsal and ventral lateral 

geniculate nucleus dLGN and vLGN) and layer 4 of the rat striate cortex (V1/L4). Our objective 

was to devise a random sampling strategy from a volume of tissue that would allow reliable 

estimation for the ratios of morphologically identifiable, distinct inputs. Use of this method will 

allow researchers to quickly obtain a quantification of the synaptic circuitry in a given region of 

the brain and then to compare this circuitry across any given variable (i.e. age, disease 

progression, development). In order to obtain a random sample of terminal volumes, I employ 

systematic sampling with foundations in stereology.  

MATERIALS and METHODS 

Preparation of Image Stacks: 

Tissue Preparation: Mouse and rat tissue used for this study were transcardially perfused 

with phosphate buffer saline (PBS) followed by a 4% paraformaldehyde and 2% glutaraldehyde 

solution made in 0.1M cacodylate buffer. Brains were then immediately dissected and cut 

coronally at 300um sections on a vibratome. The dLGN and vLGN were then dissected from the 

appropriate section and sent to renovo Neural Inc for staining, embedding, sectioning and 

imaging.       
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Image Stacks: A total of 3 image stacks was used: 1 dLGN, 1 vLGN and 1 V1/L4. Two 

image stacks of mouse LGN were provided by Dr. Michael Fox (Professor, Biological Sciences, 

College of Science, Virginia Tech) by Renovo, Inc, and were made available to us for this study. 

The rat striate cortex stack was also produced by Renovo, Inc, for the Erisir lab; this stack will be 

made available in an online repository. Each electron microscopy image is 5nm/pixel and 41um 

x 41um. Three image stacks were used in this study: A stack through the mouse vLGN contained 

300; a stack from the mouse dLGN contained 200 images; and a third stack from the rat layer 4 

of V1 contained 300 images.  

Computers, reconstruction software: 

All image tracing was done using Reconstruct software (Fiala, 2005). Synapse length and 

terminal volume were calculated in the Reconstruct software and were recorded in Microsoft 

Excel. Random number generation for location selection was done in Microsoft Excel.    

Selection of stereology parameters:  

In this study, I used a stereology grid to count and measure synapses and terminals in the 

brain regions listed above. In this context, a synapse is all of the synaptic zones between a 

bouton and a single postsynaptic dendrite. Synapse and terminal volumes have large variability 

depending on the origin of the axons (Erişir, Van Horn, Bickford, et al., 1997; Erişir, Van Horn, 

& Sherman, 1998, 1997).  This leads to a sampling bias that oversamples larger objects because 

they are more likely to appear in more sections in the image stack. By using stereology methods 

to randomly select objects to be counted, I eliminate the sampling bias that can be introduced by 

the size of an object and ensures that each terminal and synapse have an equal opportunity to be 

sampled (Gundersen, 1986, 1988; Gundersen et al., 1988; Henny, Brown, Micklem, Magill, & 

Bolam, 2014). 
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To eliminate the bias for oversampling large objects, the dimensions of the counting 

frame should be larger than the size of the largest counting unit, or the particle. This principle 

applies both to the dimensions of the counting frame (that is, the x and y dimensions of the 

stereology box), and the distance between each stereology grid placed in the 3D stacks (that is, 

the z dimension of the stereology box).  In determining the size of the counting frame, I decided 

to use the synapse size as opposed to terminal size, because synapse is the ‘particle’ that is 

identified or counted in each 2D grid. Thus, the size of the stereology box was 2um x 2um , that 

is >2x larger than the average synapse diameter measured in the thalamus and the visual cortex. 

Note that the dLGN in particular may have contained sparse synapses that may be >2x of the 

average synapse diameter in this particular brain region. In order not to selectively exclude such 

very large synapses from the sample, synapses that may intersect both the inclusion and the 

exclusion edges of the counting box are included in the sample.  In determining the distance 

between two subsequent 2D grids, I used the synapse size as the guide and therefore, each grid 

was placed 2um apart in the z dimension.  

The resulting stereology matrix is made of 15x15 individual counting frames and was 

placed onto 6 total EM images (i.e. seed image).  This array yielded 225 sampling frames per 

single seed image, and 1,350 total locations within a 12,726 um3 volume of brain (Figure 1a). 

Each sampling frame was given a unique identifying number between 1 and 1350.  Using a 

random number generator, we examined 405 frames (30% of total) in the stereology array and 

made a list of the frames to be examined.  
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Data Collection: 

Neurite Tracing: Each selected frame was examined for synapses completely or partially 

inside the sampling box. For a partial synapse to be included in the sample, it had to be 

intersected by the green ‘inclusion’ line of the stereology box (Figure 1b).  If a synapse within 

the sampling location intersected with a red line, it was not included in the dataset (Figure 1c). 

After a synapse was traced on the seed image as well as in every adjacent image it appeared, the 

axon terminal bouton that was associated with that synapse was also traced in the stack until the 

bulbous structure of the terminal is reduced to a stalk or intrabouton segment. Note that the 

terminal boutons could extend outside of the sterology box, as long as their synapse appeared in 

the sampling box of the seed image (Figure 1d). After tracing the synapse and the terminal in the 

sampling location, we traced the synapse and terminal through adjacent sections until the 

synapse and terminal were no longer visible in the images. Each sampling location could contain 

anywhere from zero to four synapses. Each synapse and terminal was given a unique identifying 

name. This procedure was repeated in all four image stacks used for this study.  

Statistical analysis and figures: 

All descriptive statistics, non-parametric statistical testing, terminal volume distribution 

graphs and cumulative probability graphs were completed using Prism software version 8. All 

images for figures were collected from Reconstruct software and annotated using Photoshop 

2020.     

143



Figure 1: Stereology method used for the collection of random samples of terminal volumes. (A) 

an example of a seed image with a stereology grid overlaid onto it. Each frame is made from two 

green inclusion lines and two red exclusion lines. (B) An example of a synapse and terminal that 

intersects with an inclusion line. This synapse and terminal will be included in the sample 

because it intersects with the green inclusion line; green asterisk indicates the area postsynaptic 
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to the cleft. (C ) An example of a synapse and terminal that intersects with an exclusion line. 

This synapse and terminal will not be included in the sample because it intersects with the red 

exclusion line; red asterisk indicates the area postsynaptic to the cleft. (D) A lateral view of the 

3D reconstruction of all stereology grids on seed images. All synapse and terminal 

reconstructions start on a grid but then are reconstructed to their full volume in using all images 

in the stack.    
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RESULTS: 

Stereological sampling strategy of like modularities 

Stereological approaches to random sampling have the aim to eliminate sampling bias 

caused by variance in particle size. Successful implementation of stereological approaches 

allows for all particles to have an equal chance to be sampled regardless of size, and should 

result in an accurate representation of terminal size distribution in any given brain region.  Based 

on this knowledge, I asked if our sampling strategy accounts for any modularity that might exist 

in the synaptic circuitry.  I answered this question by analyzing a V1-Layer 4 stack twice 

(referred to henceforth as V1a and V1b) and comparing the terminal volume distribution. Data 

sets V1a and V1b were collected from the same image stack, but placement of the stereological 

array varied between the two experiments by changing which EM images served as the seed 

image and shifting the stereology array in the X and Y position on the seed images. We also 

generated different lists of frames to sample from for each experiment. By varying the stereology 

array and frame list in this way, we were able to introduce an element of randomness between 

the samples while still applying systematic stereological counting rules to each.   

Successful validation of this technique should result in no difference in terminal volume 

distribution between the two V1 samples. The two samples from V1 had both a different starting 

point for the stereology grid placement as well as different sets of locations within the grid from 

which I sampled. We traced 212 terminals from V1a. The average terminal volume is 0.28 µm3 

+/- 0.24 µm3 with a minimum volume of 0.03 µm3 and a maximum volume of 1.895 µm3 (Figure 

2a,c). Similarly, we traced 235 terminals from V1b with an average terminal volume of 0.32 µm3 

+/- 0.27 µm3 with a minimum volume of 0.02 µm3 and a maximum volume of 2.36 µm3 (Figure 

2b,d). A comparison of the cumulative probability of terminal volumes from the two samples  
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Figure 2: Terminal volume distributions from experiments 1 and 2 of visual cortex. (A,B) 

Terminal volume distributions from experiment 1 (A) and 2 (B) of the mouse visual cortex. 
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(C,D) Bubble graph representations of the volume and spatial distribution of terminals in V1 

experiment 1(C) and V1 experiment 2 (D). (E) Comparison of the cumulative probability of 

terminal volumes in both V1 experiments shows there is no difference in the distribution of 

terminal volumes in these two experiments.  
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reveals no difference in terminal volume distribution (Figure 2e, Kolmogorov-Smirnov, p=0.24). 

A direct comparison of terminal volumes from the two samples reveals no statistical difference 

between the terminal sizes of these two groups (Mann-Whitney U, p= 0.09).  

Stereological sampling reveals structural differences 

It is known from past EM literature that the terminal size distribution between the dLGN 

and the vLGN in the mouse differ from each other. The dLGN has a wide distribution of terminal 

sizes that consists of many small terminals and few, very large terminals whereas the vLGN 

terminal size distribution is more compact and does not contain the very large terminals seen in 

the dLGN (Erişir, Van Horn, & Sherman, 1997; Hammer et al., 2014; Van Horn et al., 2000). 

The difference in terminal distribution between these two regions is a product of their different 

inputs.  In order to determine if our random sampling procedure reveals differences in synaptic 

circuitry between the dLGN and vLGN, I used our stereology approach to collect terminal 

volume data and then compared the terminal size distribution. I expect that if our stereology 

approach gives an accurate representation of terminal volume distribution the data sets collected 

in dLGN and vLGN will have differences in terminal size distributions and the terminal volume 

distributions of each will reliably recreate the known terminal distributions of these brain 

regions.  

In the dLGN, 408 terminals had an average volume of 0.783 µm3 +/- 1.392 µm3 with a 

minimum of 0.015µm3 and a maximum of 14.69µm3 (Figure 3a,c). 165 terminals were traced 

from the stack of vLGN images. The average terminal volume in the vLGN was 1.379 µm3 +/- 

1.376 µm3 with a minimum of 0.02 µm3 and a maximum of 9.46 µm3 (Figure 3 b,d). The shape 

of the terminal volume distributions is in agreement with what has been described in TEM  
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Figure 3: Terminal volume distributions from the mouse dLGN and vLGN. (A) Terminal 

volume distributions from the mouse dLGN. (B) Terminal volume distribution from the mouse 
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vLGN. (C,D) Bubble graph representations of the volume and spatial distribution of terminals in 

the dLGN (C) and vLGN (D). (E) Comparison of the cumulative probability of terminal volumes 

in dLGN and vLGN shows there is a significant difference in the distribution of terminal 

volumes in these two brain regions.  
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literature: the dLGN displays a wide distribution with a heavy left skew and the vLGN displays a 

more compact distribution with no very large terminals.  Comparison of the cumulative 

probability of terminal size in the dLGN vs the vLGN reveals that the two populations are 

distinct in their terminal size distribution (Figure 3e, Kolmogorov-Smirnov,  p< 0.0001). A 

statistical comparison of these two terminal distributions also reveals that the terminal size 

distribution between the two brain regions are distinct (Mann-Whitney U, P < 0.0001).  These 

results show that our stereological procedure for terminal volume collection gives an accurate 

representation of the terminal size distribution and can reveal differences in synaptic circuitry 

between two brain regions with known differences in their synaptic inputs.     

DISCUSSION 

Sampling strategies devised for 2D TEM images have been carefully constructed to 

account for varying sampling probability of each synapse or terminal with varying cross-section 

sizes (Gardi, Nyengaard, & Gundersen, 2006; Gundersen, 1986; Henny et al., 2014).  In this 

study, I take advantage of these sampling strategies and combine them with advances in SBEM 

imaging techniques in order to collect a random sample of LGN and V1 terminal volumes that 

represent the distribution of all terminals in a given volume of tissue. While development of 

automated segmentation approaches will likely enable 3D reconstruction of entire brain 

circuitries, this simpler estimation tool is sufficient to address hypothesis-based comparisons 

across multiple experimental conditions, ages or brain regions. 

Data collected from the dLGN using this technique was used in chapter 2 of this 

dissertation. The dLGN receives input from several brain regions, including the retina, the 

brainstem, the cortex, the TRN, and inhibitory interneurons. Previous studies using TEM and 
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immunohistochemistry have demonstrated that the inputs from each of these regions make up a 

certain percent of the total terminals in the dLGN (Erişir, Van Horn, Bickford, et al., 1997; Erişir 

et al., 1998; Erişir, Van Horn, & Sherman, 1997; Van Horn et al., 2000; Wilson, Friedlander, & 

Sherman, 1984).  Using this knowledge, I was able to determine putative origin of terminals in 

SBEM stacks by calculating the percent each population contributed to the total number of 

terminals and comparing these percentages to TEM data. Without an unbiased sample of 

terminal volumes, I could not reliably use the number of terminals to determine input origin.   

One of the main goals in neurosciences has been to devise simple, accurate and replicable 

methods to estimate the number of synapses or other ultrastructural components of the brain 

circuitry. Alterations in synapses, spines or vesicles can define changes that occur in 

development and aging, with experimental conditions, or through the progress of a disease. 

Recent advances in SBEM imaging have led to the elimination of sampling biases introduced 

when using 2D TEM data to measure three dimensional objects. Here, I outline the method used 

in this dissertation to collect a random sample of terminal volumes that represents a similar input 

heterogeneity as the whole terminal population. I show that using stereological sample collection 

principles, a representative terminal volume distribution can be collected without the need to 

reconstruct every neurite in an image stack. This method will be refined and disseminated to 

allow for the general use of this method to address hypothesis-based comparisons across multiple 

experimental conditions, ages or brain regions using SBEM stacks.      
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