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Abstract

We rely on visual information to navigate through natural environment. The extrac-
tion of visual features by the nervous system first arises in the retina. Retina sends
processed visual information to cortical and sub-cortical brain regions through 20~40
types of retinal ganglion cells (RGCs), each encodes specific aspect of visual scene.
One of the most prominent visual processing in the retina is computation of motion
direction, implemented by retinal direction selective circuit. While our notions about
retinal direction circuit has come from usage of simple parametric stimuli, natural
scenes are rarely homogeneous, but full of competing signals. This thesis focuses
on understanding the underlying mechanisms of noise resilience of retinal direction
computation. In chapter 1, we review the recent understanding of dynamic engage-
ment of circuitry and synaptic mechanisms for robust retinal directional selectivity
under various visual conditions. Chapter 2 described the protocol we developed for
recording and functional imaging of retinal neurons under two-photon microscopy
in the laboratory. In chapter 3, we used synapse-specific genetic manipulation to
dissect the role of distinct sets of inhibitory motifs for motion processing. We found
that the functional circuitries that process bright versus dark moving objects are
not mirrored symmetric. Furthermore, Lateral inhibitory motifs in retinal direction
selective circuit are only recruited in noisy visual condition in On pathway. Based
upon findings in chapter 3, chapter 4 further investigated mechanistic implemen-
tation of noise resilience by lateral inhibition motif. We found that one particular

form of lateral inhibition, the mutual inhibition of lateral inhibition, prevents use-
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dependent synaptic suppression triggered by competing signals, thus maintains the
strength and fidelity of synaptic transmission in the circuitry. Since feature selec-
tivity, including direction selectivity, relies on the veto of spiking activities to "null”
stimuli. This silencing of neuronal spiking requires timely cancellation of excitation
by inhibition. In chapter 5, we investigated how retinal direction selective circuit
maintains the ~ ms time-scale covariation of inhibition and excitation for robust

direction selectivity.
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Stimulus-dependent engagement of neural
mechanisms for reliable motion detection in the
mouse retina

This Chapter is a full reprint of Chen et al., Journal of Neurophysiology, in which I
was the primary author.The work is included with permission from all authors.
Relevant Publication

Qiang Chen, Wei Wei. ”Stimulus-dependent engagement of neural mechanisms for
reliable motion detection in the mouse retina”. J. Neurophysiol. 2018 Jun 13. doi:

10.1152/jn.00716.2017.

1.1 Abstract

Direction selectivity is a fundamental computation in the visual system and is first
computed by the direction-selective circuit in the mammalian retina. While land-
mark discoveries on the neural basis of direction selectivity have been made in the

rabbit, many technological advances designed for the mouse have emerged, making



this organism a favored model for investigating the direction-selective circuit at the
molecular, synaptic, and network levels. Studies using diverse motion stimuli in the
mouse retina demonstrate that retinal direction selectivity is implemented by mul-
tilayered mechanisms. This review begins with a set of central mechanisms that
are engaged under a wide range of visual conditions, and then focuses on additional
layers of mechanisms that are dynamically recruited under different visual stimulus
conditions. Together, recent findings allude to an emerging theme: robust motion

detection in the natural environment requires flexible neural mechanisms.

1.2 introduction

Direction selectivity, a classic model of neural computation, has inspired scientists in
both experimental and computational disciplines for decades (Hassenstein and Re-
ichardt 1956; Hubel and Weisel 1959; Barlow et al. 1964; Poggio and Reichardt 1973;
Ferster 1998; Borst 2000). In mammals, direction-selective ganglion cells (DSGCs)
were first discovered in the rabbit retina (Barlow and Hill 1963; Barlow et al. 1964).
These cells fire maximally to images moving in their preferred direction and are si-
lenced by movement in the opposite (null) direction. Based on the activity of DSGCs
during sequential presentation of a pair of stationary light flashes in the preferred
and null directions, Barlow and Levick proposed the null-direction inhibition model
that attributes direction selectivity of DSGCs to a stronger inhibitory mechanism
during motion in the null direction (Barlow and Levick 1965). Since then, uncover-
ing neural mechanisms underlying null-direction inhibition has been a major goal in
visual neuroscience.

During the quest to identify the neural mechanisms of retinal direction selectivity, the
rabbit has been the prevalent model organism for a series of remarkable discoveries at

the cellular and synaptic levels. In the past ten years, an increasing repertoire of cell



type-specific genetic markers and molecular tools available for the mouse retina has
prompted the field to gradually transition to the mouse as a model for probing the
developmental and mature mechanisms of retinal direction selectivity. The ability
to target specific DSGC subtypes and their key presynaptic partner, the starburst
amacrine cell (SAC), has accelerated the analysis of this circuit (Watanabe et al.
1998; Kim et al. 2008; Yonehara et al. 2008; Huberman et al. 2009; Kay et al.
2011; Rivlin-Etzion et al. 2011; Trenholm et al. 2011; Dhande et al. 2013). Based
on the results from both rabbit and mouse studies, the neural substrate of the null-
direction inhibition model originally proposed by Barlow and Levick (1965) has been
pinpointed at the GABAergic connections between SACs and DSGCs (Figure 1.1a).
The triumph of understanding the null-direction inhibition at the level of SAC-
DSGC interactions marks the beginning, rather than the end of our search for the
neural basis of direction selectivity. SACs and DSGCs, the cell types that have
been in the spotlight, are embedded in the extensive retinal network consisting of
around 100 types of neurons (Masland 2012; Sanes and Masland 2015; Baden et al.
2016). Immediately connected to the SAC-DSGC microcircuit are the diverse sets of
synapses from multiple types of bipolar cells and amacrine cells (Figure 1.1b). These
connections profoundly shape the light responses of both SACs and DSGCs, making
them sensitive or resilient to various features of visual input. A comprehensive un-
derstanding of motion detection therefore requires an integrated circuit model that
encompasses all relevant neurons and their radiating connections, with the ultimate
goal of a complete functional wiring diagram for motion detection in the natural
environment.
The two major DSGC types, On and On-Off DSGCs, are both dependent on SACs
for their direction selectivity but exhibit interesting differences in other receptive
field properties and visual functions (reviewed by Vaney et al. 2012). Most of the

literature focuses on On-Off DSGCs, due to their higher density compared to that
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FIGURE 1.1: Wiring diagrams of retinal direction selectivity.

a. Model of null-direction inhibition. Left: Schematic shows side view of glutamatergic bipolar
cell (BP) inputs to the proximal dendrites of On and Off SACs, and GABA release (orange circles)
from SAC distal dendrites to two On-Off DSGCs of opposite preferred directions. The preferred
directions of On-Off DSGCs are represented by the green and red arrows. Directional inhibition
from SACs to the DSGC depends on two properties. (1) Centrifugal (CF) direction selectivity of
SAC dendrites. CF direction of SAC dendrites is represented by black arrows. (2) Asymmetric
wiring between SACs and DSGCs. SAC dendrites oriented to the right form GABAergic synapses
with the DSGC whose preferred direction is to the left. Right: Top view shows the asymmetric
inhibition from a SAC (center) to four DSGCs that prefer four different cardinal directions. Each
SAC dendritic quadrant preferentially forms GABAergic synapses with the DSGC with the same
color.

b. Schematic shows anatomically and/or functionally identified connections in the inner plexiform
layer that participate in the direction-selective circuit. Upper: On pathway; lower: Off pathway.



of On DSGCs in the retina and the availability of multiple subtype-specific markers.
The preferred directions of On-Off DSGCs are grouped into four clusters (Oyster et
al. 1967) that correspond to the forward/backward and upward/downward directions
of translational motion (Sabbah et al. 2017). On-Off DSGCs project to two major
visual nuclei, the dorsal lateral geniculate nucleus (dLGN) and superior colliculus
(Huberman et al. 2009; Kay et al. 2011; Rivlin-Etzion et al. 2011; Cruz-Martn et
al. 2014). In the superior colliculus, direction-selective retinal inputs give rise to
direction selectivity in collicular neurons (Shi et al. 2017). In the dLGN, thalamic
neurons in the region innervated by axons of On-Off DSGCs exhibit direction and
orientation selectivity (Marshel et al. 2012; Piscopo et al. 2013; Cruz-Martn et al.
2014), suggesting an instructive role of direction-selective retinal inputs in feature
selectivity in the dLGN. Furthermore, perturbing retinal direction selectivity has
been shown to alter the receptive field properties of direction-selective neurons in
the mouse primary visual cortex (Hillier et al. 2017).

In this review, we first summarize the recent literature on the core mechanisms un-
derlying direction selectivity in On-Off DSGCs that are invariant in a wide range of
visual stimulus conditions. For a more comprehensive summary of the rich literature
on this topic and the developmental aspects of retinal direction selectivity, readers are
encouraged to consult other excellent reviews (Vaney et al. 2012; Morrie and Feller
2016; Mauss et al. 2017). The rest of this review focuses on the recently discovered
neural mechanisms in the mouse retina that are selectively recruited or modulated by
specific features of motion stimuli. These findings indicate that direction selectivity
in the retina is not implemented by a rigid set of mechanisms. Rather, dynamic and
flexible sets of mechanisms are engaged and tailored to the specific visual conditions
to ensure reliable and robust motion detection as the animal navigates in the versa-

tile natural environment.



1.3 Core mechanisms

1.3.1 Null-direction inhibition of DSGCs

As a key mechanism of direction selectivity, the inhibitory inputs onto DSGCs are
strongly tuned to motion in the null direction. This directional inhibition is provided
by On and Off SACs, which are axonless, monostratified amacrine cells releasing
GABA and acetylcholine onto the On and Off dendritic layers of the bistratified On-
Off DSGCs (Figure 1.1a). When GABAergic synapses between SACs and DSGCs is
genetically disrupted by knocking out vesicular GABA transporter (Vgat) in SACs,
the direction selectivity of DSGCs is severely reduced (Pei et al. 2015).

Two properties of SAC-DSGC GABAergic synapses are required to generate direc-
tional inhibition of DSGCs.

e SAC dendrites are direction-selective and prefer motion in the centrifugal di-
rection (away from the soma, Figure 1.1a) (Euler et al. 2002). The centrifugal
direction selectivity of SAC dendrites has been attributed to multiple mecha-
nisms. In the mouse retina, spatially segregated synaptic inputs and outputs
along the dendrites have been implicated in generating this centrifugal pref-
erence. Glutamatergic inputs from bipolar cells and inhibitory inputs from
neighboring amacrine cells are enriched in the proximal dendrites of mouse
SACs (Ding et al. 2016; Vlasits et al. 2016). This proximal distribution of
synaptic inputs in the mouse is in contrast to the more uniform distribution of
inputs along the SAC dendrites in the rabbit (Famiglietti 1991). On the other
hand, neurotransmitters GABA and acetylcholine (Ach) are released from vari-
cosities in the outer third of SAC dendritic arbors in both rabbits and rodents
(Brecha et al.1988; Kosaka et al. 1988; Vaney and Young 1988; OMalley and

Masland 1989; Famiglietti 1991). Computational modeling indicates that the



proximal distribution of synaptic inputs and distal distribution of synaptic out-
puts in the mouse SAC contributes to the centrifugal direction selectivity of
SACs (Ding et al. 2016; Vlasits et al. 2016).

Although the SAC dendritic branches are tuned to different linear motion direc-
tions, motion-evoked dendritic activation of individual sectors is not completely
isolated from other sectors. Computational modeling suggests that global sig-
nal integration across the dendritic field contributes to the centrifugal response
of SAC distal dendrites (Tukker et al. 2004). A role of global dendritic signal
integration is experimentally demonstrated by a mulitphoton calcium imaging
experiment, in which the centrifugal activation of SAC distal dendrites during
full-field linear motion stimuli is stronger and starts earlier compared to the
centrifugal response locally generated within a dendritic sector (Koren et al.
2017).

The balance between signal integration and compartmentalization in SAC den-
drites is maintained by intricate interactions between passive and active mem-
brane properties (Ozaita et al. 2004; Tukker et al. 2004; Koren et al. 2017) and
regulated by metabotropic glutamate receptor 2 (mGluR2) signaling (Koren et
al. 2017). mGIluR2 blockade increases voltage-gated calcium channel activity
and thereby reduces the electrotonic isolation between SAC sectors. This leads
to enhanced propagation of centrifugal response from one dendritic sector to
the opposite, centrifugally activated sector. As a result, centrifugal direction
selectivity of SAC dendrites is impaired during mGluR2 blockade (Figure 1.2)
(Koren et al. 2017). The molecular targets of mGluR2 activation include N-
and P/Q-types of voltage-gated calcium channels in SACs, which are inhibited
shortly after bath application of an mGluR2 agonist. However, mGluR2 block-
ade specifically promotes cross-sector signal propagation, but does not affect
signal processing within a sector. Therefore, the site of endogenous mGluR2

7



action is likely the perisomatic/proximal dendritic compartment, without di-
rectly inhibiting the presynaptic calcium channels at the distal dendritic tips.
Although the subcellular distribution of mGluR2 along SAC dendrites is not yet
known, glutamate release onto the SAC from bipolar cells are skewed to SAC
proximal dendrites in the mouse retina (Ding et al. 2016; Vlasits et al. 2016).
Concomitant activation of ionotropic and metabotropic glutamate receptors in
the proximal dendrites may serve as a homeostatic mechanism to prevent aber-
rant backpropagation of local depolarization of SAC dendrites when the gluta-
matergic drive to the SAC is strong. Future studies that investigate mGluR2
signaling under different visual stimulus conditions will elucidate the intrigu-
ing link between visually evoked activity and the flexible dendritic computation
algorithm modulated by mGIluR2 signaling. Interestingly, voltage-gated KVj
potassium channels (Ozaita et al. 2004) and GABAergic inputs (Ding et al.
2016) are also concentrated in the proximal dendrites of SACs and contribute
to local dendritic processing (Ozaita et al. 2004; Poleg-Polsky et al. 2018),
making the proximal dendritic region well-equipped for regulation of compart-

mentalized signaling of SAC dendrites.

The GABAergic connections between SACs and DSGCs are highly asymmetric
along the preferred-null axis. Each DSGC is selectively inhibited by SAC den-
drites that are oriented in the DSGC’s null direction (Fried et al. 2002; Lee et
al. 2010; Briggman et al. 2011; Wei et al. 2011; Yonehara et al. 2011) (Figure
1.1a). In the mouse, this asymmetry emerges during the second postnatal week
before eye opening (Wei et al. 2011; Yonehara et al. 2011) due to increased
number of synapses between null-direction-oriented SAC dendrites and DSGCs

(Morrie and Feller 2015). The establishment of direction selectivity is not af-
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FIGURE 1.2: mGluR2-mediated electrotonic isolation of SAC dendritic sectors is required for broad
speed tuning of On-Off DSGCs. (Adapted from Koren et al Neuron, 2017)

a. A model of mGluR2-dependent dendritic compartmentalization in SACs. Left:Endogenous
mGluR2 signaling promotes the electrotonic isolation between SAC dendritic branches. A bar
moving in the preferred direction of the DSGC (leftward) triggers minimal GABA release (red
dots) from the centripetally activated sector A of the SAC. Subsequent activation of sector B in
the centrifugal direction does not propagate efficiently to sector A to trigger GABA release. Right:
Weak centripetal activation of SAC dendrites leads to weak IPSC of the DSGC in the preferred
direction.

b. Left: During mGluR2 blockade, electrotonic isolation between SAC branches is reduced. There-
fore, the strong centrifugal response of sector B propagates more efficiently to sector A. This leads
to enhanced dendritic activation of sector A and more GABA release onto the DSGC during motion
in the DSGC’s preferred direction. Right: Since the relative timing of sector B and A activation
depends on the speed of the moving bar, the enhanced component of IPSC during mGluR2 blockade
is more delayed and shows less overlap with EPSC at slower speed. Therefore, preferred-direction
spiking of DSGC is less affected. At higher speed, enhanced IPSC shows more overlap with EPSC,
leading to reduced firing of DSGC.

fected by pharmacological blockade of neural activity (Sun et al. 2011; Wei
et al. 2011), while the clustering of the four preferred directions is refined by
visual activity after eye opening (Bos et al. 2016).

Together, the centrifugal direction selectivity of SAC dendrites and the asym-

metric wiring of SAC-DSGC GABAergic synapses result in directionally tuned



inhibition of DSGCs. Motion in the null direction of the DSGC activates its
presynaptic SAC dendrites in the centrifugal direction, causing strong GABAer-
gic inputs from SACs to DSGCs (Figure 1.1a).

1.3.2 Directional excitation onto DSGCs

Stronger preferred-direction excitation of DSGCs has been consistently observed in
multiple studies using whole-cell voltage clamp recordings, although the tuning of
EPSCs appears weaker compared to that of inhibitory postsynaptic currents (IPSCs)
(Taylor and Vaney 2002; Fried et al. 2005; Lee et al. 2010; Park et al. 2014; Pei et
al. 2015). EPSCs of DSGCs consist of the glutamatergic component and the SAC-
mediated cholinergic component. When the glutamatergic component is examined
with alternative methods such as calcium imaging in bipolar cell terminals and glu-
tamate imaging in DSGCs with a fluorescent glutamate sensor,iGluSnFR, it does not
appear to be directional (Yonehara et al. 2013; Chen et al. 2014; Park et al. 2014).
One complication of voltage-clamp recording is that EPSCs in the null direction
may be distorted by the concomitant strong inhibitory inputs due to imperfect space
clamp, leading to an underestimation of EPSCs in the null direction (Poleg-Polsky
and Diamond 2011). However, recent studies indicate that directional excitation
is not simply a voltage-clamp artifact. First, the tuning strength of excitation is
not well correlated with the tuning strength or absolute amplitude of inhibition in
wild type rabbits (Percival et al. 2017) or in mutant mice that lack SAC-DSGC
inhibition (Pei et al. 2015), suggesting that directional excitation is not solely due
to voltage clamp errors. Second, abolishing directional inhibition by genetically re-
moving GABA release from SACs does not fully eliminate directional excitation or
directional spiking activity of DSGCs (Pei et al. 2015). Although direction selectiv-

ity of DSGCs in mutant mice is significantly reduced, a subset of the On-Off DSGCs
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still receive directional cholinergic excitation and exhibit residual, albeit weakened,
directional tuning of their spiking activity (Pei et al. 2015). These results indicate
that directional excitation is a physiological mechanism that contributes to the di-
rection selectivity of DSGC spiking activity, together with the more universal and
prominent null-direction inhibition. The contribution of cholinergic excitation to
direction selectivity may depend on visual stimuli, since earlier studies report differ-
ent effects of nicotinic receptor antagonists on direction selectivity of DSGCs during
moving bar and drifting grating stimuli (Grzywacz et al.1998a, 1998b).

The synaptic circuitry underlying directional excitation remains poorly understood.
The cholinergic excitation from SACs to DSGCs is isotropic when the SACs are stim-
ulated by depolarizing voltage steps in dual voltage clamp recordings. However, these
cholinergic synapses are activated in a directional manner during the presentation of
moving stimuli (Fried et al. 2005; Lee et al. 2010; Pei et al. 2015). Bath application
of GABA-A receptor antagonists abolishes directional excitation (Fried et al. 2005;
Lee et al. 2010; Pei et al. 2015), suggesting that an upstream inhibitory circuit
mediates the directional acetylcholine release from SACs. The neural substrate of

this inhibitory mechanism is not yet identified.

1.3.3 Postsynaptic mechanisms at DSGC dendrites

After the arrival of the patterned excitatory and inhibitory inputs at DSGC dendrites,
synaptic inputs are further integrated and processed by postsynaptic mechanisms to
amplify the direction selectivity of DSGC spiking response through NMDA receptor
signaling (Poleg-Polsky and Diamond 2016a) and local dendritic spike generation
(Oesch et al. 2005; Schachter et al. 2010; Sivyer and Williams 2013; Brombas et
al. 2017). Furthermore, the fluctuations of excitatory and inhibitory inputs (also

termed ”synaptic noise”) during motion stimuli show direction-dependent covaria-
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tion. Synaptic noise covariation during null-direction motion is stronger compared
with that during the preferred direction motion, leading to more efficient cancellation
of excitatory and inhibitory inputs onto DSGC dendrites during motion in the null

direction (Cafaro and Rieke 2010).

1.4 Stimullus-dependent mechanisms

1.4.1 Contrast

Direction selectivity of DSGCs is robust over a wide range of stimulus contrast
(Grzywacz et al. 1998b; Poleg-Polsky and Diamond 2016b). In the mouse retina,
multiple mechanisms have been reported to maintain robust direction selectivity at
different contrasts. Inhibitory circuits have been shown to play a role at high contrast
conditions since bath application of GABA-A receptor antagonist SR95531 leads to
a more severe reduction of the centrifugal direction selectivity of On SAC dendrites
at higher contrast compared to low contrast (Ding et al. 2016). However, selective
removal of GABA-A receptors from On SACs does not affect the centrifugal direction
selectivity of SAC dendrites over a range of contrast levels (Chen et al. 2016), sug-
gesting that the locus of inhibition is at the bipolar terminals presynaptic to SACs
(refer to Figure 1.1b for the sources of inhibition of SACs).

Excitatory inputs to DSGCs are also modulated by contrast. The bipolar cells that
drive SACs exhibit higher contrast sensitivity compared to those that drive DSGCs
(Poleg-Polsky and Diamond 2016b). However, the glutamatergic inputs undergo non-
linear transformation by SAC dendrites, likely caused by the nonlinear activation of
synaptic calcium channels, which results in a reduced contrast sensitivity of ACh and
GABA release from SAC presynaptic terminals (Poleg-Polsky and Diamond 2016b).
As a result, the contrast sensitivity of GABAergic and cholinergic inputs matches

that of bipolar cell-mediated glutamatergic inputs onto DSGCs. This balanced exci-
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tation/inhibition ratio in DSGCs ensures reliable direction selectivity independent of
contrast (Poleg-Polsky and Diamond 2016b). In an alternative model, the contrast
sensitivity of SAC-mediated inputs to DSGCs does not match that of bipolar cell-
mediated glutamatergic inputs. Different contrast sensitivities of SACs and DSGCs
arise from different compositions of their glutamate receptors (Sethuramanujam et
al. 2016, 2017). Cholinergic inputs dominate DSGC excitation at low contrast due
to the and work in conjunction with GABAergic inputs to implement direction selec-
tivity (Sethuramanujam et al. 2016). By comparison, a different strategy has been
reported in guinea pigs and rabbits. In these animals, excitatory inputs onto DSGCs
vary more linearly with contrast to encode contrast information in preferred-direction
spiking activity, while strong null-direction inhibitory inputs exhibit highly nonlin-
ear contrast sensitivity and saturate at low contrast (Lipin et al. 2015). Saturated
inhibition ensures sufficient suppression of null-direction spiking across different con-
trast levels and therefore safeguards direction selectivity. It is noteworthy that the
background light intensity and the contrast range differ across studies. Therefore,
differences in results reported from different studies may be explained by differences

in experimental, or stimulus conditions.

1.4.2 On/Off contrast polarity

Segregation of the On and Off pathways is a general feature of the synaptic organi-
zation in the inner retina. For On-Off DSGCs, direction selectivity for bright and
dark contours is processed in the On and Off layers of DSGC dendrites that receive
synaptic inputs from the On and Off SACs respectively. While the asymmetric wiring
between SACs and DSGCs is mirrored in the On and Off pathways (Briggman et
al. 2011), recent studies demonstrate notable differences in the neural mechanisms

underlying the direction selectivity of On and Off SAC dendrites.
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First, inhibitory inputs to On and Off SACs show functional and anatomical diver-
gence. In the On pathway, inhibitory inputs onto On SACs are not required for
direction selectivity of On SACs and the On response of DSGCs during a simple
moving bar stimulus against a uniform background (Chen et al. 2016). However,
feed-forward inhibition from non-SAC amacrine cells to Off SACs contributes to di-
rection selectivity in the Off pathway under the same stimulus condition (Chen et
al. 2016). Interestingly, connectomic analysis shows that Off SACs receive a higher
fraction of wide-field amacrine cell inputs than On SACs (Ding et al. 2016), con-
sistent with a more prominent role of inhibition from non-SAC amacrine cells to
Off SACs. On the other hand, On SACs, but not Off SACs, receive inputs from
a class of narrow-field amacrine cells (Ding et al. 2016). These results highlight
that the inhibitory circuitry impinging on the On and Off SACs are not identical.
Additionally, NMDA receptor function has been reported to differ between the two
SAC populations, since NMDA receptor antagonist affects the temporal response of
Off but not On SACs (Fransen and Borghuis 2017).

In addition to the distinct mechanisms underlying direction selectivity of On and Off
SACs,interactions between On and Off pathways have been implicated under specific
visual stimulation conditions. Crossover excitation of Off SACs from the On path-
way originated from rod and M-cone signaling has been reported in the mouse retina
(Rosa et al. 2016, but see Kittila and Massey 1995 in rabbit). In another study, the
polarity of excitatory inputs to On and Off SACs can be reversed by a short period of
repetitive drifting grating stimulation (Vlasits et al. 2014), which may underlie the
reversal of the preferred direction of DSGCs under the same condition (Rivlin-Etzion
et al. 2012).

Together, these recent studies indicate that motion of bright and dark contours is not
processed by completely mirror symmetric mechanisms in the On and Off pathways
in the mouse retina. Instead, divergent circuit motifs and synaptic properties as well
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as the interactions between the two pathways collectively shape the directionally

tuned On and Off responses of DSGCs.

1.4.3 Noise

A moving bar stimulus over a uniform background has been pivotal to uncovering
many key mechanisms of direction selectivity. However, visual motion in the natural
environment is usually accompanied by other non-motion features that put extra
strains on the direction-selective circuit. To maintain robust direction selectivity in
the presence of these competing features or "noise”, the retina recruits additional
layers of neural mechanisms that are selectively engaged when visual noise is present
in motion stimuli. One example is the NMDA receptor signaling in DSGCs that
amplifies correlated excitation and improves the fidelity of direction selectivity in
noisy conditions (Poleg-Polsky and Diamond 2016a). When the background and
bar intensities vary independently and randomly, direction selectivity of DSGCs de-
teriorates upon NMDA receptor blockade (Poleg-Polsky and Diamond 2016a). By
contrast, NMDA receptor blockade has no effect on direction selectivity during noise-
free moving bar stimuli (Kittila and Massey 1997; Poleg-Polsky and Diamond 2016a).
Visual noise also recruits specific microcircuit motifs to the direction-selective cir-
cuit. This is exemplified by selective activation of lateral inhibition onto On SACs
(Chen et al. 2016). In the absence of background noise, the direction selectivity of
the On SACs and On component of DSGCs does not require lateral inhibition onto
On SACs. However, when a randomly flickering checkerboard is introduced in the
background, the lack of GABAergic inputs onto On SACs significantly impairs direc-
tion selectivity in the On pathway, highlighting the importance of lateral inhibition

in preserving feature selectivity under complex visual conditions.
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1.4.4 Speed

Direction-selective firing of On-Off DSGCs exhibits broad speed tuning. In the null
direction, to ensure reliable suppression of DSGC spiking, strong inhibitory inputs
need to be generated in time to sufficiently coincide with excitation at all speeds.
Steep saturation of inhibitory inputs onto DSGCs has been shown in rabbits and
guinea pigs to render the strong null-direction inhibition speed-invariant (Lipin et
al. 2015). In the temporal domain, cholinergic and GABAergic inputs onto DSGCs
are well correlated in the null direction across a range of speeds due to the co-release
of ACh and GABA from the centrifugally activated SAC dendrites. The fast onset
of GABAergic inhibition onto DSGCs in the null direction also ensures a timely
cancellation of glutamatergic excitation from bipolar cells. This fast onset of strong
null-direction inhibition depends on global signal integration across the entire SAC
dendritic field along the motion trajectory (Koren et al. 2017).

In the preferred direction, mGluR2-dependent electronic isolation of SAC dendrites
is involved in maintaining the broad speed tuning of DSGC spiking (Koren et al.
2017). When mGluR2 is blocked, the strong centrifugal activation of one sector
propagates more readily into the opposite, centripetally activated sector and thereby
enhances the preferred-direction inhibition of DSGCs (Figure 1.2). This timing of
the enhanced centripetal response during mGluR2 blockade depends on the speed
of linear motion across SAC dendrites. At faster motion speed, back-propagating
signals arrive faster and enhance preferred-direction GABAergic inputs onto DSGCs
during concomitant excitation. Therefore, blockade of endogenous mGluR2 signaling
significantly reduces the preferred-direction firing of DSGCs at faster speeds. The
impact of mGluR2 blockade on DSGC preferred-direction spiking is less prominent
at lower speed due to the reduced overlap between excitation and aberrant but more

delayed inhibition of DSGCs (Figure 1.2).
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1.5 Anatomical substrates for an extended neural network of direction

selectivity

The stimulus-dependent neural mechanisms discussed above indicate that the recep-
tive field properties of SACs and DSGCs are intricately influenced by the extended
neural circuitry under different stimulus conditions. Recently, physiological studies
reveal two new types of amacrine cells that provide synaptic inputs onto DSGCs.
The VGIuT3 amacrine cells provide glutamatergic excitation to On-Off and On DS-
GCs (Lee et al. 2014, 2016; Kim et al. 2015), while the VIP positive amacrine cells
send GABAergic inhibition to On-Off DSGCs (Park et al. 2015).

Connectomic analysis reveals a separate set of narrow and wide amacrine cell types
that are connected to SACs and bipolar cells (Hoggarth et al. 2015; Ding et al. 2016).
Reconstruction of the direction-selective circuit at the electron microscopic level also
delineates partially overlapping sets of bipolar cell types that innervate the On-Off
DSGCs, On and Off SACs (Helmstaedter et al. 2013; Kim et al. 2014; Ding et al.
2016). In the On layer, both DSGC and On SAC receive inputs from cone bipolar
cell CBC5 subtypes, but only On SAC receives additional CBC7 inputs at proximal
dendrites. In the Off layer, both DSGC and Off SAC receive inputs from CBC3 and
CBC4, but Off SAC receives additional inputs from CBC1 and CBC2 at proximal
dendrites. These findings will inspire future studies that unite anatomy with func-
tion for these new cellular players in order to generate a more comprehensive model

of direction selectivity under diverse visual conditions.

1.6 Summary

An intuitive assumption of visual processing in the retina is that computations need
to be robust so that visual features can be faithfully reported to the higher visual

centers in the brain. This is in contrast to many cortical circuits that feature flexible
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input-output relationships such as circuits involved in learning and memory (Holt-
maat and Caroni 2016). However, robust computation does not necessarily imply
a rigid circuit. Instead, the direction-selective circuit uses a highly dynamic set of
mechanisms both at the circuit and dendritic levels. This flexibility is necessary
because visual motion in the natural environment is complex, dynamic and often
obscured by other visual features. A rigid set of mechanisms may quickly fail in
the large parameter space of natural stimuli. By acute modulation and selective
engagement of multi-layered mechanisms, retinal circuits are well-equipped to meet
the challenges of feature extraction in the ever-changing natural environment, and
reliably convey visual information to downstream visual areas.
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2

Using multi-photon imaging for targeted
electrophysiological recording and live cell imaging
of fluorescently labeled neurons from isolated
retinas

This Chapter is a full reprint of Chen et al., Springer Nature Neuromethods Book
Series, in which I was the primary author.The work is included with permission from
all authors.

Relevant Publication

Qiang Chen, Wei Wei. (to appear in Springer Nature) ” Using multi-Photon imag-
ing for targeted electrophysiological recording and live cell imaging of fluorescently

labeled neurons from isolated retinas”. Multiphoton Microscopy.

2.1 Abstract

A central goal of neuroscience is to understand how neural computations are imple-
mented by neural circuits. An excellent model system is the mammalian retina. Be-

sides its important role in visual processing, the retina offers technical advantages for

28



circuit interrogation at the cellular and synaptic levels due to its experimental accessi-
bility and well-defined cell types. Recent development of genetic and molecular tools
in mice has made the mouse retina a preferred choice for studying retinal circuitry,
since an increasing repertoire of cell types can be specifically labeled by fluorescent
proteins. However, measuring the light response of fluorescently-tagged retinal neu-
rons is challenging because excitation of fluorophores at visible wavelengths often
leads to rapid photopigment bleaching that prevents subsequent recording of light
responses from retinal neurons. One way to circumvent this problem is to use mul-
tiphoton excitation in the infrared range to visualize fluorescent-protein-expressing
cells. In this chapter, we describe a detailed protocol for multiphoton targeted elec-
trophysiological recording from fluorescently-labeled retinal neurons while preserving
their sensitivity to visual stimulation. This technique also enables live imaging of
the three-dimensional morphology of the recorded neurons. With the continued de-
velopment of cell-specific markers in the mouse retina, this method is expected to be
widely used for harnessing the power of genetic and molecular tools in retinal circuit
analysis.

Keywords: Multiphoton Microscopy, Retina; Light Response, Fluorescence Pro-

teins, Patch Clamp Recording.

2.2 Introduction

The retina, the neural tissue of the eye, belongs to the central nervous system. Vi-
sual processing in the retina is implemented by five major classes of retinal neurons
that are organized into three cellular layers interconnected by two synaptic layers
(Sanes and Masland, 2015) (Figure. 2.1). In the vertical pathway, visual inputs are
relayed and transformed by photoreceptor-bipolar cell-ganglion cell connections. Im-

portantly, this forward signaling is profoundly modified by lateral connections made
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by horizontal and amacrine cells. The complexity of retinal circuitry is reflected in its
diverse cell types (over 100 distinct types according to the current estimate (Demb
and Singer, 2015; Sanes and Masland, 2015). Through precise wiring between spe-
cific neuronal types, visual inputs are processed in parallel by > 30 retinal circuits
(Baden et al., 2016). Each circuit extracts a specific visual feature, which is repre-
sented as the spiking output of a retinal ganglion cell type (Gollisch and Meister,
2010). Together, the axons of > 30 types of retinal ganglion cells exit the retina at
the optic disc and convey processed visual information to multiple brain targets such
as thalamus, superior colliculus, accessory optic system and suprachiasmatic nucleus
(Dhande et al., 2015). One well-known example of feature extraction in the retina is
implemented by the direction-selective circuit (reviewed in (Vaney et al., 2012; Wei
et al., 2011b)), which we use as an example to illustrate the method described in this
chapter. The output neurons of the circuit, the direction-selective ganglion cells, fire
action potentials maximally to motion in their preferred direction, but minimally to
motion in the opposite, null direction. The direction-selective ganglion cells consist
of multiple types that project their axons to distinct visual nuclei. The On direction
selective ganglion cells innervate the accessory optic system and mediate the optoki-
netic reflex (Barlow et al., 1964; Barlow and Levick, 1965; Simpson, 1984), while the
On-Off type mainly innervates the superior colliculus and the dorsal lateral genicu-
late nucleus, and is involved in motion processing in these nuclei and the primary
visual cortex (Cruz-Martn et al., 2014; Hillier et al., 2017; Huberman et al., 2009;
Shi et al., 2017). The diverse set of retinal circuits that perform parallel visual pro-
cessing makes the retina an intriguing place to study synaptic, cellular and network
level mechanisms of feature detection. Understanding retinal computations will have
broad implications for the general principles of information processing by the brain.
Technically, the retina is a highly accessible system for experimental manipulations
and recording. Since the retina receives minimal feedback inputs from the rest of
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FI1GURE 2.1: Schematic side view of the major cell types in the mammalian retina.

the brain (Zucker and Dowling, 1987), the neural circuitry in the isolated retina is
largely intact. When protected from visible light, acutely isolated retina survives and
remains light responsive for a sufficiently long period to enable electrophysiological
experiments on visually evoked neuronal responses. For this purpose, retinal neurons
are traditionally visualized using infrared optics and distinguished by morphological
characteristics of their somas such as size, shape and retinal location (van Wyk et
al., 2009). While a few cell types can be efficiently targeted by this approach, it
poses a significant challenge for targeting the rest of the retinal cell types for circuit
analysis. Recent progress in genetically engineered mouse lines and viral vectors
offers an unparalleled opportunity to record from specific and sparse subpopulation
of retinal neurons (Sanes and Masland, 2015). Selective labeling of one or several
types of retinal neurons can be achieved by expressing a fluorescent protein directly
under a cell type-specific promoter, or by using a binary system with the driver and
reporter genes such as the Cre-loxP system (Zeng and Madisen, 2012). Genetic tar-
geting leads to greatly improved efficiency of finding cells of interest. Importantly,
stable expression of genetic markers offers the unique advantage of studying the early

development of visual circuits even before the retina becomes light responsive (Wei
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et al., 2011a; Yonehara et al., 2011).

While cell type-specific labeling greatly simplifies the initial targeting step, recording
light-evoked responses from fluorescently-labeled retinal neurons is subject to the ob-
server effect in which the process of observation affects the observed results. In this
case, the visible light source used to excite fluorophores also potently stimulates the
photoreceptors in the retina, and therefore contaminates the neurons response to the
visual stimulus of interest. Even more problematic is that the visible light used to
excite the fluorophores often bleaches the photoreceptors rapidly and prevents sub-
sequent experiments using visual stimulation. For cells with bright fluorescence, this
caveat can be alleviated by minimizing the intensity and duration of the excitation
light exposure to the retina. However, this approach is not applicable to cells with
low level of fluorescence.

Two-photon microscopy, thus, becomes a preferred choice for targeting retinal neu-
rons labeled with green fluorescent protein (GFP) or other two-photon excitable fluo-
rophores, because the infrared wavelengths used in two-photon excitation cause much
weaker single-photon absorption for mammalian retinal photopigments. It is notable
that the infrared laser used during two-photon imaging still causes activation of the
photoreceptors, primarily due to two-photon excitation of the photopigments (Euler
et al., 2009). However, for most practical purpose two-photon excitation of photore-
ceptors at typical laser intensity (~5 mw) does not cause a significant bleaching effect
and therefore does not pose serious problems for subsequent recording experiments
due to the following two factors. First, the imaging process for identifying a fluores-
cently labeled neuron is usually short in duration (e.g. ~1-5 mins) . Second, the cells
most suitable for electrophysiological recording are located in the retinal ganglion cell
layer near the surface of the whole mount retina preparation. Due to the good optical
sectioning of two-photon microscopy, two-photon excitation is spatially restricted to
the illumination focal point at the ganglion cell layer, which is ~200 pym above the
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outer segments of the photoreceptors where the photopigments are located. There-
fore, the activation and photobleaching of the photoreceptors is further minimized.
In addition, the other general advantages of two-photon microscopy also apply to the
isolated retina preparation, including good depth penetration and three-dimensional
resolution, and minimized photodamage to the living tissue (Svoboda and Yasuda,
2006). Together, two-photon targeting of fluorescently labeled retinal neurons allows
for the acquisition of both electrophysiological recordings of a cells light response
and detailed live morphology of the cells dendritic arbors.

In this chapter, we describe the equipment and procedure to perform two-photon
targeted recording and imaging of fluorescent-protein-expressing retinal neurons in
whole-mount mouse retinas. The retina is first isolated under infrared illumination,
and then transferred to a two-photon microscope for fluorescence imaging. The iden-
tified cells of interest are then subject to patch-clamp recording aided by infrared
optics and an IR-sensitive camera while visual stimuli are presented to the retina
through the microscope condenser. Inclusion of a dye in the internal solution during
patch-clamp recording allows for subsequent live imaging of the recorded cell in three

dimensions.

2.3 DMaterials

2.3.1 Reagents

e Transgenic mice expressing two-photon excitable fluorophores in retinal neu-
rons (All procedures need to be performed in accordance with ethical and
safety guidance of relevant institutions and authorities). When retinal orien-
tation is important, for example, during investigation of direction-selective or
orientation-selective circuits, or when the fluorescence labeling pattern is non-

uniform across the retina, a transgenic mice line from a pigmented background
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such as C57/BL6 is recommended, because they have more distinguishable

landmarks on the choroid than albino strains.
e Ames medium (pH 7.36; Sigma, Cat. No. A1420-10X1L)

e Intracellular solution for patch-clamp recording, prepared according to require-
ments of experiments being performed (e.g. Cesium-based internal solution
containing: 110 mM CsMeSO4, 2.8 mM NaCl, 4 mM EGTA, 5 mM TEA-
Cl, 4 mM adenosine 5-triphosphate (magnesium salt), 0.3 mM guanosine 5-
triphosphate (trisodium salt), 20 mM HEPES, 10 mM phosphocreatine (dis-
odium salt), 5 mM N-Ethyllidocaine chloride (QX314), pH 7.25 ). Fluorescent
dyes like Alexa Fluor 594 or 488 hydrazide (ThermoFisher Scienfitic) can be
added to the internal solution to fill the recorded cells for subsequent two-

photon imaging

e [soflurane (e.g. Phoenix Pharmaceuticals, Cat. No. NDC 57319-507-05) for

anaethesia

2.3.2 Equipment

Retina dissection

e Black mixed cellulose esters membrane filter paper (0.45 pm; Millipore, Cat.No.

HABGO01300) for mounting the isolated retina

e White filter paper (e.g. Whatman 1001090) for holding the eyeballs in step 3

of section 3.1
e Surgical razor blade (e.g. Feather Safety Razor Co., Cat. No. GRF-2976 #11)

e Pyrex petri dish (100 mm x15 mm; e.g. Fisher Scientific, Cat. No. 08-747C)
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e Dissection tools (fine dissection scissors and forceps) (e.g. Roboz Surgical In-

strument Inc.)
e Dissection microscope (e.g. Olympus SZ61)

e Infrared light source for the dissection microscope (e.g. CMVision IR30 illumi-

nator)

e Red LED headlamp for ambient room illumination and during dissection (e.g.

Energizer, model No. HD33AIEN)

e Two IR-sensitive CCD cameras (e.g. Watec, model no. WAT-902H) for visual-
ization under infrared optics during retina dissection and patch-clamp recording

respectively

e Two Video monitors (e.g. Sanyo, model no. DP1B41B) for visualization under

infrared optics during retina dissection and patch-clamp recording respectively

Visual Stimulus

e White organic light-emitting display (OLED; Emagin Corporation, model no.

100100-01 with glass faceplate) for presenting visual stimuli

e The Design Reference Kit (Emagin Corporation) for connecting the OLED to

a VGA port of a PC for visual stimuli
e Custom-made OLED holder for use with Thorlabs 30mm cage systems.
e Cage plate (Thorlabs, Cat. No. CP02)
e XY translating lens mount (Thorlabs, Cat. No. HPT1)

e Right-Angle Kinematic Mount for Elliptical Mirrors (Thorlabs, KCB2EC)
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e Protected Silver-Coated Elliptical Mirrors (Thorlabs PFE20-P01)
e Cage assembly rods 8 (Thorlabs, Cat. No. ERS)
e Manual rotation base (Thorlabs, QRP02)

e Dual-port high performance video card for the OLED (Nvidia GeForce, 9500
GT 512 MB)

e Monitor for visual stimuli (e.g. Dell 1704FPT). Visual stimuli monitor for user
observation and OLED for stimulus display are connected to a PC with dual-
port video card and displayed in parallel or duplicate mode at a resolution of
800x600 pixels, refresh rate of 60 Hz. This allows the user to conveniently see

the pattern of the visual stimulus shown on the OLED during experiments.

Electrophysiology

e Amplifier (Molecular Devices, model no. Multiclamp 700B)

e Analog-to-digital converter (Molecular Devices, Digidata 1440A)
e Micromanipulator (Sutter Instruments, MPC-200)

e Head-stage (Molecular Devices, 1-CV-7B)

e Borosilicate glass capillaries (1.5-mm outer and 1.10-mm inner diameters, 7.5-

cm length; Sutter Instruments, Cat. No. BF150-110-7.5)
e Glass microelectrode puller (Narishinge PC-100)

e Custom made grounding wires for the head-stages
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Two-Photon microscopy

e Two-photon microscope with dual channel external Multi-Alkali detectors and
a translatable stage (We have verified this protocol with multiphoton systems

from Bruker and Scientifica.)

e Femtosecond, wavelength Tunable IR Laser Sources (e.g. Coherent Chameleon

Ultra IT or Spectra-Physics Mai Tai)

e Water-immersion objectives (Olympus LUMPlan F1/IR 60x/0.90NA Water
Objective)

e 5x objectives for bright-field observation (Olympus MPlan N 5x/0.10NA Mi-

croscope Objective)

e Dichroic filter (D1)

e Dichroic filter (D2)

e Band-pass filter (BP1)

e Band-pass filter (BP2)

e (optional) Notch filter, placed in front of OLED for simultaneous visual stim-
ulation with functional calcium imaging.

Other equipment
e Recording chamber (e.g. Warner Instruments, RC-26GLP)
e Perfusion pump (e.g. Watson Marlow 120S, Cat No. 14-284-202)

e In-line solution heater (Warner, model No. 64-0102) for warming solutions
flowing into recording chamber. Check the temperature of bath with thermistor

regularly to make sure bath temperature is stable
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e Computers for two-photon imaging, electrophysiological recordings and visual

stimulation

e Stand-alone breakout board for a parallel port cable (Winford Engineering,

BRK25F-R-FT)

e MATLAB software with Psychophysics Toolbox installed (Mathworks Inc.)

2.4 Experimental Setup

Schematics of overall equipment layout are shown in Figure. 2.2

e Visual stimulation: the OLED is secured by a custom made plastic holder that
fits into Thorlabs 30 mm cage system that can be swung in under the condenser
for visual stimulation or out to allow infrared light illumination of the tissue for
patch clamp recording (Figure. 2.2f). Images from the OLED are reflected by a
silver mirror below the condenser mounted on the 30mm cage system, and pro-
jected and focused onto the photoreceptors through the condenser lens. In our
setup, the area of retina stimulated by the OLED is 330 m in diameter. The size
of stimulated area can be adjusted by adjusting the light path distance between
OLED and condenser. Custom visual stimuli are generated using MATLAB
and Psychophysics Toolbox (http://psychtoolbox.org) (Brainard 1997). There
are alternative designs in which visual stimulation is delivered through the ob-
jective (Euler et al., 2009; Wei et al., 2010). In the current protocol, visual
stimulation is delivered through the condenser since this configuration requires
no custom modification for most commercial upright microscopes. The only
requirement is that the distance between the bottom of the condenser and the

transmitted light source is sufficiently large to accommodate the Thorlabs 30
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FIGURE 2.2: Schematics view of the setup for targeted electrophysiological recording of light
responses from retinal neurons expressing fluorescent proteins.

(a). Schematic diagram of the two-photon microscope configured for targeted recording. Once a
fluorescently labeled neuron is identified, the cell is targeted for recording aided by transmitted
infrared (IR) illumination (cyan) and an IR-sensitive CCD camera. D1: dichroic filter (695 nm
split); D2: dichroic filter (585 nm split); BP1: band pass filter (500-550 nm); BP2: band pass filter
(600-660 nm).

(b). Example layout based on a Bruker Ultima two-photon system.

(¢). Schematic diagram of the two-photon microscope configured for visual stimulation. Once a
successful recording has been established, visual stimuli from the OLED are delivered to the retina
through the condenser.

(d). Example layout of a visual stimulation module built around the Thorlabs 30 mm cage system.
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mm cage system. If this distance in an existing microscope is not large enough
(e.g. ~10 cm), the Thorlabs 16 mm cage system can be used, or the microscope

stage can be raised.

e Synchronize visual stimuli with electrophysiological recording: The onset of the
visual stimulus is accompanied by a Transistor-transistor logic (TTL) pulse.
Details on generating TTL pulse triggers can be found at the MATLAB Psy-
chophysics Toolbox website (https://github.com/Psychtoolbox-3/Psychtoolbox-3/
wiki/FAQ:-TTL-Triggers-in-Windows). In short, a TTL pulse is generated
by Psychophysics Toolbox in Matlab, then sent to the patch clamp devices
through a parallel cable connected to the visual stimulation computer and a
breakout card to trigger electrophysiological recording (Figure. 2.3).

BNC cable to “trigger”
input of digitizer

Breakout board

Parallel cable from visual stimulatoin
computer

FI1GURE 2.3: Example connection of a breakout board for TTL triggering.

e Alignment of OLED to the image forming center of the objective: First, the
images on the OLED needs to be centered to the field of view through the

objective. To do this, a whole-mount retina sample is placed into the recording
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chamber perfused with oxygenated Ames solution. Then, focus the objective on
the outer segment of the photoreceptors. Next, move the microscope stage in
the X-Y plane so that the retina preparation is outside the field of view and an
area containing clear unobstructed coverslip bottom of the imaging chamber is
under the objective. Swing in the visual stimulus arm below the condenser and
project a centered circular crosshair pattern on the OLED. Without moving the
objective in the 7 axis, adjust the condenser focus knob below the microscope
stage until the crosshair patterns is focused under the objective. Next, without
adjusting the condenser focusing screw, move the adjusting screws of the silver
mirror mount in the visual stimulation arm so that the center of crosshair pat-
tern in the OLED coincides with the cross-hair center of the eyepiece (imaging
forming center of the objective). It is recommended that the alignment and

focus of the visual stimulation is checked daily before experiments.

Create a reference point to align the field of view under laser scanning with that
under transmitted light illumination: Fill a glass electrode with a two-photon
excitable dye such as Alexa Fluor 488 or Alexa Fluor 594. Focus the tip of
the dye under the 60x objective. First, image the dye-filled pipette tip with
the two-photon microscope, and position the tip in the center of the imaging
window. Mark the center position on the monitor of the imaging computer with
a piece of tape. Gentle positive pressure should be applied to the pipette so
that the tip is clearly visible during imaging due to the constant flow of the dye
out of the pipette. Next, stop laser scanning, and without moving the pipette
position, visualize the pipette tip on the TV monitor using the IR-sensitive
CCD camera under transmitted light illumination. Mark the position of the
tip on the TV screen with another piece of tape. Now, a reference point has

been created to represent the image forming center of the objective in both
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the CCD video monitor and two-photon imaging monitor. It is important to
maintain the two-photon imaging window in a fixed position on the imaging
computer monitor. It is also necessary to image the fluorescently labeled neuron

before and after recording and dye filling to verify the correct targeting.

2.5 Methods

2.5.1 Preparation of acutely isolated retina samples

1. Cut black membrane filter papers into pieces that fit into the recording chamber.
Cut a hole ( lmm x 2mm) at the center of the filter paper with a sharp razor blade.
When the orientation of the retina is important, mark the filter paper with the razor
blade so that the dorsal, ventral, nasal and temporal directions can be recognized.
2. Adapt mice in darkness for at least 1 hour before euthanization. Anaesthetize
with isoflurane and then decapitate the mice. Enucleate the eyeballs rapidly under
dim red-light illumination (All animal handling and euthanization procedures need
to be performed accordingly to the ethical guidelines of the relevant institution and
authorities).

3. Under infrared illumination, place the eyeball on a piece of white filter paper.
Note the left and right eyeballs. Make an incision through the cornea with a sharp
surgical blade or a 15 gauge needle.

4. Transfer the eyeball to a glass Petri dish filled with oxygenated (95% Oy 5%
CO3) Ames’ medium . Remove the cornea, the lens and the vitreous from the eye
under a dissection microscope under infrared illumination. Vitreous body needs to
be removed completely for patch clamp recording.

5. Identify the dorsal/ventral side of retina according to the landmarks in the choroid
(Figure. 2.4). Mark the dorsal/ventral axis by making small cuts at the periphery

of the retina.

42



6. Carefully peel the pigmented epithelial layer, choroid and sclera from the retina
using a pair of fine forceps. Cut the isolated retina into dorsal and ventral halves
along the nasal-temporal 