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Abstract of the Dissertation

Thalamocortical Input to the Primary Visual Cortex
by
Michelle Kloc
Doctor of Philosophy
in

Neuroscience

Stony Brook University

2014

The lateral geniculate nucleus (LGN) is the region of the thalamus that innervates and relays
sensory information to the primary visual cortex (V1). Thalamocortical (TC) input from the LGN
drives the activity of V1, and underlies the health and function of the visual system. However,
little is known about the synaptic properties of this input. LGN inputs innervate two layers, layer
4 (L4) and layer 6 (L6). This input has been examined functionally and anatomically, but the
synaptic mechanisms of this input are poorly understood. The anatomy of the projection from the
LGN to V1 encumbers the preparation of an acute thalamocortical slice, thus direct
electrophysiological investigations of TC synapses onto V1 neurons have not been done. In this
study, | use optogenetics to selectively activate TC terminals in an acute slice preparation
containing V1 and recorded postsynaptic currents from V1 neurons to investigate TC synaptic
properties. | show that TC inputs to V1 have layer-specific synaptic properties, organization, and
experience dependence. | have shown that TC inputs to L4, which receives the largest LGN
projection, have target cell-type specific properties which are mediated by distinct pre-and
postsynaptic mechanisms. Finally, 1 have shown a novel mechanism of feedback from the V1
circuit onto TC synapses, which is mediated by presynaptic GABAa receptors on TC terminals.
Taken together, these results outline mechanisms for TC activation of the V1 circuit.
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Chapter I: Introduction

The primary visual cortex (V1) is the area of the brain responsible for encoding specific
properties of visual stimuli; such as direction of motion and orientation. In order to encode these
properties, incoming visual stimuli are translated into electrical signals (i.e. action potentials),
which are processed by V1 neurons.

Visual stimuli are transformed into transmittable electrochemical signals by the photoreceptors
in the retina. These signals are transmitted by retinal ganglion cells to the visual portion of the
thalamus, the lateral geniculate nucleus (LGN), and then relayed to V1 (Fig. 1.1 A). The circuit
receiving LGN inputs in V1 is organized in 6 layers (Fig 1.1 B) containing excitatory and
inhibitory neurons which are highly interconnected within and between layers. While the
anatomical distribution of LGN afferents in V1 has been well studied, little is known about the
neuronal targets and synaptic properties of the inputs from LGN onto V1.

Before the introduction of optogenetics as an investigatory tool, the complex anatomy of axonal
pathway from the LGN to V1 encumbered the preparation of an acute slice for whole cell patch
clamp electrophysiology, the ideal preparation to investigate in detail the synaptic properties of
an input (MacLean et al., 2006). For decades, our understanding of the synaptic connection
between the LGN and V1 has been extrapolated from anatomical reconstructions and recordings
from intact anesthetized animals. Anatomical studies lack the capability to measure synaptic
currents; and recordings from intact anesthetized animals lack sufficient resolution to determine
synaptic properties. As a result, the mechanisms of LGN to V1 synaptic transmission are poorly
understood. Recordings from anesthetized animals aimed at investigating ocular dominance
column segregation suggest that LGN inputs to V1 directly activate only excitatory neurons, and

that recruitment of inhibitory neurons is entirely disynaptic (indirect; Hensch, 2005). However,



in other primary sensory cortices such as somatosensory (S1) and auditory (Al) cortices, normal
and healthy circuit function relies on the feedforward activation of both excitatory and inhibitory
neurons by thalamic afferents (Cruikshank et al., 2007; Schiff and Reyes, 2012). The results
obtained from recordings in vivo would therefore suggest that thalamocortical (TC) activation of
V1 would differ significantly from other sensory cortices. However, more recent studies showed
that inhibitory neurons can be driven by visual stimuli with a similar delay as excitatory neurons
(Hirsch et al., 2003; Swadlow 1989; 2002), and that excitatory and putative inhibitory neurons
have cell-type specific tuning properties (Cardin et al., 2007). This suggests that LGN afferents
may directly drive both excitatory and inhibitory neurons also in V1.

Here, | will provide experimental evidence to characterize the neuronal targets of LGN inputs
and their synaptic properties in V1. In Chapter I, I will show that TC inputs have layer specific
synaptic properties, organization, and sensitivity to changes in visual experience. In Chapter I1I, 1
will show that TC inputs to the main input layer of cortex, layer 4 (L4), have target-specific
synaptic properties. In Chapter IV, | will provide evidence for a novel mechanism for local
inhibitory feedback from V1 onto LGN afferents. Lastly, in Chapter V | will outline the future
directions of this work.

Investigating the organization, dynamics and specific receptor composition of LGN inputs onto
V1 neurons is crucial to understating how the cortical circuit is activated by incoming visual
stimuli. This study also has important implications for our understating of TC systems in general.
The work | present here shows that TC inputs onto V1 present many similarities, but also
significant differences with TC inputs onto other cortical circuits. This suggests that while some
of the properties are general to all TC systems, the differences between them may respond to the

different demands of the specific sensory modalities.



The Visual Pathway and the Lateral Geniculate Nucleus

Visual perception relies on the transmission and interpretation of visual stimuli. Photoreception
occurs in the retina, where visual stimuli are detected and converted into electrical and chemical
signals by photoreceptor cells. There are two types of photoreceptor cells, rods and cones. Cones
are responsible for color vision in bright light, while rods are sensitive to contrast in dim light.
Visual information is transmitted from the photoreceptor cells to bipolar cells, and then to the
ascending retinal ganglion cells (RGCs). RGCs relay visual information to the lateral geniculate
nucleus (LGN) of the thalamus. The LGN is divided into three areas: the dorsal LGN (dLGN),
ventral LGN (VLGN), and intergeniculate leaflet (IGL). The dLGN is the largest division of the
LGN, and relays visual information from the retina to the cortex.

The region of the environment perceived by one eye is known as the visual field. In many
animals, the visual fields of each eye overlap by varying degrees. The region of overlap in the
visual fields of the two eyes is known as the binocular visual field. The remainder of the visual
field for each eye is known as the monocular visual field. Visual stimuli are perceived either in
the monocular or binocular visual field, which corresponds to a monocular or binocular
representation on the retina. RGCs carrying information from the monocular field of the retina
cross hemispheres before reaching the LGN, while RGCs from the binocular zone do not cross to
the opposite hemisphere. Therefore, the monocular region of the LGN is located contralateral to
the eye that projects to it.

The LGN is retinotopically organized: the spatial organization of visual stimuli on the retina is
preserved in the thalamus. The output of the LGN to V1 is mediated by LGN relay neurons, also
known as thalamocortical projection neurons. LGN relay neurons project to and activate neurons

of layers 4 and 6 of V1. Inputs from each of the two eyes are kept separate until they reach V1.



V1 is divided into two zones, the monocular (mV1) and binocular (bVV1) zones. Inputs to mV1
and bV1 correspond to the retinal fields, but the boundary between these two areas is not distinct,

and is instead organized as a gradient of overlapping LGN inputs.

Ve

Ive

Figure 13. Nissl stain of the visual cortex reveals the different layers | through VI
quite ciearly.

Figure 1.1: Connectivity of the visual system and primary visual cortex. A, The optic nerve
projects from the retina to the LGN (and the super chiasmatic nucleus, SC), and from the LGN to
the primary visual cortex (V1). The nerves that project to the LGN from the retina originate
either from the monocular field and cross hemispheres at the optic chiasm (blue line) or the
binocular zone, which stay in the ipsilateral hemisphere (red line). Adapted from Liu et al., 2011.
B, Example Nissl stain of the layers of V1 in primary neocortex. Adapted from Schmolesky,
2007.



V1 Circuits

Visual information processing occurs across layers within computational units, known as local
microcircuits (Douglas and Martin, 1991; 2004). V1 is composed of six layers of neurons
interconnected within and between layers (Fig 1.1 B). The largest portion of LGN terminal fields
innervate L4, and to a lesser extent L6. Activation of recurrent circuits by incoming visual
stimuli is necessary to amplify the incoming signal and facilitate its propagation to the other
layers (Da Costa and Martin, 2011; Li et al, 2013; Lee, 2013). Excitatory pyramidal neurons in
L4 form synaptic contacts with pyramidal neurons in L2/3 and the dendrites of L2/3 neurons
located in L1. L4 neurons also form a smaller number of synapses with L2/3 inhibitory neurons;
and receive a large inhibitory input from L2/3 inhibitory neurons (primarily mediated by L2/3
somatostatin positive neurons). Pyramidal neurons in L2/3 make synaptic contacts with the
apical dendrites of layer 5 (L5) pyramidal neurons, which in turn project out of V1. From L5
signals are transmitted to higher cortical areas, higher order thalamic nuclei, and subcortical
areas.

Layer 4

Layer 4 is the main recipient of LGN afferents. Neurons in L4 are directly activated by incoming
stimuli and mediate feedforward activation of V1. L4, like all of V1, is composed of
approximately 80% excitatory neurons (spiny stellate and pyramidal neurons), and 20%
GABAergic inhibitory neurons. Of the GABAergic population, 60% are parvalbumin expressing
inhibitory neurons with basket-like morphology, 20-30% are somatostatin expressing inhibitory
neurons with bipolar morphology, and the remainder are calretinin and calbindin expressing
inhibitory neurons (Markram et al., 2004; Rudy et al., 2011). In rodents, L4 has no distinct

subdivisions, thus LGN afferents are distributed throughout the thickness of the lamina.



LGN activation of L4 neurons is robust and efficient, but TC synapses only make up 6-10% of
all synapses onto excitatory neurons in this layer (Fig 1.2 A; Ahmed et al, 1994; Da Costa and
Martin, 2009). Electron micrographs also show that TC terminals are large and contain a large
number of vesicles, suggesting that this synapse is powerful (Nahmani and Erisir, 2005). This is
consistent with findings from recordings in anesthetized animals suggesting that TC transmission
is mediated by a small number of strong synapses (Stratford et al., 1996). Despite this powerful
input, intracortical amplification of TC signals is also necessary for normal cortical processing
and function (Stratford et al, 1996; Da Costa and Martin, 2011).

TC inputs onto L4 inhibitory neurons in V1 are much less studied. In S1 and Al, TC afferents
directly activate L4 fast spiking inhibitory (FS) neurons. This form of feedforward inhibition has
been shown to be very important for healthy cortical function (Cruikshank et al., 2007; Schiff
and Reyes, 2012). Anatomical studies in cat V1 have shown that inhibitory L4 basket cells
receive approximately 15% of their total synapses from TC afferents (Fig 1.2 B; Ahmed et al.,
1997, providing evidence that TC input onto inhibitory neurons may also be very powerful. The
remainder of asymmetric (excitatory) synapses onto L4 basket cells originate from recurrent
connections with L4 excitatory neurons, and inputs from L6 pyramidal neurons (Fig 1.2 B;
Freund et al., 1985; Ahmed et al., 1997). The presence of functional TC inputs onto inhibitory
neurons in V1 has also been suggested by results obtained from recordings in acutely
anesthetized animals (Ferster and Lindstrom, 1983; Gabbott et al., 1988; Cardin et al., 2007).
Whether TC inputs onto excitatory and inhibitory neurons in V1 have similar connectivity and
synaptic properties is unknown.

Layer 6

Layer 6 receives a significant projection from the LGN, however its role in sensory processing is



poorly understood. Although TC inputs to L4 act as a driver, LGN inputs to L6 neurons are
likely modulatory (Sherman 2007; 2012). TC input to L6 may operate as a coincidence detector
(Usrey, Alonso, and Reid, 2000), or may provide an indirect amplification of thalamic input to
layer 4 (Da Costa and Martin, 2009). In V1, excitatory neurons in L6 innervate L4, accounting
for approximately 45% of synapses formed on both excitatory spiny stellate cells and inhibitory
basket cells (Fig 1.2 A, B; Ahmed et al. 1994, 1997). Excitatory neurons in L6 also activate L6
FS neurons. Because FS neurons have axons that span across layers, feedforward activation of
L6 may indirectly inhibit most of the cortex (Bortone et al., 2014).

Layer 6 not only receives TC inputs from the LGN, but also sends a corticothalamic projection to
the LGN. The L6 corticothalamic input to LGN is large, nearly ten-fold greater than the TC input
that L6 receives (Thomson, 2010). This differs from layer 5, which sends output to higher order
thalamic nuclei as well as other subcortical structures. Visually driven feedback from L6 neurons
alters both spatial and temporal characteristics of LGN relay cells (Stillito and Jones, 2002;
Sherman and Guillery, 2002). Possible roles for L6 feedback to the LGN include gain control,
tuning, feedback, receptive field control (specifically control the focus of thalamic mechanisms,
in order to optimize the segmentation, such as synaptic zoning of sensory inputs to the

neocortex) and integration of inputs in secondary signal processing (Stillito and Jones, 2002).
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Figure 1.2: Anatomical synaptic inputs onto L4 neurons in V1. A, B, thalamocortical and
intracortical innervation of L4 excitatory spiny stellate (A) and inhibitory basket neurons (B).
Only 6-10% of synapses formed onto excitatory and inhibitory neurons in L4 are formed by TC
relay neurons, and the majority of the remainder are formed by inputs from neurons in L4 and
L6. Adapted from Ahmed et al., 1994 (A) and 1997 (B).



Receptive fields

Receptive fields (RFs) are an important feature of visual neurons. A RF, by definition, is the
region of the visual field where a stimulus elicits an action potential from a given neuron (Fig 1.3
A). The RF of visual neurons show antagonistic center-surround motifs that can be either ON- or
OFF-center; indicating that visual stimuli within the receptive field of a given neuron can either
excite or inhibit that neuron if it falls within the center, and will have the opposite effect within
the surround. In the RGCs and LGN neurons, center-surround RFs are circular in shape.

The receptive fields of L4 neurons differ from those of the RGCs and LGN relay cells. Instead of
responding to just a flash of light (Fig 1.3 A), L4 neurons also respond to more complex stimuli.
In the classic experiments by Hubel and Weisel, a moving bar of light was used to identify the
RF properties of neurons in V1 (Fig 1.3 B). They identified two groups of cells based on their
RFs: simple cells and complex cells (Hubel and Wiesel, 1959; 1962). In V1, neuronal RFs are
ovoid in shape. The ON- and OFF- antagonistic center surround properties correspond to the RF
properties of the incoming LGN relay cells.

RF properties are important for determining the tuning (the transformation of synaptic input to
firing rate) of L4 neurons. When a neuron is tuned to a specific stimulus feature, it responds the
strongest to a specific characteristic range of that feature (Fig 1.3 B). The stimulus feature can
refer to location, direction, orientation, etc. of a visual stimulus. Complex neurons have larger
receptive fields, and while they have a preferred range of orientations, do not exhibit the specific
orientation preference observed in simple cells, and do not have clearly defined ON and OFF
regions. LGN inputs primarily converge onto simple cells; and neurons in L4 are mostly simple
cells (80-90%; Hubel and Wiesel, 1959; 1962).

Although excitatory neurons are tuned to be optimally activated by specific feature



characteristics, the range of feature characteristics that they will respond to is narrow.
Interestingly, this is not the case for every neuron type (Contreras and Palmer, 2003). In vivo
experiments have provided evidence that neuronal tuning properties differ between excitatory
and inhibitory neurons (Cardin et al., 2007). When recording from awake animals, it was
determined that excitatory neurons in L4 are narrowly tuned for a given stimulus, and only fire
action potentials for a limited range of stimulus characteristics (Alonso and Swadlow, 2005;
Cardin et al., 2007). Conversely, inhibitory neurons are more broadly tuned to incoming stimuli
(Cardin et al., 2007), indicating that visual stimuli are more likely to activate the inhibitory
network than the excitatory network. It is unclear whether these differences arise from properties
of the neurons themselves, or whether TC inputs also contribute to this. The broad tuning of FS
neurons is experience dependent. FS neuron tuning is narrow at eye opening, like that of
excitatory neurons, but broadens after a period of visual experience (Kuhlman et al., 2011). This
suggests that TC inputs may contribute to shaping the tuning properties of FS neurons. In this
dissertation, we suggest that differences in RF properties may depend not only to intrinsic
properties, but also to target cell-type specific differences in TC synapses. TC input is critical to

the normal function of the cortex, and may affect how sensory information is encoded.

10



B | I
o — —
S —— L —
A'\* — <L——b--—_
o — —
+ e
A — N —
e ¢ —
- A e

Figure 1.3: Receptive field properties of V1 neurons. A, Left, location of a point of bright
light in the visual field. Center, the activity recorded from a unit in V1, which is elicited by the
light stimulus on the left. Right, spatial representation of the area of the visual field that the
recorded neuron responds to. The neuron recorded responds the strongest to stimuli in the center
of the visual field, not in the periphery. B, Orientation selectivity of a unit recorded from V1. |
and 11, Left, a bar stimulus was presented in the center of the visual field in various orientations.
I and 11, Right, the response of the V1 neuron when the stimulus was presented. The horizontal
line over each trace indicates when the stimulus was applied. The neuron responds the strongest
when the visual stimulus (bar) was vertical. Adapted from Hubel and Wiesel, 1959.

11



Thalamocortical Input, Development, and Plasticity

Thalamocortical synapses are glutamatergic. On the postsynaptic membrane, glutamate binds to
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartic acid
(NMDA) receptors. AMPA and NMDA receptors have a variety of different subunits, which
endow the receptors with specific properties. Generally, when AMPA receptors open, they pass a
large fast current that is mediated by sodium and potassium ions. However, when AMPA
receptors lack the GIuA2 subunit, they can also pass calcium ions (Bowie, 2012). NMDA
receptors pass a slow, prolonged current that is mediated by sodium, potassium and calcium.
Different subunit compositions alter the probability that NMDA receptors will open. At
membrane potentials that are lower than -40 mV, NMDA receptors are typically blocked by
magnesium. However some subunits, such as GIuUN2C and GIuN2D, have lower affinity for
magnesium at hyperpolarized membrane potentials. Thus, as glutamate binds to and activates
NMDA receptors that contain these subunits, it is more likely that these receptors will open even
if the membrane potential of the neuron is lower than -40 mV (Paoletti et al., 2013).
Thalamocortical axons that project to primary sensory cortices form synapses early in
development. During the second week of embryonic development, the thalamus and the cortex
develop synchronously. In the visual system, this occurs between embryonic day (E) 12 and E14.
Subsequently, between E13 and E18, they link to one another by forming reciprocal connections
(Lopez-Bendito and Molnar, 2003). This connectivity is mediated via attractive and repulsive
molecular cues and sculpted by spontaneous neuronal activity. Spontaneous activity is critical for
axon guidance and organization. When spontaneous cortical activity is blocked, for example by
chronic infusion of tetrodotoxin (TTX) into the cortex, the guidance of TC axons and formation

of contacts with V1 neurons does not occur (Catalano, 1998).

12



By birth, TC axons have reached the cortex. Lamination of V1 and the subsequent TC
innervation occur during an early postnatal developmental period. Starting at birth, postnatal day
(P) 0, TC axons move into their classic innervation pattern of L4 and L6. This is complete by the
end of the first postnatal week (Lopez-Bendito and Molnar, 2003). The next step following TC
fiber innervation is the maturation of functional glutamatergic TC synapses with L4 neurons.
During the second week of postnatal development, the number of AMPA receptors increases
(Crair and Malenka, 1995), and the number of silent synapses (NMDA receptors only) decreases
(Agmon and O’Dowd, 1992; Isaac et al., 1997). This means that more synapses become active
and responsive to the activity driven by spontaneous retinal waves. During the first two weeks in
development there is also a transition in subunit composition of NMDA receptors. NMDA
receptors switch from predominantly consisting of GIuN2B subunits, to a combination of
GIuN2A, GIuN2B, and GIuN2C (Sheng et al., 1994). TC inputs and cortical signaling are
maturing together during this stage, and are essential to healthy cortical function.

Experience dependent plasticity

Thalamocortical development and patterning is mediated by molecular cues and spontaneous
activity during embryonic and early postnatal development. Although innervation is complete,
the circuit is not mature. During late postnatal development, circuit maturation is mediated by
sensory experience. In V1, this occurs after eye opening. In rodents, eye opening occurs at
postnatal day (P) 14. Cortical circuits are refined into their mature configuration in an experience
dependent manner (Hensch, 2004) during specific windows of heightened sensitivity to changes
in visual drive, the best studied of which is known as the critical period for visual cortical
plasticity (Hensch, 2004).

The maturation of GABAergic inhibition is necessary to open, maintain, and close the critical

13



period for visual cortical plasticity (Fig 1.4 A; Hensch, 2005). Visual experience is necessary for
the maturation of GABAergic inhibition in primary visual cortex (Chen et al., 2001; Morales et
al., 2002). When GABAergic signaling occurs too early in development, by drug application or
overexpression of BDNF, critical period plasticity occurs sooner (Fig 1.4 A; Huang et al., 1999;
Hanover et al., 1999; Iwai et al., 2003). When GABAergic signaling is delayed, either by dark
rearing or by transgenic deletion, critical period plasticity is delayed (Fig 1.4 A; Hensch et al.,
1998; Mower, 1991). If sensory input is perturbed during the critical period, for example by
monocular deprivation, there are profound and permanent effects on cortical circuit function
(Fagiolini et al, 1994; Katz and Shatz, 1996).

Monocular deprivation (MD) leads to unbalanced activity from the two eyes. The effects of MD
are loss of visual responsiveness to the deprived eye (Hubel and Wiesel, 1963; Fagiolini et al.,
1994), reduced visual acuity (Prusky et al., 2000), and loss of tuning to stimulus properties (Crair
etal., 1997; White et al., 2001); followed by a rapid shift of neural responses in favor of the open
eye. These changes occur intracortically, very shortly after visual deprivation occurs. Short MD
(3 days) during the critical period induces potentiation of inhibitory synapses from FS to
pyramidal neurons (Maffei et al, 2006), and reduced neuronal responsiveness to visual stimuli
(Frenkel and Bear, 2004). In addition, when MD is maintained for several days, TC axons
withdraw from their targets (Fig 1.4 B; Antonini et al, 1999). These axons are still functional,
and the experience-dependent shortening of TC axons does not affect the density of synapses on
the remaining axon (Silver and Stryker, 1999). Unbalanced activity from the two eyes is
necessary to induce this effect, as binocular deprivation and dark rearing do not result in these
changes (Fagiolini et al., 1994; Hensch 2005). This process is also dependent on inhibition, and

applying GABAA antagonists blocks the effects of monocular deprivation. Additionally,
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inhibition shapes LGN axon branching of incoming afferents that are taking over the deprived
area of cortex (Cabelli et al., 1995).

Whether TC axons are also plastic during this period is also controversial. Because of the
delayed anatomical response and lack of adequate techniques, historically it was considered
unlikely that TC synapses play an active role in the initial stages of cortical circuit refinement.
However, more recent evidence from electron microscopy studies has shown that TC synapses
are also plastic during postnatal development (Erisir and Dreusicke, 2005; Khibnik et al, 2010;
Coleman et al, 2010). In fact, TC synapses may have an active role in circuit development by
driving experience dependent plasticity during the critical period (Khibnik et al, 2010), via
different patterns of firing (Linden et al, 2009). Furthermore, despite long standing theories that
plasticity cannot be induced at TC synapses following the first postnatal week, long term
potentiation (LTP) of glutamatergic synapses can be induced at TC synapses onto L4 neurons
under circumstances of environmental enrichment in adult rats (Mainardi et al, 2010). Studies in
Al have shown that this is because the expression of LTP and LTD at TC synapses becomes
gated with age by presynaptic adenosine receptors (Blundon et al., 2011; Chun et al., 2013).
These studies present a complex portrait of LGN inputs onto V1, which is slowly being pieced
together through a variety of techniques. TC inputs from the LGN are not just a relay, but a vital
part of the development and maintenance of healthy cortical circuits in V1. In order to
understand the mechanisms underlying cortical plasticity and visual information processing, we
must first understand the mechanisms underlying TC input to V1. In this thesis, I will show that
TC inputs to V1 do in fact have layer specific properties of activation; and that TC inputs onto
L4 neurons have cell-type specific mechanisms of activation. I will discuss a novel mechanism

of corticothalamic feedback, via presynaptic GABA, receptors present on TC terminals. Finally,
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I will show that TC synapses can express plasticity during later postnatal development, and
outline the future directions of this work. Taken together, I will provide new evidence for the

activation of V1 circuits via TC inputs.
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Figure 1.4: Maturation of inhibition and balanced visual drive are important for normal
V1 development during the critical period. A, After eye opening, the visual cortex is highly
plastic and connectivity is affected by changes in visual stimuli. The critical period for visual
cortical plasticity is regulated by the maturation of GABA signaling. When GABAergic
inhibition occurs earlier in development, the critical period begins earlier (blue arrow). If
GABAergic inhibition is delayed, the critical period occurs later in development (red arrow).
Adapted from Hensch et al., 2005. B, When visual drive is perturbed during the critical period by
monocular deprivation, TC axons innervating L4 neurons withdraw from their targets in the
hemisphere that receives input from the deprived eye (D). This does not occur in the nondeprived
hemisphere (ND). Adapted from Antonini and Stryker, 1993.
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Chapter I1: Layer-specific experience-dependent rewiring of thalamocortical circuits

Abstract

Thalamocortical circuits are central to sensory and cognitive processing. Recent work suggests
that the thalamocortical inputs onto L4 and L6, the main input layers of neocortex, are activated
differently by visual stimulation. Whether these differences depend on layer specific
organization of thalamocortical circuits; or on specific properties of synapses onto receiving
neurons is unknown. Here we combined optogenetic stimulation of afferents from the visual
thalamus and paired recording electrophysiology in L4 and L6 of rat primary visual cortex to
determine the organization and plasticity of thalamocortical synapses. We show that
thalamocortical inputs onto L4 and L6 differ in synaptic dynamics and sensitivity to visual drive.
We also demonstrate that the two layers differ in the organization of thalamocortical and
recurrent intracortical connectivity. In L4, a significantly larger proportion of excitatory neurons
responded to light activation of thalamocortical terminal fields than in L6. The local microcircuit
in L4 showed a higher degree of recurrent connectivity between excitatory neurons than the
microcircuit in L6. In addition, L4 recurrently connected neurons were driven by thalamocortical
inputs of similar magnitude indicating the presence of local subnetworks that may be activated
by the same axonal projection. Finally, brief manipulation of visual drive reduced the amplitude
of light-evoked thalamocortical synaptic currents selectively onto L4. These data are the first
direct indication that thalamocortical circuits onto L4 and L6 support different aspects of cortical
function through layer specific synaptic organization and plasticity.
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Introduction

Thalamocortical (TC) circuits are central to the coding of sensory information (Sherman and
Guillery, 2002; Castro-Alamancos, 2004) and crucial for the synchronization of cortical activity
(Llinas et al., 1999; Banitt et al., 2007; Wang et al., 2010; Bruno, 2011). Axons from the lateral
geniculate nucleus of the thalamus (LGN) project largely to L4 of primary visual cortex (V1) and
send a significant portion of their collateral afferents to L6 (LeVay and Gilbert, 1976; Peters and
Feldman, 1977). While the inputs onto the two layers are thought to contribute to transfer of
sensory information (Amitai, 2001; Lee and Sherman, 2008), experimental evidence suggests
that neurons in L4 and L6 may play different functions in the processing of sensory stimuli
(Gilbert, 1977; Sengpiel et al., 1998; Alonso et al., 2001). Whether the functional differences
depend on layer-specific synaptic organization of the TC — intracortical (IC) circuits or on
distinct responsiveness to changes in sensory input is unknown. Studies investigating the effect
of long-lasting sensory deprivation suggest that reduction of driving input leads to alterations of
TC projections (Tieman, 1985; Catalano and Shatz, 1998; Antonini et al., 1999) and changes in
TC plasticity (Khibnik et al., 2010); however, the effects of brief sensory deprivation on these
synapses have been less consistent (Coleman et al., 2010). To date, there is no direct evidence
that brief changes in sensory experience affect TC inputs and that the effect is similar in L4 and
L6. In V1, a major model for studying the effect of sensory drive on the synaptic organization of
cortical circuits, the complex anatomy of the axons from LGN neurons has hampered the direct
investigation of TC synapses. Here we devised an experimental approach that combines

optogenetic stimulation of TC axons (Petreanu et al., 2007; Cruikshank et al., 2010) from the
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LGN with paired recordings in V1 to investigate directly the organization, synaptic properties,
and plasticity of TC synapses onto L4 and L6 excitatory neurons in acute slices. Our data
demonstrate that LGN afferents in L4 and L6 excitatory neurons have layer-specific properties.
More specifically, we show that there are significant differences in the proportion of neurons
responding to light activation of TC terminal fields in the two layers and that the amplitude and
short-term dynamics of TC synaptic responses show layer specificity. In addition, L4 and L6
have distinct organization of TC and recurrent connectivity and show different sensitivity to
changes in visual drive. While brief manipulation of visual drive induced a selective decrease of
TC inputs onto L4 pyramidal neurons, recurrent L4 synapses as well as TC synapses onto L6
neurons remained unaffected. These results are consistent with the idea that the two main input
layers of V1 may relay different aspects of cortical function via layer-specific properties and
circuit organization of TC inputs. As TC inputs onto L4 alone are exquisitely sensitive even to
brief changes in visual input, the organization of the circuit in layer 4 may bias its function
toward sensory processing and experience-dependent circuit refinement, while the circuit in L6
may be organized to bias its function toward gain control (Olsen et al., 2012) and corticothalamic
feedback (Andolina et al., 2007; Briggs, 2010; Briggs and Usrey, 2011; Krahe and Guido, 2011).
Results

The presence of Meyer’s Loops, large turns in the bundle of axons projecting from the LGN onto
V1, has encumbered an acute slice preparation containing both LGN and V1 circuits. We
bypassed this constraint by injecting a construct containing ChR2-GFP, expressing the light-
activated conductance, ChR2 (Zhang et al., 2010), into the LGN of P14 rats. Injection of 300 nl
of saline solution containing 50*10' viral particles/nl allowed reliable injections producing

consistent expression of the light-gated conductance in LGN terminal fields in V1 across
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preparations (Figs. 2.1 A,C,D, 2.2 A,B). To verify the site of injection and test that the level of
expression of the light-sensitive ChR2 was sufficient to activate LGN neurons above threshold,
acute coronal slices containing the LGN were prepared. Patch-clamp recordings were obtained
from visually identified LGN neurons and brief (1 ms/ 0.1— 0.3 mW/mm?) pulses of blue light
were delivered through a 40X water-immersion objective using a blue LED optic fiber mounted
in the fluorescence light path of an upright microscope. Light intensity was adjusted to elicit
action potentials in LGN neurons (Fig. 2.1 B) and different frequencies of stimulation were used
to ensure that LGN neuron firing was time locked with the light pulses (data not shown). For
each animal included in this study, in the beginning of the experiment a few LGN neurons were
recorded to ensure reliable expression of our construct and function of ChR2.

To quantify the reproducibility of levels of expression of the construct in terminal fields in V1,
we measured the fluorescence profile of the coronal slices containing V1 and included in the
analysis only recordings from slices with comparable levels of expression (Fig. 2.1 D). The
reliability of this experimental approach allowed us to prepare acute coronal slices containing V1
and to use blue LED light to directly stimulate LGN terminal fields while recording from

visually identified pyramidal neurons in layer 4 and in layer 6.
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Figure 2.1. Optogenetic approach to the study of TC synapses from the LGN onto V1. A.
Example of injection of ChR2-GFP in the LGN. The injection was performed on P14 rats and the
image was obtained at P28. Top right: expanded image of the injection site. B. Diagram of
experimental configuration and image of LGN recorded neuron (white cell stained with
biocytin/Alexa647, see arrow). LS, light stimulation was delivered using 3 pulses of 1ms. LGN:
sample trace of LGN neuron activity in response to light stimulation. Note that light stimulation
effectively activates LGN neurons above threshold. C. Image of LGN terminal fields in acute
coronal slices containing V1. The white squares indicate regions of interest that were expanded
in the images on the left. D. ChR2 expression in LGN axonal fields is reliable across slices and
preparations. Left: sample image of a coronal slice used for patch clamp recordings. Right.
Average (black) and standard deviation (gray) of profile of the intensity of the fluorescence
signal measured in the region of interest (ROI) indicated by the white line in the left image.
Width of ROI: 20 [Om. The average plot results from the average of measurements across all
recorded slices in which neurons fit our criteria for inclusion in the data analysis. The depth axis
is aligned in the plot and in the image. The shaded areas indicate the depth at which recordings in
L4 and L6 were performed. Note that the low variability of the level of expression of our
construct across preparations.
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Baseline synaptic properties of TC inputs onto L4 and L6 neurons

Coronal slices containing V1 were prepared to visualize the extent of the LGN terminal fields.
Figure 2.1 C shows confocal images indicating an intense axonal projection from the LGN onto
L4 and a significant projection onto L6. The LGN and V1 images shown in Figure 2.1, A and C,
were taken from the same brain. Brief pulses of light (1 ms) successfully activated TC terminal
fields and evoked postsynaptic currents in L4 and L6 neurons. The identity and location of
recorded neurons were confirmed by analyzing firing properties in response to depolarizing
current steps and by post hoc morphological reconstruction (Fig. 2.2 A, B).

In L4 a significantly larger proportion of neurons responded to light stimulation than in L6,
suggesting that TC axons contact a larger number of neurons in L4 (Fig. 2.2 E; L4: 91 of 104
tested, 88%; L6: 28 of 58 tested, 48%:; x* for contingency: p < 0.03). To verify that the evoked
TC-EPSCs were indeed monosynaptic in both layers, delays from stimulus onset, rise time, and
decay time constants of TC-EPSC were quantified. Latency of the responses and rise and decay
time constants were normally distributed (Kolmogorov—Smirnov test, rise: p = 0.4; decay: p =
0.7; latency: p = 0.6). The latency of TC-EPSCs recorded from L4 pyramidal neurons was
significantly shorter than that onto L6 pyramidal neurons, while rise time of TC-EPSCs was
significantly longer in L4 (Fig. 2E; Latency, L4: 1.6 £ 0.03 ms, n =54; L6: 2.0 £ 0.1 ms, n = 18;
unpaired t test: p < 0.01; Rise, L4: 1.4 £ 0.06 ms; L6: 1.1 + 0.09 ms; unpaired t test: p < 0.01).
No differences in decay time constant were observed (L4: 6.4 £0.3ms, n=54; L6:5.7+0.5,n=
18; unpaired t test: p < 0.3). Both in L4 and L6 neurons the amplitude of the light-evoked TC-
EPSC was stable for at least 20 min, the average recording time in our experiments (Fig. 2F).
TC-EPSCs onto L4 and L6 differed in a number of baseline synaptic properties. As shown in

Figure 2.3, A and B, the amplitude of TC-EPSC was significantly larger onto L4 star pyramidal
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neurons at every light intensity tested, resulting in layer-specific input/output curves (Fig. 2.3 A,
B; L4, 0.1mW/mm? 19.6 + 3.9 pA; 0.2 mW/mm?: 58.7 + 10.4 pA; 0.25 mW/mm? 167.0 + 59.6
pA; 0.3mW/mm?: 260.2 + 25.9 pA; n = 34; L6, 0.1mW/mm?: 9.6 + 3.3 pA; 0.2 mW/mm?: 34.8 +
13.6 pA; 0.25 mW/mm?* 93.4 + 25.1 pA; 0.3mW/mm?: 141.4 + 34.2 pA; n = 14; unpaired
Student’s t tests, 0.LmW/mm? p < 0.05; 0.2mW/mm?: p < 0.03; 0.25mW/mm?: p < 0.01; 0.3
mW/mm?: p < 0.03). The paired pulse ratio (EPSC2 / EPSC1; PPR) of TC-EPSCs recorded in L4
and L6 pyramidal neurons in response to trains of 3 stimuli was significantly different for
frequencies of stimulation up to 10 Hz (Fig. 2.3 C, D; PPR, mean + SD; 3.3 Hz, L4: 0.56 + 0.13;
L6: 0.68 = 0.10, p < 0.01; 5 Hz, L4: 0.53 + 0.13; L6: 0.63 £ 0.15, p < 0.03; 10 Hz, L4: 0.51 +
0.12; L6: 0.62 + 0.18, p < 0.05; 20 Hz, L4: 0.59 £ 0.17; L6: 0.66 + 0.18, p < 0.2 L4: n = 21, L6:
n = 14). The short-term plasticity (STP) of TC-EPSCs onto L4 and L6, expressed as ratio of the
last to the first TC-EPSC in the train, was significantly different in the frequency range from 3.3
Hz to 20 Hz, further confirming that TC synaptic inputs show layer-specific dynamics (Fig. 2.3
C, D; STP, mean + SD, 3.3 Hz, L4: 0.43 + 0.14; L6: 0.56 £ 0.13, p < 0.01; 5 Hz, L4: 0.4 £ 0.1;
L6: 0.53 + 0.13, p < 0.01; 10 Hz, L4: 0.36 = 0.09; L6: 0.48 £ 0.15, p < 0.01; 20 Hz, L4: 0.42 +
0.13; L6: 0.52 £ 0.13, p < 0.05; L4: n = 21; L6: n = 14). Frequencies > 20 Hz were not tested as
the ChR2 current is not reliably activated (Boyden et al., 2005). Together these data demonstrate
that TC synapses onto the two main input layers in V1 are not equivalent. The differences in
magnitude and dynamics suggest that L4 and L6 are likely to provide a different readout of

incoming sensory stimuli.
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Figure 2.2. Pyramidal neurons in L4 and upper L6 respond to light activation of TC
afferents. A. Post hoc reconstruction of recording configuration in L4. Left: image of a coronal
slice in which a triplet of star pyramidal neurons was recorded in L4. White square: region in
which neurons were recorded. Green: ChR2-GFP; red: biocytin-Alexa594. Top right:
enlargement of the region indicated by the white square. Bottom right: firing pattern of recorded
neurons in response to a 0.5nA current pulse. The firing pattern is typical of L4 star pyramids. B.
Representative image of post hoc reconstruction of L6 recordings. Left: image of coronal slice,
with neurons recorded in L6 (see white square). Green: ChR2-GFP; red: biocytin-Alexa594. Top
right: firing pattern of L6 neurons in response to a 0.5nA current pulse. Firing pattern is typical
of L6 pyramidal neurons. Bottom right: enlargement of region indicated by the white square. C.
Brief light pulses (1ms / 6mW) evoke TC-EPSCs in L4 star pyramids. Top: recording
configuration and diagram of light stimulus. Bottom: TC-EPSC evoked from one of the neurons
shown in a. D. Brief light pulses (1ms / 6mW) elicits synaptic response in L6 pyramidal neurons.
Top: recording configuration and diagram of light stimulus. Bottom: light evoked response
evoked in one of the neurons shown in b. E. Bar plot of the % of neurons responding to light
pulses (% Resp.), of average TC-EPSC amplitude at 6mW, of latency of the TC-EPSC onset
from stimulus onset (Latency) and of the rise time of the light evoked TC-EPSC (Decay) in L4
(black) and L6 (gray). F. Time course of the light evoked responses for the neurons shown in ¢
(L4; black) and d (L6; gray). Light intensity: 6mW. Data are represented as mean + standard
error; asterisks indicate significant differences.
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Figure 2.3. Baseline properties of TC-EPSCs in L4 and L6. A. Sample traces of light evoked
TC-EPSCs in L4 and L6 neurons using different light intensities. Left: 4mW; right: 6mW. Black:
L4; gray: L6. B. Input/output curves for TC-EPSCs in L4 (black) and L6 (gray). C.
Representative traces of TC-EPSC dynamics in response to repetitive stimulation at different
frequencies. Left column: TC-EPSC1 and 2 in a train of stimuli (at 3Hz; 5Hz; 10Hz) evoked by
1ms light pulses- 6mW light intensity in L4 (black) and L6 (gray). Right column: TC-EPSC1 and
TC-EPSC3 of a train of stimuli (at 3Hz; 5Hz; 10Hz) in L4 (black) and L6 (gray). Dashes indicate
that the trace was cut to show only the indicated TC-EPSCs. Light intensity: 6mW for L4 and

L6. D. Top: plot of average paired pulse ratio (PPR) versus frequency of stimulation. Bottom:
average TC-EPSC3/TC-EPSC1 ratio versus the frequency of stimulation. For both plots, light
intensity: 6mW; black: L4; gray: L6. Data are presented as mean + standard error, asterisks
indicate significant differences.
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Differences in the IC circuitry of L4 and L6

TC inputs onto L4 and L6 differ in the proportion of responsive neurons, as well as in the
amplitude and dynamics of evoked TC-EPSCs. Whether this layer specificity is occurring in the
incoming input alone or may be accentuated by differences in the organization of the recurrent
intracortical (rIC) circuit in each layer is unknown. To address this we combined optogenetic
stimulation of TC afferents with paired recording electrophysiology within each input layer (Fig.
2.4 A, F). Triple simultaneous patch clamp recordings within layer allowed the detailed analysis
of rIC local circuitry. This experimental approach was instrumental to determine the synaptic
organization of TC projections contacting nearby neurons in L4 and L6.

The synaptic organization of the TC and rIC circuitry in L4 differed significantly from that in
L6. As shown in Figure 2.4B, only 12% of L4 pyramidal neurons did not respond to light
activation of TC afferents (13 of 104). Of the 88% responsive neurons (n = 91), 34% were
recurrently connected (n = 31), suggesting that, in L4, feedforward TC afferents contact a broad
network of highly interconnected pyramidal neurons. The amplitude of TC-EPSCs onto L4
neurons simultaneously recorded within a 100 um? region, that were not recurrently connected,
was broadly distributed and peaked around 260 pA, the average amplitude of the feedforward
inputs recorded in L4 (n unconnected pairs: 23).

The distribution of amplitudes of TC inputs onto simultaneously recorded and recurrently
connected neurons (within a 100 um? region), on the other hand, showed two clearly identifiable
peaks, one centered around 162 pA and one centered around 454 pA (n connected pairs: 24). The
distributions of the amplitude of TC-EPSCs onto recurrently connected and non-recurrently
connected neurons were significantly different (Kolmogorov—Smirnov test, p < 10). The

connected neurons receiving small and large TC inputs were further analyzed to test the
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possibility that they belonged to identifiable subpopulations of pyramidal neurons. No significant
difference was detected in the morphology, short-term dynamics and location within L4. Rank-
order correlation analysis of TC-EPSC onto the presynaptic neurons versus TC-EPSC onto the
postsynaptic neurons unveiled a tight linear relationship between inputs onto recurrently
connected neurons (Fig. 2.4 D, Spearman rank order coefficient: Ry = 0.6; p < 10”). In contrast,
the same analysis applied to TC-EPSCs onto non-connected neurons recorded simultaneously
with connected pairs within the same triplets revealed no significant correlation (Fig. 2.4 E; Rs =
10 p < 0.4). In L4, thalamo-recipient neurons that belong to a recurrently interconnected circuit
are more likely to receive feedforward inputs with similar magnitude, while neurons
intermingled with recurrently connected neurons, but not belonging to a simultaneously recorded
recurrently connected subnetwork, are likely to receive inputs with different magnitudes. These
findings indicate that in L4, proximity does not predict similarity of the magnitude of the TC
inputs, but recurrent connectivity does. In addition, weakly driven and strongly driven connected
pairs of neurons were often found in the same group, indicating that the difference in TC drive is
not due to differences in the levels of expression of our construct. Recurrently connected L4
pyramidal neurons thus are organized in distinct subcircuits driven either by distinct LGN axons
or by the same axon contacting neurons with inputs of different power.

In Figure 2.4 F-H we show the circuit analysis for L6 pyramidal neurons. Recordings in L6 were
focused in the upper portion of the layer, where the density of the LGN terminal field was more
prominent. By morphological reconstruction L6 neurons included in this analysis belonged to
pyramidal neurons with apical dendrites extending into the superficial layers (Bannister et al.,
2002; Zarrinpar and Callaway, 2006) (Fig. 2.2 B). Of all recorded pyramidal neurons in this

layer 52% responded to light stimuli (21 of 40). The remaining 48% did not respond to light
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stimulation at any intensity tested (19 of 40). A total of 15% of the recorded L6 neurons were
recurrently connected (10 of 66) and evenly distributed among the TC-responsive and TC-
nonresponsive populations (Fig. 2.4G). This probability of connection is =5 times higher than
previously reported for rats, and similar to the connectivity reported in cats (Mercer et al., 2005).
The discrepancy with previous reports of L6 connectivity in rats may depend on differences in
technical approach, multiple simultaneous patch clamp (this study) versus dual intracellular
recordings (Mercer et al., 2005). The location of the recorded neurons may also account for the
differences in connectivity as this study focused on neurons in the superficial portion of L6,
while other studies tested the connectivity across all of L6 (Mercer et al., 2005).

Nearby, non-recurrently connected neurons within L6 received TC inputs with uncorrelated
magnitudes as shown by the plot in Figure 2.4 H (Spearman rank order coefficient: - 0.1; p = 0.6;
n = 19 pairs). As expected from the low response probability, non-TC-responsive neurons were
often recorded simultaneously with nearby, TC-responsive ones. Our data suggest that TC
afferents reaching L6 activate a recurrent IC microcircuit that is less interconnected compared
with L4 (IC probability of finding connected pairs: 34% (L4) vs 15% (L6); two-tailed y* for
contingency: p < 0.04). In L6 the probability of finding recurrently connected pairs of pyramidal
neurons that were also responsive to light stimuli was very low and did not allow us to obtain a
sufficiently large population of connected pairs to run a rank-order correlation analysis. Only
40% of recurrently connected L6 neurons belonged to a pair in which both neurons responded to
LGN stimulation (4 of 10) and only 1 of 4 received inputs of similar magnitude on presynaptic
and postsynaptic neurons. In the remaining 60% of recurrently connected pairs, 2 pairs had only
one neuron responding to light stimulation, without a specific preference for the presynaptic or

the postsynaptic neuron; while the last 4 connected pairs were not driven by TC stimulation. In
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addition, in L6, non-connected neurons that were recorded simultaneously within a 100 pm? area
were activated by afferent TC axons with different synaptic strength, and in most groups
recorded only half of the neurons responded to light pulses. These data further confirm that in L6

and L4 both TC and recurrent microcircuits have distinct synaptic organization.
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Figure 2.4. Layer specific organization of TC circuits. A. Diagram of recording configuration.
Light pulses activate LGN terminal fields in V1. Simultaneous patch clamp recordings are
obtained from visually identified star pyramids in L4. Stimulation and recordings are within an
area of interest of 100 ['m x 100 [Jm. Light intensity was set at 6mW. B. Pie chart indicating
proportion of star pyramids not responsive to light stimulation of TC afferents and not
recurrently connected in L4 (black, TC-/rIC-); of neurons responding to light stimulation of TC
afferents, but not recurrently connected (gray, TC+/rIC-) and of neurons responding to light
stimulation of TC afferents and also recurrently connected (blue, TC+/rIC+). C. Distribution of
the amplitude of light evoked TC responses for the population of neurons that are not recurrently
connected (gray) and for the population of neurons that is recurrently connected within L4
(blue). Note the bimodal distribution of the population of TC/rIC connected neurons. D. Rank
order correlation of the TC-EPSC onto the presynaptic neurons versus that onto the postsynaptic
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neuron on TC+/rIC+ neurons. Rs: Spearman rank-order correlation coefficient; p value of the
Spearman correlation, p lower than 0.05 are considered to be significant. E. Rank order
correlation of the TC-EPSC onto nearby neuron that are not recurrently connected. Note that all
neurons were recorded within a 100 [Jm x 100 [Jm area of interest in L4 and often rIC- neurons
were recorded in the same quadruplet with riIC+ ones. Rs: Spearman rank-order correlation
coefficient; p value of the Spearman correlation. F. Diagram of recording configuration for L6.
Light pulses activate the LGN terminal fields in V1, while multiple patch clamp recordings are
obtained from pyramidal neurons in L6 within a 100 [Jm x 100 [Jm area of interest. Light
intensity: 6mW. G. Pie chart indicating the proportion of neurons not responding to light
activation of TC axons (black, TC-/rIC-), of neurons not responding to TC activation but
recurrently connected (dark blue, TC-/rIC+); of neurons responsive to TC activation but not
recurrently connected (gray, TC+/rIC-) and of neurons responsive to TC activation and
recurrently connected in L6 (light blue, TC+/rIC+). H. Rank order correlation of TC-EPSC
amplitude onto TC+/rIC- neurons. Rs: Spearman rank-order correlation coefficient; p value of
the Spearman correlation.
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Brief visual deprivation selectively decreases TC inputs onto L4

TC inputs onto L4 and L6 carry information about sensory stimuli (LeVay and Gilbert, 1976).
However, our data show distinct magnitude, dynamics, and synaptic organization of TC inputs in
the main thalamo-recipient layers in V1. We therefore asked whether L4 and L6 may differ in
their responsiveness to changes in sensory drive. To address this we performed a brief (3 d) MD
(Maffei et al., 2006) and compared the properties of TC inputs onto L4 and L6 neurons recorded
in the monocular region of the hemispheres contralateral (MD) and ipsilateral (C) to the closed
eye.

TC-EPSCs recorded in L4 of the deprived hemisphere were significantly smaller than in C at
every tested intensity of light stimulation (Fig. 2.5 A, B; 0.1 mW/mm?, C: 21.9 + 4.3 pA; n = 33;
MD 6.9 + 2.0 pA; n = 25; p < 0.003; O.2mW/mm2, C: 547 £9.7 pA; MD: 224 £ 45 pA; p <
0.004; 0.25 mW/mm?, C: 191.7 + 26.7 pA; MD: 94.6 + 17.3 pA; p < 0.003; 0.3 mW/mm?, C:
259.7 + 30.8 pA; MD: 132.7 + 21.6 pA, p < 0.001). The reduction in TC-EPSC amplitude was
not accompanied by changes in paired pulse ratio at any frequency of stimulation tested (Fig. 2.5
C; 0.3mW/mm?, C: n = 33; MD: n = 25; one-way ANOVA: p = 0.6; post hoc unpaired t test: 3.3
Hz: p = 0.6; 5 Hz: p = 0.9; 10 Hz: p = 0.64; 20 Hz: p = 0.69). In addition, the latency of TC-
EPSC from the time of stimulation was increased, and the decay time constant of TC-EPSCs
decreased significantly (Fig. 2.5 D; Latency, C: 1.6 £ 0.04 ms; n = 33; MD: 1.9 + 0.09 ms; n =
25; p < 0.004; Decay, C: 6.4 + 0.3 ms; MD: 5.2 £ 0.2 ms; p <0.01).

In L6 MD did not affect TC-EPSC amplitude onto pyramidal neurons at any intensity of light
stimulation (Fig. 2.5 E, F; 0.1 mW/mm?, C: 10.2 + 3.5 pA; n=14; MD 8.1 + 43 pA; n=19; p <
0.82; 0.2 mW/mm?, C: 35.9 + 14.5 pA; MD: 28.2 =+ 16.9 pA; p = 0.84; 0.25mW/mm?,C: 96.9 +

26.5 pA; MD: 78.8 + 34.7 pA; p < 0.88; 0.3 mW/mm?, C: 152.6 + 35.1 pA; MD: 140.6 + 46.9
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pA; p = 0.85). No significant differences in paired pulse ratio were observed at any frequency of
stimulation (Fig. 2.5 G; C: n = 14; MD: n = 19; ANOVA: p = 0.5; post hoc unpaired t test: 3.3
Hz:p =0.3; 5 Hz: p=0.8; 10 Hz: p = 0.5; 20 Hz: p = 0.8). The latency of TC-EPSC onset from
light stimulation and decay time constant were also unchanged (Fig. 2.5 H; Latency, C: 2.0 £
0.11ms,n=14; MD: 2.4+ 0.2 ms, n =19; p<0.1; Decay, C:5.1 0.4 ms; MD: 5.4+ 0.6 ms; p
< 0.7). Thus, TC-EPSCs onto L6 pyramidal neurons are not affected by MD. Based on these
results we conclude that LGN inputs onto V1 pyramidal neurons have distinct sensitivity to
changes in visual drive depending on the location of the postsynaptic neuron. LGN synapses
onto L4 are significantly weakened even by MD too short to induce anatomical reorganization of
axonal arbors (Antonini et al., 1999); in contrast, TC inputs onto L6 pyramidal neuron are stable

in the face of brief changes in sensory drive.
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Figure 2.5. Layer specific experience-dependent depression of TC-EPSCs. A. Example
traces of TC-EPSCs evoked in L4 star pyramids by light activation of TC afferents in control
(black) and deprived (gray) slices. Light intensity: 6mW. B. Input/output curve of TC-EPSCs in
L4. Control: black; deprived: gray. C. Plot of paired pulse ratio (PPR) in response to stimulation
at 6mW and different frequencies. Control: black; deprived: gray. D. Bar plot of average latency
of L4 TC-EPSC onset from onset of light pulse and decay time constant of L4 TC-EPSCs. Light
intensity: 6mW. Control: black; deprived: gray. E. Example traces of TC-EPSCs evoked in L6
pyramidal neurons by light activation of TC afferents in control (black) and deprived (gray)
slices. Light intensity: 6mW. F. Input/output curve of TC-EPSCs from L6 pyramidal neurons.
Control: black; deprived: gray. G. Plot of PPR in response to stimulation at different frequencies.
Light intensity: 6mW. Control: black; deprived: gray. H. Bar plot of average latency of L6 TC-
EPSC onset from the onset of the light pulse and decay time constant of L6 TC-EPSCs. Light
intensity: 6mW. Control: black; deprived: gray. Data are presented as mean + standard error,
asterisks indicate significant differences.
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Layer-specific experience-dependent reorganization of TC-IC circuits

The layer specificity of the effects of MD on LGN inputs onto L4 and L6 prompted us to
investigate whether rIC circuits within these layers might be affected by 3d MD differently. In a
subset of experiments paired recordings within L4 or in L6 were combined with light stimulation
of TC afferents. In L6 we observed no changes in the overall patterns of rIC connectivity and
responsiveness to activation of LGN afferents (Fig. 2.6 A). The overall proportion of
nonresponsive neurons was 40%, while the remaining 60% produced reliable TC-EPSCs in
response to light activation of LGN terminal fields (2 for contingency, % TC responsive neurons
in C vs % TC-responsive neurons after MD: p = 0.5). A total of 8% of pyramidal neurons in L6
were recurrently connected. This group was evenly distributed across the population of neurons
that responded to activation of TC afferents and the ones that were not responsive (total
connected pairs, C: 6 of 58; MD: 4 of 49; %? for contingency: p = 0.4). The distribution of TC-
EPSC amplitudes was not significantly different in slices from the Control and Deprived
hemispheres, confirming the stability of TC as well as rIC connectivity in L6 after brief MD
(Fig. 2.6 B).

When a similar analysis was performed in L4 we found that the proportions of TC and rIC
connected neurons were not affected by MD (Fig. 2.7 A; * for contingency, % TC-responsive
neurons in C versus % TC-responsive neurons after MD: p = 0.6). The amplitude of TC-EPSCs
onto all L4 star pyramids was reduced significantly (Fig. 2.7 B-D; TC-EPSC onto TC+ /rIC+, C:
270 £ 35 pA; MD: 172 £ 25 pA; p < 0.03; TCH/rIC-, C: 280 £ 22 pA; MD: 160 £ 23 pA; p <
0.001). Differently, the amplitude of recurrent IC EPSPs was not affected by MD, as shown in
previous reports (Maffei et al., 2006; Wang et al., 2012) (Fig. 2.7 B; rIC EPSP, C: 0.8 £ 0.1 mV;

MD: 0.6 £ 0.1 mV; p < 0.2). These results indicate that MD specifically weakened TC inputs
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onto L4 star pyramids, while leaving recurrent riC excitatory synapses unaffected. A closer
analysis of the distribution of TC-EPSC amplitudes on the population of nearby-not recurrently
connected neurons revealed a uniform shift toward smaller amplitudes after MD (Fig. 2.7 C;
Kolmogorov—Smirnov test: p < 0.003). The distribution of TC-EPSC amplitudes onto recurrently
connected neurons, instead, showed that MD affected predominantly the proportion of large-
amplitude TC-EPSCs (Fig. 2.7 D, arrow), which was reduced from 33% to 8% (x* for
contingency: p < 0.01). Thus, the MD-dependent decrease in TC-EPSC amplitude is driven by a
reduction in the proportion of the more powerful TC inputs onto L4 star pyramidal neurons. In
addition, there was a loss of correlation of TC-EPSC amplitude onto recurrently connected
neurons (Fig. 2.7 D, inset; Rs = 0.04; p = 0.1). Although MD did not affect the probability of
finding recurrent connections and the proportion of L4 neurons responding to TC afferents, it
induced a reorganization of the relationship between TC and recurrent IC connectivity through a

nonuniform decrease of TC-EPSC amplitude onto L4 neurons.
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Figure 2.6. MD does not affect the organization of TC/rIC inputs onto L6 pyramidal
neurons. A. Pie charts of the proportion of L6 pyramidal neurons not responding to light
activation of TC afferents and not recurrently connected (black, TC-/rIC-), of L6 pyramidal
neurons not responding to light activation of TC afferents but recurrently connected (dark blue,
TC-/rIC+), of L6 pyramidal neurons responding to light activation of TC afferents and not
recurrently connected (gray, TC+/rIC-) and of L6 pyramidal neurons responding to light
activation of TC afferents and recurrently connected (light blue, TC+/rIC+). Left chart: control
hemisphere (C); right chart: deprived hemisphere (MD). B. Distribution of TC-EPSC amplitudes
for L6 TC+/rIC- pyramidal neurons. Light intensity: 6 mW. Control: black dotted line; deprived:

gray solid line.
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Figure 2.7. Experience-dependent reorganization of TC/IC inputs onto L4 star pyramids.
A. Pie charts of the proportion of L4 star pyramids not responsive to activation of TC afferents
and not recurrently connected (black, TC-/rIC-), of L4 star pyramids responsive to activation of
TC afferents and not recurrently connected (gray, TC+/rIC-) and of recurrently connected L4 star
pyramids that responded to light activation of TC afferents (light blue, TC+/rIC+). Left chart:
control hemisphere (C); right chart: deprived hemisphere (MD). B. Bar plot of average amplitude
of TC-EPSC onto TC+/rIC+ L4 star pyramids, of TC-EPSCs onto TC+/rIC- star pyramids and of
riC-EPSP between L4 star pyramids. Light intensity: 6mW. Control: black; deprived: gray. Data
are represented as average + standard error; asterisks indicate significant differences. C.
Distribution of TC-EPSC amplitudes onto TC+/rIC- L4 star pyramids. Control: dashed black
line; deprived: gray line. Note that the entire distribution is shifted toward smaller amplitudes. D.
Distribution of TC-EPSC amplitudes onto TC+/rIC+ star pyramids in L4. Control: dashed black
line; deprived: light blue line. Arrow: peak of the distribution strongly affected by MD. Inset:
Spearman rank order correlation of TC-EPSP amplitudes onto presynaptic (Pre) and postsynaptic
(Post) neurons of TC+/rIC+ L4 star pyramids. Note the MD-induced loss of correlation
compared to control conditions (see Figure 4d). Rs: Spearman rank-order correlation coefficient;
p value of the Spearman correlation.
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Discussion

L4 and L6 excitatory neurons receive direct input from the LGN (Gilbert, 1977; Hendrickson et
al., 1978; Kageyama and Robertson, 1993) and are characterized by fairly large TC-EPSC
amplitude and short-term depression in response to trains of stimuli (Sherman, 2012). Studies of
thalamocortical (TC) inputs focused primarily on the basic properties of these inputs (Bannister
et al., 2002; Binzegger et al., 2004; da Costa and Martin, 2009; Medini, 2011), but did not
address possible differences in capacity for plasticity in thalamo-recipient circuits (LeVay and
Gilbert, 1976; Landry and Deschenes, 1981; Rose and Metherate, 2001; Bruno and Sakmann,
2006; Cruikshank et al., 2007, 2010 Lee and Sherman, 2008). Differently, studies of experience-
dependent plasticity addressed layer specificity, but focused on the comparison of TC and IC
circuits (Feldman et al., 1998; Desai et al., 2002; McLaughlin and Juliano, 2003; Maffei et al.,
2004; Fox and Wong, 2005; Hensch, 2005; Maffei et al., 2006; Jiang et al., 2007; Maffei and
Turrigiano, 2008; Feldman, 2009; Nataraj et al., 2010; Medini, 2011; Oberlaender et al., 2012).
In this article we compared synaptic organization and plasticity of LGN inputs onto excitatory
neurons in the two main thalamo-recipient layers in V1. Our data demonstrate for the first time
that TC inputs onto excitatory neurons in L4 and L6 of V1 have layer-specific magnitude,
connectivity, short-term dynamics, and sensitivity to changes in visual experience.

Our data indicate that fewer L6 excitatory neurons responded to stimulation of TC afferents than
did those in L4 (88% in L4 vs 48% in L6; x* for contingency: p < 0.01). This effect was not due
to spatial sampling: in both layers recordings were within a 100 pm? region and our L6 study
was limited to the upper portion of the layer, where the density of TC afferents was highest. Our
data suggest that in L6 LGN afferents contact fewer neurons as previously reported (Hubel and

Wiesel, 1972; Hendrickson et al., 1978; da Costa and Martin, 2009). The proportion of TC
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responsive neurons accounts for a macroscopic organization of LGN inputs in L4 and L6, but
does not explain differences in TC-EPSC amplitude. Minimal TC-EPSCs onto V1 pyramidal
neurons, similar in size to those expected for putative single axons (Cruikshank et al., 2010), was
significantly smaller in L6 than in L4. Input/output curves for L4 and L6 neurons showed similar
trends: increasing stimulation intensity successfully recruited inputs in both layers, but activated
smaller TC-EPSCs onto L6. Anatomical studies showed that pyramidal neurons in L6 have fewer
synapses than those onto L4 neuron (Bannister et al., 2002; Binzegger et al., 2004; da Costa and
Martin, 2009). Fewer synaptic contacts could justify the difference in TC-EPSC amplitude. In L4
and L6 the TC-EPSC we recorded could be classified as type | responses: fast, fairly large, and
characterized by short-term depression, indicating that the differences in TC-EPSCs did not
depend on activation of different populations of inputs (Viaene et al., 2011a, b). Short-term
synaptic dynamics of TC-EPSC were layer-specific, with less short-term depression onto L6
neurons, suggesting distinct release properties or saturation of postsynaptic receptors (Zucker
and Regher, 2002). Thus, the differences in TC-EPSCs amplitude and dynamics onto L4 and L6
neurons are likely to depend on differences in the number of inputs and on distinct synaptic
properties. Short-term dynamics may have a prominent role in information processing at
synapses (Klug et al., 2012); thus, L4 and L6 may process incoming information differently
because of the different dynamics of TC-EPSCs.

The onset of TC-EPSCs onto L6 showed longer delays from stimulus than those onto LA4.
Understanding this difference will require direct investigation; however, a number of
possibilities can be excluded. Both synaptic delays are below 2 ms; thus, both inputs were
monosynaptic. TC-EPSC rise times were shorter in L6; therefore, dendritic filtering does not

explain longer delays. As TC afferents send collaterals to L4 and L6 neurons (Freund et al.,

43



1989; Wiser and Callaway, 1996), differences in axonal conduction velocity are not expected to
occur. As many L4 and L6 neurons were recorded simultaneously within the same slice, intrinsic
properties of ChR2 do not account for the layer specificity of TC synapses. One may speculate
that the distinct delay from stimulus may be due, in part, to different dynamics of release or
properties of postsynaptic receptors (Hull et al., 2009).

Organization of TC circuits in L4 and L6

TC afferents contact profoundly different IC circuits within L4 and L6. While in L4
approximately one third of TC-responsive pyramidal neurons were recurrently connected, in L6
only a small proportion of thalamo-recipient neurons were interconnected (=<34% in L4 vs 5% in
L6;y? for contingency: p < 0.01). In L4, recurrently connected neurons received TC-ESPCs with
similar magnitude and bimodal amplitude distribution, suggesting that L4 is composed of
strongly driven and weakly driven subcircuits. The functional significance of a bimodal
distribution of TC-EPSC amplitudes at the moment is unclear. No differences in synaptic and
intrinsic properties, or morphology, were identified between neurons receiving strong or weak
TC inputs, suggesting that the distribution may represent contacts from different LGN axons.
Weakly and strongly driven subcircuits were found in the same slice, thus variability in the level
of expression of the ChR2 does not account for the results. Recordings were performed in the
monocular region of V1, which is thought to be driven by the contralateral eye. A contribution of
weaker ipsilateral inputs is unlikely, but cannot be fully excluded. The relationship between
amplitude and distribution of TC inputs does not depend on the distance between neurons.
Connected and non-connected neurons were often part of the same triplet and in close proximity.
A possible interpretation of these data is that non-connected neurons are part of different

subcircuits, possibly driven either by inputs with different synaptic properties or by distinct TC

44



afferents. Together, these data suggest that geometrical proximity is not sufficient to predict
patterns of connectivity of neurons in L4 (Stepanyants et al., 2008), but that connectivity
depends on coordination of TC and IC inputs. This finding is consistent with data about the
synaptic organization of inputs from L4 onto L2/3 in V1 (Yoshimura et al., 2005).

Recent findings indicate that IC recurrently connected neurons are more likely to share similar
orientation preference (Ko et al., 2011). In addition, recurrently connected neurons may belong
to groups of sister-neurons originating from the same progenitor (Yu et al., 2009) and sister
neurons are more likely to share similar visual responsiveness (Li et al., 2012). When
interpreting our results in the context of these findings, one may speculate that local subgroups of
connected neurons, possibly sister-cells, might be driven by similar LGN inputs. The potential
implication of these results would be that IC microcircuits may be composed of recurrently
connected neurons with predetermined properties because they belong to a group of neurons
generated from the same progenitor and are contacted by LGN afferents carrying the same
information. Alternatively, the connectivity of subpopulations of neurons may be determined by
experience-dependent refinement of TC and IC connectivity and Hebbian processes (Katz and
Shatz, 1996).

We did not observe a significant projection from the LGN into L1 (Antonini et al., 1999). Only
few sparse axonal fibers expressed the ChR2-GFP construct right below the pial surface. The age
of the animals used in this study may explain these differences: our recordings were limited to
P28 instead of adult rodents (Antonini et al., 1999).

Layer specificity and implication for cortical function

The differences in synaptic organization may represent circuit correlates of layer-specific

functions. TC inputs to L4 and L6 are carriers of information (Sherman, 2012); however, several
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findings, including those in this article, suggest that sensory inputs are relayed through very
powerful and numerous TC inputs to L4, but weaker and fewer TC inputs to L6 (Hubel and
Wiesel, 1972; Binzegger et al., 2004; da Costa and Martin, 2009). The number and amplitude of
LGN inputs onto L4 excitatory neurons may explain the similarity between the receptive fields
of LGN neurons and L4 simple cells (Alonso et al., 2001). The propagation of similar functional
properties from the LGN to L4 may also be favored by high recurrent IC connectivity and by
recurrent IC subcircuit driven by similar TC inputs.

Differences in the proportion of TC-responsive neurons, layer-specific synaptic dynamics, and
distinct sensitivity to visual experience suggest that L4 and L6 are activated differently by the
sensory input, and may convey different sensory information to V1 (Klug et al., 2012). Brief MD
reduces TC-EPSC amplitude onto L4 neurons only. This effect was specific to TC synapses as
the amplitude of IC inputs between L4 pyramidal neurons was unchanged. Thus, L4 detects
changes in visual activity rapidly and possibly relays them to the other layers in V1. On the other
hand, TC inputs onto L6 pyramidal neurons are not affected by brief MD, but can adjust in
response to longer periods of visual deprivation (Krahe and Guido, 2011; Petrus et al., 2011). L4
and L6 neurons are interconnected (Binzegger et al., 2004), thus the layer-specific changes in
TC-EPSCs may unbalance TC and IC activity, initiating a cascade of events that will lead to loss
of visual responsiveness (Frenkel and Bear, 2004). Recent findings indicate that L6 plays a major
role in gain modulation and actively suppresses the activity of all other layers (Olsen et al.,
2012). Delayed response of L6 to altered visual drive (Petrus et al., 2011) may allow L4 to sense
differential activation from the LGN and rewire accordingly, while L6-dependent gain
modulation is adjusted only later. This process may lead to desynchronized activation of TC and

IC circuits, a phenomenon occurring in several brain areas (Butler et al., 2001; Llina’s and
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Ribary, 2001; Butler and Javitt, 2005; Normann et al., 2007; Oberlaender et al., 2012) and
thought to be implicated in neurological disorders of sensory (Sehatpour et al., 2010) and
cognitive functions (Yeap et al., 2006, 2009; Leitman et al., 2010).

References

Alonso J, Usrey W, Reid R (2001) Rules of connectivity between geniculate cells and simple
cells in cat primary visual cortex. J Neuroscience 21:4002-4015.

Amitai Y (2001) Thalamocortical synaptic connections: efficacy, modulation, inhibition and
plasticity. Rev Neurosci 12:159-173.

Antonini A, Fagiolini M, Stryker M (1999) Anatomical correlates of functional plasticity in
mouse visual cortex. J Neuroscience 19:4388-4406.

Binzegger T, Douglas R, Martin K (2004) A quantitative map of the circuit of cat primary visual
cortex. J Neuroscience 24:8441-8453.

Boyden E, Zhang F, Bamberg E, Nagel G, Deisseroth K (2005) Millisecond-timescale,
genetically targeted optical control of neural activity. Nature Neuroscience 8:1263-1268.

Bruno R (2011) Synchrony in sensation. Current Opinion in Neurobiology 21:701-708.

Butler P, Javitt D (2005) Early-stage visual processing deficits in schizophrenia. Current Opinion
in Psychiatry 18:151-157.

Butler P, Schechter I, Zemon V, Schwartz S, Greenstein V, Gordon J, Schroeder C, Javitt D
(2005) Dysfunction of early-stage visual processing in schizophrenia. American Journal
of Psychiatry 158:1126-1133.

Castro-Alamancos M (2004) Dynamics of sensory thalamocortical synaptic networks during
information processing states. Progress in Neurobiology 74.

Catalano S, Shatz C (1998) Activity-dependent cortical target selection by thalamic axons.
Science 281:559-562.

Coleman J, Nahmani M, Gavornik J, Haslinger R, Heynen A, Erisir A, Bear M (2010) Rapid
structural remodeling of thalamocortical synapses parallels experience-dependent
functional plasticity in mouse primary visual cortex. J Neuroscience 30:9670-9682.

Cruikshank S, Urabe H, Nurmikko A, Connors B (2010) Pathway-specific feedforward circuits
between thalamus and neocortex revealed by selective optical stimulation of axons.
Neuron 65:230-245.

da Costa N, Martin K (2009) Selective targeting of the dendrites of corticothalamic cells by
thalamic afferents in area 17 of the cat. J Neuroscience 29:13919-13928.

Frenkel M, Bear M (2004) How monocular deprivation shifts ocular dominance in visual cortex
of young mice. Neuron 44:917-923.

Freund T, Martin K, Soltesz I, Somogyi P, Whitteridge D (1989) Arborisation pattern and
postsynaptic targets of physiologically identified thalamocortical afferents in striate
cortex of the macaque monkey. J Comp Neurology 289:315-336.

Gilbert C (1977a) Laminar differences in receptive field properties of cells in cat primary visual
cortex. Journal of Physiology 266:391-421.

Gilbert C (1977b) Laminar differences in receptive field properties of cells in cat primary visual
cortex. Journal of Physiology 268:391-421.

47



Hendrickson A, Wilson J, Ogren M (1978) The neuroanatomical organization of pathways
between the dorsal lateral geniculate nucleus and visual cortex in Old World and New
World primates. J Comp Neurology 182:123-136.

Hubel D, Wiesel T (1972) Laminar and columnar distribution of geniculo-cortical fibers in the
macaque monkey. J Comp Neurology 146:421-450.

Hull C, Isaacson J, Scanziani M (2009) Postsynaptic mechanisms govern the differential
excitation of cortical neurons by thalamic inputs. J Neuroscience 29:9127-9136.

Kageyama G, Robertson R (1993) Development of geniculocortical projections to visual cortex
in rat: evidence early ingrowth and synaptogenesis. J Comp Neurology 335:123-148.

Khibnik L, Cho K, Bear M (2010) Relative contribution of feedforward excitatory connections to
expression of ocular dominance plasticity in layer 4 of visual cortex. Neuron 66:493-500.

Ko H, Hofer S, Pichler B, Buchanan K, Sjostrém P, Mrsic-Flogel T (2011) Functional specificity
of local synaptic connections in neocortical networks. Nature 473:87-91.

Lee C, Sherman S (2008) Synaptic properties of thalamic and intracortical inputs to layer 4 of
the first- and higher-order cortical areas in the auditory and somatosensory systems.
Journal of Neurophysiology 100:317-326.

Leitman D, Sehatpour P, Higgins B, Foxe J, Silipo G, Javitt D (2010) Sensory deficits and
distributed hierarchical dysfunction in schizophrenia. American Journal of Psychiatry
167:818-827.

LeVay S, Gilbert C (1976) Laminar patterns of geniculocortical projection in the cat. Brain
Research 113:1-19.

Li Y, Lu H, Cheng P, Ge S, Xu H, Shi S, Dan Y (2012) Clonally related visual cortical neurons
show similar stimulus feature selectivity. Nature 486:118-121.

Llinas R, Ribary U (2001) Consciousness and the brain. The thalamocortical dialogue in health
and disease. Annals of the New York Academy of Science 929:166-175.

Llinas R, Ribary U, Jeanmonod D, Kronberg E, Mitra P (1999) Thalamocortical dysrhythmia: A
neurological and neuropsychiatric syndrome characterized by magnetoencephalography.
Proc Natl Acad Sci U S A 96:15222-15227.

Maffei A, Turrigiano G (2008) Multiple modes of network homeostasis in visual cortical layer
2/3. J Neuroscience 28:4377-4384.

Maffei A, Nelson S, Turrigiano G (2004) Selective reconfiguration of layer 4 visual cortical
circuitry by visual deprivation. Nature Neuroscience 7:1353-1359.

Maffei A, Nataraj K, Nelson S, Turrigiano G (2006) Potentiation of cortical inhibition by visual
deprivation. Nature 443:81-84.

Normann C, Schmitz D, Furmaier A, Doing C, Bach M (2007) Long term plasticity of visually
evoked potentials in humans is altered in major depression. Biological Psychiatry 62.

Olsen S, Bortone D, Adesnik H, Scanziani M (2012) Gain control by layer six in cortical circuits
of vision. Nature 483:47-52.

Peters A, Feldman M (1977) The projection of the lateral geniculate nucleus to area 17 of the rat
cerebral cortex. IV. Terminations upon spiny dendrites. Journal of Neurocytology 6:669-
689.

Petreanu L, Huber D, Sobczyk A, Svoboda K (2007) Channelrhodopsin-2-assisted circuit
mapping of long-range callosal projections. Nature Neuroscience 10:663-668.

Petrus E, Anguh T, Pho H, Lee A, Gammon N, Lee H (2011) Developmental switch in the
polarity of experience-dependent synaptic changes in layer 6 of mouse visual cortex. J
Neurophysiology 106:2499-2505.

48



Puntel M, Kroeger K, Sanderson N, Thomas C, Castro M, Lowenstein P (2010) Gene transfer
into rat brain using adenoviral vectors. Current Protocols in Neuroscience chapter 4:Unit
4.24.

Sehatpour P, Dias E, Butler P, Revheim N, Guilfoyle D, Foxe J, Javitt D (2010) Impaired visual
object processing across an occipital-frontal-hippocampal brain network in
schizophrenia: an integrated neuroimaging study. Arch Gen Psychiatry 67:772-782.

Sengpiel F, Baddeley R, Freeman T, Harrad R, Blakemore C (1996) Different mechanisms
underlie three inhibitory phenomena in cat area 17. Vision Research 38:2067-2080.

Sherman S (2012) Thalamocortical interactions. Current Opinion in Neurobiology 22:1-5.

Sherman S, Guillery R (2002) The role of the thalamus in the flow of information to the cortex.
Philos Trans R Soc Lond B Biol Sci 347:1695-1708.

Tieman S (1985) The anatomy of geniculocortical connections in monocularly deprived cats.
Cell Mol Neurobiol 5:35-45.

Wang L, Fontanini A, Maffei A (2012) Experience-dependent switch in sign and mechanisms for
plasticity in layer 4 of primary visual cortex. J Neuroscience:in press.

Wiser A, Callaway E (1996) Contributions of individual layer 6 pyramidal neurons to local
circuitry in macaque primary visual cortex. J Neuroscience 16:2724-2739.

Yeap S, Kelly S, Reilly R, Thakore J, Foxe J (2009) Visual sensory processing deficits in
patients with bipolar disorder revealed through high-density electrical mapping. J
Psychiatry Neurosci 34:549-564.

Yeap S, Kelly S, Sehatpour P, Magno E, Javitt D, Garavan H, Thakore J, Foxe J (2006) Early
visual sensory deficits as endophenotypes for schizophrenia: high-density electrical
mapping in clinically unaffected first-degree relatives. Arch Gen Psychiatry 63:1180-
1188.

Yu'Y, Bultje R, Wang X, Shi S (2009) Specific synapses develop preferentially among sister
excitatory neurons in the neocortex. Nature 458:501-504.

Zhang F, Gradinaru V, Adamantidis A, Durand R, Airan R, de Lecea L, Deisseroth K (2010)
Optogenetic interrogation of neural circuits: technology for probing mammalian brain
structures. Nature protocols 5:439-456.

49



Chapter I11: Target-specific properties of thalamocortical synapses onto layer 4 of mouse
primary visual cortex

Abstract

In primary sensory cortices, thalamocortical (TC) inputs can directly activate excitatory and
inhibitory neurons in the main input layer (L4). In vivo experiments in the L4 of primary visual
cortex (V1) have shown that excitatory and inhibitory neurons have different tuning properties.
The different functional properties may arise from distinct intrinsic properties of L4 neurons, but
could also depend on cell type-specific properties of the synaptic inputs from the lateral
geniculate nucleus of the thalamus (LGN) onto L4 neurons. While anatomical studies identified
LGN inputs onto both excitatory and inhibitory neurons in L4 of V1, their synaptic properties are
poorly understood.
Here we used an optogenetic approach to selectively activate LGN terminal fields in acute
coronal slices containing V1, and recorded monosynaptic currents from excitatory and inhibitory
neurons in L4. LGN afferents made monosynaptic connections with pyramidal (Pyr) and fast
spiking (FS) neurons. TC-EPSCs onto FS neurons were larger and showed steeper short term
depression to repetitive stimulation than those onto Pyr neurons. LGN inputs onto Pyr and FS
neurons also differed in postsynaptic receptor composition and organization of presynaptic
release sites. Together, our results demonstrate that LGN input onto L4 neurons in mouse V1
have target-specific presynaptic and postsynaptic properties. Distinct mechanisms of activation
of feedforward excitatory and inhibitory neurons in the main input layer of V1 are likely to
endow neurons with different response properties to incoming visual stimuli.
Authors: Michelle Kloc and Arianna Maffei

Author Contributions: M.K. and A.M. designed research; M.K. performed research; M.K. and
A.M. analyzed data; M.K. and A.M. wrote the manuscript.
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Introduction

The responsiveness of cortical circuits to sensory stimuli depends on the dynamics of activation
of different neuron types. Excitatory and inhibitory neurons differ in their tuning to stimulus
features and interocular bias. These differences are particularly marked in layer 4 (L4), the layer
that receives the strongest thalamocortical projection (Cardin et al., 2007; daCosta and Martin,
2011). When compared with pyramidal neurons, inhibitory neurons are generally more broadly
tuned to stimulus orientation (Niell and Stryker, 2008; Kuhlman et al., 2011; Zariwala et al.,
2011; Atallah et al., 2012; Li et al., 2012b; Cottam et al., 2013; Runyan and Sur, 2013), fire at
higher frequencies in response to moving grating stimuli (Zhuang et al, 2013), and show less
interocular bias (Yazaki-Sugiyama et al, 2009; Kameyama et al, 2010). The mechanisms
regulating these differences are incompletely understood. Biophysical properties and firing
patterns of excitatory and inhibitory neurons may partly explain their distinct responsiveness
(Agmon and Connors, 1992; Contreras and Palmer, 2003). In addition, some of these differences
could be shaped by TC inputs, if they showed target-specific properties as in other sensory
cortical circuits.

Recordings in vivo strongly suggest that excitatory and FS neurons are directly activated by
incoming visual inputs (Contreras and Palmer, 2003; Cardin et al., 2007) from retinotopically
aligned neurons in the dorso-lateral geniculate nucleus of the thalamus (dLGN) (Zhuang et al,
2013). Inputs from the dLGN are thought to activate a small number of powerful inputs onto L4
neurons (Freund et al., 1985; Stratford et al., 1996). The presynaptic and postsynaptic properties
of dLGN inputs onto excitatory and inhibitory neurons in L4 of V1 have not been investigated.
Thus it is currently unknown whether the distinct response properties of these neuronal

populations could be due at least in part to target-specific dynamics of activation.
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Here we confirm that LGN afferents make direct synaptic contacts with excitatory pyramidal
(Pyr) and FS neurons in L4 of mouse V1. Consistent with previous studies in S1 (Viaene et al.,
2010) and in the primary auditory cortex (Al; Viaene et al., 2010; Schiff and Reyes, 2012), LGN
inputs onto both Pyr and FS neurons can be classified as type | (or drivers; Sherman, 2007,
2012), as their activation evokes large currents showing short term depression to repetitive
stimulation. LGN inputs onto distinct neuron types differ significantly in the number of
presynaptic release sites, postsynaptic receptor composition, conductance, and number of
postsynaptic channels contributing to the evoked response. Our data suggest that target-specific
mechanisms of activation of LGN inputs contribute to the distinct dynamics of activation of
excitatory and inhibitory neurons evoked by visual stimuli.

Results

Selective activation of thalamocortical afferents in acute V1 slices.

Obtaining a reliable preparation for the detailed study of the synaptic properties of LGN inputs to
V1 has proven difficult due to the complex anatomy of the LGN projection (MacLean et al,
2006), which is why the synaptic properties of TC inputs onto L4 neurons is poorly understood.
To selectively activate LGN inputs we used an optogenetic approach that allowed for stimulation
of LGN terminal fields in V1 (see Chapter I1). After a 10 day incubation period, LGN slices were
prepared to assess the effectiveness of the expression of the ChR2-GFP construct. Whole cell
current clamp recordings confirmed that LGN neurons expressed the construct and could be
driven above action potential threshold using brief light stimuli (LS: 2 ms, 0.3 mW/mm?) even in
the presence of AMPA and NMDA receptor blockers (Fig. 3.1 B). The ability of LGN neurons to
fire action potentials following the frequency of stimulation was assessed experimentally. In the

presence of AMPA and NMDA receptor blockers LGN neuron fired action potentials reliably in
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response to trains of light pulses up to 20Hz (Fig. 3.1 B). This is consistent with the reported
kinetics of activation and deactivation of ChR2 (Zhang et al, 2006). Acute coronal slices
containing V1 were also prepared to visualize and activate LGN terminal fields. To assess
consistency of expression across preparations a fluorescence intensity profile was measured
across laminae and a calibration curve for the intensity of GFP fluorescence was obtained by
averaging 15 slices from 6 animals that received the AAV9-ChR2-GFP injection in the LGN
(Fig. 3.1 C; see also Chapters Il and VII). GFP expression for all preparations were then
compared against a calibration curve and only data recorded from slices whose fluorescence
profile fell within one standard deviation of the mean calibration curve were included in the
analysis. The possible presence of backfilled somata in every layer of VVlwas assessed for each
preparation. No backfilled somata were observed in any layer, confirming that LGN afferents

were the only light sensitive component of V1 in our preparation.
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Figure 3.1. Expression of ChR2-GFP in LGN and V1. A. Left. Representative histology of a
section showing expression of ChR2-GFP at P27 (injection at P15). Green: ChR2-GFP; blue:
DAPI. Scale bar = 1Imm. Right. Enlarged image of the region indicated by the white square in the
image on the left. Scale bar = 40 um. B. Top. Slice of LGN expressing ChR2-GFP and
containing a recorded neuron (indicated by the arrowhead). The somatic expression of the
injected construct (green) is colocalized with the biocytin staining (red), thus the recorded neuron
appears yellow. Scale bar = 40 um. Bottom. Light evoked action potentials in the LGN neuron
shown in the top image. Light stimulus intensity: 0.3 mW/mm?. Trains of light pulses at 5 Hz, 10
Hz and 20 Hz were delivered while the neuron was recorded in the presence of AMPA and
NMDA receptor blockers to ensure that the action potentials depended on the activation of the
light gated protein. C. Left. Expression of ChR2-GFP in the LGN terminal fields in V1. Right.
Calibration curve of GFP intensity across the cortical mantle (see Methods). Green: average GFP

intensity across 15 slices from 6 animals; black traces: = 1 standard deviation from the average
fluorescence calculated across the 15 slices. Scale bar = 100 pum.
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LGN inputs have cell type specific properties in layer 4 of V1.

Anatomical evidence suggests that the LGN directly innervates both pyramidal and inhibitory
neurons in L4 (Freund et al., 1985; Ahmed et al., 1994, 1997; Erisir and Dreusicke, 2005), but
whether LGN inputs onto distinct neuron types differ in their synaptic properties has not been
investigated. To address this, we recorded from pyramidal (Pyr) and two distinct populations of
inhibitory neurons and compared their synaptic responses to activation of LGN terminal fields.
Light activation of LGN axons elicited reliable thalamocortical postsynaptic currents (TC-
EPSCs) in every pyramidal (Pyr; Fig. 3.2 A, D) and fast spiking (FS; Fig. 3.2 B, D) neuron
recorded. In a subset (3 out of 6) of regular spiking non pyramidal neurons (RSNP), a small but
reliable current was also detected (Fig 3.2 C, D). When the latency from stimulus onset of
postsynaptic responses was quantified and compared across cell types, only responses from Pyr
and FS neurons were consistent with monosynaptic inputs, while responses in the RSNP were
not (Fig 3.2 E; Pyr: 1.62 £ 0.05 ms; n = 29; FS: 1.34 £ 0.1 ms; 242 n = 15; RSNP: 7.34 £ 0.2 ms;
n = 6). The three distinct neuron types were often recorded simultaneously using quadruple patch
clamp, thus the differences observed are not due to artifacts of light stimulation or
inconsistencies across preparations. Together, these results support the interpretation that Pyr and
FS neurons receive strong and reliable LGN inputs with delay from stimulus compatible with
monosynaptic connections, while RSNP neurons do not.

Because they receive reliable LGN inputs compatible with the presence of monosynaptic
connections, we focused our analysis on the comparison of synaptic properties and dynamics of
TC responses evoked onto Pyr and FS neurons. TC-EPSCs recorded from Pyr neurons had
significantly slower rise and decay time constants than those recorded from FS neurons (Rise

Time, Pyr: 1.76 £ 0.08 ms; n = 29; FS: 0.9 £ 0.09 ms; n = 15; unpaired t-test: p < 0.001; Decay
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Time Constant, Pyr: 12.1 + 0.9 ms; FS: 6.4 + 0.4 ms; p < 0.001). Stimuli with increasing light
intensity (0.1 - 0.3 mW/mm?) were used to examine the input/output relationship of LGN inputs
onto Pyr and FS neurons. The amplitude of TC-EPSCs onto FS neurons was significantly larger
than those onto Pyr neurons for all stimulus intensities except for the lowest (Fig 3.3 A, B, C; 0.1
mW/mm?, Pyr: 160 + 39.3 pA; FS: 236.4 + 132.7; p = 0.07; 0.15 mW/mm?, Pyr: 217.04 + 42.9
pA; FS:541.9 + 134.8 pA; p<0.02; 0.2 mW/mmz, Pyr: 269.1 + 37.8 pA; FS: 680.1 £ 154.5 pA,
p <0.03;0.3 mW/mm?, Pyr: 328.3 £ 41.9 pA, FS: 1009.56 + 169.2; p < 0.05; Pyr: n = 29; FS: n
= 15). Furthermore, the slope of the input/output curve was steeper for FS than Pyr neurons (Pyr:
0.83 nA/mW; FS: 2.91 nA/mW; p < 0.05). These results suggest that a single incoming stimulus
would likely activate the feedforward inhibitory circuit more effectively than the excitatory
circuit.

We next examined the short term dynamics of TC-EPSCs to assess how trains of stimuli may
engage feedforward excitatory and inhibitory circuits. We chose to use a 10 Hz frequency of
repetitive stimulation, because this frequency is reliably followed by the kinetics of activation
and inactivation of ChR2 (Zhang et al, 2006; Gu et al., 2012; Wang et al., 2013), and is reliably
followed by LGN neurons (see Fig. 3.1 B). In response to trains of 5 light pulses we observed
short term depression of TC-EPSCs of different magnitude depending on the postsynaptic target.
TC- EPSCs onto FS neurons showed a larger initial TC-EPSC followed by much smaller
subsequent events. Pyramidal neurons showed a less dramatic decrease in amplitude of
successive TC- EPSCs (Fig. 3.3 D). These distinct short term dynamics resulted in significantly
different paired pulse ratios (EPSC2 / EPSC1; PPR) and steady state ratios (EPSC5 / EPSC1;
SSR) between neuron types (PPR, Pyr: 0.66 + 0.04; FS: 0.56 + 0.05; p < 0.01; SSR, Pyr: 0.38 £

0.03; FS: 0.25 £ 0.03; p < 0.006; Pyr: n = 29; FS: n = 15). Thus, LGN inputs onto Pyr and FS
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neurons differ in both synaptic strength and short term dynamics.

Before analyzing the specific synaptic mechanisms determining TC-EPSCs cell type-specific
properties, we assessed how repetitive activation of TC terminal fields may affect the ability to
fire action potentials in Pyr and FS neurons. To do that, Pyr and FS neurons were recorded in
current clamp. Pyr and FS neurons showed detectable TC-EPSPs at all stimulus intensities (Fig
3.4 A, B). However, every recorded FS neuron fired at least one action potential at both the
minimum and maximum light intensity (Fig 3.4 C, 14 out of 14). Conversely, 23.8% (Fig 3.4 C,
15 out of 63; Pearson y*: p < 0.02) of Pyr neurons fired an action potential at the lowest light
intensity, and only 44 % (Fig 3.4 C, 28 out of 63; Pearson % p < 0.05) fired at least one action
potential at the highest light intensity. The ratio of action potentials per light stimulus was used
to calculate a spike reliability ratio (SRR). At all stimulus intensities, FS neurons fired
significantly more action potentials per light stimulus than pyramidal neurons (Fig 3.4 D; SRR,
0.1mW/mm?, Pyr: 0.09 + 0.03; FS: 0.62 + 0.16; unpaired t-test: p < 0.03; 0.15 mW/mm?, Pyr:
0.1 £0.03; FS: 1 £ 0.001; p <0.001; 0.2 mW/mm?, Pyr: 0.16 £ 0.04; FS: 1.56 + 0.2; p < 0.001;
0.3 mW/mm? Pyr: 0.3 + 0.05; FS: 1.7 + 0.2; p < 0.001; Pyr: n = 63; FS: n = 14).
The difference in the ability of LGN inputs to drive Pyr and FS neurons above threshold did not
depend on differences in resting input resistance as FS input resistance was lower than that of
Pyr neurons (Ri, Pyr: 192 + 10 MQ; FS: 138 + 8 MQ; unpaired t-test: p < 0.02). We
hypothesized that the ability of Pyr neurons to fire action potentials in response to LGN terminal
field activation may be shunted by feedforward inhibition. Consistent with this, partial blockade
of GABAA receptors with bath application of picrotoxin (10 uM) allowed all recorded Pyr
neurons to fire action potential in response to a single light pulse at 0.1 mW/mm? (Fig 3.4 A,

gray overlay; 10 out of 10 Pyr). These data indicate that TC afferents drive feedforward
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inhibition in V1 more effectively than feedforward excitation, and that feedforward inhibition

acts as a brake on LGN activation of V1 pyramidal neurons.
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Figure 3.2. Monosynaptic inputs from the LGN onto pyramidal and FS neurons. A. Left.
Post hoc reconstruction of a L4 pyramidal neuron (green: ChR2-GFP; red: biocytin - Alexa Fluor
594 as in B and C left panels). Middle. Firing pattern of the Pyr neuron on the left in response to
a 0.2 nA — 1 s square current step. Right. Light evoked TC-EPSCs recorded from the neuron
shown on the left panel (light pulse: 2 ms, 0.3 mW/mm?, same for right panels in B and C and
for panel D). Gray: single traces; black: average of 30 traces. B. Left. FS neuron recorded in L4
of V1. Middle. Firing pattern of the FS neuron on the left in response to 0.3 nA — 1 s square
current step. Right. Light evoked TC-EPSC recorded from the FS neuron on the left. Gray: single
traces; black: average of 30 traces. C. A. Left: post hoc reconstruction of a RSNP neuron
recorded in L4. Middle. Firing pattern of the L4 RSNP shown on the left in response to a 0.2 nA
current pulse. Right. TC-EPSC evoked by a brief light pulse and recorded from the RSNP neuron
on the left. Gray: single traces; black: average of 30 traces. D. Time course of light evoked TC-
EPSCs for neurons shown in A (black), B (gray), and C (white) indicating that responses were
stable over time. E. Average TC-EPSC latency from stimulus onset for Pyr, FS, and RSNP
neurons. Data are presented as mean + SE. Asterisks indicate significant differences.
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Figure 3.3. Distinct input/output curves and short term dynamics of TC-EPSCs onto FS
and Pyr neurons. A. Sample TC-EPSCs recorded from L4 Pyr neurons, in response to a train of
5 light pulses at 10 Hz. Light pulses, intensity: 0.3 mW/mm?. B. Sample TC-EPSCs recorded
from L4 FS neurons in response to a train of 5 light pulses at 10 Hz. Light pulses intensity: 0.3
mW/mm?. C. Input/ output curves for L4 Pyr (black) and FS (gray). D. Normalized amplitude of
TC-EPSC in the train for Pyr (black) and FS (gray) neurons. Data are presented as mean + SE.
Asterisks indicate significant differences.
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Figure 3.4. Feedforward inhibition prevents Pyr neurons from firing action potentials. A.
Top. TC-EPSPs recorded from a Pyr neuron in current clamp (light pulses intensity: 0.1
mW/mmz) in the absence (black) and in the presence of picrotoxin (10 uM; gray). Bottom. TC-
EPSPs recorded from a Pyr neuron in response to light pulses with the highest stimulus intensity
(0.3 mW/mm?). B. Top. TC-EPSPs recorded from a FS neuron in current clamp at the lowest
stimulus intensity (0.1 mW/mm?). Bottom. TC-EPSPs from a FS neuron evoked using the
highest stimulus intensity (0.3 mW/mm?). C. Percentage of Pyr (black) and FS (gray) neurons
that fired at least one action potential in response to light stimuli at the minimum (0.1 mW/mm?)
and maximum (0.3 mW/mm?) light intensity. D. Spike reliability ratio, defined as the number of
action potentials / light pulse, quantified for Pyr (black) and FS (gray) neurons as a function of
the stimulus intensity. Data are presented as mean + SE. Asterisks indicate significance.
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Cell type specific postsynaptic differences of TC-EPSCs in V1.

Our findings so far suggest that LGN inputs onto Pyr and FS neurons in L4 of V1 show
differences in kinetics, strength and short term dynamics. The differences in decay kinetics and
average amplitude suggest that these inputs may be driving different receptor types on Pyr and
FS neurons. To assess the contribution of different glutamatergic receptors to the TC-EPSC
recorded from Pyr and FS neurons, we sequentially and additively applied blockers for AMPA
and NMDA receptors (20 uM DNQX and 50 uM APV). For these experiments the TC terminal
fields were stimulated using minimal light intensity to limit the contribution of the recurrent
circuit to the evoked response. Neurons were recorded at -70 mV to isolate the component of the
TC-EPSC driven by AMPA receptors (AMPAR) and at +40 mV to isolate the NMDA receptor
(NMDAR) component. After acquisition of a 10 minute baseline in regular ACSF, 20 uM
DNQX was bath applied for 10 - 15 minutes. After that, a mix of 20 uM DNQX and 50 uM APV
was perfused. The AMPAR and NMDAR mediated currents were then isolated and analyzed
following offline subtraction (Fig 3.5 A, B). TC-EPSCs onto Pyr neurons comprised both an
NMDAR and an AMPAR mediated component (Fig 3.5 C; NMDAR-mediated: 54.9 + 10.3 pA,;
AMPAR-mediated: 244.2 + 45.7 pA; n = 10). The NMDAR component accounted for about one
third of the TC-EPSC (Fig. 3.5 D; NMDA / AMPA: 0.27 = 0.06, n = 10). The AMPAR —
mediated current showed no rectification at +40 mV suggesting that TC-EPSCs onto L4 Pyr
neurons contain the AMPAR subunit GIuA2 (Boulter et al., 1990; Verdoorn et al., 1991; Jonas
and Burnashev, 1995). Differently, bath application of 20 uM DNQX completely blocked the
TC-EPSC onto FS neurons, indicating that NMDAR did not contribute to the TC-EPSCs onto FS
(Fig 3.5 C, AMPAR: 554.6 £ 90.7 pA, n =5). No AMPAR and NMDAR-dependent components

were detected at +40 mV, indicating that TC-EPSCs onto FS are mediated by Ca**-permeable

61



GluA2-lacking AMPAR (Bowie and Mayer, 1995; Geiger et al., 1995), and lack NMDAR (Fig.
3.5 D; the NMDA / AMPA ratio for FS neurons was equal to 0). All FS neurons were recorded
simultaneously with Pyr neurons, thus the differences observed cannot be ascribed to possible
inconsistencies in the experimental preparation.

We further analyzed TC-EPSCs to identify possible additional mechanisms contributing to the
differences in the AMPAR — mediated component of TC-EPSCs onto Pyr and FS neurons. We
used peak-scaled non-stationary noise analysis of TC-EPSCs recorded at -70 mV in the presence
of 50 uM APV and evoked by minimal light intensity (0.1 mW/mm?) to assess possible
differences in single channel current and number of open channels contributing to the AMPA
current of the TC-EPSC (Sigworth, 1980; Traynelis and Jaramillo, 1998; Hartveit and Veruki,
2007). The peaks of 10 evoked TC-EPSCs were scaled to the average peak amplitude (Fig 3.6 A,
B), and the variance (6?) during the decay phase was measured and plotted against the average
amplitude (Fig. 3.6 C, D). The plots were fitted with a parabolic curve (Fig. 3.6 C, D; equation
inset), and values for unitary current (i,) and number of open channels (N,) were estimated from
the equation. This analysis showed that TC-EPSCs onto Pyr neurons were mediated by a large
number of open channels passing a small unitary current (Fig 3.6 E; Pyr, No: 101.9 £ 21.9; iy:
4.01 £ 1.48 pA; n = 11); differently, TC-EPSCs onto FS neurons were mediated by a small
number of open channels with large unitary current (Fig 3.6 E; FS, No: 22.7 + 3.6; iy: 26.2 £ 6.1
pA; n = 6). Statistical comparisons of number of open channels and unitary currents between cell
types indicated significant differences (unpaired t-test, No: p < 0.02; i,: p < 0.02). Taken together
these data demonstrate that differences in receptor composition, number of open channels and
single channel conductance explain part of the cell type-specific properties of TC- EPSCs in L4

of V1.
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Figure 3.5. Different postsynaptic receptor contributions to TC-EPSCs onto Pyr and FS
neurons. A. TC-EPSCs (light intensity: 0.1 mW/mm?) recorded at -70 mV and +40 mV to
isolate baseline (left), AMPAR - mediated (middle), and NMDAR-mediated (right) currents onto
a Pyr neuron. B. TC-EPSCs (light intensity: 0.1 mW/mm?) recorded at -70 mV and +40 mV to
isolate baseline (left), AMPAR - mediated (middle), and NMDAR - mediated (right) currents
onto a FS neuron. C. Average amplitude of NMDAR - and AMPAR - mediated currents from
Pyr (black) and FS (gray) neurons. Data are presented as mean + SE. D. NMDA / AMPA current
ratio for Pyr (black) and FS (gray) neurons. Circles show individual ratios; the black bar shows
mean = SE. Asterisks indicate significant differences.
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LGN synapses onto Pyr and FS neurons. A. Raw traces of TC-EPSCs recorded from one Pyr
neuron (black) overlayed by their average TC-EPSC (red). The left panel shows an example of
variation around the mean amplitude; while the right panel shows the peak-scaled variation
around the mean (right). Vertical lines in the right panel indicate the region of the decay phase
where the variance was measured. Light intensity: 0.1 mW/mm?. B. Raw traces of TC-EPSCs
recorded from one FS neuron (black) overlayed by their average TC-EPSC (red). The left panel
shows an example of variation around the mean amplitude; while the right panel shows the peak
scaled variation around the mean (right). Vertical lines in the right panel indicate the region of
the decay phase where the variance was measured. Light intensity: 0.1 mW/mm?. C. Peak-scaled
decay phase variance (bin size: 2 ms) plotted against the mean Pyr (left panel, black dots) and FS
neurons (right panel, gray dots), and fitted with a parabolic curve (red). The curve equation is
shown above the graphs. The fit was used to estimate values for unitary current (i,) and number
of open channels (N,). E. Bar graph comparing iu and No for Pyr (black) and FS (gray) neurons.
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Cell type-specific presynaptic properties of LGN inputs in L4 of V1.

TC-EPSCs in L4 of V1 show cell type-specific short term depression. This suggests that
presynaptic mechanisms may also contribute to differentiate these inputs (O’Donovan and
Rinzel, 1997; Stevens and Wesseling, 1998). To compare presynaptic properties we recorded
TC-EPSCs onto Pyr and FS neurons in the presence of strontium chloride (SrCl,, 10 mM). SrCl,
desynchronizes release sites (Goda and Stevens, 1994; Bartley et al., 2008) and can be used to
assess the number of release sites of a specific synapse (Gil et al., 1999; Daw et al., 2009; Hull et
al., 2009). Following bath application of SrCl, there was a significant reduction of TC-EPSCs
amplitude onto both Pyr and FS neurons (Fig 3.7 A, B, C; Pyr, baseline: 408.5 £ 62.2 pA; SrCl,:
332.2 £ 47.7 pA; FS, baseline: 675.8 £ 102.9 pA, SrCl,: 505.03 £ 89.05 pA,; unpaired t-test: p <
0.04; Pyr: n = 17; FS: n = 6). The magnitude of the decrease was significantly larger for TC-
EPSCs onto FS than Pyr neurons (One way ANOVA: p < 0.03). SrCl, application did not affect
response latency (Pyr, baseline: 2.54 + 0.09 ms; SrCl,: 2.65 + 0.09 ms; unpaired t-test: p = 0.5;
FS, baseline: 1.93 £ 0.17 ms; SrCl,: 2.16 £ 0.07 ms; p = 0.12), or rise time (Pyr, baseline: 1.9 +
0.12 ms; SrCl,: 2.1 £0.15 ms; p = 0.2; FS, baseline: 0.96 £ 0.16 ms; SrCl,: 1.03 + 0.17; unpaired
t-test: p = 0.23). Application of SrCl, also led to prolonged TC-EPSCs with multiple events
becoming detectable during the decay phase. When the distribution of the number of events on
the tail of TC-EPSCs was quantified and compared between Pyr and FS neurons we observed
that a significantly larger number of events was detectable in FS (Fig 3.7 D). The larger
amplitude decrease and number of events following SrCl, strongly suggest that TC-EPSCs onto
FS neurons depend on the activation of a larger number of release sites compared to those
activated onto Pyr neurons.

In order to further understand the presynaptic mechanisms that differentiate LGN inputs onto L4
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Pyr and FS neurons we compared the coefficient of variation (CV) of TC-EPSCs before and after
bath application of SrCl,. The baseline CV of TC-EPSCs onto both Pyr and FS neurons was
already quite low suggesting that LGN inputs on both neuron types have a high release
probability. However, the CV of TC-EPSCs onto FS neurons was significantly lower than that
onto Pyr neurons (Fig 3.7 E; baseline CV, Pyr: 0.12 £ 0.01; FS: 0.07 £ 0.01; unpaired t-test: p <
0.006; Pyr: n = 17; FS: n = 6). This indicates that LGN inputs onto FS neurons likely have a
higher release probability than those onto Pyr neurons in response to a single stimulus. After
SrCl;, application, the CV of TC-EPSCs onto Pyr neurons decreased significantly (Fig 3.7 E;
SrCl,, Pyr: 0.07 £ 0.01; paired t-test against baseline CV: p < 0.01), suggesting that TC-EPSCs
onto Pyr neurons are mediated by the activation of a small number of inputs composed of few,
highly reliable release sites (Freund et al., 1985; Stratford et al., 1996). Although the amplitude
of TC-ESPCs onto FS neurons was significantly reduced by SrCl,, their CV remained unaltered
(Fig 3.7 E; SrCly, FS: 0.067 + 0.005), suggesting that this input is mediated by clusters of highly
reliable release sites (Bagnall et al., 2011).

Quantal analysis of TC-EPSCs before and after SrCl, application was performed to further
determine what mechanisms could account for the decrease in amplitude observed in TC-EPSCs
onto FS neurons: release probability (p), quantal size (g), or number of release sites (n; Sola, et al
2004). As shown in figure 3.7 F, all of the data points for TC-EPSCs onto FS neurons fell on or
close to the unity line, suggesting that SrCl, affected mostly the number of release sites at the
LGN-FS synapse. As for Pyr neurons the single data points were more scattered, although their
average value was also positioned on the unity line. This suggests that SrCl, at the LGN-Pyr
neuron synapse affects the number of release sites simultaneously activated by the light stimulus,

but that additional effects of SrCl, on release probability may also be involved.
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Spearman rank order correlation analysis was used to determine whether the magnitude of the
effect of SrCl, was correlated with the baseline amplitude of TC-EPSCs. Pyr neurons showed no
significant correlation (Rs: 0.39, p = 0.11), consistent with the small or no effect of SrCl, on the
amplitude of TC-EPSC on most (14 out of 17) Pyr neurons recorded (Fig 3.7 G, Rs: 0.15; n =
17). Differently, FS neurons showed a significant correlation between the initial TC-EPSC
amplitude and the magnitude of the effect of SrCl, (Fig 3.7 H; Rs: 0.83; p < 0.05; n = 6). These
results support the interpretation that the amplitude of the TC-EPSC onto FS depends on the
number of release sites located at the LGN terminals onto FS synapse. All FS neurons were
recorded simultaneously with pyramidal neurons and only the lowest stimulus intensity was used
for these experiments (0.1 mW/mm?) to minimize the contribution of recurrent intracortical
circuits. Our results indicate that LGN inputs onto pyramidal and FS neurons rely on target-
specific presynaptic and postsynaptic mechanisms. Thus, differences in LGN activation of Pyr

and FS neurons may account at least in part for their distinct functional properties.
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Figure 3.7. Physiological evidence for target-specific presynaptic properties at LGN-V1
inputs. A. Left. Average TC-EPSC recorded from one Pyr neuron before (baseline; black)
application of SrCl,. Right. Single evoked TC-EPSC recorded from the same Pyr neuron in the
presence of 10 mM SrCl,/ 0 mM CaCl, (gray). Light stimulus, 0.1 mW/mm?. B. Left. Average
TC-EPSC (black) recorded from one FS neuron before perfusion of SrCI2. Right. Single evoked
TC-EPSC recorded from the same FS neuron in the presence of 10 mM SrCl,/ 0 mM CacCl,
(gray). Light stimulus, 0.1 mW/mm?. C. Effect of strontium on the amplitude of TC-EPSCs for
Pyr (left; dark gray) and FS (right; light gray) neurons, the average effect for both neuron types is
shown in black in both plots. The dark gray and light gray markers indicate single recordings for
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Pyr and FS neurons respectively. D. Distribution of the number of events in the 200 ms time
window following the onset of the stimulus (the first evoked TC-EPSC is excluded from the
count). Black: Pyr; gray: FS. Bin size, 1 event. E. Coefficient of variation (CV) of the amplitude
of the first evoked TC-EPSC before (Filled bars) and after (open bars) application of SrCl,/ 0
mM CaCl, for Pyr (black) and FS (gray) neurons. Data are presented as mean = SE. Asterisks
indicate significant difference. F. Graphic representation of quantal analysis of TC-EPSC
amplitudes. Black open circles: data from each Pyr neuron, black filled circle: Pyr average. Gray
open squares: data from each FS neuron; filled gray square: FS average. CV pre: baseline CV;
CV post: CV after SrCl,/ 0 mM CaCl,; M pre: mean baseline TC-EPSC amplitude; M post: mean
TC-EPSC after SrCl,/ 0 mM CaCly,; n: number of release sites; p: release probability; g: quantal
size; solid line: unity line. Average data are presented as mean = SE. G. Spearman rank order
correlation of baseline TC-EPSC amplitude onto Pyr neuron versus the change in TC-EPSC
amplitude in SrCl,/ 0 mM CaCl,. H. Spearman rank order correlation of the baseline TC-EPSC
amplitude onto FS neurons versus the change in TC-EPSC amplitude in SrCl,/ 0 mM CacCl,. For
G and H, Rs: Spearman coefficients; p values < 0.05 indicate significant correlations.
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Discussion

We have analyzed the properties of LGN synapses onto Pyr and FS neurons in L4 in V1. LGN
inputs onto Pyr and FS neurons presented some similarities — they were powerful, reliable, and
showed short term depression in response to repetitive stimulation — but relied on distinct
presynaptic and postsynaptic mechanisms. A larger proportion of FS neurons reliably fired
action potentials at all stimulation intensities, indicating that single incoming stimuli likely
activate feedforward inhibitory circuitry more effectively than excitatory circuits. This is
consistent with previous findings showing that in vivo putative inhibitory neurons show higher
activity evoked by visual stimuli than excitatory neurons (Zhuang et al, 2013). TC-EPSCs onto
FS neurons were larger and depressed more in response to repetitive stimulation than TC-EPSC
onto Pyr neurons suggesting that stimuli containing trains of spikes could successfully overcome
feedforward inhibition and drive excitatory neurons.

TC-EPSC onto Pyr and FS neurons showed target-specific pre- and postsynaptic properties.
LGN synapses onto Pyr neurons activated both NMDAR and AMPAR. The AMPAR — mediated
current had similar amplitude at positive and negative potentials, indicating a contribution of
calcium impermeable AMPAR (Boulter et al., 1990; Verdoon et al., 1991; Jonas and Burnashev,
1995). The NMDAR — mediated current was large at -70 mV, suggesting that these receptors
contain Mg?* insensitive subunits and contribute to evoked responses at resting membrane
potential (Fleidervish et al., 1998; Binshtok et al., 2006). LGN synapses onto FS lacked a
NMDAR - mediated currents and contained inwardly rectifying AMPAR - mediated currents,
indicating that these receptors lack the GIuA2 subunit, and are likely calcium permeable (Bowie
and Mayer, 1995; Geiger et al., 1995). Peak-scaled non-stationary noise analysis of the AMPAR

mediated current showed that TC-EPSCs onto Pyr neurons resulted from the activation of many
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open channels with small unitary current, consistent with the presence of GIuA2 containing
AMPA receptors (Swanson et al., 1997). Differently, TC-EPSCs onto FS neurons depend on a
small number of open channels with large unitary current, consistent with the presence of
GluA2-lacking AMPARs (Hestrin et al., 1993).

The differences in short term dynamics and the effects of strontium chloride on TC-EPSCs
indicate that LGN inputs have target specific presynaptic properties, too. Strontium chloride
induced small, although significant, changes in the amplitude of TC-EPSCs onto Pyr neurons.
Few quantal events were detected after the first evoked response, suggesting that LGN synapses
onto Pyr neurons contain a small number of powerful release sites. This is consistent with the
shallow slope of the input/output curve for TC-EPSCs onto Pyr neurons, their low coefficient of
variation, and with previous reports that single LGN axons make a small number of synaptic
contacts with L4 excitatory neurons in V1 (Freund et al., 1985; Peters and Payne, 1993; Da
Costa and Martin, 2009). The amplitude of TC-EPSCs onto FS neurons was reduced by one third
to one half by strontium chloride. Up to 20 quantal events could be detected in the window
following the onset of the light stimulus. The magnitude of the effect of strontium strongly
correlated with baseline TC-EPSC amplitude, suggesting that at LGN-FS synapses the larger the
TC-EPSC, the higher the number of release sites activated by a stimulus. Combined with lack of
changes in CV following strontium chloride, these results suggest that LGN-FS synapses contain
clusters of release sites that account for one third to one half of the amplitude of a TC-EPSC
(Bagnall et al., 2011). This interpretation fits well with the observation that the input/output
curve of TC-EPSCs onto FS neurons has a steeper slope than that for Pyr neurons.

Our results demonstrate that LGN afferents engage target-specific pre- and postsynaptic

mechanisms to activate feedforward excitatory and inhibitory circuits in L4 of V1. LGN inputs
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in principle carry the same information. Target specific synaptic properties may contribute at
least in part to explain why Pyr and FS neurons present distinct responsiveness to incoming
stimuli (Bruno and Simons, 2002; Contreras and Palmer, 2003; Swadlow, 2003; Alonso and
Swadlow, 2005; Cardin et al., 2007). FS neurons have lower input resistance and higher spike
threshold than Pyr neurons, but the large amplitude of TC-EPSCs they receive is quite effective
at driving them above threshold. This is likely due to the organization of LGN inputs on FS
neurons, which, according to our analysis, is consistent with the presence of clusters of release
sites (Bagnall et al., 2011) with high release probability that activate few postsynaptic channels
with large conductance. It is also consistent with the finding that FS neurons receive powerful
direct inputs from retinotopically aligned LGN neurons (Zhuang et al, 2013). The powerful short
term depression, fast rise and decay kinetics and lack of NMDAR at LGN-FS synapses is likely
contributing to evoking fast and precisely timed responses to visual stimuli. These properties
likely narrow the temporal window of activation of these neurons (Jonas et al., 2004). In our
experiments FS neurons were driven above threshold even by relatively weak light pulses. The
large evoked TC-EPSCs are consistent with previous reports that inhibitory neurons directly
driven by the LGN respond more strongly than excitatory neurons to visual stimuli (Zhuang et al,
2013). Differently, LGN-Pyr neuron synapses rely on few powerful release sites which activate a
large number of channels with small conductance. The moderate short term depression of these
inputs, the presence of NMDAR on postsynaptic terminals, and the control of feedforward
inhibition on their ability to fire action potentials may explain favoring Pyr neurons narrower
tuning to visual stimuli. The target specific properties of TC inputs onto FS and Pyr neurons may
provide a synaptic mechanism to explain the broader tuning of FS neurons for stimulus

orientation, direction, and spatial and temporal frequency of visual stimuli observed in vivo
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(Zhuang et al, 2013).

Co-activation of feedforward excitatory and inhibitory neurons by TC afferents is thought to be
critical for regulating precision of cortical neurons activation and cortical excitability. The
properties of LGN-FS neuron inputs suggest that this feedforward inhibitory circuit provide a
“window of excitability” (Swadlow, 2003) that ensures temporal precision of the transformation
of synaptic inputs into neuronal firing rates (Wehr and Zador, 2003; Gabernet et al., 2005; Priebe
and Ferster, 2005). The high spike reliability ratio of FS neurons in response to LGN terminal
field activation supports the interpretation that LGN inputs successfully drive pyramidal neurons
above threshold in a narrow window preceding the arrival of the inhibitory signal from FS
neurons.

LGN-FS neuron synapses may also regulate circuit excitability by preventing runaway excitation
(Swadlow, 2003; Sun et al., 2006). Indeed, blockade of inhibition increased the ability of L4 Pyr
neurons to fire action potentials. Finally, the activation of synapses containing NMDAR versus
Ca”" permeable AMPAR provide a differential mode of regulation of intracellular calcium
dynamics (Geiger et al., 1995; Dingledine et al., 1999), which can drive distinct signaling
mechanisms for synaptic plasticity (Isaac et al., 2007; Gainey et al., 2009). As a conseguence,
the different mechanisms of activation of LGN inputs onto Pyr and FS neurons may provide a
substrate for connection-specific plasticity in L4 of V1.

When our results are compared with findings from other sensory areas, it becomes evident that
LGN inputs onto L4 of V1 present some similarities, but also significant differences. In S1 and
Al, TC inputs onto excitatory neurons activate AMPAR and NMDAR on postsynaptic terminals
(Rose and Metherate, 2005; Hull et al., 2009; Schiff and Reyes, 2012). The AMPAR mediated

components onto excitatory neurons has similar properties to those we report in V1. In S1 and
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V1 the NMDAR - mediated component of the TC-EPSC can be detected at negative potentials,
that these TC inputs activate NMDAR with low sensitivity to Mg?* block (Fleidervish et al.,
1998; Binshtok et al., 2006; Hull et al., 2009).

Similar to S1 and A1, stimulation of LGN inputs onto FS neurons evokes TC-EPSCs that have
larger amplitudes than those onto excitatory neurons (Hull et al., 2009; Cruikshank et al., 2010;
Schiff and Reyes, 2012). TC inputs onto FS neurons are mediated by GIuRA2-lacking AMPA
receptors in both S1 and V1. No NMDAR-mediated current contributed to TC-EPSCs onto FS
neurons in V1; whereas in S1 and A1 TC-EPSCs onto FS neurons contain NMDAR-mediated
currents albeit smaller than those recorded from excitatory neurons (Hull et al., 2009). The data
from V1 are consistent with observations in the prefrontal cortex, where TC-EPSCs onto 78% of
FS neurons were mediated by GluA2-lacking AMPAR, and lacked NMDAR-mediated currents
(Wang and Gao, 2010). Differences in short term depression were observed at TC inputs onto
excitatory neurons and FS neurons in S1 (Beierlein et al., 2003; Cruikshank et al., 2010; Viaene
et al., 2011; but see Hull et al., 2009), Al (Lee and Sherman, 2008; Shiff and Reyes, 2012), and
V1 (present study), suggesting that distinct short term dynamics are a general property of TC
circuits, although the mechanisms engaged may differ across areas (Hull et al., 2009).

The organization of TC inputs also shows similarities and significant differences across sensory
cortices. Our results suggest that LGN inputs onto L4 of V1 are mediated by few powerful
release sites, or clusters of release sites in the case of FS neurons, consistent with anatomical
studies (Stratford et al, 1996; Ahmed et al., 1997; Erisir and Dreusicke, 2005; Freund et al.,
1985). TC inputs are outnumbered by intracortical inputs (Peters and Payne, 1993; Ahmed et al,
1994, 1997; Da Costa and Martin, 2009); however feedforward stimuli are effectively

propagated in cortical circuits. It was proposed that amplification of signals by intracortical
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synapses may be necessary to propagate incoming activity in V1 and Al (Da Costa and Martin,
2011; Shiff and Reyes, 2012; Li et al, 2013; Lee, 2013). This presents significant differences
with models of S1 activation. In S1, TC inputs onto excitatory neurons have similar quantal size
to intracortical inputs (Gil et al, 1999; Schoonover et al, 2014). S1 activation by TC afferents is
thought to depend on synchronous activation of numerous weak synapses (Bruno and Sakmann,
2006) with 3 times the number of release sites of intracortical synapses and a higher release
probability (Schoonover et al., 2014; Hull et al., 2009). The similarities reported across sensory
cortices likely underlie a set of general principles of TC circuit organization. The differences
suggest that region specific properties of TC inputs may depend on the specific demands of
distinct sensory modalities.
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Chapter IV: Local corticothalamic feedback via presynaptic GABA, receptors on
thalamocortical terminals in rat V1

Abstract
Thalamocortical inputs directly activate both excitatory and inhibitory neurons in L4 of V1, and
fast inhibitory GABAergic transmission plays a fundamental role in neural circuit function.
GABAergic inhibition is complex, and acts at a variety of loci in neocortical circuits. Current
thinking is that phasic or tonic fast GABAergic inhibition modulates neocortical activity via
GABAA receptors exclusively located on postsynaptic neurons. While evidence for presynaptic
GABAA receptors modulation of the efficacy of glutamatergic transmission has been shown in
the hippocampus, it is currently unknown whether similar mechanisms may be operating in other
circuits. Here we demonstrate that in rat primary visual cortex, a4-containing GABAA receptors
are located at thalamocortical terminals and selectively modulate thalamocortical inputs. Our
data provide a novel mechanism for local corticothalamic feedback, and suggest a possible new
target through which inhibition may shape cortical excitability, processing, and development.
Authors: Lang Wang, Michelle Kloc, Alev Erisir, Arianna Maffei.
Author Contributions: LW., M.K., A.M. and A.E. designed experiments; L.W., M.K., and
A.E. performed experiments, L. W., M.K., A.M. and A.E. analyzed data; L.W., M.K., and A.M.

wrote the manuscript.
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Introduction

GABA is the major inhibitory neurotransmitter in the central nervous system. Its inhibitory
action can be exerted slowly via activation of metabotropic GABAg receptors (Kerr and Ong,
1995), or via tonic activation of extrasynaptic GABAA receptors (Cope et al., 2005; Kullman et
al., 2005); or rapidly via activation of GABA, receptors. In neocortical circuits the general
assumption is that phasic and tonic GABA regulates circuit excitability by acting on GABAA
receptors located on postsynaptic neurons. However, GABAAa receptors may also be located
presynaptically. In the hippocampus, cerebellum, brainstem and spinal cord GABAA receptors
can be found at presynaptic glutamatergic terminals (Eccles, 1963; Pouzat and Marty, 1999;
Kullman et al., 2005; Ruiz et al., 2010). They are involved in modulating both presynaptic
release, and capacity for plasticity of excitatory inputs (Ruiz et al., 2010; Kim et al., 2011; Ruiz
and Kullman, 2013). Differently, in neocortex GABA modulation of presynaptic release has
been ascribed solely to the activation of GABAg receptors (Porter and Nieves, 2004). Whether or
not GABAAa receptors may also be present presynaptically at glutamatergic synapses in
neocortex has not been studied. The presence of presynaptic GABAA receptors would have
important implications not only for GABA regulation of excitability of glutamatergic synapses,
but also synaptic plasticity and development. Here we tested the possibility that presynaptic
GABAA receptors may be present in neocortical circuits, and may play an important role in
regulating how cortical circuits are activated by incoming inputs. For this study, we focus on
both thalamocortical (TC) and recurrent intracortical synapses (rIC) in layer 4 (L4) of rat primary
visual cortex (V1).

Layer 4 (L4) of V1 receives the largest TC projection from the lateral geniculate nucleus (LGN)

of the thalamus. TC input to V1 drives the activity of L4 through a powerful input (Sherman
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2012; Stratford et al., 1996; Wang et al., 2013), which is then amplified throughout rIC circuits
in L4 (Li et al, 2013; Lee, 2013). Both TC and rIC synapses are critically important for
information processing in V1, and GABAA modulation of presynaptic terminals could have
profound effects on how either or both circuits are activated. Presynaptic GABAa modulation of
TC excitability could be important for receptive field formation, experience dependent plasticity,
and the relay of visual information. Furthermore, presynaptic GABAA, receptors on TC terminals
could provide a mechanism of cortical feedback on TC input.

We used optogenetic, physiological, immunohistochemical and electron microscopy approaches
to determine the site and effect of GABAA receptor activation in L4 in an acute slice preparation
of V1. We found that GABAA receptors are located presynaptically on a subset of glutamatergic
synapses in V1, the TC synapses innervating L4 neurons. We found that these GABAA receptors
are diazepam insensitive, suggesting that they contain the 04 and/ or a6 subunits. We also
provide evidence to show that presynaptic GABAA receptors cluster on TC terminals with the
scaffolding protein gephyrin, and that they contain the a4 subunit. We found no evidence for
presynaptic GABAAa receptors at glutamatergic rIC synapses in L4, suggesting that this
phenomenon is limited to the TC terminals. This could have important implications not only for
circuit function, but also for the field of study. Many conclusions of neocortical development,
plasticity, and function have been derived from studies that pharmacologically alter inhibition.
The presence of presynaptic, diazepam insensitive, GABAa receptors would require a
reevaluation of current models of inhibition in neocortical circuit function.

Results

To selectively activate TC inputs onto layer 4 (L4) neurons in V1 we used an optogenetic

approach (Wang et al, 2013). Whole cell patch clamp recordings were obtained from visually

83



identified pyramidal (Pyr) and fast spiking inhibitory (FS) neurons in L4, and monosynaptic TC
excitatory postsynaptic currents (TC-EPSC) were evoked using trains of 5 light pulses (1 ms) at
10Hz. After acquiring a 10 min stable baseline, the GABAA receptor agonist muscimol (Mus; 1
mM) was bath applied and its effect on the holding potential of the recorded neurons as well as
on amplitude and short term dynamics of TC-EPSCs onto Pyr and FS was assessed. Muscimol
acts by binding to the GABA binding site, thus mimicking the presence of GABA. Consistent
with previous findings on tonic activation of GABAA receptors in cortical neurons, bath
application of muscimol significantly increased the holding current (IHold) of both Pyr and FS
neurons (Fig. 4.1 C-H; IHold Pyr: baseline: 2.2 + 3.7 pA; Mus: -87.0 £ 9.7 pA; n = 52; p <
0.0001; FS: n = 12; p < 0.0001; IHold FS baseline: -31.5 + 9.0 pA; Mus: -143.0 £ 16.0 pA; n =
12; paired t-test: p < 0.0001). The increase in holding currents is evidence in favor of the tonic
activation of extrasynaptic GABAAa receptors on the postsynaptic neuron. Activation of
extrasynaptic receptors has been shown to alter IHold, but leave evoked EPSCs unaffected.

In L4 of V1, however, bath application of muscimol significantly decreased the amplitude of
evoked TC-EPSCs onto both pyramidal and FS neurons (Fig 4.1 B, G; Pyr baseline: 191.7 + 18.7
pA; Mus: 86.0 £ 10.0 pA; n = 52; paired t-test: p < 0.0001; FS baseline: 335.4 + 68.6 pA,
muscimol: 196.1 + 54.6 pA; n = 12; paired t-test: p < 0.001). In a subset of recorded neurons we
tested the effect of muscimol on paired pulse ratio (PPR) using 2 - 1ms pulses delivered at 10
Hz, and observed a significant increase in this parameter for TC-EPSCs onto both Pyr and FS
(PPR Pyr, baseline: 0.52 + 0.03; Mus: 0.59 + 0.03; n = 49; p < 0.001; FS baseline: 0.42 + 0.03;
Mus: 0.49 £ 0.04; n = 12; paired t-test: p < 0.01). These results support a presynaptic locus for
TC-EPSC modulation by muscimol. In a different subset of recordings we also assessed the

effect of muscimol on short term depression using 5 - 1 ms long light pulses delivered at 10 Hz,
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and detected significant changes in TC-EPSC short term depression onto both neuron types
(Steady state ratio (SSR), Pyr, baseline: 0.2 + 0.02; Mus: 0.27 + 0.02; p < 0.0001; FS; FS
baseline: 0.15 + 0.02; Mus: 0.21 + 0.03; n = 12; paired t-test: p < 0.01). These two sets of data
strongly suggest that muscimol was interfering with synaptic transmission at TC afferents.

Bath application of 20 uM picrotoxin (Ptx), which acts by occluding the pore of the GABAA
receptor chloride channel, prior to muscimol application blocked the effect of muscimol on
IHold (Pyr IHold baseline: 13.0 £ 10.4 pA,; picrotoxin: 23.5 + 10.7 pA; picrotoxin and muscimol:
10.0 £ 11.9 pA; n = 15; One Way ANOVA: p = 0.8; FS IHold baseline: 5.3 + 10.1 pA;
picrotoxin: 2.4 + 11.0 pA; picrotoxin and muscimol: -0.3 £ 12 pA; n = 7; One Way ANOVA: p =
0.9) and on TC-EPSC amplitude (Pyr baseline: 178.2 + 30.4 pA; picrotoxin: 164.9 = 26.5 pA,
picrotoxin and muscimol: 156.4 + 25.6; n = 15; One Way ANOVA: p = 0.8; FS TC-EPSC
baseline: 155.42 + 42.0 pA; picrotoxin: 152.4 + 43.3 pA; picrotoxin and muscimol: 135.3 + 38.8
pA; n = 7; One Way ANOVA: p = 0.9) and dynamics for both Pyr and FS neurons. These data
support the interpretation that muscimol activation of GABAAa receptors mediates both changes
in TC-EPSC amplitude and IHold.

Diazepam is a benzodiazepine that enhances GABA 4 receptor signaling by binding to regulatory
sites on specific subunits, namely al, a3, and a5. Bath application of diazepam (DZ, 10 uM),
which acts on GABAA receptors predominantly located on postsynaptic terminals, did not alter
IHold (Pyr IHold baseline: -1.6 + 4.2 pA; diazepam: -4.1 + 4.5 pA; n = 45; paired t-test: p = 0.1;
FS IHold baseline: -31.9 + 12.3 pA, diazepam: -32.8 £ 16.1 pA; n = 12; paired t-test: p = 0.9).
Diazepam also did not alter TC-EPSC amplitude (Pyr TC-EPSC baseline: 191.2 £ 20.7 pA;
diazepam: 190.6 + 24.8 pA; n = 45; paired t-test: p = 0.9; FS TC-EPSC baseline: 356.3 + 66.8

pA,; diazepam: 364.7 £ 79.0 pA; n = 12; paired t-test: p = 0.7) and short term dynamics of TC-
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EPSC onto Pyr and FS (Fig. 4.1 F; Pyr PPR, paired t-test: p = 0.3; SSR, paired t-test: p =0.8, n =
46; FS PPR, paired t-test: p = 0.9; SSR, paired t-test: p = 0.6, n = 12). The lack of effect of
diazepam suggests that the effect of muscimol is mainly mediated by the activation of
extrasynaptic GABAA, receptors (Derry et al., 2004). These results also support the interpretation
that presynaptic GABAA receptors that lack the benzodiazepine sensitive subunits a4 and a6 may
mediate the effect of muscimol on TC-EPSCs. Thus, the muscimol-induced decrease in TC-
EPSC depended on GABAAa receptors activation. Taken together these data indicate that
activation of extrasynaptic GABAA, receptors mediate the effect of muscimol on TC-EPSCs and
holding current onto both pyramidal and FS neurons. The significant changes in TC-EPSC short
term depression also suggest that the effect of muscimol on TC-EPSCs may be mediated by

GABAA receptors located on presynaptic terminals.
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Figure 4.1. Muscimol, but not diazepam, effects the TC-EPSC amplitude, PPR, and IHold
of Pyr and FS. a. Diagram of recording configuration. Patch clamp recordings, in voltage clamp
mode, were obtained from visually identified L4 pyramidal neurons (Pyr). Photoactivation of
terminal fields from the lateral geniculate nucleus (LGN) was used to evoke TC-EPSCs. Neurons
were maintained at -70 mV throughout the recording. b. Bath application of muscimol (1 mM)
significantly increased the holding current of the recorded pyramidal neuron. The plot shows the
average effect of muscimol on IHold (black diamonds) as well as the data obtained from each
recording (gray diamonds). The lines connecting each pair of data points have been omitted to
facilitate readability. c. Sample traces of TC-EPSCs evoked by 5, 1ms long light pulses delivered
at 10 Hz. d. Left: plot of average changes in TC-EPSC amplitude (black diamonds) and of data
from each recorded Pyr before and after muscimol application. Connecting lines are shown only
for average values to favor readability. Right: muscimol also affected TC-EPSC short term
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dynamics, shown as PPR and SS. Baseline is shown in black, Mus is shown in gray. e. Left:
sample traces of TC-EPSC recorded in the presence of picrotoxin (PTX; black) and a cocktail of
picrotoxin and muscimol (PTX + Mus: gray). Middle: Cumulative effect of picrotoxin on TC-
EPSC amplitude onto pyramidal neurons. f. Bath application of diazepam did not affect TC-
EPSC amplitude and | Hold. Left: sample traces of TC-EPSCs recorded before (black) and after
(gray) bath application of 10 uM diazepam. Middle: effect of bath application of diazepam on
the amplitude of TC-EPSCs. Right: diazepam did not affect the holding current of pyramidal
neurons. g. The effect of muscimol was not specific to TC-EPSCs onto L4 pyramidal neurons,
but extended to TC-EPSCs onto FS inhibitory neurons. The diagram indicates that the recordings
shown in the following panels were obtained from FS neurons while photoactivating the LGN
terminal fields. h. Bath application of muscimol (1 mM) significantly increased the holding
current of FS neurons. The black diamonds indicate average values; while the gray diamonds
indicate each recorded neuron. The lines connecting each pair of data points have been omitted
to facilitate readability. i. Similarly to what observed for pyramidal neurons, bath application of
muscimol significantly decreased the amplitude of TC-EPSCs. Panel | shows sample traces of
TC-EPSCs onto FS neurons before (black) and after (gray) application of muscimol. j. Left:
effect of muscimol on TC-EPSCs onto FS neurons. Right: cumulative plot of changes in PPR
and SSR. Baseline is shown in black, Mus in gray. k. Left: sample traces recorded in the
presence of picrotoxin (PTX; black) and picrotoxin with muscimol (PTX Mus; gray). Middle:
bath application of picrotoxin occluded the effect of muscimol on TC-EPSC recorded from FS
neurons. Right: picrotoxin also occluded the effect of muscimol on FS neurons holding current.
Bath application of diazepam did not affect the amplitude and holding current of TC-EPSCs
recorded from FS neurons. Left: sample traces of TC-EPSCs recorded from FS neurons. Black
diamonds indicate average effects; while gray diamonds indicate single recordings. (FS baseline
(Base): black; diazepam (DZ): gray). Middle: effect of diazepam on TC-EPSC amplitude onto
FS. Right: effect of diazepam on the holding current of recorded FS neurons.
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We assessed whether the effect of muscimol was specific for TC-EPSCs, or was observed also at
recurrent glutamatergic inputs between Pyr and from Pyr onto FS. Quadruple simultaneous patch
clamp recordings were obtained from visually identified L4 neurons to isolate monosynaptically
connected pairs as previously described (Wang and Maffei, 2014). Unitary excitatory currents
(UEPSCs) were recorded at monosynaptic connections between L4 Pyr, and from Pyr onto FS.
There were no significant changes in UEPSC amplitude and short term dynamics induced by
muscimol (UEPSC amplitude: baseline: 16.5 + 1.8 pA; Mus: 14.1 £ 2.3 pA; n = 10; p = 0.2;
UEPSC PPR, baseline: 0.72 + 0.04; muscimol: 0.76 £ 0.05; p = 0.43; uEPSC SSR, baseline: 0.47
+ 0.06; muscimol: 0.49 + 0.04; p = 0.69) or diazepam (UEPSC amplitude: baseline: 15.5 + 1.7
pA,; diazepam: 16.9 £ 1.9 pA; n = 9; p = 0.06; uEPSC PPR, baseline: 0.69 * 0.03; diazepam: 0.7
+ 0.06; p = 0.64; UEPSC SSR, baseline: 0.42 + 0.04; diazepam: 0.48 £ 0.07; p = 0.2) at recurrent
inputs between Pyr neurons. In addition, no significant changes on amplitude (Muscimol uEPSC,
baseline: 82.2 + 17.7 pA; muscimol: 73.6 + 10.0 pA; n = 6; paired t-test: p = 0.4; Diazepam
UEPSC, baseline: 99.0 £ 30.4 pA; diazepam: 102.6 + 19.8 pA; n = 7; paired t-test: p = 0.8) and
short term dynamics (Muscimol PPR, baseline: 0.69 + 0.07; muscimol: 0.70 £ 0.05; n = 6; paired
t-test: p = 0.9; Muscimol SSR, baseline: 0.52 + 0.03; muscimol: 0.45 + 0.04; n = 7; paired t-test:
p = 0.3; Diazepam PPR, baseline: 0.72 + 0.04; diazepam: 0.76 £ 0.05; n = 7; paired t-test: p =
0.5; Diazepam SSR, baseline: 0.51 £ 0.04; diazepam: 0.51 + 0.05; n = 7; paired t-test: p = 0.6) of
Pyr to FS inputs were induced by either GABA agonist.

Muscimol, but not diazepam, induced changes in the holding current of both pyramidal neurons
(Muscimol uEPSC IHold, baseline: 8.4 £ 5.3 pA; muscimol: -56.1 + 16.3 pA; n = 10; paired t-
test: p < 0.001; Diazepam uEPSC IHold, baseline: 12.4 + 3.7; diazepam: 8.9 + 4.6 pA; n = 9;

paired t-test: p = 0.3) and FS neurons (Muscimol IHold, baseline: -24.1 + 8.1 pA; muscimol:

89



-103.0 = 19.9 pA; n = 6; paired t-test: p < 0.01; Diazepam IHold, baseline: -27.0 £ 9.3 pA,;
diazepam: -37.6 + 20.0 pA; n = 7; paired t-test: p = 0.5).

These results further confirm the presence of tonically activated extrasynaptic receptors onto
both Pyr and FS. Consistent with previous findings showing that postsynaptic tonic inhibition
does not affect the amplitude of evoked glutamatergic responses, no changes in UEPSCs are
observed. Together, our results for TC-EPSCs and uEPSCs support the interpretation that tonic
activation of GABAA receptors may modulate the excitability of the circuit in L4 via two distinct
mechanisms. Tonic GABA can alter the excitability of excitatory and inhibitory neurons through
the shunting action of GABAergic extrasynaptic receptors (Brickley et al., 1996; Kullman et al.,
2005). In addition, tonic inhibition can provide selective modulation of TC neurotransmission

onto both Pyr and FS, through a yet unidentified mechanism.
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Figure 4.2. Tonic activation of GABAA receptors does not affect recurrent excitatory
synapses in L4. a. Top: diagram of recording configuration. Paired recordings were obtained to
selectively record monosynaptic glutamatergic inputs between pyramidal neurons (Pyr). Middle:
sample traces of recurrent unitary excitatory postsynaptic currents (UEPSCs) recorded before
(Baseline; Base; black) and after (Mus; gray) bath application of muscimol. Bottom: sample
traces of UEPSCs recorded before (Base; black) and after (DZ; gray) bath application of
diazepam. b. Bath application of muscimol or diazepam did not affect the amplitude of uEPSCs
(left), or short term dynamics (right). Left panel: the black diamonds indicate average UEPSC
amplitude; gray diamonds indicate single recordings for the data sets recorded in the presence of
muscimol and diazepam. Right panel, short term dynamics: Baseline for muscimol is shown as a
black bar, muscimol as a white bar with a black border, baseline for diazepam is shown as a gray
bar, diazepam as a white bar with a gray border. c. Bath application of muscimol increased the
holding current of L4 pyramidal neurons (left), while diazepam did not (right). d. The uEPSC
onto FS neurons were not affected by tonic inhibition. Top: diagram of recording configuration.
Paired recordings were obtained to selectively isolate UEPSC onto FS neurons. Middle: sample
of UEPSCs recorded from FS neurons before (Base; black) and after (Mus; gray) bath application
of muscimol (1 mM). Bottom: sample uEPSCs recorded before (Base; black) and after (DZ;
gray) bath application of diazepam (10 uM). e. Left: cumulative plots of the effect of muscimol
and diazepam on uEPSC amplitude. Left panel: black diamonds indicate average data; while
gray diamonds indicate data obtained for each pair. Right: effect of muscimol and diazepam on
UEPSC short term dynamics in response to spikes evoked in the presynaptic pyramidal neuron
with 5 — 5 ms long suprathreshold depolarizing steps at 20 Hz. Short term dynamics: Baseline for
muscimol is shown as a black bar, muscimol as a white bar with a black border, baseline for
diazepam is shown as a gray bar, diazepam as a white bar with a gray border. f. Muscimol
increased the holding current of FS neurons; while diazepam did not.
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Bath application of muscimol induced changes in TC-EPSC amplitude and short term dynamics
suggesting a presynaptic site of action for the GABAA receptor agonist. While presynaptic
GABAA receptors have been reported in a number of brain regions (Eccles, 1963; Pouzat and
Marty, 1999; Ruiz et al., 2010), it is currently believed that they are not present in neocortical
circuits, where silencing of cortical circuits with muscimol is often used to investigate the
properties and connectivity of thalamocortical inputs in vivo. However, no direct study excludes
the presence of presynaptic GABAAa receptors in neocortex, because not every GABAA subunit
has been studied in detail. To better understand the mechanism through which muscimol
modulates TC-EPSCs we tested the possibility that TC terminals may contain GABAA receptors.
We used two separate anatomical approaches: 1- In one set of experiments we determined the
possible colocalization of markers for the scaffold protein for GABAA receptors, gephyrin; for
the glutamate transporter selectively expressed at TC terminals, VGIuT2 (Nahmani and Erisir,
2005), and the reporter tag for the ChR2 construct we used in our physiology experiments, GFP.
Slices obtained from injected animals were co-immunostained for VGIuT2 and gephyrin. A
region of interest (ROI) of 100 um x 100 wum was generated on each image to define and
normalize the region of analysis. A colocalization function was used to assess possible overlap of
the three markers in putative synaptic terminals (puncta) located in L4 of V1. The fluorescence
intensity profile was measured across the center of each colocalized punctum. The three markers
were considered colocalized if their peak fluorescence was within + 0.1 um (Fig. 43 A-C; n =
24 slices from 3 rats). For each ROI, the number of colocalized puncta (5 = 2.1 puncta) and total
number of cell bodies (15 + 2.8 cells) was quantified. Cell bodies were defined as black spaces
with elliptic shape with a diameter of 10 - 15 um. While this is an underestimate of the total

number of putative synapses received by a L4 neuron, it was a first step toward quantifying the
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relative proportion of colocalized puncta. As shown in Fig 4.3 C, puncta stained for all three
markers accounted for 33.0 = 16.0 % of the total puncta/cell in L4. These results indicate that
about one third of putative TC terminals in L4 of V1 contain clusters of gephyrin, suggesting the
presence of clustered presynaptic GABAA receptors at TC synapses.

To further assess the possible presence of presynaptic GABAA receptors, a subset of ChR2-GFP
injected animals was prepared for electron microscopy (EM) and co-stained with antibodies
against the a4 subunit of GABAA, receptors (Fig 4.3 D). In Fig 4.3 D, a black arrow points to
immunogold labeling of GABAA a4 subunits in L4 of V1. The choice of the GABAA receptor
subunit was based on findings indicating significant levels of a4 expression in thalamic neurons
(Chandra et al, 2006), and preferential binding of muscimol to 04 containing GABAA receptors
(Chandra et al, 2010). It was also supported by our physiological results indicating that TC-
EPSCs are sensitive to muscimol; but not to diazepam, which acts at GABAA receptors primarily
located at synapses and containing the al, a3 and a5. Qualitative analysis of EM images
indicates the presence of GABAA receptors containing the a4 subunit at TC terminals in L4 of
V1 (Fig 4.3 D, left). These have been shown to belong to thalamocortical afferents due to their
large size, large number of vesicles, and presence of cytoplasmic inclusions (Nahmani and Erisir,
2005). GABAA 04 subunits were also identified near intracortical synapses on V1 neurons,
however were not located at the terminal as they were at TC synapses (Fig. 4.3D, right). This is
consistent with previous findings and our conclusions that extrasynaptic GABAA receptors are
present on V1 neurons and responsible for the changes in IHold that followed GABAA, receptor
agonist application. Together our data provide electrophysiological, immunohistochemical and
EM evidence for the presence of clusters of a4 containing GABA receptors at thalamocortical

terminals in the main input layer of V1.
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Gephyrin VGlut2 TC-GFP Merge

— Gephyrin
—VGlut2
— ChR2-GFP

Figure 4.3. Colocalization of TC-GFP, Gephyrin, and VGIut2. a. In this set of experiments
we assessed possible colocalization of markers for the scaffold protein for GABAA receptors
(gephyrin; blue), TC terminals (the glutamate transporter VGIuT2; red) and the reporter
construct used for our virus injections (GFP; green). The example shows two colocalized puncta
in L4 of V1. The first three images display individual channels, and the fourth shows merge of
the three channels. The white arrows point to areas of colocalization. Scale bar: 10 um. b. The
plot shows the fluorescence intensity profiles of gephyrine, VGIuT2 and GFP signals across the
left punctum shown in a. The horizontal dashed line indicates the baseline signal intensity, while
the vertical dotted lines outline the peak of the signal corresponding with the punctum. N = 24
slices from 3 rats. The fluorescence signal was quantified in a region of interest (ROI) extending
across the center of each punctum and the three markers were considered colocalized if their
peak fluorescence was within £ 0.1 pum. c. Bar graph showing the total number of cells per ROI
(black), the total number of colocalized puncta per ROI (white with black border), and the ratio
of colocalized puncta per cell (gray). d. Two example electron micrographs of TC terminals
located in L4 of mV1, with gold particle staining against the a4 subunit of GABAAa receptors.
Black arrows point to areas of gold staining, located on the TC terminal.
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Discussion

Selective GABAA modulation of TC terminals

Here, we have provided physiological, immunhistochemical, and electron microscopy evidence
to show that GABAA receptors containing the diazepam-insensitive a4 subunit cluster on TC
terminals that form synapses with neurons in L4 of V1. To study the location and action of
GABAA receptors at TC and rIC synapses in L4, we selectively activated TC terminal fields
using optogenetics, and recorded TC-EPSCs from postsynaptic neurons (Wang et al., 2013). To
study rICs, paired recordings of L4 neurons were used to measure UEPSC and ulPSC amplitude
and short term dynamics (Wang and Maffei, 2014). When muscimol was bath applied to the
recording preparation, TC-EPSC amplitude onto Pyr and FS neurons were significantly reduced,
and the short term dynamics were significantly increased, suggesting a presynaptic site of action.
Muscimol application led to a significant change in the holding current of both Pyr and FS
neurons, which is consistent with previous studies that confirm the role of tonic activation of
GABAA receptors and also suggests that muscimol is acting on extrasynaptic GABA, receptors
(Brickley et al., 1996; Stell and Mody, 2002). These effects could be blocked by the prior
application of picrotoxin, which non-competitively blocks GABAA, receptors chloride channels.
Diazepam did not induce changes to TC-EPSC amplitude and dynamics, which suggests that
these GABAA receptors lack benzodiazepine insensitive subunits (a4 and/or 06; Yang et al.,
1995). Muscimol had no effect on UEPSCs recorded at rIC synapses. As expected, muscimol
application significantly decreased the ulPSC amplitude of the FS-Pyr synapse, but this was not
accompanied by a change in short term dynamics, indicated a postsynaptic effect. These data
suggest that extrasynaptic, diazepam-insensitive GABAa receptors may be located on TC

terminals.
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Clustered o4 subunit containing GABA 5 receptors mediate the effect of muscimol at TC
terminals

The functional evidence described above strongly suggests that GABAA are present on TC
terminals that innervate L4 of V1, and may modulate TC terminal excitability. To confirm this,
we showed that the GABAA, receptor scaffolding protein gephyrin colocalized with ChR2-GFP
labeled TC terminals, and VGIuT2, a known marker of TC terminals (Nahmani and Erisir, 2005).
We further confirmed the presence of extrasynaptic GABAA receptors by labeling the a4 subunit,
and showing their location on putative TC terminals in L4 of V1. Together, these results
demonstrate the presence of clusters of presynaptic GABAA, receptors TC terminals, and support
the interpretation that these receptors mediate the effect of muscimol on TC-EPSCs. Activation
of presynaptic GABAA receptors is likely to shunt the depolarization of the glutamatergic
terminal and decrease glutamate release as reported in the hippocampus.

Feedback Inhibition

Both feedforward and feedback inhibition in primary sensory neocortical circuits are critical for
sensory processing and receptive field formation. Furthermore, inhibition has an important role
in maintaining cortical excitability. TC activation of inhibitory circuits is more powerful than
that of excitatory circuits (Cruikshank et al., 2007; Shiff and Reyes 2012; and see Chapter III).
When the thalamus activates L4, FS neurons fire action potentials. The repetitive activation of
FS neuron terminals onto other local neurons leads to an increase in the ambient level of GABA
in L4, also known as the GABAergic tone. The specificity of the effect of muscimol, which
affects TC, but not recurrent intracortical excitatory inputs, indicates that presynaptic GABAAa
receptors activation may provide an effective mechanism for local corticothalamic feedback

mediated by increased GABAergic tone.
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There is also anatomical evidence to suggest this role for ambient GABA at TC terminals. In V1
and the prefrontal cortex (PFC) of rodents, electron micrograph studies have shown that TC
recipient Pyr neuron spines can be dually innervated by a recurrent inhibitory synapse (Dehay et
al., 1991; Kubota et al., 2007). Dual innervation of Pyr neuron spines with TC axon terminals
and excitatory recurrent terminals was not demonstrated in these studies. While it is highly
unlikely that dual innervation of Pyr spines via TC and GABAergic synapses leads to a complete
inhibitory veto of TC signaling (Dehay et al. 1991), the adjacent presence of inhibitory synapses
may facilitate an increase in GABAergic tone at TC synapses.

This has a variety of implications for visual cortical function. The slow activation of presynaptic
GABAg receptors on TC terminals has been suggested to reduce receptive field size in S1
(Chowdhury and Rasmusson, 2002; Kaneko and Hicks, 1990). In vivo experiments using
naturalistic whole field visual stimulation found that cortical neurons become increasingly
selective throughout the stimulation paradigm, and that this is mediated by suppressive surround
interactions (Vinje and Gallant, 2000). Many theories have been postulated to explain this
phenomenon, but recent work suggests that surround suppression in L4 does not depend on
inhibition from the superficial layers of cortex (Self et al., 2014), but may instead be mediated at
least in part by slow activating presynaptic GABAg receptors (Porter and Nieves, 2004). The
presence of fast activating GABAA receptors, demonstrated here, may also play an important role
in surround suppression in V1 during visual processing.

Cortical inhibition has a major role in regulating postnatal development in V1. The maturation of
GABAergic inhibition signals the beginning of the critical period for visual cortical plasticity,
which is a window of heightened sensitivity to changes in visual drive (Hensch 2004; 2005).

During the critical period, thalamocortical and intracortical circuits are refined into their mature
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states. Inhibition is necessary to organize TC axon branching, and segregate ocular dominance
columns in V1 (Hensch, 2005). Because previous studies have only provided evidence for
postsynaptic GABAA, receptors, feedforward and intracortical inhibition have been thought to
mediate this process. However, presynaptic GABAAa receptors on TC terminals may also
contribute to experience dependent plasticity.

GABAA receptors containing the a4 subunit have been shown to facilitate seizures in a model of
epilepsy (Roberts et al., 2005; Sun et al., 2007; Mao et al., 2011). This may provide an important
locus of study for seizure activity in the brain. GABAA a4 has also been implicated in autism
(Fatemi et al., 2010). In addition, GABAA a4 subunits mediate the effects of anesthetics (Belelli
et al.,, 2005; Garcia et al., 2010), neurosteroids (Belelli and Lambert, 2005), and alcohol
(Hanchar et a., 2005; Jia et al., 2007; Rewal et al., 2009) on brain function. This may have
important implications for the functional effects of alcohol specifically on the visual system, as
well. As TC afferents provide a crucial gateway for sensory information to cortical circuits,
presynaptic GABAA receptors containing the o4 subunit and located at TC terminals may play an
important role in regulating neocortical circuit function under healthy and pathological
conditions.

In addition to functional implications of this work, the results presented here have important
implications for our current models of how inhibition modulates cortical function based on
previously published studies. Intracortical muscimol infusions have been extensively used to
assess the functional properties of TC inputs in vivo, under the assumption that it would silence
cortical circuits, while leaving TC synapses unaffected. The presence of presynaptic GABAA
receptors on TC terminals that we have demonstrated here compels further analysis of the effect

of inhibition on thalamocortical and cortical activation and function.
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Chapter V: Future directions — Thalamocortical plasticity during the critical period

Abstract

Thalamocortical (TC) plasticity during later postnatal development in primary sensory cortices is
controversial. Plasticity refers to the ability of a given neuron to change the efficacy of its
synapses depending on specific patterns of activation. This can lead either to the strengthening or
weakening of inputs. Synaptic plasticity is critical for normal circuit development and function,
and thalamocortical (TC) plasticity in V1 is poorly understood. In V1, plasticity at TC synapses
may be important for the experience dependent refinement of inputs during the critical period.
Here, we used optogenetics to selectively activate thalamocortical (TC) terminals combined with
whole cell patch clamp stimulation to show that TC synapses can express plasticity during the
critical period of development. Long term potentiation (LTP) and depression (LTD) could be
successfully induced at TC synapses following specifically timed pre- and postsynaptic
activation, known as spike timing dependent plasticity.

Authors: Michelle Kloc and Arianna Maffei

Author Contributions: M.K. and A.M. designed experiments, M.K. performed research and
analyzed data; M.K. and A.M. wrote the chapter.

Introduction

When the sequential or simultaneous activation of a pre- or a post-synaptic leads to changes in
the synaptic strength, the effect is known as synaptic plasticity (Hebb, 1949). The synaptic
strength can either be potentiated (LTP) or depressed (LTD). The sign and magnitude of the
change in synaptic efficacy is determined by the relative timing of pre- and postsynaptic
activation, known as spike timing dependent plasticity (STDP; For review see Markram 2011,

Feldman, 2012). During classic Hebbian STDP, when presynaptic activation occurs before
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postsynaptic activation, synaptic strength is potentiated. When postsynaptic activation occurs
before presynaptic activation, the synapse depressed (Fig 5.1). STDP depends heavily of the
order of activation, and also can only occur within precise temporal windows of sequential
activation (Markram 1997).

Specifically timed firing of connected neurons can strengthen or weaken synapses, which may be
involved in sensory experience driven plasticity. Starting one week after eye opening, the visual
system undergoes a period of maturation and refinement during a window of heightened
sensitivity to changes in visual drive, known as the critical period for visual cortical plasticity
(Hensch, 2004). During the critical period (CP), visual deprivation leads to profound changes in
the intracortical circuits of V1 (Hubel and Wiesel, 1963; Fagiolini et al., 1994; Antonini et al.,
1993; Frenkel and Bear, 2004; Maffei et al., 2006). There has been some evidence to suggest that
TC synapses mediate these changes (Linden et al., 2009). Monocular deprivation (MD), which
leads to an unbalanced activity from the two eyes, is a powerful tool to investigate experience
dependent plasticity of visual cortical circuits. MD leads to decreased cortical responsiveness to
the deprived eye, and eventually the deprived area of cortex will be taken over by inputs from the
nondeprived eye. Whether TC transmission plays an active role in this process is poorly
understood. Recent anatomical work shows that after short term (3 days) MD, TC synapses
undergo significant remodeling (Coleman et al., 2010). Furthermore, the shift in ocular
dominance (OD) in binocular V1 during MD is mediated by depression of TC synapses (Khibnik
et al.,, 2010). MD can be induced either by eyelid suture, which decreases visual drive, or
inactivation of the retina or optic nerve, which fully silences the input to the LGN. TC signaling
drives visual cortical plasticity via distinct firing patterns depending on whether MD is induced

by lid suture or inactivation (Linden et al., 2009).
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This suggests that TC synapses may be plastic during the critical period, and may actively
mediate intracortical plasticity. This would depend on how TC inputs are integrated with
intracortical inputs, and whether or not coincidence activation of TC terminal fields and their
postsynaptic targets affects synaptic efficacy. STDP at TC synapses may likely mediate TC
involvement in experience dependent plasticity of intracortical circuits. To test this possibility,
we determined whether or not STDP could be induced at TC-V1 synapses during the critical
period. We selectively activated TC terminal fields using optogenetics, and stimulated TC-
EPSCs from excitatory pyramidal (Pyr) neurons in L4 of V1 at P25 in mice. We show that the
timing of TC activation and cortical activation can change synaptic efficacy. This compels an
extensive study of TC plasticity during the CP, and how this may affect intracortical changes that

occur during MD.
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Figure 5.1. Hebbian STDP. Canonical STDP induced at an excitatory synapse, showing LTP

when presynaptic activation leads postsynaptic activation; and LTD when postsynaptic activation
leads presynaptic activation, Adapted from Feldman, 2002.
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Results

LGN expression was verified and quantified as described previously (see Chapter II, I11 and VII;
Fig. 2.1; Fig 3.1). Here, we induced STDP at TC synapses that changed synaptic efficacy. When
postsynaptic activation of L4 neurons preceded TC terminal field activation by 35 ms, TC-
EPSCs trend toward depression (Fig 5.3; -35 ms, -27£3% baseline TC-EPSC amplitude, n=6,
p=0.08). When postsynaptic activation of L4 neurons preceded TC terminal field activation by
20 ms, TC-EPSC depression was less pronounced (Fig 5.3; -20 ms, -16+2% of baseline TC-
EPSC amplitude, n=9). When pre-and postsynaptic activation occurred simultaneously, TC-
EPSC amplitude was unchanged (Fig 5.3; 0 ms, -5+4% of baseline TC-EPSC amplitude, n=5).
When TC terminal fields were activated 10 ms before L4 neuron activation, TC-EPSC amplitude
was significantly potentiated (Fig 5.3; +10 ms, 20+2% of baseline, n=7, p<0.05). When TC
terminal fields were activated 35 ms before L4 neuron activation, there was no change in TC-
EPSC amplitude (Fig 5.3; +35 ms, 4+2%, n=17). This shows that Hebbian STDP (Fig 5.1) can
be induced at TC-V1 synapses during the CP, within a narrow temporal window of pre- and
postsynaptic activation. This may be important to mediate experience dependent plasticity of
intracortical synapses. A great deal of study is necessary to determine how TC plasticity may
affect V1 circuit activation, and what the possible functional consequences of TC plasticity may

be.
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recorded from L4 excitatory pyramidal neurons in mouse V1 following STDP induction. When
postsynaptic firing came before presynaptic firing, TC synapses were depressed. When
presynaptic firing came before postsynaptic firing, TC synapses were potentiated.
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Discussion

Here, we combined specifically timed presynaptic optogenetic activation of TC terminal fields
and postsynaptic activation of L4 neurons to induce spike timing dependent plasticity during the
critical period. When TC terminal field stimulation preceded the L4 neuron activation, TC-
EPSCs were potentiated. When pre- and postsynaptic activation occurred simultaneously, there
was no change in TC-EPSC amplitude. When TC terminal field stimulation occurred after L4
neuron activation, the TC-EPSC was depressed. This is consistent with typical Hebbian STDP
patterns. Hebbian STDP has been observed consistently at excitatory synapses onto neocortical
neurons (Markram et al., 1997; Feldman, 2000; Nevian and Sakmann, 2006), as well as in many
other subcortical brain regions.

The function of Hebbian STDP is to strengthen synapses when firing is correlated. When two
neurons are connected, and presynaptic activation consistently leads to postsynaptic firing, it can
be concluded that this synapse is functionally relevant and is potentiated. Conversely, if
presynaptic firing and postsynaptic firing are decorrelated, the synapse is ineffective and is
depressed. Developmentally, STDP contributes to the formation of receptive fields in primary
sensory cortices (Song and Abbott, 2001; Clopath et al., 2010), and mediates competition
between converging inputs (Zhang et al., 1998; Song et al., 2000). This has profound
implications for both early and late postnatal development of TC inputs to V1.

Whether or not TC synapses can express LTP and LTD during the CP remains poorly understood
and controversial. In rodents, TC synapses onto V1 neurons undergo significant changes in
terminal size and number during the critical period (Erisir and Dreusicke, 2005), and TC
transmission to V1 can be potentiated by environmental enrichment (Mainardi et al., 2010).

However, this input has not been directly studied in a slice preparation in V1.
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In S1, TC inputs are no longer plastic after the first week of development. In Al, which shares
many similarities to S1 and V1, TC synapses were long considered incapable of plasticity
following the first week of life. Instead, it was discovered that TC synapses can express LTP and
LTD both as neonates and as adults, but becomes gated with age (Blundon et al., 2011; Chun et
al., 2013). Here, we have provided some evidence to suggest that TC inputs may retain some
mechanisms of plasticity. Taken together, we conclude that TC inputs of primary sensory
cortices may be plastic during the critical period.
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Chapter VI: Discussion

Thalamocortical inputs from the LGN relay sensory information to primary visual cortex (V1),
and drive cortical activity. Because of limitations in the available technical approaches to study
thalamocortical inputs into V1, the synaptic organization and properties of this input remain
poorly understood. Here, we have combined an optogenetic approach with acute slice
electrophysiology to investigate TC input to V1 neurons using acute slice electrophysiology and
optogenetics, which allowed for a detailed examination of synaptic properties.

Layer-specific properties of TC inputs onto V1

In Chapter 11, we discussed the layer-specific synaptic properties, experience dependence, and
organization of TC terminals in layers 4 and 6 on V1. TC terminal fields were selectively
activated using light pulses, and excitatory postsynaptic currents (TC-EPSCs) were recorded via
whole cell patch clamp of excitatory neurons in L4 and L6. TC-EPSCs onto L4 neurons were
large and depressed following repeated stimuli, while TC-EPSCs recorded from L6 neurons were
small, slower, and depressed less.

Thalamocortical inputs onto L4 and L6 of primary sensory cortices may play different roles.
LGN inputs can act either as a driver (Type 1) or modulator (Type II) of cortical activity; and
these different functions relate to the synaptic properties (Sherman, 2007; 2012). Type | inputs
are large, fast, and depress in response to repeated stimuli; and Type Il inputs are smaller,
slower, and depress less in response to repetitive stimuli. In primary auditory (Al) and
somatosensory (S1) cortices, thalamic inputs to L4 are Type | inputs, or drivers; and thalamic
inputs to L6 are Type Il, or modulators (Viaene et al., 2010; Schiff and Reyes, 2012). The
experiments and results described in Chapter Il support this finding. The amplitude and short

term depression observed at TC-EPSCs onto L4 neurons indicates a Type | TC input; and the
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properties of TC-EPSCs onto L6 neurons was consistent with a Type Il input.

The TC and intracortical circuits are also significantly different in L4 and L6. TC inputs form
synapses with a much larger proportion of L4 neurons than L6 neurons, and a significantly larger
number of TC recipient neurons were recurrently connected in L4 versus L6. TC-EPSCs
recorded from recurrently connected neurons in L4 had a similar magnitude, suggesting that
connected neurons are likely driven by the same TC axon.

In addition to differences in connectivity, there were also significant differences in the sensitivity
to changes in visual experience of TC-EPSCs recorded from L4 and L6 neurons. After a short
period of monocular deprivation, TC-EPSCs recorded from L4 neurons significantly decreased,;
but TC-EPSCs recorded from L6 were unaffected. This further suggests a different role for TC
inputs onto L4 and L6 neurons.

TC inputs to L4 relay sensory information, and L4 then activates other layer of V1 in a
feedforward manner. The function of L6 in the V1 circuit is less understood. Studies
investigating L6 function have suggested that L6 acts as a coincidence detector of TC input
(Usrey, Alonso, and Reid, 2000). Furthermore, L6 has been shown to affect cortical activity by
modulating cortical gain following activation (DaCosta and Martin, 2009; Bortone et al., 2014).
LGN axons that innervate V1 in principle carry the same information; however, the postsynaptic
effects of LGN-V1 activation are layer specific. This supports the conclusion that LGN inputs to
L4 and L6 in V1 may play different roles.

Target-specific properties of TC inputs to V1

The LGN drives the activity of L4, the main input layer of V1. L4 is composed of a highly
interconnected network of excitatory and inhibitory neurons. In Al and S1, TC inputs

monosynaptically activate both excitatory and inhibitory circuits (Cruikshank et al., 2007; Schiff
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and Reyes 2012). In V1, anatomical and functional evidence suggest that LGN inputs form
synapses with both excitatory and inhibitory neurons (Freund et al., 1985; Ahmed et al., 1994;
1997), however the synaptic properties of this input remained unstudied. Chapter Il describes
the synaptic properties of Type | inputs from the LGN onto L4 neurons (see summary Fig 6.1).
TC-EPSCs and TC-EPSPs were recorded from excitatory pyramidal (Pyr) and inhibitory L4
neurons following light activation of TC terminal fields. We found that L4 neurons have target
cell-type specific properties. Two types of inhibitory neurons were tested in this study, the fast
spiking (FS) and regular spiking non-pyramidal (RSNP) inhibitory neurons. Only FS neurons
were monosynaptically activated by TC terminal field stimulation; therefore FS neurons mediate
feedforward inhibition of V1 from the LGN. TC inputs activate FS neurons more strongly than
the Pyr neurons, and this is mediated by both pre- and post-synaptic mechanisms.
Presynaptically, TC inputs onto FS neurons have a larger number of release sites and a higher
release probability than TC inputs onto Pyr neurons. Postsynaptically, TC-EPSCs onto FS
neurons are mediated by GluA2-lacking AMPA receptors, and lack an NMDAR contribution to
the current. TC-EPSCs onto Pyr neurons are mediated by GluA2-containing AMPAR and
NMDAR current.

When LGN neurons relay sensory information to V1, they activate powerful feedforward
excitation, and even more powerful feedforward inhibition. The pre- and postsynaptic
differences noted in Chapter Il likely underlie the differences in synaptic strength of TC inputs
onto Pyr and FS neurons. However, these differences have many more implications for how the
LGN activates L4. The differences in postsynaptic receptor composition indicate that Pyr and FS
neurons compartmentalize calcium at LGN synapses differently. TC-EPSCs onto Pyr neurons

mediated by both AMPAR and NMDAR mediated currents; so when the synapse is activated a
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calcium current flows across the membrane. Although TC-EPSCs onto FS neurons is mediated
by GluA2-lacking AMPARs, which pass some calcium, the magnitude of calcium ions flowing
across the membrane is much smaller. This indicates that these synapses likely have a different
capacity to induce plasticity, both short term and long term.

The difference in paired pulse ratio (PPR) and steady state ratio (SSR) of TC-EPSCs onto Pyr
and FS neurons following repetitive stimulation of TC terminal fields further suggests a different
capacity to induce plasticity at these synapses. TC-EPSCs onto Pyr neurons respond more
efficiently to repetitive LGN activation, shown by a larger PPR and SSR. Differently,
repetitively stimulation of TC inputs onto FS neurons resulted in greatly depressed TC-EPSCs.
Despite this difference in depression, FS neurons still fired significantly more action potentials
that Pyr neurons following TC terminal field stimulation. The direct activation of FS neurons by
the LGN acts to clamp the circuit and prevent runaway excitation. Indeed, when inhibition is
removed, Pyr neurons were consistently driven above threshold and fired action potentials. When
the LGN activates V1, the large feedforward excitation and inhibition are precisely timed to
control cortical activity. However, the fact that TC synapses onto Pyr neurons can still be
reliably activated with repetitive stimulation suggests that while feedforward inhibition prevents
the recurrent activation of the circuit from becoming epileptic, it does not impair sub- or
suprathreshold signal processing by Pyr neurons. Recurrent excitation is critical for the
processing of sensory information (DaCosta and Martin, 2011; Li et al., 2013), but must be
controlled. Normal levels of excitation and inhibition are necessary for healthy circuit function,
development, and plasticity; and direct LGN activation of Pyr and FS neurons is likely vital for

maintaining a normally functioning L4 circuit; and consequently the entire visual cortical circuit.
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Feedforward inhibition and corticothalamic feedback

Thalamocortical activation of V1 is complex. It activates both L4 and L6 in a feedforward
manner, but TC inputs to L4 and L6 have layer specific properties and likely different functional
roles. TC inputs onto Pyr and FS neurons also have target cell-type specific properties. In V1,
inhibition is powerful and acts as a brake on the V1 circuit by preventing excessive recurrent
excitation within L4. Runaway recurrent excitation would then propagate to other layers in V1,
thus L4 inhibition is critical for normal activity levels of all V1 circuits. Feedforward activation
of L4 FS neurons is not the only mechanism of inhibitory control over excessive TC activation.
In Chapter 111, we discuss a mechanism of cortical feedback control of TC inputs. Here, we have
demonstrated the presence of presynaptic GABAAa receptors containing the alpha 4 subunit on
TC terminals using electrophysiology, immunohistochemistry, and electron microscopy (see
summary Fig 6.1). TC synapses activate the inhibitory circuit more strongly than the excitatory
circuit, as shown by a greater spike reliability ratio of FS neurons in L4. After repetitive
activation of TC synapses, the overall GABAergic tone of L4 can increase as a result of FS
neurons repetitively firing action potentials. An increased concentration of extracellular GABA
in L4 could serve as a local feedback mechanism by binding to presynaptic GABAA receptors
located on TC terminal fields. Thus, presynaptic GABAAa receptors could act as a sensor for
increased GABA in the extracellular space; and modulate the strength of TC inputs. Not only is
inhibition controlling the excitability of the L4 circuit in V1, but it could also regulate the ability
of TC terminal fields to activate TC-L4 synapses.

Role of TC transmission in cortical circuit function

The techniques and results presented here are only a small part of the work required to

understand the properties and mechanisms of TC synapses onto V1 neurons. TC transmission to
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V1, particularly L4, plays an important part in shaping cortical activity. During the critical
period, TC transmission is the input that provides sensory information. In primary sensory
cortices, whether TC inputs can maintain their capacity for plasticity after eye opening is
controversial. Historically, it has been shown that TC synapses lose the capacity for plasticity
following the first week of life. However, a different set of studies showed that TC inputs are
still susceptible to decreased sensory input during windows of heightened sensitivity to changes
in visual drive during the critical period for visual cortical plasticity (Antonini et al., 1999;
Coleman et al., 2010). As shown in Chapter I, TC-EPSCs onto L4 neurons are sensitive to
changes in visual drive during the critical period. Short monocular deprivation significantly
reduces the amplitude of TC-EPSCs onto excitatory neurons (Wang et al., 2013). In functional
experiments, TC activity drives experience dependent plasticity through different firing patterns.
Short term monocular deprivation leads to the loss of TC-L4 synapses (Silver and Stryker, 1999;
Coleman et al., 2010); and long term visual deprivation in V1 leads to the withdrawal of TC
synapses from their targets (Antonini et al., 1993; 1999). Interestingly, then TC fibers withdraw
from the cortex their synaptic density does not decrease, just their overall number of contacts
with V1 neurons (Silver and Stryker, 1999). Furthermore, in V1, environmental enrichment led
to the expression of LTP at TC synapses in the adult mouse (Mainardi et al., 1999). This suggests
that TC synapses are in fact able to express plasticity, but plasticity can only be expressed under
certain conditions.

Indeed, in Al, TC synapses onto L4 neurons underlie frequency-specific plasticity (Zhu et al.,
2013). In Al, TC synaptic plasticity is not lost with maturity. Instead, the ability to express LTP
and LTD becomes presynaptically gated by adenosine receptors (Blundon et al., 2011; Chun et

al., 2013). This suggests that TC plasticity may in fact be induced at TC synapses during the
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critical period in V1. The future directions of this project are to investigate the synaptic plasticity
of TC inputs onto V1 neurons. Chapter IV shows that spike timing dependent plasticity (STDP)
can be induced at TC synapses onto Pyr neurons in L4 during the critical period. Combined with
controversial findings about TC plasticity in the primary sensory cortices, this compels the need
for further study of synaptic plasticity of TC inputs onto excitatory and FS inhibitory neurons.

Together, these results add to and significantly enhance the current understanding of
thalamocortical circuits in V1. For many years, it was unknown whether TC activation of the
primary sensory cortices relied on the same mechanisms. The results presented here show that
the properties of TC inputs to V1 share some similarities with input to other cortices, but perhaps
not as many as were originally assumed. Thalamic input is fundamental to both sensory and
nonsensory cortical function and development. Thalamic malfunction has been implicated in a
number of neurological disorders such as schizophrenia (Behrendt, 2006; Cronenwett and
Csernansky, 2010), epilepsy (Kanner, 2004; Avoli, 2012; Seneviratne, 2014), depression
(Drevets, 2000; Clark et al., 2009), and sleep disorders (Germain et al, 2004; Brown et al., 2012).
The potential effect of thalamic dysregulation is unlikely to be limited to only one system;
therefore, understanding how TC inputs to L4 neurons drive cortical excitability and are
integrated during development is crucial to understanding how abnormal TC activity may

contribute to disease.
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Fig 6.1: TC synapses onto L4 neurons in V1. TC inputs directly activate excitatory pyramidal
and FS inhibitory neurons in L4.
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Chapter VII: Methods and Materials

Surgerical Procedures. The surgery and experimental procedures were approved by the Stony
Brook University Animal Use Committee and followed the guidelines of the National Institutes
of Health. We developed an experimental approach for the direct investigation of TC synapses in
acute slice preparation of V1. To allow for light activation of TC afferents in V1, adeno-
associated virus serotype 9 (AAV9) (Gu et al., 2012) containing the ChR2-GFP gene (Zhang et
al., 2010) was delivered with a Nanoject pressure injector in the LGN of postnatal day 14 (P14)
rats anesthetized with a mixture containing 100 mg/kg Ketamine, 0.7 mg/kg Acepromazine, and
10 mg/kg Xylazine. For all experiments, both male and female rodents were included in the
study. The location of the injection site and the titration of the number of viral particles required
for reliable and successful expression were analyzed using histological analysis of fixed tissue.
For experiments investigating the layer-specific properties of TC inputs in rats, the coordinates
of injection at P14 were 3.6 mm posterior from bregma, 3.05 mm lateral from midline, 3.8 mm
below the pia. This resulted in positive expression of channelrhodopsin2 (ChR2)-GFP in the
location expected for the LGN 14 d after surgery at P28. It should be noted that the position of
the injection site at 14 d is 2-3 mm rostral to the location of V1, making it highly unlikely for the
construct to leak in V1 during injection. Furthermore, no leak of the construct occurred in the
cortical region above the injection site; therefore, nonspecific infection of corticocortical axons
from other cortical areas cannot account for the ChR2-GFP-expressing axons in V1. The subtype
of AAV used in this study did not show retrograde labeling of neuron somata in V1, indicating
specific expression of the light-gated conductance in LGN terminal fields.

For experiments investigating the target cell-type specific properties of L4 neurons in mice, the

construct was injected into the LGN of postnatal day (P) 15 mice anesthetized with a cocktail of

120



100 mg/kg ketamine and 10 mg/kg xylazine using a Nanoject pressure injection system (50*10*
viral particles/nl; Wang et al 2013). The coordinates of injection were 2.0 mm posterior from
bregma, 1.9 mm lateral from the midline, and 2.9 mm below the pia. This procedure resulted in
expression of ChR2-GFP localized in the LGN following a 10 days incubation period. The
construct did not leak into the cortical area above the injection site, so there was no aspecific
expression of the construct in the structures above the LGN. The subtype of AAV was chosen for
its preferred anterograde transport. To further confirm the lack of retrograde transport we
quantified the possible presence of backfilled somata across the entire cortical mantle in each
slice used for this study. None of the preparations showed backfilled somata in any layer of V1,
similar to what we reported in our previous study (Wang et al, 2013).

Assessment of reliable expression. To assess the reliability of the levels of expression of the
ChR2-GFP construct in the LGN and in LGN terminal fields in V1 across preparations, two
cohorts of mice and rats were perfused transcardially with 4% paraformaldehyde in phosphate
buffer 10 (mice) and 14 (rats) days after injection. The brain was dissected and postfixed in 30%
sucrose solution. Slices (100 um thick) from fixed brains were cut with a Vibroslicer (Leica
VT1000). Coronal slices containing either LGN (to verify the location of the injection site) or V1
(100 um) were visualized with confocal microscopy. The location, spread and intensity of the
GFP signal was quantified using ImageJ. Once the most effective concentration was assessed
(300 nl volume containing 50*10*? particles/nl), it was used throughout the study. In slices
containing V1 the intensity profile of the GFP signal was quantified in regions of interest (ROIs)
spanning the cortical mantle (ROI: 40 um wide and extending from the pial surface to the border
between layer 6 and the white matter). A calibration curve of the levels of GFP fluorescence

across layers was calculated as the average + standard deviation of the GFP intensity measured
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in 15 slices from 6 animals (Figure 1C, green line: average; black lines: + standard deviation). To
determine the success of each injection, the profile of GFP expression was quantified for each
acute slice used for patch-clamp recordings, and the intensity of the GFP signal of all subsequent
preparations was compared against this curve. This allowed for comparisons of recordings
obtained from slices with similar levels of ChR2 expression in the LGN terminal fields in V1.
Recordings were excluded from the analysis if obtained from slices in which the GFP signal
deviated more than one standard deviation from the calibration curve.

Electrophysiological Recordings. Animals were deeply anesthetized by placing them in a closed
jar saturated with isofluorane vapors. They were then decapitated and the brain was dissected out
to prepare acute coronal slices containing LGN or the monocular portion of V1 as described
previously (Maffei et al., 2006). For experiments investigating layer specific differences of TC
input and experiments investigating presynaptic GABAA receptors, rats were used fourteen days
after injection of AAV9 containing the ChR2-GFP construct; mice were used ten days after
injection. To verify the localization of the effectiveness of ChR2 expression in the injection site,
coronal slices containing the LGN were also prepared from each brain. Before recording in V1,
patch-clamp recordings were performed in LGN slices to verify sufficient levels of expression of
the light-sensitive protein (Fig. 2.1A; 3.1B). To further test that action potentials in LGN neurons
were driven by light pulses and not by synaptic activity, the experiments were repeated in the
presence of 20 uM DNQX and 50 uM APV to block AMPA and NMDA receptors (Fig. 3.1B).
After verification of successful injections, patch-clamp recordings were obtained from visually
identified neurons in L4 and/or L6 of coronal slices containing monocular V1. Triple
simultaneous recordings were obtained from visually identified L4 and L6 neurons to allow for

direct comparison of TC-EPSC properties in L4 and L6 of the same slice. Different neuron
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subtypes in L4 were identified visually.

Brief light pulses (1-2 ms) to activate the LGN terminal field (or LGN neurons in slices
containing the LGN) were delivered using an LED blue optic fiber (470 nm) mounted on the
fluorescence pathway of an upright microscope (Olympus BX51WI) through a 40X water-
immersion objective. The intensity of the light was regulated with a power generator connected
to the optic fiber (power: 0.1- 0.3mW/mm?). Duration and frequency of light pulses were
synchronized with electrophysiological data acquisition through the analog output of a Multi-
Patch clamp amplifier (HEKA). The power of light stimulation for our LED fiber was measured
with an optical power meter (Coherent Inc.) placed in the recording chamber. For each recorded
neuron a minimum of 50 repetitions of light pulses were delivered at a frequency of 0.05 Hz.
Offline, light-evoked TC-EPSCs were aligned at 10-90% of rise time, to obtain the average
synaptic response for each neuron and allow quantification of the TC-EPSC.

Simultaneous triple patch-clamp recordings were obtained within L4 or L6 of slices from the
same animal to test for differences in recurrent IC connectivity and TC responsiveness. The
angle of slicing was adjusted to preserve the full extent of the neuronal processes in both L4 and
L6 (Zarrinpar and Callaway, 2006). Patch clamp recordings were routinely performed 75-100
pum below the slice surface to ensure well preserved neuronal morphology and connectivity in
both layers. Identification of connected pairs was as previously described (Maffei et al., 2004,
2006; Maffei and Turrigiano, 2008). While we did not intentionally target a specific L6 neuron
type, the post hoc morphological reconstruction of our recorded neurons indicated that most, if
not all, L6 neurons we recorded corresponded to L6 pyramidal neurons with apical dendrites
extending to the superficial layers. These neurons are similar in morphology to those described

by Bannister et al. (2002) as extending their axonal projections mainly in the infragranular
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layers.

Light activation of LGN terminal fields were used to evoke TC-EPSCs onto cortical neurons
(recorded in voltage-clamp mode) while the amplitude of recurrent EPSPs (recorded in current-
clamp mode) was obtained for each triplet recorded. Recorded neurons in the LGN and in V1
were filled with biocytin, and their morphology and location were verified post hoc with
immunohistochemical procedures.

Criteria to define L4 neuron responses as monosynaptic. TC-EPSCs were considered
monosynaptic if their delay from stimulus onset was below 2.5 ms and did not show any
additional peak on the decay phase of the postsynaptic current. A group of Pyr (17%) and FS
(34%) neurons showed di-synaptic currents detected as additional peaks on the decay phase of
the evoked response. The delay from stimulus onset of those later peaks was on average 11.4 +
0.2 ms. As the theoretical reversal potential in our internal solution is -50 mV, even inhibitory di-
synaptic events are detectable as inward currents on the decay phase of the evoked TC-EPSC.
All recorded neurons showing di-synaptic responses were excluded from the analysis, therefore
the number of samples reported in the manuscript indicates selectively neurons whose responses
fit our definition of monosynaptic TC-EPSC. Non-stationary peak scaled noise analysis and
analysis of release properties were performed on TC-EPSCs evoked with minimal light intensity
to activate putative single axons. While minimal light intensity evoked TC-EPSCs with
amplitude comparable to those evoked by focal laser stimulation (Cruikshank et al., 2010) and
those evoked by minimal electrical stimulation in thalamocortical slices in the somatosensory
cortex (Beierlein et al., 2003) onto both Pyr and FS neurons, in our preparations we did not
observe failures. The absence of failures likely depends on the depolarization of terminals

evoked by direct activation of the light-gated sodium conductance expressed by LGN axons.
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Visual deprivation. Visual deprivation with monocular eyelid suture (MD) was started at P24 and
maintained for 3 d. Briefly, the animals were anesthetized with a mixture of Ketamine (70
mg/kg) Xylazine (5 mg/kg), and Acepromazine (0.3 mg/kg). Once the animals were deeply
anesthetized, the area surrounding one of the eyes was thoroughly cleaned with isopropanol and
coated with lidocaine gel to provide local analgesia. The eye was moisturized with eye drops and
4 mattress sutures were placed using polyester suture thread (Ethicon 6-0). After the procedure
the animals were allowed to recover on a heating pad and brought back to the animal facility
only when fully alert. The experimentalist was blind to the eyelid suture and slice preparation.
Non-stationary noise analysis. Non stationary noise analysis (Sigworth, 1980; Traynelis and
Jaramillo, 1998; Hartveit and Veruki, 2007) was applied to determine the single channel
conductance and number of open channels of excitatory postsynaptic currents (TC-EPSCs). The
analysis was performed on TC-EPSCs recorded at -70 mV in the presence of the NMDA
receptor blocker APV (50 uM) to determine differences in the properties of the AMPA receptor
mediated component of the TC-EPSC. For each neuron 10 light-evoked TC-EPSCs were
averaged, and each individual trace was scaled to the mean. The variance of the TC-EPSCs
during the decay phase was averaged into 1 ms bins, and plotted against the mean current. This
plot was fitted to a polynomial equation ¢° = il — (I* / N) to calculate unitary current (i,) and
number of open channels (No).

Analysis of release properties. Strontium chloride (SrCly;) is known to produce delayed
asynchronous release (Goda and Stevens, 1994) and has a long lifetime in the presynaptic
terminal (Xu-Friedman, 2000). Bath application of SrCl, was shown to decrease the amplitude of
an evoked response down to that driven by release at a single release site (Morishita and Alger,

1997; Bartley et al., 2008). The amplitude of a single release site-evoked response varies
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depending on the presynaptic cell (Daw et al., 2009). The remaining desynchronized release sites
produce synaptic events that can be detected in decay phase of the first evoked response (up to
200 ms from stimulus onset). In a set of experiments 10 mM SrCl,/ 0 mM CaCl, was bath
applied following the acquisition of a 10 min baseline TC-EPSC. The effect of SrCl, on the
amplitude of the evoked TC-EPSC was quantified, and the number of subsequently activated
release sites was inferred by assessing 180 the number of events detected across the 200 ms time
window from the light stimulus.

Quantal analysis. To assess the site of action of SrCl,, quantal analysis was performed on the
first evoked response before and after application of SrCl, (Wang et al., 2012; Sola et al. 2004).
A binomial model (Wernig, 1975) was fit to the data to calculate the probability of release (p)
and number of release sites (n) from the average TC-EPSC amplitude and coefficient of variation
(CV). Statistical comparisons of CVs before and after applications of SrCl, were also provided
for each neuron type.

Post hoc neuron identification. After recording, slices were fixed in 4% paraformaldehyde for 1
week. After that, they were washed in PBS, permeabilized with 1% TritonX for 2 h, and then
incubated overnight at 4°C in a solution containing Streptavidin-Alexa Fluor 594 1:2000 in PBS
and 0.1% Triton X. After a final wash in PBS, slices were mounted with Fluoromount and
imaged with a fluorescent microscope (Zeiss Axioskop). Only neurons with pyramidal
morphology localized in L4 (Chapter 11 and 111) and L6 (Chapter I1) of the monocular portion of
V1 were included in the analysis.

STDP Induction. In order to express STDP at TC synapses, pre- and postsynaptic activation were
specifically timed in current clamp. Prior to STDP induction, a ten minute baseline was recorded.

STDP was induced by delivering 10 2ms light pulses at 25 Hz. L4 neurons fired action potentials
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by delivering 10 2 ms pulses of 700 pA. TC terminal fields were stimulated at 35 ms or 20 ms
before L4 neuron activation; simultaneously with L4 neuron activation; or 10 ms or 35 ms after
neuron activation. Following the STDP induction paradigm, TC-EPSC amplitude was measured
for a minimum of 40 minutes.

Statistical analysis for electrophysiology data. Normality of data distributions was verified with
the Kolmogorov—Smirnov test. Statistical significance was determined with two-tailed unpaired t
tests. To test for differences across conditions, one-way ANOVAs were applied and followed by
post hoc unpaired t tests. x* for contingency, Pearson correction, was applied to test for
significant differences in IC connection probability or in the proportion of TC-responsive
neurons. Spearman rank-order correlation analysis was performed on the amplitude of TC-
EPSCs onto a population of recurrently connected and non-recurrently connected neurons in L4
and L6; and to determine possible correlations of the magnitude of the effect of SrCl, on the first
evoked TC EPSC with the baseline amplitude of the TC-EPSC. Where appropriate, data are
presented as mean + SE. For all statistical tests, P values < 0.05 were considered significant.
Solutions. Artificial cerebro-spinal fluid (ACSF) contained (in mM): 126 NaCl, 3 KCI, 2 MgSO,,
1 NaHPQ,, 25 NaHCO3, 2 CaCl,, 14 Dextrose. The internal solution contained (in mM): 20 KClI,
100 K-Glu, 10 K-HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10 Na-Phosphocreatine, and 0.4% Biocytin.
The pH of the internal solution was adjusted to 7.35 with KOH, and the osmolarity was adjusted
to 295 mOsm with sucrose. In all pharmacological experiments, drugs were bath-applied. In
experiments designed to quantify the NMDA / AMPA ratio, 3 uM QX-314 (Tocris) was added to
the internal solution. All other drugs were bath applied. For isolating AMPA and NMDA
receptor mediated components 20 uM DNQX (Tocris) and 50 uM APV (Tocris) were applied

sequentially and additively. To desynchronize release sites 10 mM SrCl, (Sigma-Aldrich) was
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added to a CaCl, free ACSF following acquisition of a 10 minute baseline. The physiological
properties of presynaptic GABAAa receptors were tested with 1 mM muscimol (Tocris) and 10
uM diazepam (Tocris). GABAa receptors were blocked with 20 uM picrotoxin (Tocris).
Immunohistochemical detection of presynaptic GABAA Receptors. Fourteen days after surgery at
P28, animals were anesthetized with 100 mg/kg ketamine, 0.7 mg/kg Acepromazine, and 10
mg/kg Xylazine and perfused intracardially with ice cold phostphate buffered saline (pH 7.2,
PBS) followed by paraformaldehyde (4%, Electron Microscopy Sciences) in PBS. The brain was
dissected, post-fixed for 24 hours in the same fixative and transferred to a 30% sucrose solution.
Slices (100 pum thick) containing monocular V1 were sectioned using a freezing microtome,
washed in PBS, and permeabilized for 1 hour in 0.4% Triton-X 100. Slices were then transferred
into primary antibody solution containing mouse anti-VGlut2 (1:200, Synaptic Systems), rabbit
anti-Gephyrin (1:200, Invitrogen), and 0.1% Trition-X 100 in PBS. After incubating 48 — 60
hours at 4°C, sections were washed in PBS and incubated in secondary antibody solution
containing anti-rabbit TexasRed (1:500, GeneTex) and anti-mouse DyLight 405 (1:100, Jackson
Laboratories) in PBS for 1 hour at room temperature. Stained sections were mounted on glass
slides and coverslipped with Vectashield fluorescent mounting medium (Vecta Labs).

Imaging and Data Analysis of presynaptic GABAa Receptors. Tissue sections were imaged using
an Olympus Fluoview FV-1000 confocal microscope. Lower magnification images to visualize
the layers of V1 were taken using a 5X objective. To show colocalization of antibody markers,
images of layer 4 were taken using a 60X objective; ImageJ was used for image analysis. Four
slices were imaged per animal, and analysis was limited to a region of interest of 200x100 pm.
To detect colocalization of secondary antibodies, the Colocalization Finder plugin (author:

Christophe Laummonerie) was used to detect overlap of fluorescent signal, and analysis was
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restricted to pixels with the maximum intensity (signal to noise ratio) using the correlation
scatterplot. Next, the fluorescence profile of each colocalized puncta that was identified using the
colocalization finder method was measured by drawing a line (6 pm) and plotting the signal
intensity (arbitrary units, A.U.). Areas of colocalization of gephyrin and TC axons (GFP) were
included in the analysis if the peak of fluorescent signal (at least 50% greater than background)
plotted by area was the same + 0.1 um. The angle of the line was determined by the researcher
for optimum signal to noise ratio. The ratio of cells with detectable fluorescent colocalization
was computed using the total number of cells in the ROI.

Tissue preparation and immunogold labeling for electron microscopy. All EM staining
procedures were performed by Dr. Alev Erisir at the University of Virginia, Charlottesville VA.
Animals were deeply anesthetized with 100 mg/kg ketamine, 0.7 mg/kg Acepromazine, and 10
mg/kg Xylazine and perfused through the ascending aorta with 4% paraformaldehyde and 1%
glutaraldehyde in 0.1 M phosphate buffer, pH 7.3. The brain was dissected and postfixed in the
perfusion fixative overnight, then rinsed thoroughly in 0.1 M PB. A vibrotome was used to cut
40 pm thick slices of V1. Prior to embedding, slices were incubated in anti-GFP antibodies, and
then a DAB staining protocol was used to label the GFP expressing TC terminals. Slices were
were immersed in 4% uranyl acetate (Electron Microscopy Sciences), dissolved in anhydrous
methanol for 24 h at 90°C, rinsed in methanol at 45°C, and infiltrated with resin (Electron
Microscopy Sciences) for 48 h at 45°C. Monocular V1 was carefully dissected and sliced ultra-
thin, picked up on mesh grids, and blocked in fetal goat serum for 10 minutes. Sections were
then incubated in anti-GABAA, alpha 4 primary antibody, followed by an appropriate secondary

antiserum conjugated to 10 nm colloidal gold particles.
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