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Abstract

Early visual cortex, an area classically defined as a purely unisensory cortex, has been
suggested to be influenced by non-visual sensory inputs (Wallace et al., 2004; lurilli et al., 2011;
Vasconcelos et al., 2011; Charbonneau et al., 2012; Liang et al., 2013) and the cross-modal
effects are enhanced after blindness (Bavelier, D. & Neville, 2002; Pascual-Leone et al., 2005).
Although ectopic or increased neural projections from non-visual sensory areas might be partly
responsible for the enhanced cross-modality after blindness in some cases (Karlen et al., 2006),
such mechanism cannot explain acute enhancement of cross-modality after short-term
blindfolding (Merabet et al., 2007; Merabet et al., 2008). Here | showed that mouse visual
cortex was weakly multimodal even at the primary visual cortex (V1) and the cross-modality
drastically shifted around the critical period (CP) for visual functions. | found that sound
modulations of visual spiking activities are tri-phasic in V1, and the audiovisual interactions
followed inverse effectiveness rule as in classically-defined multisensory areas. The inverse
effectiveness impaired orientation and direction selectivity of visual response. Furthermore, |
showed that auditory influence on V1 was dampened specifically during the CP through

balancing of sound-driven excitation and inhibition. Visual experience regulated the cross-



modality through GABAergic inhibition, and both soma-targeting and dendrite-targeting
interneurons gated the cross-modal inputs in different ways. Finally, | showed that abnormal
cross-modality was a common characteristics among three different autistic mouse models,
supporting the comorbidity between autism and synesthesia (Baron-Cohen et al., 2013; Neufeld
et al., 2013). In particular, autistic BTBR inbred strain exhibited exceptionally large V1 cross-
modal auditory response with vision-like properties. My study suggests that the cross-modality
regulation during CP is crucial for V1 to functionally mature as ‘visual’ cortex and failure of it

might develop synesthesia-like multisensory V1.



Acknowledgements

| would like to thank the current and past members of Hensch lab for helping me and teaching
me how to do experiments. Especially, | would like to thank my advisor, Dr. Takao K. Hensch,

for his advice and support on my entire research projects.
I would also like to thank my dissertation advisory committee members, Dr. Venkatesh N.
Murthy, Dr. Naoshige Uchida, Dr. Daniel B. Polley and Dr. Gabriel Kreiman, for their annual

comments and advice on my work.

For financial support, | thank the Nakajima Foundation for supporting me throughout my PhD

life by generously funding most of the tuitions during the first 2 years and stipends for 5 years.

I must also thank my classmates who helped me survive the classes during the first year when |

was having a hard time understanding English.

Finally, | would like to thank my wife for cooking delicious foods for me for the last 3 months.



Table of Contents

AN <1 4 Vot PSSR iii
ACKNOWIEAGEMENTS ... e e e e s e s e e e e e e s esnraraeeeeeeeeeeannes v
Table Of CONEENTES .....cooiiiiiii e st e e e st e e e s bt e e e s ssaaaeeessnneeeas vi
Chapter 1. INtrodUCEION...........oooiiiii e e et e e e e e e e s abaeeesssaaeeeenas 1
Cross-modally driven activities in primary SENSOMY COMEX .....uiiiiiiiimiiiriiriieeerireeeerreeessree e eseee e s e sraeeesnneeees 1
MUILISENSOTY INTEEIATION ..eiuiiieiiieeiie ettt ettt e st e e st e e s bee e sateesabeessbeessbeesbaeensteesateesnteesnsaessneenneeas 3
(@1 T g Yoo | W'e] =1y ol 1 A R SR 5
YV 4 LT T I PSPPSR UPRTOPPTRPSPR 9
Chapter 2. Materials and Methods..........ccceveuiiieiiiieiiiieiereerreecrrenereeneereenerenseereaseseennessnnes 11
Chapter 3. Cross-modal auditory response and audiovisual interactions in adult V1/v2.......... 19
Laminar distribution of Cross-MoOdality..........eiiiiiiiiiiiiiee e e e e e e e ae e e e atae e e srreee s 20
Flavoprotein intrinsic signal imaging of visual and auditory responses in V1/V2 .......ccccocovevieveeieenieecieennnns 22
Visual and auditory evoked local field potentials in V1 ........cccviiiiiiiie i et 28
Single-unit recordings of audiovisual iNnteractions iN V1 .........cooviiiiiiiii e 30
Simulation of cellular audiovisual interactions in visually dominant V1 network.........ccccocovveeviiveeiicieeeennee, 35
Summary and DiscusSion fOr Chaper 3. ..o e e e e st e e et e e e et e e e s neeeeennnees 40

Chapter 4. Regulation of cross-modality in V1 during the critical period for visual functions..42

Flavoprotein imaging of cross-modality at the critical period of V1 ......cccoeviiiiiiicie e, 43
Evoked-field potential recordings of cross-modality across life Span ........cccceevvveeeeciee e, 43
Simulations of evoked field potential morphology as a function of cortical excitatory/inhibitory ratio........ 51
Single-unit recordings of audiovisual interactions at different developmental periods.........ccccveeeeirveeeennnen. 62
Summary and DisCUSSION fOr ChaPLer 4.....co.eieieeciee e e e e e s e e e e st e e e e rntae e ssnneeeeesnnees 66

Vi



Chapter 5. Mechanism that controls cross-modality in V1.................cccooeiniininineeeen 67
Bidirectional cross-modal plasticity in mouse ViSUal @reas .........ccccuvveeeiiieeiiciiieeec e 67

Bidirectional cross-modal plasticity is mainly mediated by GABAergic inhibition not by NMDA receptor
SUDUNIT COMPOSITION L.ttt ettt et ettt e st e st e e s bt e e b b e e sateesabeesabeeeateeanbeesabeesnteesnsaeenaneas 69

Cross-modal plasticity can be induced without ectopic or exuberant cross-modal neural projections to

VISUBL @IBAS ettt ettt ettt ettt e at e e a et e s te e s bt e e aee e abe e e ab e e e bt e e bbe e hbeeeabeeebeeebaeeeabeesabeeebeeenres 73
Cell type-specific regulation of cross-modality iN V1.........oooiiiiiiiieiiiiiee ettt 79
Summary and DiscUSSION fOr Chapter 5.....o..ei ittt sttt et e st e st e e sbaeesaee s 82
Chapter 6. Mouse model of auditory-visual synesthesia and cross-modality in autism .......... 84
Comparison between non-autistic C57BL6/J strain and autistic BTBR T+tf/J strain .......cccccceeveevieecieecreennenne, 85
Spatial coding of sound location in the visual cortex of BTBR T+tf/J Strain ........ccoceevveeviieviieeccee e, 90
Balancing of cross-modal excitation and inhibition in three different mouse models of autism .................. 92
Summary and DiSCUSSION TOr CRAPLEI B.....cccuiiiiieiiiee et e e s tre e e te e e e sbae e e e sarae e e ennbeeesenseeeeeenrees 94
Chapter 7. Summary and DiSCUSSION .....cccciiieeiiiieiiieeiiiiniiienieienirinniersnieisnsessnssessnsssssnssssnnns 95
Non-visual sensory responses in the mouse primary Visual COrteX........ovuiiriiniirniiiniieenieenieeesee e eseeenns 95
Significance of cross-modal regulation during the critical period of V1........cccooovveiiciiiieceeee e 96
Regulation of cross-modality as the potential mechanism of critical period plasticity in V1........ccccocvvevnenne 98
Mouse model of developmental SYNESTNESIA.......ccocciiii i 99
Mouse model of acquired/iNduced SYNESTNESIA.......c.ccccveieieieiieccree et et e eete e e etaeenare s 100
Mouse model of NeoNatal SYNESTNESIA........uii i 101
3= =] =T oL 104

Vii



Chapter 1

Introduction

Cross-modally driven activities in primary sensory cortex

The organization of sensory system is hierarchical, and sensory information is subject to
signal processing and integration with increasing complexity as climbing up the hierarchy. The
sensory system for vision starts from retina. One major output from retina targets the lateral
geniculate nucleus (LGN) of thalamus, and the signal is further sent out to cortex. The first
cortical entry site for visual modality is the primary visual cortex (V1). Although there is a
consensus that higher-order visual areas in cortex integrate signals of multiple modalities, there
has been a controversy as to whether multimodal integration already starts at V1.

Initial observations of non-visual sensory activities in V1 were from unanesthetized cats
and rabbits in 1960s and 1970s (Murata et al., 1965; Bental et al., 1967; Spinelli et al., 1968;
Fishman and Michael, 1973; Polyansky et al., 1975). Similarly, some human studies also
reported cross-modally driven activities in V1 (Martuzzi et al., 2007; Raji et al., 2010; Liang et
al., 2013). However, it is unclear whether the cross-modally driven activities in V1 reflect
sensory-related activities from bottom-up pathway or simply reflect non-sensory related
activities such as generalized arousal response, startle response, attention and mental
imaginary. The latter possibility was supported by the result that the cross-modally driven
activities disappeared under pentobarbital anesthesia (Murata et al., 1965). The non-sensory

related activities such as arousal, startle, attention and imaginary should be minimized under
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unconsciousness induced by anesthesia.

Recent studies reported that cross-modal activities in V1 may encode meaningful cross-
modal information (Vasconcelos et al., 2011; Liang et al., 2013) and can be recorded under
urethane anesthesia (Wallace et al., 2004; lurilli et al., 2011), suggesting that at least some
meaningful bottom-up cross-modal sensory inputs may exist in V1. However, the finding that
majority of V1 neurons were inhibited by sounds in mice (lurilli et al., 2011) is contradictory to
the old studies on unanesthetized cats where V1 neurons were mostly excited by sounds
(Murata et al., 1965; Bental et al., 1967; Spinelli et al., 1968; Fishman and Michael, 1973;
Polyansky et al., 1975). The study in mice (lurilli et al., 2011) recorded sound-driven activities
under anesthesia at juvenile age (4-6 weeks of age), whereas old studies in cat/rabbit recorded
sound-driven activities in awake condition at adult ages. Thus, the differential impact of cross-
modal stimuli on V1 might have derived from species difference, age of animal, or use of
anesthesia. It is important to examine the effect of each factor to cross-modal response in V1.
Importantly, the recordings should be performed under anesthesia to minimize the cross-modal
recruitment of non-sensory related activities in V1 and focus on sensory integrations through
bottom-up pathways.

Auditory cortex is another low-level sensory cortex where cross-modally driven activities
were intensively studied. Visual stimuli modulate activities of auditory cortex in rat (Wallace et
al., 2004), ferret (Bizley et al., 2007; Bizley & King, 2008), monkey (Ghazanfar et al., 2005;
Kayser et al., 2007; Kayser et al., 2008; Kayser et al., 2009; Kayser et al., 2010) and human
(Besle et al., 2009). In addition, somatosensory modulation of auditory cortex is also reported in

monkey (Lakatos et al., 2007; Kayser et al., 2009) and human (Schirmann et al., 2006).



Importantly, visual response in auditory cortex was detected even under anesthesia in ferret
(Bizley et al., 2007; Bizley & King, 2008). Therefore, auditory cortex, including primary auditory
cortex, is also weakly multisensory in nature across various mammalian species.

In spite of the long history of cross-modality research in primary sensory areas, the
developmental trajectory of cross-modal response has not been examined. Cross-modal inputs
may affect the maturation of neural circuits in sensory cortex by interfering with the primary
sensory inputs in the area. Thus, it is important to clarify the cross-modal representation in
primary sensory area during development to understand the neural mechanism by which

sensory cortex matures its circuitry.

Multisensory integration

In brain areas where sensory inputs of different modalities converge, different
modalities are integrated in each neuron. The sensory integration of multiple modalities is
called multisensory integration. Multisensory neurons are abundant in association cortex and
midbrain superior colliculus, and thus, the properties of multisensory integration have been
intensively studied in these areas. In particular, superior colliculus has been the primary target
for the studies of multisensory integration. Superior colliculus is involved in the detection of
multisensory stimuli and orients their heads and eyes based on the perceived stimuli (King,
2004). Superior colliculus is layered structure in the midbrain. The superficial layers primarily
receive visual inputs, whereas deeper layers receive not only visual but also auditory and

somatosensory signals and project to motor-related areas.



Through the studies of superior colliculus, three principles that seem to be shared for
multisensory integration in many brain areas have been uncovered (Stein & Stanford, 2008).
Multisensory integration depends on spatial alignment of multisensory stimuli (spatial rule),
temporal alignment of multisensory stimuli (temporal rule), and intensity of each unimodal

stimuli (inverse effectiveness rule).

Spatial rule

Each multisensory neuron in superior colliculus has distinct spatially overlapping receptive
fields for each modality. Thus, response enhancement by multimodal stimuli is largest when
two stimulus modalities originate from the spatial area where their receptive fields overlap
(Kadunce et al., 2001). It occurs when two stimuli with different modalities derive from the
same source in their surrounding space. In contrast, when two stimuli with different modalities
are spatially disparate and presented from the outside of the overlapping receptive field,
second modality either does not enhance the response or even depress the unimodal response

(Meredith & Stein, 1986; Meredith & Stein, 1996; Kadunce et al., 1997).

Temporal rule

If multisensory stimuli originate from the same source, they are more likely to be temporally
coincident than temporally disparate. Therefore, it is beneficial for multisensory neurons in
superior colliculus to preferentially enhance their activities in response to coincident
multimodal stimuli to better localize the source. In fact, their multisensory enhancement is

largest when the peaks of unimodal responses temporally coincide, and the enhancement



gradually decreases and eventually turns to depression as we increase the temporal disparity

between different modalities (Meredith et al., 1987).

Inverse effectiveness rule

The magnitude of multisensory enhancement is inversely related with the effectiveness of each
unimodal stimuli, and the multisensory enhancement can be even supra-additive (Meredith &
Stein, 1986). This rule is also biologically beneficial for multisensory neurons to detect weak
sensory signals. Even if each modality is weak, combination of different modalities increase the
likelihood that they originate from a specific object in the environment, and thus inverse
effectivenss helps superior colliculus to detect the object. Although the neural mechanism
underlying the inverse effectiveness of multisensory integration is not fully understood, divisive
normalization has been proposed as the neural computation underlying spatial rule and inverse
effectiveness rule (Ohshiro et al., 2011).

In spite of the ample evidence that multisensory neurons follow above rules, how
different modalities interact in unisensory brain areas where only one modality is dominantly

represented such as primary sensory cortex has been largely unexplored.

Cross-modal plasticity

It has been known that a sensory loss results in compensatory improvements in the
remaining sensory modalities. For example, people who lost their vision early in life show

better performances than sighted controls at tactile discrimination task (Van Boven et al., 2000;



Goldreich & Kanics, 2003; Alary et al, 2008; Alary et al., 2009), pitch discrimination task
(Gougoux et al., 2004), and sound localization task (Lessard et al., 1998; Roder et al., 1999; Voss
et al., 2004; Gougoux et al., 2005). These behavioral improvements are accompanied by neural
plasticity in both deprived (visual) and non-deprived (auditory, somatosensory) sensory cortex.
This form of plasticity is called cross-modal plasticity.

Both human and animal studies reported that blindness causes expansion of the cortical
areas that process non-deprived modalities such as somatosensory (Rauschecker et al., 1992;
Pascual-Leone & Torres, 1993; Toldi et al., 1994) and auditory cortex (Elbert et al., 2002). At
synaptic level, visual deprivation scales down the average mEPSC amplitude and intracortical
excitatory synapses in L2/3 of A1 and S1 (Goel et al., 2006; He et al., 2012; Petrus et al., 2014;
Petrus et al., 2015), whereas feedforward thalamocortical pathways in A1 and S1 are scaled up
by visual deprivation at the thlamocortical synapses in L4 (Petrus et al., 2014) and synapses
from L4 to L2/3 (Jitsuki et al., 2011; Petrus et al., 2015). In addition, dark-exposure increases
the amplitude of evoked inhibitions and the frequency of mIPSC in L4 and L2/3 of A1,
respectively (Petrus et al., 2015). As a result of these synaptic plasticity, visual deprivation
sharpens the receptive fields for sound frequency and of whisker-barrel map in Al and S1,
respectively (Petrus et al., 2014, Jitsuki et al., 2011).

Visual deprivation induces plasticity not only in non-visual cortex but also in visual
cortex. Numerus human studies reported that the visual cortex of blind people is strongly
activated in cross-modal tasks such as somatosensory (Sadato et al., 1996; Merabet et al., 2007;
Merabet et al., 2008), auditory (Weeks et al., 2000; Gougoux et al., 2005; Kujala et al., 2005;

Bedny et al., 2012), and olfactory (Kupers et al., 2011) tasks. One possibility that could result in



enhanced cross-modal response in deprived cortex is the increased or ectopic neural
projections from cross-modal areas to the deprived cortex. Such ectopic neural projections to
early visual cortex in blind animals have been reported in some studies (Karlen et al., 2006;
Larsen et al., 2009). For example, Karlen et al. reported that the V1 of neonatally enucleated
opossum receives ectopic/increased projections from auditory and somatosensory thalamic
nuclei as well as from auditory, somatosensory and multisensory cortex.

However, other studies failed to find such ectopic or increased cross-modal neural
projections in blind animals (Innocenti et al., 1988; Charbonneau et al., 2012). Besides, ectopic
neural projections cannot explain all forms of cross-modal plasticity. For example, human
studies reported that cross-modal tactile response in V1 increases with only a few days of
blindfolding, and the cross-modal response returns to normal level within 1 day after the
removal of blindfolding (Merabet et al., 2008). It is unlikely that new ectopic neural connections
form between somatosensory and visual cortex within such a short period. Thus, other neural
mechanisms that enable short-term cross-modal plasticity should exist.

Synaptic scaling of excitatory synapses has been proposed as the candidate mechanism
of cross-modal plasticity in deprived cortex. Indeed, 2 or 7 days of dark-exposure scales up the
average amplitude of mEPSC in L2/3 of V1 (Goel et al., 2006; He et al., 2012). The scaling up of
mEPSC in L2/3 occurs for the lateral L2/3 to L2/3 pathway, but not for L4 to L2/3 pathway (He
et al., 2012), suggesting a shift in cortical processing from thalamo-cortical to cortico-cortical
mode after visual deprivation. This cross-modal plasticity in deprived cortex is in stark contrast
to the plasticity in non-deprived cortex where visual deprivation shifts the cortical processing

from cortico-cortical to thalamo-cortical mode (Goel et al., 2006; Jitsuki et al., 2011; He et al.,



2012; Petrus et al., 2014; Petrus et al., 2015).

Although the synaptic scaling of excitatory synapses in L2/3 may contribute to enhanced
cross-modal response in deprived cortex by enhancing cortico-cortical inputs from non-
deprived cortey, it has not been examined whether the cross-modal neural projections to V1
are potentiated by visual deprivation. Besides, the impact of visual deprivation is not limited to
the synaptic scaling of excitatory synapses. For example, the subunit ratio of NMDA glutamate
receptor, NR2A/NR2B, is reversibly regulated by visual experience (Quinlan et al., 1999; He et
al., 2006), and visual deprivation can alter the kinetics of the receptor. Dark-exposure slows the
decay of NMDA receptor currents by decreasing NR2A/NR2B ratio, and the increased excitatory
currents might contribute to the potentiation of cross-modal inputs in V1. Furthermore, the
strength of inhibitory synapses in V1 is dampened by chronic dark-rearing from birth (Morales
et al., 2002; Kang et al., 2013) or 10-day dark-exposure to adult animals (He et al., 2006; Huang
et al., 2010). These dampened inhibitions after visual deprivation recover after light-exposure
(Morales et al., 2002; He et al., 2006). This bi-directional modification of inhibitory synapses is
consistent with the synaptic scaling of inhibitory synapses (Kilman et al., 2002). Such plasticity
of inhibitory circuits might be gating cross-modal inputs in V1, yet the possibility has not been
explored.

To understand the neural mechanisms underlying the cross-modal plasticity, |
established mouse models of cross-modal plasticity and tested the effects of various candidate

factors on cross-modal response in mouse visual cortex in vivo.



Synesthesia

Synesthesia is a neurological condition in which a certain sense is automatically induced
by cross-modal stimuli. The prevalence of synesthesia in general population is currently
estimated as ~4.4 % (Simner et al., 2006), which far exceeds the prevalence of major mental
disorders, for example, ~1.5 % for autism (Baio et al., 2014) and ~1.1 % for schizophrenia
(Regier et al. 1993). Nonetheless, the neural mechanism of synesthesia is much less understood
than the mechanisms for autism or schizophrenia partly because synesthesia is not regarded as
a disease. In fact, many synesthetes wish to keep their synesthesia, and it is suggested that
synesthesia may help certain aspect of creativity (Ward et al., 2008). However, synesthetic
perception can also be distracting in everyday life, and some forms of synesthesia such as
mirror-sensory synesthesia bring about obstacles to the synesthetes (Fitzgibbon et al., 2012;
Banissy et al., 2009). Thus, understanding the neural mechanism of synesthesia benefits not
only the basic science by unlocking the mystery of brain functions and its development but also
clinical area.

It has been proposed that synesthesia could occur if synaptic pruning of the neural
connections between two distinct sensory areas fails during development (Bargary & Mitchell,
2008). In line with the hyper-connectivity model, such anatomical hyper-connectivity between
two synesthetically linked sensory areas has been confirmed in some synesthetes (Rouw &
Scholte, 2007; Hanggi et al., 2008). However, whether such anatomical hyper-connectivity is
causal for synesthesia and sufficient to induce it cannot be tested in humans. As have been
previously proposed, such anatomical hyper-connectivity could be mere a byproduct of

reduced inhibition (Cohen Kadosh & Walsh, 2008). To understand the neural mechanism of



synesthesia in depth, it is imperative to establish a good animal model.

A series of experiments that surgically induced visual response in Al of ferret
demonstrated how thalamic sensory inputs instruct the development of primary sensory
cortex. They created the ferret model by neonatally ablating visual cortex, superior colliculus,
and the brachium of inferior colliculus. They found that the retinogeniculate projections in this
surgically ablated ferret re-routes to the auditory thalamus (medial geniculate nucleus, MGN),
and visual inputs ascend the auditory pathway up to Al (Sur et al., 1988). Some neurons in the
rewired Al show visual responses with orientation/direction selectivity (Sur et al., 1988).
Furthermore, the rewired A1l has orientation columns for visual modality (Sharma et al., 2000)
and topographic visual space map (Roe et al., 1990). The selective activation of these rewired
pathway induced behaviors as if the animal perceived visual stimuli instead of auditory stimuli
(von Melchner et al., 2000). These studies suggest that Al that receives thalamic visual inputs
forms V1-like circuitry and elicits visual perception. Although this rewired model is tantalizing
and provided valuable insights into the development of sensory cortex, the neurological state is
different from synesthesia with which visual response in auditory cortex elicits auditory
perception. Besides, narrow definition of synesthesia is the ones with its origin in genetics.

Therefore, animal models that exhibit heritable cross-modal perception are needed to
dissect the neural mechanism of synesthesia. In this thesis, | discovered neural mechanism that
regulates cross-modality in V1 and identified a mouse model in which auditory stimuli elicited
exceptionally strong cross-modal response with some visual characteristics in V1. | propose the

mouse as a mouse model of auditory-visual synesthesia.
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Chapter 2

Materials and Methods

Animals

Founders of C57BL6/J, BTBR T+tf/J (BTBR) were purchased from the Jackson laboratory.
GADG65 KO, NR2A KO, NL3 R451C Kl, PV-Cre (Pv-ires-Cre), SST-Cre (Sst-IRES-Cre) and Ai35 lines
were originally generated by Dr. K. Obata (Asada et al., 1996), Dr. M. Mishina (Sakimura et al.,
1995), Dr. T. C. Stdhof (Tabuchi et al., 2007), Dr. S. Arber (Hippenmeyer et al., 2005), Dr. Z. J.
Huang (Taniguchi et al., 2011) and Dr. H. Zeng (Madisen et al., 2012), respectively, and they
were backcrossed to C57BL6/) mice. Both sexes were used. All mice were reared on 12hr
light/dark cycle except for dark-reared/dark-exposed mice. For dark-rearing and dark-exposure,
mouse cages were placed in a light-tight chamber within a dark room. All procedures were

approved by IACUC of Harvard University or Boston Children’s Hospital.

Voltage sensitive dye imaging of brain slice

Di-4-ANEPPS was used as the voltage-sensitive dye for imaging. Di-4-ANEPPS was
dissolved in dimethylsulfoxide (0.001 mg/ml) and further diluted in ACSF (0.6 ul/ml) to a final
solution of 5 pg/L. Coronal brain slices (600 um thickness) were cut in cold ACSF (125 mM Nacl,
25 mM glucose, 25 mM NaHCOs, 2.5 mM KCl, 2 mM CaCl,, 1.25 mM NaH;P0O4 and 1 mM MgCl,)

by vibratome, and incubated at 35 °C for 20 min. After the incubation, slices were further
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incubated in Di-4-ANEPPS solution at RT for at least 90 min, and then transferred to an imaging
chamber with oxygenized ACSF. During imaging, the sample was illuminated by excitation light
(515-535 nm). 50 trials were averaged for each slice to increase signal-to-noise ratio of the

fluorescence signal.

Flavoprotein imaging

Mice were first anesthetized with Nembutal (50 mg/kg, i.p.) and Chlorprothixene (8
mg/kg, i.m.), and then Atropine (1.5 mg/kg, s.c.) was injected. A craniotomy was made to
expose both V1 and V2s, and dura was carefully removed to enhance the auto-fluorescence
signal. The brain surface was covered with 3% agarose in saline and a coverslip was placed on
top of it to create a clear window for imaging. Gentle pressure was applied to brain tissue to
flatten the visual cortex when the coverslip was placed. The exposed part of agarose was
covered with silicone oil and plastic wrap to prevent drying. Imaging was started ~1.5hr after
the initial injection of Nembutal, and additional doses of Nembutal (2.5-5 mg/kg, i.p.) were
injected through a polyethylene tube (O.D. 0.965 mm) connected to the abdomen whenever
necessary to keep animals in lightly anesthetized state during imaging. The body temperature
was maintained at 38°C during imaging. Eyes were covered with silicone oil to prevent drying.
For the experiments of Fig. 35-38, mice were anesthetized with Urethane (0.8 g/kg, i.p.) and
Chlorprothixene (8 mg/kg, i.m.), and then Atropine (1.5 mg/kg, s.c.) and Dexamethasone (2.5
mg/kg, s.c.) were injected before imaging. For the thinned-skull imaging in Fig. 35-37, the skull
over V1 was thinned as much as possible before it was covered by 3% agarose and a coverslip.

Blue light (470-490 nm) was used as the excitation light, and the autofluorescence (500-

12



550 nm) from flavoproteins was recorded at 8 frames/sec with a cooled CCD camera attached
to a microscope. After finding the best focus with maximum cross-modal auditory response,
autofluorescence in response to sensory stimulations was acquired using Metamorph
(Molecular Devices). Each trial lasted for 10 sec and was composed of three epochs: pre-
stimulation for 3 sec, stimulation for 1 sec, and post-stimulation for 6 sec. After each trial, there
was a 10 sec resting period. Three types of stimuli (visual, auditory, audiovisual) were
alternately presented. 50-60 trials were averaged for each modality. The visual stimulus was an
LED (A = 630 nm, luminance = 10 cd, diameter =5 mm), and the auditory stimulus was a 4.1 kH
piezo buzzer at ~80 dB. Both stimuli were placed 10 cm away at 70° azimuth and 35° elevation
towards the contralateral eye to distinguish V1 responses from V2L responses (Wang &
Burkhalter, 2007; Marshel et al., 2011).

Analysis of images was carried out in Metamorph and MATLAB. The 50-60 trials for each
modality were averaged and normalized to the pre-stimulus period (the first 20 frames).
Circular ROIs (~0.75 mm diameter) were placed on the peak of visual responses in V1 and V2L.
Additionally, reference ROl was placed outside craniotomy. The time course of fluorescence
change in each ROl was calculated by subtracting the signal intensity of reference ROI at each
time point. The shown peak amplitudes in bar graphs are the averages of £0.5 sec around each
peak. Images for response patterns (Fig. 4a, 38a) were created by projecting the maximum
signal intensity in each pixel across entire frames of low-pass (10 x 10 pixels) square filtered
images to a single frame.

ADI and MSI for imaging results were defined as
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where A is the peak of auditory response, V is the peak of visual response, and VA is the peak

of visuoauditory response.

Evoked-field-potential recordings

Mice were anesthetized with Urethane (0.8 g/kg, i.p.) and Chlorprothixene (8 mg/kg,
i.m.), and then Atropine (1.5 mg/kg, s.c.) and Dexamethasone (2.5 mg/kg, s.c.) were injected. A
craniotomy was made over V1, and a chamber filled with saline was made on the brain. A
tungsten electrode (~10 MQ, FST) was perpendicularly inserted into V1 (~2.5 mm from lambda),
and the signal was band pass filtered (1-100 Hz). Evoked-potentials were recorded at the depth
of ~250 um for all experiments except Fig. 16 and Figs. 35-37 where VEP, cAEP and AVEP were
recorded at ~400 um. Body temperature was maintained at 38°C, and O3 gas was continuously

provided through a trachea tube.

For cAEP or cSEP recordings, both eyes were closed by suturing during recordings to
prevent potential visual inputs. WN sounds (80 dB, 100 msec duration) from a speaker placed
on the contralateral side of animals or air puff (100 msec duration) onto contralateral whisker
pad were repeatedly presented every 2.5 sec from a speaker placed on the contralateral side of

animals, and 500 trials were averaged for each animal.
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For VEP recordings, the ipsilateral eye was kept closed by lid suturing, and the exposed
contralateral eye was covered by silicone oil. Either LED or horizontal gratings with various
spatial frequencies projected onto a screen were used as visual stimuli. LED (100 msec
duration) was presented every 2.5 sec, and 80 trials were averaged (Fig. 6). Horizontal grating
stimuli were presented every 2.5 sec alternately with or without WN sounds, and 400 trials of

each condition were separately averaged (Fig. 16).

Data analysis was carried out using MATLAB. Evoked potentials were normalized to their
pre-stimulus period (-200 ms to 0 ms). EEGLAB toolbox (Delorme & Makeig, 2004) was used to
calculate ERSP and ITC. ERSPs and ITCs were calculated using Morlet wavelets and normalized

to their pre-stimulus periods (-500 ms to 0 ms).

Single-unit recordings

Mice were anesthetized with Urethane (0.8 g/kg, i.p.) and Chlorprothixene (8 mg/kg,
i.m.), and then Atropine (1.5 mg/kg, s.c.) and Dexamethasone (2.5 mg/kg, s.c.) were injected. A
craniotomy was made over V1, but the dura was kept intact. Spikes were recorded by Plexon
system using a linear silicon probe with 16 channels (NeuroNexus Technologies). The brain was
covered by 3% agarose in saline. Body temperature was maintained at 37°C, and O, gas was
continuously provided through a trachea tube. Drifting gratings (0.03 cycle/degree, 3 sec
duration followed by 3 sec grey screen) with 24 different orientations (360°/15°) were
presented in randomized order alternately with or without a WN sound (80 dB, 500 msec
duration with the same onset as grating) from an electrostatic speaker (Tucker-Davis

Technologies) placed next to their contralateral ear. Ipsilateral eye was covered by a piece of
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black tape to limit visual inputs to contralateral eye. ~10 trials were averaged for each
condition, and the firing rate for each stimulus condition was calculated by averaging firing
rates during the period of grating presentation (3 sec). After recordings, spike waveforms were

sorted in Offline Sorter (Plexon), and data analysis was performed in MATLAB.

Orientation tuning curves were drawn by fitting mean firing rates (3 sec) to double

Gaussian functions with peaks 180° apart. | calculated fitting error as

E= (Rn(6) — Ryu(6)Y/ ) (R(8) — R)?

where R,,(8), Ry;:(6), and R are measured firing rate at 8°, fitted firing rate at 6°, and
measured firing rate averaged across all orientations, respectively (Lee et al., 2012). Only units

with [fitting error] < 0.6 for both with and without WN sound were analyzed. OSI and DSI were

defined as
0SI = Rpref - Rortho
Rpref + Rortho
DSI = Ryrer = Ropp
Rpres + Ropp
where Ryrer, Ropp, and Ryyino are the mean firing rates of fitted tuning curves at preferred

(Gprep), opposite (Fopp = Bprer + 180°), and orthogonal (Gortho = Fpres + 90°) orientations,

respectively.

For raster plots and PSTHs, G,ref of each cell was defined as the orientation closest to the
mean of the highest peaks of Gaussian-fitted orientation tuning curves for visual and visuo-

auditory conditions. MSI was calculated as
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VA-V
MSI = * 100

where IV and VA are the mean firing rates evoked by visual or visuoauditory stimulus,
respectively. For comparison of multisensory index among different mouse groups, | used the

definition of

_ MSI(0)
SI = 1

S MSI(15(i - 1))
B Z 24

i=1
where MSlIs at 24 orientations were averaged for each cell.

To draw PSTHs, firing rates were calculated using 25 ms bins with their centers 2 ms

apart from each other. The raw PSTHs were then converted to z-scores by

FR; — FR,,
SDqy

where FR; is the firing rate in the it" bin of the PSTH, FRm is the mean firing rate over the entire
recording period, and SDgy is the standard deviation of firing rates for the entire recording
period. Each z-score was further normalized to baseline by subtracting the mean baseline z-

score value of each cell.

Photo stimulation for optogenetics
An optical fiber (200 um diameter) was positioned ~0.5 mm away from V1 and fixed
onto V1 by 3% agarose. Amber light (595 nm wavelength, 0.6-0.7 mW at the fiber tip, Doric
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Lenses) was delivered through the fiber and agarose. The amber LED was turned on 0.5 s before
the visual stimulus onset and turned off 0.5 s after the visual stimulus offset. Trials with and
without amber light were interleaved for each cell to accurately measure the effect of cell-type

specific suppression.

Injection of Diazepam
For acute injection of Diazepam, sedative dose (3 mg/kg, i.p.) (Toyoizumi et al., 2013;
Ohl et al., 2011) was injected through a polyethylene tube (0.D. 0.965 mm) connected to the

abdomen. Imaging for post-diazepam condition was started 5 min after injection.

Data analysis and simulations
All data analysis and simulations were carried out in MATLAB unless otherwise noted.
Holm-Sidak test was used for the post-hoc comparisons of ANOVA. Dunn’s test was used for

post-hoc comparisons of Kruskal-Wallis test. P > 0.05 was judged as n.s. (Not significant).
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Chapter 3

Cross-modal auditory response and audiovisual
interactions in adult V1/V2

Introduction

Primary sensory cortex consists of functionally distinct 6 layers, and the types of signals
received in each cortical layer are different. For example, V1 and S1 receive feed-forward
thalamic inputs predominantly in their Layer 4 and sparsely in Layer 5/6 (Wang et al., 2013;
Constantinople & Bruno, 2013; Larkum, 2013). More recently, all layers from L1 to L6 were
found to receive thalamic inputs in V1 and A1, though the predominant input layer was still L4
(Ji et al., 2015). In contrast, feed-back inputs from other cortical areas or association thalamic
nuclei consistently avoids Layer 4 in primary sensory cortex. Motor feedback from M1 to S1
(Mao et al., 2011), attentional feedback from cingulate cortex to V1 (Zhang et al., 2014), and
feedback from thalamic POm to S1 (Wimmer et al., 2010; Larkum, 2013) all densely innervate
Layer 1 and sparsely in Layer 5 and/or Layer 6. There is only one study that anterogradely
traced cross-modal neural projections from Al to V1 in C57BL/6 mice (Charbonneau et al.,
2012). The study suggested that the cross-modal projections also most densely innervate Layer
1 and sparsely Layer 2/3/5/6, avoiding Layer 4. However, the laminar distribution of cross-

modal projections was only descriptive and not quantified in Charbonneau et al.. Besides, the
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functional cross-modal inputs across laminae had not been examined. Thus, | revisited the

laminar distribution of cross-modality not only at anatomical level but also at functional level.

Results

Laminar distribution of cross-modality

First, | decided to examine the pattern of neural projections from auditory cortex to V1
in mice. One way to examine the anatomical connectivity between cortical areas is to inject
neural tracers in the area of interest. However, having reliable tracing results require lots of
trainings and time. Fortunately, Allen Brain Institute offers Allen Mouse Brain Connectivity Atlas
with a huge amount of neural tracing data (http://connectivity.brain-map.org/). In this
database, | found 14 viral tracing experiments where they injected EGFP-encoding rAAV into
auditory cortical areas and detected fluorescence signals in V1 (Detection threshold: > 0.005
mm? signal volume). Leakage of virus from auditory areas was found in 3/14. Thus, | focused on
the remaining 11 experiments with restricted viral expression in auditory cortex and good
fluorescence signals in V1. The 11 experiments revealed that auditory areas send direct neural
projections to both supragranular layers (Layer 1-3) and infragranular layers (Layer 5-6) but
avoid granular layer (Layer 4), confirming the finding in Charbonneau et al. (Fig. 1a-c).
Furthermore, the majority of auditory projections to V1 was from ipsilateral hemisphere. On
the other hand, none of 7 viral tracing experiments from auditory thalamus (medial geniculate
nucleus) on the database showed fluorescence signals in V1. Thus, bottom-up cross-modal

auditory inputs to V1 come through cortico-cortical pathway.
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Figure 1. Neural projections from auditory cortex to V1 in C57BL/6J mouse strain revealed by
11 datasets from Allen Mouse Brain Connectivity Atlas.

(a) Representative coronal brain section from a mouse that was injected with rAAV-EGFP in
their auditory cortex (left) and its zoomed image at V1.

(b) The volume of voxels labeled as projecting and its density (projection volume/structure
volume) are shown for projections from ipsilateral or contralateral auditory cortex.
Meanz* s.e.m. (n = 11 mice).

(c) 3D image of labeled neural projections from auditory cortex (blue) to each layer of V1
(green). Tracings from 11 mice are superimposed.

11 tracing experiments from auditory cortex without any spillover of viral expressions outside
auditory areas were registered in the Allen Mouse Brain Connectivity Atlas
(http://connectivity.brain-map.org/). On the other hand, none of 7 tracing experiments from
auditory thalamus (medial geniculate nucleus) showed fluorescence in V1. The 11 tracing
experiments used here are #146858006 (Injection structures: AUDd, AUDp), #158314278
(Injection structures: AUDd, AUDp), #112881858 (Injection structures: AUDv, AUDd, AUDp,
TEa), #182090318 (Injection structures: AUDp, AUDd), #184159706 (Injection structure: AUDp),
#116903230 (Injection structure: AUD), #120491896 (Injection structures: AUDp, AUDv),
#180073473 (Injection structure: AUDd), #287223629 (Injection structures: AUDp, AUDd),
#139519496 (Injection structures: AUDd, AUDp), #100149109 (Injection structure: AUDp). AUD:
auditory areas, AUDp: primary auditory area, AUDd: dorsal auditory area, AUDv: ventral
auditory area, TEa: temporal association areas.
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Next, to examine the functional distribution of cross-modally-evoked activities across V1
laminae, | visualized the activity pattern both in vitro and in vovo. For in vitro experiment, |
performed voltage-sensitive dye imaging (VSDI) of cross-modal auditory projections from Al to
V1 on coronal brain slices. Electrical stimulation of A1 evoked fluorescence preferentially in
superficial layers (Fig. 2a, b). | also recorded sensory-evoked potentials across V1 laminae from
anesthetized mice and calculated the current source density (CSD) (Fig. 2c). Visual stimuli
induced a large current sink in Layer 4, which is consistent with the dense thalamo-cortical
projections in this layer. In contrast, sound stimuli induced a current source in Layer 4 and a
current sink in Layer 1-3 with its peak in Layer 1. Therefore, both VSDI in vitro and CSD analysis
in vivo indicate that cross-modal auditory activities in V1 are larger at superficial layers (Layer 1-

3) than at L4.

Flavoprotein intrinsic signal imaging of visual and auditory responses in V1/V2

Flavoproteins are the components of electron transport chain in the inner membrane of
mitochondria and get oxidized when metabolic activities of neurons increase as a result of
neural firing. Since only oxidized flavoproteins emit autofluorescence while they are excited by
blue light, the level of fluorescence coming from flavoproteins positively correlates with the
neural activities in mouse brain (Tohmi et al., 2006; Gogolla et al., 2014). | used this
flavoprotein imaging technique to visualize the tangential spatial distribution of cross-modal
response in visual cortex.

Retinotopic maps of V1 and V2L (lateral secondary visual cortex) are reversed at their

border in mice (Wang & Burkhalter, 2007; Marshel et al., 2011). To compare the response
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Figure 2. Preferential activation of superficial layers by cross-modal inputs.

(a) An example coronal brain section (P17) that preserve neural projections from auditory
cortex to visual cortex for VSDI. A red arrow indicates the site of electrical stimulation in

auditory cortex, and a red line indicates the location of V1 where the fluorescence
change was measured across layers in (b).

(b) Fluorescence change across layers in V1 after electrical stimulation of auditory cortex.

(c) Current source density of auditory or visual response across V1 layers in vivo (~P70)

Current sink and source are indicated by red and blue, respectively.
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properties between V1 and V2, V1 responses were separated from V2L responses by presenting
light stimuli from the peripheral visual field (Fig. 3a, b). Then, | visualized the pattern of visual
and cross-modal auditory response in V1 and V2L. In contrast to the visual response that could
be detected at wide-range of focus, cross-modal response was detectable only within a narrow-
range of focus. Thus, imaging was performed at the focus with maximum cross-modal auditory
response for each animal. | confirmed that not only light but also sound evoked responses in
V1, and the visual response was further enhanced when combined with concurrent sound (Fig.
4a-c). Furthermore, concurrent sounds sharpened visual responses, which were accompanied
by the suppression of the second positive peak of visual response and by the enhancement of a
delayed negative trough (Fig. 4b-d).

| also examined the sound influence on V2L. Similarly to the effects of sounds on V1,
sounds evoked responses over V2L and, when paired with visual stimuli, enhanced and
sharpened the visual responses as in V1 (Fig. 5a, b). To quantify the multimodalities in V1 and
V2L, | used 2 different multimodality indices, Multisensory Index (MSI) and Auditory Dominance
Index (ADI) (See Methods for detail). Both multimodality indices were larger in V2L than in V1
primarily due to the weaker visual response in V2L (Fig. 5c, d). This result is consistent with the
idea that multimodality gradually increases when sensory signals are climbing up the cortical

hierarchy.
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Figure 3. Separation of V2L responses from V1 response by shifting the light stimulus position.

(a) An example visual flavoprotein response evoked by flash lights from an LED placed 10
cm away at 20° lateral and 35° elevation towards the contralateral eye.

(b) An example visual flavoprotein response evoked by flash lights from an LED placed 10
cm away at 70° lateral and 35° elevation towards the contralateral eye. AL: anterolateral
secondary visual cortex, ML: mediolateral secondary visual cortex, V1: primary visual
cortex.
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Figure 4. Visual, auditory and visuoauditory responses in the primary visual cortex.

(a) Typical cranial window and activation by visual (V), auditory (A) or combined (V+A)

stimuli. Scale bars, 1 mm. V1, primary; V2L, lateral and V2M, medial secondary visual
cortex; Au, auditory areas.

(b) Average signal traces in V1 (> P60; n = 23 mice). Shading indicates stimulus duration (1
sec).

(c) Peak and trough amplitudes in V1 (one-way ANOVA).
(d) Half-maximum duration of evoked fluorescence signals in V1 (paired t-test).

All error bars are = s.e.m.. *P < 0.05, **P <0.01, ***P < 0.001, ****P < 0.0001.

26



o

1.0 - kkkk
kAkk
__0s8
)
u?'ls
™
- 0.4
[+ ]
o
0.2
'0.5 T T 1 L] 1 00'
-‘10.12345 V A V+A
Time (sec)

051 e dek ok 1501 N
| E—
100 4
<
— 50
)
=
u o
15 v T S50 r T
V1 V2L V1 V2L

Figure 5. Visual, auditory and visuoauditory responses in the secondary visual cortex.

(a) Average signal traces in V2L (> P60; n = 23 mice). Shading indicates stimulus duration (1
sec).

(b) Peak and trough amplitudes in V2L (one-way ANOVA).
(c) Auditory dominance index (ADI) at V1 and V2L (paired t-test).
(d) Multisensory index (MSI) at V1 and V2L (paired t-test).

All error bars are £ s.e.m.. ¥**P < 0.001, ****P < 0.0001.
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Visual and auditory evoked local field potentials in V1

Next, | examined cross-modality in V1 by recording evoked local field potentials (LFPs)
from the center of V1. Unlike flavoprotein imaging, LFP recording directly records the ensemble
electrical activities of neurons within a small neuronal volume (Buzsaki et al., 2012). Since LFP
recording is an extracellular recording, excitation of neurons typically shifts the LFP toward
negative direction through the depletion of positively charged sodium ions in the extracellular
space. In contrast, inhibition of neurons shifts the LFP to positive direction by increasing
positively charged potassium ions and decreasing negatively charged chloride ions in the
extracellular space. As cross-modality was largest at superficial layers in V1 (Fig. 1, 2), |
compared evoked LFPs at the L2/3 of V1 using flash LED light as the visual stimulus and white
noise (WN) sound as the auditory stimulus.

The visual evoked potential (VEP) showed two consecutive negative peaks (N1 and N2,
respectively) (Fig. 6a), which is consistent with the two positive visual peaks in flavoprotein
imaging results (Fig. 4b). On the other hand, the first negative peak (N1) in cross-modal auditory
evoked potential (cAEP) was followed by a positive peak (P1) with similar amplitude of opposite
sign (Fig. 4b). Although sound alone affected LFP in V1, the N1 amplitude was only ~2.5% of VEP
amplitude (Fig. 6b). To examine how visual and auditory modality affect V1 cortical oscillation, |
calculated the event-related spectral perturbations (ERSPs) of VEP and cAEP by wavelet analysis
(Delorme and Makeig, 2004). Although a transient power enhancement at wide-frequency rage
was induced for both VEP and cAEP, gamma power was persistently enhanced by LED flash light
while power at wide-frequency range was suppressed by WN sound at later phase (> 200 ms)

(Fig. 6¢). The sound-mediated sharpening of visual flavoprotein signals (Fig. 4b-d) can be
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Figure 6. Visual and cross-modal auditory evoked potential at the L2/3 of V1.

(a) Average VEP to an LED light (4 mice) or WN-evoked cAEP (16 mice) from L2/3. Shading
indicates stimulus duration (100 ms).

(b) Average N1 peak amplitudes of VEP and cAEP (unpaired t-test).

(c) Average ERSP to LED flash light or to WN sound. The color values indicate how much the
power at each frequency range was shifted from their pre-stimulus baseline after
sensory stimulation.

All error bars are £ s.e.m.. ¥***P < 0.0001.
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explained by the suppression of delayed LED-evoked gamma by the sound-evoked wide-

frequency power suppression.

Single-unit recordings of audiovisual interactions in V1

Although both flavoprotein signal and LFP are informative and relevant to non-invasive
human physiology data such as fMRI signal and EEG, respectively, one advantage of using
animal model is that we can record neural activities at single-cell resolution. Besides, a neuron
is the unit where sensory inputs are integrated and processed. Thus, | performed single-unit
recordings of spiking activities to interrogate the cellular multisensory interactions.

The cells in mouse V1 show orientation selectivity and direction selectivity (Niell &
Stryker, 2008). Therefore, | varied the strength of visual inputs to each neuron by presenting
drifting gratings at different orientations. Since the internal states of animal such as anesthesia
level and hart rate affect firing rate of neurons, | alternated visual trials and audiovisual trials to
compare the firing rates between the two different stimulus conditions. Initially, | tried
consecutive presentations of the same orientation with and without WN sound. However, in
this presentation scheme, the firing rates became lower at the 2" presentations irrespective of
sounds, suggesting that V1 cell exhibits orientation-specific habituation (data not shown).
Therefore, | independently randomized the order of orientations for visual and audiovisual

trials while alternating visual and audiovisual trials (Fig. 7).
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Figure 7. Sensory stimulation paradigm for single-unit recordings of audiovisual interactions.

Schematic of sensory stimulation paradigm. Drifting gratings with 24 different orientations
(360°/15°) were presented in randomized order alternately with or without a WN sound. 10

trials were averaged for each condition.
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| found that the latency of auditory spiking activities in V1 was much faster than that of
visual response (~10 ms for auditory response; ~50 ms for visual response), which is consistent
with fast auditory response latency in Al (Linden et al., 2003) (Fig. 8a, b). The transient cross-
modal excitation was then followed by tri-phasic modulations of visual spiking activities. Sound
transiently suppressed the visual spiking activities in V1 (40-130 ms), but the transient sound-
driven inhibition was followed by a delayed sound-driven enhancement of spiking activities (>
130 ms), which persisted even beyond the sound presentation (Fig. 8a, b). The delayed sound-
driven excitation was again followed by some sound-driven inhibition in the presence of visual
stimuli (> 1000 ms). Sound alone without visual stimuli similarly inhibited the spiking activities
in V1 as reported previously (lurilli et al., 2012), but the delayed persistent enhancement of
spiking activity (Fig. 8a, b) has not been noted before. | also found that the fast transient sound-
driven inhibition (50-130 ms) was largest at L4 (Fig. 8c), which is consistent with the lack of
direct neural projections from auditory cortex at L4 (Fig. 1b, c).

Multisensory interactions at single-cell resolution have been extensively studies in
classically-defined multisensory brain areas such as superior colliculus (Stein et al., 2014). Those
studies revealed that multisensory integrations follow a rule called ‘inverse effectiveness rule’
that multisensory enhancement is inversely related to the effectiveness of individual modalities
in each neuron. Therefore, | examined whether V1 follows the same principle of multisensory
integration. For cells in V1, we can use different orientations for grating stimuli to vary the
strength of visual inputs because they show orientation/direction selectivity. Comparison of
audiovisual interactions with preferred (Guref) and non-preferred (Gnon-pref) Orientations for each

cell (Fig. 9a-c) revealed that sound-driven inhibitions of visual response during an early (50-130
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Figure 8. Sound modulation of spiking activities in adult V1.

(a) z-scored population averages of peri-stimulus time histograms (PSTHs) for visual (V),
visuoauditory (V + A), and auditory (A) spiking activities from the V1 of adult mice (P70-
90; 159 cells).

(b) z-scored difference between visuoauditory and visual conditions (VA - V) or between
auditory and spontaneous conditions (A - S). Inset shows magnification of early post-
stimulus-onset period for VA —V condition.

(c) Mean A z-scores for VA —V and A — S during each post-stimulus time period were
separately calculated at their laminar locations (L1: 50-150 um (n = 21 cells), L2/3: 200-
350 um (n = 39 cells), L4: 400-450 um (n = 25 cells), L5: 500-650 um (n = 56 cells), L6:
700-750 um (n = 18 cells)).
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Figure 9. Inverse effectiveness of auditory-visual interaction in V1 spiking activities.

(a) Raster plots and PSTHs from a typical representative cell from post-CP mice in response

to visual (V), auditory (A), and combined (V+A) stimuli. Audiovisual interactions with
either the orientation that evoked the largest visual response (pest) or with the
orientation that evoked the smallest visual response (Qworst) for this example cell are
shown.

(b) A z-scores between visuoauditory and visual conditions at each post-stimulus intervals

(c)

with preferred (Jpref) or orthogonal orientation (Jortno) for the grating stimuli (Paired t-
test). Grey bars indicate the difference between z-scored auditory response (A) and
spontaneous activity (S). (All error bars are + s.e.m.; paired t-test *P < 0.05, **P < 0.01,
***p < 0.001.

Normalized mean firing rates calculated within different window sizes after stimulus
onset at 24 orientations (Gprer = 02) for visual (V) and visuoauditory (VA) conditions. Each
raw is normalized to the value of visual response at 02. The difference between VA and
V (VA-V) is shown on left. Note that inverse effectiveness of multisensory integration is
apparent with various averaging windows.
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ms) and a late (1-3 s) phases were larger with the Gyrer. In contrast, sound preferentially
enhanced visual responses evoked by the Gnon-pref during a middle phase (130-800 ms). On
average, sound suppressed visual responses evoked by the U,ef and enhanced that of the Gnon-
pref in adult mice. This inverse effectiveness of audiovisual interactions, in turn, impaired
orientation selectivity (OS) and direction selectivity (DS) of orientation tuning curve in V1 cells
(Fig. 9c and Fig. 10a-c). While it is also possible that sound might affect visual response through
top-down attentional modulation, this would be multiplicative (Reynolds & Heeger, 2009;
Zhang, S. et al., 2014), in contrast to the inverse effectiveness observed under our anesthetized

condition for bottom-up multisensory integration.

Simulation of cellular audiovisual interactions in visually dominant V1 network

Then, what kind of neural computations can generate such inverse effectiveness? The
divisive normalization model has been able to explain many properties of multisensory
integration in multisensory brain areas (Ohshiro et al., 2011). This model assumes that different
unisensory inputs converge on each multisensory neuron, but each multisensory neuron has a
different combination of modality dominance indices. After weighted linear sum of unisensory
inputs, the activity of each neuron is divided by the net activity of all multisensory neurons in
the network.

To simulate V1, | prepared 121 cells with different combination of visual and auditory
dominance indices with much larger dominance for visual modality. Weighted linear sum of

visual and auditory inputs in each neuron was defined as

35



Q
o
(@]

1.2 1 *kkk 1.2 - Hw kK
1 1

Normalized OSI
Normalized DSI

— VvV
— V+A

Normalized Response
o o o o o - -
o L~ ] - (e)] [+ 0] [=] L% ]

60 0 60 120 180 240 ' V  V+A ' V  V+A
Orientation (deg)

Figure 10. Inverse effectiveness of auditory-visual interaction impairs orientation tuning
profiles in adult V1.

(a) Normalized orientation tuning curves with/without sound from V1 of adult mice (P70-
90; 159 cells).

(b) Normalized orientation selectivity index (OSI) in adult V1 (paired t-test, ****P < 0.0001).
(c) Normalized direction selectivity index (DSI) in adult V1 (paired t-test, ****P < 0.0001).

OSl and DSI were calculated based on the average post-stimulus firing rates (0-3 sec).
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E=dVx*Iy+dAx1,

where dV is the dominance index for visual modality, dA is the dominance index for auditory

modality, I is visual input, and I4 is auditory input. Unisensory inputs (I, 1) were given by

\/(stimulus intensity) to model input nonlinearity. The activity of each neuron after divisive

normalization is

En
k= n 1 N n
@+ (3) S

where « is the semi-saturation constant, N is the total number of neurons in the simulated
network, and n is the exponent for the nonlinearity between membrane potential and firing
rate. The values of n and a were fixedasn = 2 and a = 8.

| ran my simulations using a network of 121 cells with different combinations of dV and
dA (11 x 11). dV in each cell takes one of 11 values from [0.5, 0.55, 0.6, 0.65, 0.7, 0.75, 0.8,
0.85, 0.9, 0.95, 1.0] while dA in each cell takes one of 11 values from [0, 0.01, 0.02, 0.03, 0.04,
0.05, 0.06, 0.07, 0.08, 0.09, 0.1] to simulate the multisensory integration in visually dominant
cortex. When V1 receives visual inputs of a specific grating orientation, some cells respond
more than the others due to the heterogeneity of orientation selectivity among V1 cells. Thus,
cells with large dV can be regarded as the cells in which the presented grating orientation is the
preferred orientation while cells with small dV can be regarded as the cells in which the
presented grating orientation is non-preferred orientation. We pooled the responses of 11 cells

with dV =1 to estimate the audiovisual interactions with Gyrer as the visual stimuli and the
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responses of 11 cells with dV = 0.5 to estimate the audiovisual interactions with Gnon-pref as the
visual stimuli.

The simulation predicted that the sound-driven enhancement of visual spiking response
in each cell is larger at weaker visual intensity (Fig. 11a, b). Furthermore, the divisive
normalization predicted that the population average of sound-driven enhancement is also
larger with Gnon-pref than with Gprer, and that the sound-driven modulation can take negative
value on average for Uyref conditions (Fig. 11c). These results are consistent with my
experimental data where sound suppressed visual response evoked by G, While it enhanced
visual response evoked by Gnon-pref On average (Fig. 9b). Thus, divisive normalization can be the

mathematics behind the audiovisual integration in V1.
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Figure 11. Inverse effectiveness of audiovisual interaction in visually dominant V1 is predicted
by divisive normalization model of multisensory integration.
A network of 121 cells with different combination of visual (dV) and auditory (dA) dominance
index was used to simulate audiovisual interactions using divisive normalization model of

multisensory integration.

(a) Values of VA —V in the case of Jyrer (dV = 1.0) orientation are shown for example 6 cells

with different dA as a function of visual and auditory stimulus intensity.

(b) Values of VA =V in the case of Gnon-pref (dV = 0.5) orientation are shown for example 6
cells with different dA as a function of visual and auditory stimulus intensity.

(c) Mean +s.e.m. of VA -V as a function of visual stimulus intensity with different auditory
stimulus intensity (n = 11 cells).
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Summary and Discussion for Chapter 3

In this chapter, | characterized the auditory response and audiovisual interactions in
mouse primary visual cortex at adult age. Analysis of neural tracing data, VSDI in vitro, and CSD
analysis in vivo suggest that cross-modal neural projections from auditory cortex to V1 avoids
L4 where thalamo-cortical visual inputs mainly innervate. Flavoprotein imaging and cAEP
recordings indicated that concurrently presented sound stimuli enhance and sharpen the visual
response in V1/V2L at neural population level. | further examined the auditory influence on V1
and found that sound modulation of visual spiking activities was tri-phasic, and the tri-phasic
modulation depended on the orientation of concurrently presented grating stimuli such that
the net multimodal enhancement followed inverse effectiveness rule and divisive normalization
model of multisensory integration. Collectively, these results indicate that mouse V1 is
essentially multimodal.

However, the way two modalities interact was distinct from typical multisensory brain
areas. In classically defined multisensory brain areas such as association cortex and superior
colliculus, the early transient cross-modal inhibition is missing and the cross-modal inputs are
dominantly excitatory. Thus, the excitatory/inhibitory ratio of cross-modal inputs to primary
sensory area seems to be much smaller than those to typical multisensory brain areas. It is
remarkable that the audiovisual interaction in V1 followed inverse effective rule as in typical
multisensory brain areas in spite of the presence of early cross-modal inhibition. It may further
support divisive normalization as a canonical neural computation in sensory cortex because a
simulation of divisive normalization model in visually dominant network indicated that
multimodal suppression also follows inverse effectiveness.
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One study previously reported that sounds inhibit neurons in V1 of juvenile mice (4-6
weeks of age) (lurilli et al., 2011). However, they did not find the delayed excitatory effects that
| detected in adult V1 (P70-P90). It suggests that cross-modal influence on V1 might be age-

dependent. Thus, | examined cross-modal impact on V1 at different developmental ages in the

next chapter.
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Chapter 4

Regulation of cross-modality in V1 during the
critical period for visual functions

Introduction

The development of visual cortex is instructed not only by its genetic code but also
significantly by postnatal experience. The postnatal experience, especially visual signals coming
from retina, fine tunes the cortical circuits so that visual cortex can efficiently process the visual
information we perceive in daily life. Landmark experiments conducted by Torsten Wiesel and
David Hubel in 1963 demonstrated that the development of cat striate cortex is especially
sensitive to visual experience during an early developmental period (Wiesel & Hubel, 1963).
This developmental period with heightened experience-dependent plasticity, called critical
period (CP), was later found in many other mammalian species including mice (Gordon, J. A. &
Stryker, 1996), monkeys (Hubel et al., 1977) and humans (Maurer, D. & Hensch, 2012). During
the CP, the cortical area is in a unique milieu that realizes enhanced plasticity (Levelt &
Hlbener, 2012). Thus, it is possible that cross-modal inputs to V1 might be also passively
affected or actively regulated during the CP. In this chapter, | examined the sound modulation

of mouse V1 across the life span.
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Results

Flavoprotein imaging of cross-modality at the critical period of V1

The CP for visual functions in mouse V1 is between P21 and P35 (Espinosa & Stryker,
2012). As a first step, | compared the sound modulation of V1 activity between adult mice and
CP mice by flavoprotein imaging (Fig. 12). The imaging from the focus plane with maximum
cross-modal auditory response failed to detect sharp sound-evoked response in the V1/V2L of
CP mice. In addition, sound did not seem to affect the visual flavoprotein signals. The absence
of auditory effects on visual signals at the CP suggests that non-visual sensory inputs to visual
cortex might be prevented during the unique developmental period. However, it is also possible
that the cross-modal signals might be too weak to be detected by the flavoprotein imaging
because the visual signals were also smaller in CP group. Besides, the metabolic activities of
neurons, which are measured by flavoprotein imaging, might be different between adult brain

and CP brain (Goyal et al., 2014).

Evoked-field potential recordings of cross-modality across life span

To address the concerns over the interpretation of flavoprotein signals, | directly
recorded electrical activities of neurons, cAEPs, from the L2/3 of V1 across the life span.
Interestingly, the waveform morphology of cAEP drastically shifted at the beginning and after
the closure of the CP (Fig. 13a). A large N1 with little or no delayed P1 was the characteristics of

the cAEPs at pre- and post-CP. On the other hand, the cAEP at CP showed a large P1 without an
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Figure 12. Audiovisual interactions in V1 and V2L during or after the critical period for visual

functions.

(a) Average signal traces and their signal peaks in V1 (CP: n = 9 mice, Post-CP: n = 23 mice,

paired t-test).

(b) Average signal traces and their signal peaks in V2L (CP: n = 9 mice, Post-CP: n = 23 mice,

paired t-test).

Shadings indicate stimulus duration (1 sec). All error bars are + s.e.m.. ****P < 0.0001.
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Figure 13. Critical period-specific sign-inversion of cAEP at the L2/3 of V1.

(a) Average cAEP traces from L2/3 across postnatal days (n = 7 mice for P17-18; n = 5 mice
for P20; n = 7 mice for P22; n = 6 mice for P24; n = 5 mice for P27; n = 12 mice for P31-
32; n =16 mice for P71-86; n = 5 mice for P208-295). Shading indicates stimulus
duration (100 ms).

(b) Meanz s.e.m. of N1 peak or P1 peak amplitude is shown for each age group (one-way
ANOVA, **P < 0.01, ****P < 0.0001).
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early N1 (Fig. 13b and Fig. 14a). Furthermore, the N1 was missing even at the level of inter-trial-
coherence (Fig. 14 b, c). The sound-induced inter-trial-coherence in V1 at slow oscillations is
consistent with the previous report that cross-modal somatosensory inputs reset the phase of
ongoing neural oscillations in Al (Lakatos et al., 2007). Therefore, the timing of phase resetting
by cross-modal input in V1 is significantly delayed during the CP.

Then, to examine the impact of cross-modal inputs on the power of cortical oscillations
in V1, | compared the sound-evoked ERSPs among pre-CP, CP and post-CP groups. In all groups,
sounds transiently enhanced power at wide frequency range at N1 phase. Strikingly, the
transient power enhancement was followed by a strong wide-frequency power suppression at
P1 phase in CP group (Fig. 15a, b), suggesting that sound-driven inhibition of V1 (lurilli et al.,
2012) may be enhanced during the CP. To test whether the P1 peak has inhibitory effect on V1,
| examined the effect of sound on VEP and confirmed that sound suppressed VEP amplitude
and grating-evoked gamma at P1 phase in CP mice (Fig. 16a-c).

| also examined whether V1 shows cross-modal somatosensory evoked potential (cSEP)
and, if it does, how the waveform morphology shifts during the CP. Air puff stimulation on
contralateral whisker pad evoked a cSEP at the L2/3 of V1, and the waveform shifted
specifically during CP (Fig. 17a). Although the N1 peak amplitude did not change across ages,
the P1 peak amplitude increased and the N1 became sharper during the CP of V1 (Fig. 17b, c).
Furthermore, the enhanced P1 at CP was accompanied by a wide frequency power suppression
(Fig. 17d), suggesting an enhanced touch-driven inhibition. Therefore, cross-modally driven
inhibition is generally enhanced during the CP of V1 likely due to the local maturation of

GABAergic inhibition within V1.
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Figure 14. Disappearance of early N1 peak during CP.
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(a) Onset latency, half-maximum latency, and peak latency were compared between the
negative peak of pre-CP (P17-18) group (n = 7 mice) and the positive peak of CP (P31-32)
group (n = 10 mice). Onset latency of cAEP was defined as the time point when the
potential deviated from the baseline by more than twice of the baseline standard
deviation (> baseline + 2SD). Means + s.e.m.

(b) Average inter-trial-coherence (ITC) of cAEPs at pre-CP (P17-20; n = 12 mice) and CP
(P24-32; n = 23 mice). Strong coherence was detected at low frequency range (< 10 Hz).

(c) Zoomed ITC matrix for pre-CP and CP, and the statistics for the comparison. Pixel-by-
pixel t-test revealed significant suppression of ITC at 0-200 ms in CP mice. The areas
with significant difference (P < 0.05) between pre-CP and CP are colored, and the color
values indicate their difference in dB.
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Figure 15. Enhanced power suppression by sound at wide frequency range in V1 during its CP.

(a) Average ERSPs of cAEPs at pre-CP (P17-20; n = 12 mice), CP (P24-32; n = 23 mice), and
post-CP (> P70; n = 21 mice).

(b) The statistics for the comparisons among pre-CP, CP, post-CP groups. The areas with
significant difference (P < 0.05, pixel-by-pixel ANOVA) are colored, and the color values
indicate their difference in dB.
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Figure 16. The effect of CP-specific enhanced sound-driven power suppression on VEP.

(a) Average VEP (visual only) and AVEP (auditory + visual) traces at the L4 of V1 with
different spatial frequencies for grating stimuli (n = 6 mice).

(b) The amplitudes at the N1 peak time points of VEPs were compared between VEPs and
AVEPs recorded at the L4 of V1 as a function of the spatial frequency of grating stimuli
(two-way ANOVA, ****p < (0.0001).

(c) Average ERSPs of evoked potentials to horizontal gratings (0.22 cpd) without (VEP: left)
or with (AVEP: middle) WN sounds, and the statistics for the comparison between VEP
and AVEP (right). In the statistics panel, the areas with significant difference (P < 0.05,
pixel-by-pixel paired t-test) are colored, and the color values indicate their difference in
dB. Concurrent sounds suppressed gamma powers (> 30 Hz) evoked by gratings.
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Figure 17. Developmental shifts in the somatosensory influence on V1.

(a) Average cSEP traces from L2/3 across postnatal days (n = 5 mice for P17-18; n = 5 mice
for P27-28; n = 5 mice for > P200). Shading indicates stimulus duration (100 ms).

(b) Meanz s.e.m. of N1 peak or P1 peak amplitude is shown for each age group (one-way
ANOVA, ***P < 0.001).

(c) The widths of N1 at 1/4, 1/2, or 3/4 of the N1 peak amplitude (Means * s.e.m., two-way
ANOVA, *P < 0.05).

(d) Average ERSPs of cSEPs at pre-CP and CP (P24-32; n = 23 mice). The statistics for the
comparisons between pre-CP and CP groups. The areas with significant difference (P <

0.05, pixel-by-pixel ANOVA) are colored, and the color values indicate their difference in
dB.
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Simulations of evoked field potential morphology as a function of cortical
excitatory/inhibitory ratio

The results of cAEP/cSEP recordings across life span suggested enhanced cross-modally
driven inhibition during CP. It is known that several types of GABAergic neurons functionally
mature during CP in V1 (Lazarus & Huang, 2011). Can the maturation of local GABAergic
inhibition shift the cAEP/cSEP morphology during CP? To answer this question, |
computationally simulated the morphology of evoked field potential as a function of local
excitatory/inhibitory ratio with two different models.

Wilson-Cowan model

As the first approach, | used Wilson-Cowan model to directly estimate the nonlinear
dynamics of neural population activities in a neural network (Wilson & Cowan, 1972; Wallisch
et al., 2013). The form of Wilson-Cowan model | used is the following set of differential

equations (Fig. 18a);

dE
E:_aE+(1_E)*f(WEE*E_WEI*I+hE)

%z—aI+(1—I)*f(W,E*E—W"*I+h,)

where E and | are proportion of excitatory and inhibitory cells that are firing at each time point
respectively, a is the decay rate of population activity in the absence of external inputs, and fis
the gain function. The value inside the gain function fis the input current to the excitatory or
inhibitory population. Wy, Wg;, W;g, and Wy, represent excitatory synaptic weight on

excitatory cells, inhibitory synaptic weight on excitatory cells, excitatory synaptic weight on

inhibitory cells, and inhibitory synaptic weight on inhibitory cells, respectively. Current inputs
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Figure 18. Wilson-Cowan model for the simulation of nonlinear dynamics of neural
population activities.

(a) Schematic highlighting the parameters that can be changed in Wilson-Cowan model.

(b) The shape of gain function f used for my simulation. Hyperbolic tangent function (tanh)
was multiplied by Heaviside step function (H) to introduce spiking threshold.
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from outside the network are represented as hy for inputs to excitatory cells and h; for inputs
to inhibitory cells. | defined gain function fas f = tanh(x) * H(x) where tanh(x) is the
hyperbolic tangent function and H(x) is the Heaviside step function (Fig. 18b).

Using the above differential equations, the dynamics of neural activities was analyzed
on phase planes with specific sets of variables that were set to oscillate the network. The
predominant source of the extracellular field potentials is the synaptic activities as they easily
overlap in time due to their slow kinetics (Buzsaki et al., 2012). Therefore, | approximated
synaptic potential by multiplying synaptic weight and spikes, and evoked field potential was
defined as

Evoked field potential = Wg; + W) x I — (Wgg+Wig) *E

A postdoc in Takao K. Hensch lab previously found that VEP morphology is also shifted in
mice lacking a synaptic isoform of GABA synthase (GAD65 KO) and in mice with disinhibited
parvalbumin-positive (PV+) interneurons (PV-a;KO) as a result of specific deletion of alphal
GABAAR subunits from PV+ cells (Henry Lee, unpublished results). He showed that the N1 of
VEP is wider in GAD65 KO but sharper in PV-a,KO than in WT. Furthermore, delayed positive
amplitude was smaller in GAD65 KO but larger in PV-a; KO than in WT. On the other hand, a
former graduate student in Michela Fagiolini lab previously found that Neuroligin-3 R451C
knock-in (NL3 R451C KI) mice (Tabuchi et al., 2007) with hyper-matured neocortical inhibitory
circuits show sharper N1 and larger delayed positive peak than those in WT mice (Jocelyn
LeBlanc, unpublished result). Thus, | tested whether above formula yields the same phenotypes
after manipulating the synaptic connectivity of Wilson-Cowan model.

For simplicity, | set the starting condition (t = 0 ms) to the state where 30% of excitatory
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cells are active (E = 0.3, 1 = 0) and followed the trajectory of the network state from the starting
condition by phase plane analysis (Fig. 19). To model GAD65KO mice, | reduced all the inhibitory
synaptic weights (Wg; and W;;) by 20%. To model PV-a; KO mice, only the inhibitory synaptic
weight between inhibitory neurons (W,;) was reduced by half. To model NL3 R451C KI mice, |
increased the inhibitory synaptic weight from inhibitory to excitatory cell (Wg;) by 50%. The
phase plane analysis revealed that the trajectories of the network states in the three conditions
differed from the WT trajectory. Notably, the fixed points in WT, GAD65KO, and NL3 KI models
were spiral sinks while the fixed point in the PV-a; KO model was limit cycle. The oscillatory
frequency of the limit cycle in PV-a; KO model was in gamma frequency range, suggesting that
disinhibition between inhibitory cells increases baseline gamma power. In fact, the baseline
gamma power of PV-a; KO mice was larger than that of WT mice (Henry Lee, unpublished
result).

Then, | derived VEP waveforms from the trajectories (Fig. 20a, b). The reconstructed VEP
waveforms mimicked the experimentally obtained VEPs. The N1 was broader in GAD65 KO
model and sharper in PV-a; KO/NL3 R451C KI models than in WT models. In addition, the
delayed positive peak was smaller in GAD65 KO model and larger in PV-a; KO/NL3 R451C KI
models than in WT models. These similarities between simulated VEPs and recorded VEPs
demonstrate that Wilson-Cowan model can be used to simulate the evoked field potential
morphology and confirm the validity of the above formula. Thus, the enhancement of P1 peak
amplitudes in cAEP/cSEP (P1) and the sharper N1 in ¢SEP during CP can occur as a result of

enhanced cross-modally driven inhibition.
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Figure 19. Trajectories of network states on phase planes simulated by Wilson-Cowan model
with four different sets of parameters.

The shift in the fractions of active excitatory cells (E) and inhibitory cells (1) across time is drawn
(black line). The starting point was set to the state of (E, 1) = (0.3, 0). Vector field and fixed point
are indicated by blue arrows and a red dot, respectively. Insets show the zoomed view of the
field near each fixed point.
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Figure 20. Estimated sensory evoked field potential waveforms with four different sets of
parameters for Wilson-Cowan model.

(a) Temporal dynamics of the fractions of active excitatory and inhibitory cells in each

network.

(b) VEP waveforms estimated by VEP = (Wg; + Wy) I — (Wgg + Wig) * E.
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Izhikevich’s spike neuron model

The disadvantage of Wilson-Cowan model is that we need to arbitrarily set the starting
condition and cannot see the effect of each parameter on the N1 peak amplitude. As an
alternative approach, | decided to construct a neural network using Izhikevich’s spike neuron

model (Izhikevich, 2003). The spike neuron model is made of the following set of differential

equations;
dv 2
E= 0.04v*+5v+ 140 —u+1
du
Q- a(bv —u)
, Ve
if v=30mV, then{u cutd

where v represents membrane potential, and u represents recovery variable that feeds back
negatively onto v. Synaptic currents or injected electrical currents are delivered by I. The firing
properties are dependent on the 4 parameters, a, b, ¢, d. For example, the model neuron shows
regular spiking with [a, b, ¢, d] =[0.02, 0.2, -65, 8] and fast spiking with [a, b, ¢, d] =[0.1, 0.2, -
65, 2] (Fig. 21).

Then, | constructed a neural network with 1000 Izhikevich’s neurons by connecting all
the neurons with each other as a matrix as reported previously (Izhikevich, 2003). The matrix is
consisted of 1 million synaptic contacts (1000 x 1000), and each synaptic weight was randomly
drawn from a uniform distribution with the interval (0, 0.5) for excitatory synapses and (-1, 0)
for inhibitory synapses (Fig. 22a). 800 cells were assigned as excitatory cells and 200 cells were

assigned as inhibitory cells. | made the firing properties of inhibitory and excitatory cells
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Figure 21. Izhikevich’s spike neuron model simulates various spiking patterns.

Example firing patterns of Izhikevich’s spike neuron model with two different sets of
parameters for the simulations of regular spiking neuron and fast spiking neuron.
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Fig. 22. Construction of an oscillatory neural network with 1000 Izhikevich’s spike neurons.

(a) Schematic illustrating the synaptic weight matrix of the constructed neural network. All
the 800 excitatory cells and 200 inhibitory cells were connected with each other with
various synaptic weights assigned by the weight matrix. The strength of excitatory
synapses was randomly drawn from a uniform distribution with the interval (0, 0.5)
whereas the strength of inhibitory synapses was randomly drawn from a uniform
distribution with the interval (-1, 0) because the effect of inhibition on postsynaptic
firing rate is larger than that of excitation in general.

(b) Raster plot for spiking activities of all 1000 cells . Random noisy inputs were introduced
from 0 ms to let the network spontaneously oscillate.
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heterogeneous by assigning parameters a, b, ¢, d using random functions. Also, | introduced
constant noisy inputs to let the network spontaneously oscillate (Fig. 22b).

The sensory-evoked activity of the network was simulated by injecting electrical
currents into a fraction of excitatory and inhibitory cells. | approximated the local field potential

as

LFP(t) = conv(Iw * Nsi(t) — a x Ew = Nse(t))

where Iw and Ew are the mean synaptic weights of inhibitory and excitatory synapses,

Nsi(t) and Nse(t) are the total number of spiking neurons at each time point for inhibitory
and excitatory neurons, respectively. o defines the relative effect of excitatory and inhibitory
potentials on LFP, and the value was set to a = 1 for simplicity. The LFP trace was smoothened
by convoluting (conv) the trace using 15 ms time window. To alter the excitatory/inhibitory
ratio of sensory inputs to the network, | changed the amount of current injections to inhibitory
cells (Ii = 10, 30, 50) while keeping the amount of current injections to excitatory cells constant
(Ie = 20) (Fig. 23a).

The shifts in the simulated waveform as a function of E/I ratio resembled the
developmental shifts in the cAEP waveform (Fig. 13a and Fig. 23b). The N1 peak became smaller
and P1 peak became larger as | decreased the E/I ratio. In addition, the 2"? negative peak (N2),
which follows P1 and emerges only after P27 in cAEP, also appeared as | decreased the E/I ratio.
On the other hand, the number of cells injected with electrical currents simply affected the
scale of the waveform, suggesting that simple increase or decrease of neural projections from
auditory to visual cortex cannot invert the sign of cAEP. Therefore, a neural network

constructed from Izhikevich’s spike neuron model also validated the idea that the local
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Figure 23. Estimated sensory evoked field potential waveforms from Izhikevich’s neural
network model as a function of the E/I ratio of sensory inputs.

(a) The definition of the E/I ratio of sensory inputs to the network.

(b) Field potential waveforms at different E/I ratio of sensory inputs were estimated by
LFP(t) = conv(Iw * Nsi(t) — a x Ew * Nse(t)). Either 10% or 20% of excitatory and
inhibitory cells in the network were injected with electrical currents for 100 ms.
Network simulation was run for 50 times at each E/I ratio, and their results were
superimposed on each figure.

61



GABAergic maturation within V1 during the CP, which leads to enhanced sound-driven

inhibitions, shifts the cAEP waveform morphology.

Single-unit recordings of audiovisual interactions at different developmental periods

Next, to examine how audiovisual interactions change during development at single cell
level, | compared the sound-driven spike modulations across different ages by single-unit
recordings. | found that sound modulations of visual and spontaneous activities are specifically
dampened during CP (Fig. 24a, b). Furthermore, sound did not significantly impair orientation
and direction selectivity at CP (Fig. 25a, b). Analysis of sound modulations at different post-
stimulus intervals (Fig. 26a, b) revealed that the fast inhibition (< 130 ms) and late inhibition (>
1 s) matures during CP to offset the delayed sound-driven enhancement, and the balance of
cross-modal excitation and inhibition was broken after CP through further enhancement of
sound-driven excitation at middle phase (130-1000 ms). These results suggest that V1 has a
mechanism to offset the net auditory influence during the CP by balancing sound-driven
inhibition and excitation. The imbalances of sound-driven inhibition and excitation at pre-CP
due to immature fast inhibition and at post-CP due to preferential maturation of delayed
excitation both increase the E/I ratio of cross-modal inputs, thereby impairing orientation
tuning profiles through inverse effectiveness. The higher cross-modal E/I ratios in pre-CP and

post-CP are also reflected in their cAEP waveform morphology (Fig. 13a).
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Figure 24. Dampened sound modulation of V1 spiking activities during the CP.
(a) Mean of MSils at all presented orientations (Kruskal-Wallis test).
(b) Sound-driven firing rate modulation relative to spontaneous activity (one-way ANOVA).

Both (a) and (b) were calculated by averaging firing rates within 0-3 sec post-stimulus time
window. n = 141 cells for pre-CP (P17-19), n =108 cells for CP (P26-31), n = 149 cells for post-CP
(P70-90).

All error bars are s.e.m.. *P < 0.05, ***P < 0.001, ****P < 0.0001.
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Figure 25. Effects of sound on orientation tuning properties in V1 neurons at different
developmental periods.

(a) Normalized orientation tuning curves with/without sound in pre-CP (P17-19; 141 cells),
CP (P26-31; 108 cells), post-CP mice (P70-90; 149 cells). Meant s.e.m.

(b) Normalized orientation (OSl) and direction (DSI) selectivity index (paired t-test, ***P <
0.001, ****P < 0.0001). OSI and DSI were calculated based on the average post-stimulus
firing rates (0-3 sec). All error bars are s.e.m..
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Figure 26. Developmentally shifted excitatory/inhibitory balance in sound-driven spike
modulation.

(a) A z-scores between visuoauditory and visual conditions for pre-CP (red), CP (blue), post-
CP (green) groups (one-way ANOVA, *P < 0.05, ***P < 0.001, ****P < 0.0001).

(b) A z-scores between auditory and non-stimulus conditions (one-way ANOVA, *P < 0.05,
**P <0.01, ***P < 0.001, ****P < 0.0001).

All error bars are s.e.m..
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Summary and Discussion for Chapter 4

In this chapter, | examined the cross-modal influence on V1 across different age groups.
Recordings of cAEP and cSEP indicated that the excitatory/inhibitory ratio of cross-modal inputs
to V1 generally decreases during the CP of V1. At single-cell resolution, sound-driven inhibitions
at early and late phases preferentially matured during CP, and the net amounts of sound-driven
inhibition and excitation became nearly equal. However, sound-driven excitation preferentially
matured further after the CP, and the excitation became dominant again at post-CP. CP is a
developmental period when the neural circuits in primary sensory cortex become highly plastic
to visual experience. Thus, offsetting mechanism of net cross-modal influence at CP has
important implications to how neural circuits in primary sensory cortex mature during CP.

The previous study that found fast sound-driven inhibition in V1 but failed to detect
delayed sound-driven excitation used juvenile mice at the age of 4-6 weeks (lurilli et al., 2011).
The age range is between the peak of CP and the middle of CP closure (Lehmann & Léwel,
2008). Similarly, sound-only condition evoked a fast sound-driven inhibition without delayed
excitation in my recordings from CP mice (Fig. 26b). However, | found that sound evoked
delayed sound-driven excitation before and after the CP, and sound modulation of visual
spiking activities revealed the delayed sound-driven excitation even in CP mice. Thus, the
delayed excitatory influence on V1 depends on the age of animal and the presence of

concordant visual stimuli.
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Chapter 5

Mechanism that controls cross-modality in V1

Introduction

The results in Chapter 3 and 4 suggest that local GABAergic inhibition in V1 might
regulate the cross-modal response. However, the maturation of GABAergic circuits is only an
aspect of the changes in the cortical milieu during the CP, and other factors might also
contribute to the regulation of cross-modality. In this chapter, | tested the causality between
GABAergic inhibition and cross-modality by manipulating their visual experiences or gene

expressions.

Results

Bidirectional cross-modal plasticity in mouse visual areas

To test the potential GABAergic gating of cross-modal inputs, | performed flavoprotein
imaging from mice bearing immature GABAergic circuits (Fig. 27a-c). First, mice reared in total
darkness from birth (DR: dark-reared) until > 2 months of age were compared with light-reared
mice (LR). In the DR mice, GABAergic inhibitions in their V1 do not fully mature until they are
exposed to light (Morales et al., 2002; Kang et al., 2013). Consistent with previous fMRI and EEG
studies on cross-modal plasticity in humans (Pascual-Leone et al., 2005; Pascual-Leone et al.,

67



LR

B DR

I DR +LE

Bl GADS65 KO [

B NR2A KO [

[ LR +DE10d [
[
[

[ LR + DE2m
[ LR + DE10d + LE2w

b Vi V2L
*
kRkkk
- ' * I
\e Ll 1 —_—
S 1.0 X
pt e~ 1.04
_u-.. S
L -~
x w
s 0.5- = 054
o o
0.0 - 0.0-

Figure 27. Reversible regulation of cross-modality by visual experience and inhibition.

(a) Rearing conditions (white: 12hr light/dark, black: complete darkness) for each animal
group.

(b) Peak V1 auditory flavoprotein signals (n = 23 mice for LR; n = 16 for DR; n = 6 for DR+LE;
n = 6 for GAD65 KO; n =5 for NR2A KO; n =5 for LR+DE10d, n =5 for LR+DE2m; n = 6 for
10d+LE2w; one-way ANOVA, *P < 0.05, **P < 0.01, ****P < 0.0001).

(c) Peak V2L auditory flavoprotein signals (n = 23 mice for LR; n = 16 for DR; n = 6 for DR+LE;
n = 6 for GAD65 KO; n =5 for NR2A KO; n =5 for LR+DE10d, n =5 for LR+DE2m; n = 6 for
10d+LE2w; one-way ANOVA, **P < 0.01, ***P < 0.001).

All error bars are s.e.m..
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2010), the auditory response in V1/V2L was enhanced in DR mice but returned to LR level after
exposure to light for 2-3 weeks, which promotes the maturation of GABAergic inhibitions

(Morales et al., 2002).

Bidirectional cross-modal plasticity is mainly mediated by GABAergic inhibition not by NMDA
receptor subunit composition

Although the above results are consistent with GABAergic involvement, the effect of
visual deprivation is not limited to GABAergic circuits. For example, the expression of NR2A, a
subunit of NMDA receptor, is reversibly regulated by visual experience (Quinlan et al., 1999; He
et al., 2006) and upregulated in V1 by the onset of CP in normally reared mice (Fagiolini et al.,
2003). Importantly, NR2A expression shifts the threshold of LTP induction (Philpot et al., 2007).
BCM model has been successful in predicting previously undiscovered plasticity mechanisms
that were later experimentally confirmed (Cooper & Bear, 2012). Thus, the model is useful to
predict whether experience-dependent NR2A expression can affect cross-modality in V1 before
| actually do the experiment to test the idea. The model predicts the direction of synaptic
plasticity, which is determined by the position of a sliding modification threshold (), as a
function of postsynaptic firing rate (Fig. 28). The Un, is at the equilibrium with the level of visual
inputs in LR condition, and the weaker cross-modal auditory inputs are predicted to be
depressed by long-term depression (LTD). However, after visual deprivation, the 9, decreases
and the auditory inputs may be potentiated by long-term potentiation (LTP). | also ran the
simulation using a simple 1-dimentional scheme with the following set of differential equations,

assuming that there is only a single synaptic input to a postsynaptic neuron.
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dy

2= MO~ 6w
de, 1_,
dr ;()’ — )

where y is postsynaptic firing rate, t is time, n is learning rate, tis a time constant determining
how quickly the threshold is updated. The model predicted that LTP should be induced for the
cross-modal auditory inputs after dark-exposure while LTD should be induced for them after
light-exposure of DR mice (Fig. 29). Thus, downregulation of NR2A expression by dark-exposure
can theoretically contribute to the potentiation of cross-modal response by lowering the sliding
threshold Un. To experimentally test the relative contributions of GABAergic level and NMDAR
subunit composition on cross-modal auditory plasticity in V1, | performed flavoprotein imaging
from GAD65 KO mice (Hensch et al., 1998), lacking a synaptic isoform of GABA synthase, and
NR2A KO mice whose NR2A gene is deleted from their genome (Fagiolini et al., 2003) (Fig. 27a-
c). The GABAergic circuits in GAD65 KO mice are kept immature into adulthood, and the & in
NR2A KO mice is kept minimum (Philpot et al., 2007). The imaging revealed a strong cross-
modal auditory response in the V1 and V2L of GAD65 KO mice even without visual deprivation.
On the other hand, the cross-modal auditory response was at normal level in the visual areas of
NR2A KO mice. Althoug the failure of detecting NR2A deletion effecs on cross-modal
flavoprotein signals does not necessarily mean that NMDAR subunit composition does not
contribute to cross-modal plasticity, the results indicate that GABAergic inhibition is much more

crucial in regulating the cross-modality in V1.
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Figure 28. Prediction of synaptic plasticity after light/dark-exposure by BCM model.

The sliding modification threshold (Jm) is at the equilibrium with the level of visual inputs in LR
condition. At this state, the weaker cross-modal auditory inputs are depressed by LTD. If mice
are exposed to dark, the On, decreases and the auditory inputs may be potentiated by LTP.
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Figure 29. Prediction of synaptic plasticity after light/dark-exposure by BCM model.

(a) Phase plane analysis of BCM model with n=0.01 and t=10. For simplicity, the ratio of
visual inputs to cross-modal inputs in V1 was set to 2 to 1. The trajectory of [Um, y] after
dark-exposure (y = 0.5*y) or light-exposure (y = 2*y) is shown on a vector field.

(b) The time courses of y and U, after dark-exposure. Under dark condition, y reflects cross-
modally driven activities. LTP is induced for cross-modal inputs because y becomes
larger than Om, with a short delay after dark-exposure.

(c) The time courses of y and Un, after light-exposure. Under light condition, y reflects
visually driven activities. LTD is induced for cross-modal inputs because Un is always
larger than the level of cross-modally driven activities after light-exposure.
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Cross-modal plasticity can be induced without ectopic or exuberant cross-modal neural
projections to visual areas

It is known that visual cortex and auditory cortex in juvenile animals are densely
connected by exuberant neural projections from auditory to visual cortex, which are pruned as
they mature (Dehay et al., 1984; Innocenti et al., 1988; Dehay et al., 1988; Kennedy et al., 1989).
One might think of a possibility that such exuberent neural connections may be preserved into
adulthood in DR mice, thereby contributing to their enhanced cross-modal auditory response.
To negate the possibility, | did flavoprotein imaging from mice that were reared in normal
light/dark cycle until P60, followed by rearing in total darkness for 10 days. P60 is adult age for
mice and the excessive neural connections that might be present between visual and auditory
cortex at juvenile age are already pruned by then. The imaging revealed that 10-day or 2-month
dark-exposure enhanced cross-modal auditory response, and the enhanced cross-modal
response in 10-day dark-exposed mice was suppressed by re-exposure to light for 2 weeks (Fig.
27a-c). This bidirectional cross-modal plasticity at adult age desagrees with the possibility that
enhanced cross-modal response in DR mice might be due to the retention of excessive
connections between visual and auditory cortex in juvenile animals. It is known that 10-day
dark-exposure rejuvenates GABAergic circuits in adult V1 (He et al., 2006) and light-exposure of
DR mice matures GABAergic inhibitions in V1 (Morales et al., 2002). Furthermore, acute
intraperitoneal injection of low-dose diazepam (3 mg/kg, i.p.), a positive allosteric modulator of
the GABAA receptor, suppressed cross-modal responses in the V1 and V2L of DR mice (Fig. 303,
b), regardless of any exuberant neural connections which might have been present between

sensory areas. Thus, the visual experience-dependent plasticity of GABAergic inhibition alone is
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Figure 30. Acute enhancement of global GABAergic inhibitions increases unimodality in visual
cortex.

(a) Time courses of visual/auditory flavoprotein signals (meant s.e.m.) and their peaks
before (- DZ) and after (+ DZ) acute low-dose diazepam injections in DR (n = 6 mice;
paired t-test, **P < 0.01, ***P < 0.001).

(b) The peak of auditory flavoprotein signal in V2L before (- DZ) and after (+ DZ) acute
diazepam injections in DR (n = 6 mice; paired t-test, **P < 0.01).
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sufficient to reversibly mask and unmask the cross-modal auditory response in V1 and V2.

In contrast, visual responses in V1 were not significantly different across any mouse
models used here (Fig. 31), except that acute diazepam injection enhanced the visual response
(Fig. 30a), suggesting that acutely enhanced global GABAergic inhibition increases the
unimodality in V1. One potential mechanism that could explain the opposite effects of
diazepam on cross-modality and primary modality is the difference in GABAergic connectivity
between different neocortical layers. For example, in mouse primary somatosensory cortex,
somatostatin (SST) -positive interneurons preferentially inhibits excitatory pyramidal neurons at
L2/3 while they preferentially inhibits fast-spiking inhibitory neurons at L4 (Xu et al., 2013).
Since cortico-cortical cross-modal auditory inputs avoid L4 while thalamo-cortical visual inputs
preferentially innervate L4 in V1 (Fig. 1), acute enhancement of GABAergic inhibition by SST
cells may have opposite effects at different layers by suppressing cross-modal inputs at L2/3
and disinhibiting visual inputs at L4.

| also performed electrophysiological recordings to confirm the enhanced V1 cross-
modal response in dark-exposed condition or in the condition of reduced GABAergic inhibition.
| compared the L2/3 cAEPs from wild-type adult light-reared mice with those from either adult
DE (16-19 days of dark-exposure from P60) or from GAD65 KO mice and found that the cross-
modal N1 peak amplitude was enhanced in both DE and GAD65 KO groups (Fig. 32a, b). In
addition, percent enhancement of visual spiking response by sound (MSI) was larger in DE and
GADG65 KO groups than in LR control group (Fig. 33a, b), and it was mainly due to reduced fast

transient cross-modal inhibition (Fig. 33c, d). These results reveal that GABAergic inhibitions
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Figure 31. Effects of visual experience and GABA reduction on visual response in V1.

Peak visual responses measured by flavoprotein imaging (n = 23 mice for LR, n = 16 mice for DR,
n= 6 mice for DR+L, n = 6 mice for GAD65 KO, n = 5 mice for NR2A KO, n =5 mice for LR+DE10d,
n =5 mice for LR+DE2m, n = 6 mice for LR+DE10d+LE2w). No group was significantly different
from LR group. Means + s.e.m.
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Figure 32. Effects of visual experience and GABA reduction on cAEP in V1.

(a) Meanz s.e.m. of cAEP traces from LR (n = 15 mice), DE (n =9 mice), and GAD65KO (n =7
mice) at the L2/3 of V1. All mice are at P70-90.

(b) N1 peak amplitudes of LR, DE and GAD65 KO groups (Meanz s.e.m.; one-way ANOVA, *P
<0.05, ***P < 0.001).
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Figure 33. Effects of visual experience and GABA reduction on spiking activities in V1.

(a) Normalized orientation tuning curves (meant s.e.m.) in the presence (red) and absence
(blue) of sound stimuli in LR (n = 149 cells), DE (n = 201 cells), GAD65 KO (n = 156 cells).

(b) Mean of MSils at all presented orientations for LR, DE and GAD65 KO (Kruskal-Wallis
test, *P < 0.05, ***P < 0.001). All error bars are s.e.m..

(c) A z-scores between visuoauditory and visual conditions for LR (green), DE (black),
GADG65 KO (red) groups (one-way ANOVA, *P < 0.05, ***P < 0.001, ****P < 0.0001).

(d) A z-scores between auditory and non-stimulus conditions (one-way ANOVA, **P < 0.01,

*#%%p < 0,0001).
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regulate the amount of cross-modal inputs to early visual cortex and that an imbalanced

excitatory/inhibitory (E/I) ratio plays a major role in cross-modal plasticity.

Cell type-specific regulation of cross-modality in V1

GABAergic neurons are not homogeneous population, and they have been categorized
into various subtypes based on their molecular, morphological or electrophysiological profiles
(Markram et al., 2004; Markram et al., 2015). Here, | probed the GABAergic cell types that
regulate the cross-modality in V1. Soma-targeting parvalbumin-positive (PV) interneuron and
dendrite-targeting somatostatin-positive (SST) interneuron are the two major inhibitory cell
types and functionally mature during the CP of mouse V1 (Lazarus & Huang, 2011). | focused on
these two cell types because cross-modal inhibition matures during the CP of V1 (Fig. 13, 15,
17, 24, 25, 26).

To examine the involvement of these cell types in cross-modal regulations, | generated
mice that express Archaerhodopsin (Arch), a light-gated H*-pump (Chow et al., 2010), in either
PV or SST cells (Pv-ires-Cre x Ai35, Sst-ires-Cre x Ai35). By locally illuminating the V1 with amber
light, | specifically silenced the neural activities of cells that express Arch during sensory
stimulations. As mentioned in previous chapters, sound modulation of visual spiking activities
are triphasic. Early phase (< 130 ms) is characterized by a fast transient sound-driven inhibition,
middle phase (130 ms - 1s) is characterized by a persistent sound-driven excitation, and late
phase (> 1 s) is characterized by a persistent subtle sound-driven inhibition. | examined the
effects of PV cell or SST cell suppression on each sound modulation phase (Fig. 34a, b). During

the early phase (< 130 ms), PV cell suppression decreased the fast sound-driven inhibition while
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Figure 34. Cell type-specific regulation of cross-modality in V1.

(a) In V1, PV+ cells are soma-targeting GABAergic neurons and SST+ cells are dendrite-
targeting GABAergic neurons. In addition to their inhibitions onto excitatory pyramidal
cells, SST+ cells inhibit PV+ cells.

(b) Sound modulation of visual spiking activities with/without silencing of PV (n = 140 cells)
or SST (n = 145 cells) at different post-stimulus time interval (P70-90). All error bars are
s.e.m.. (paired t-test, *P < 0.05, **P < 0.01)

(c) Schematic illustrating the type of short-term plasticity at each synapse. EPSP and IPSP
traces were taken from Beierlein et al., 2003 and Ma et al., 2012.

(d) Schematic illustrating the estimated time course of PV and SST cell activities evoked by
cross-modal auditory stimuli. The time course of the modulation of population spiking
activity is superimposed.

(e) mRNA expression level measured by qPCR for each gene was normalized to GAPDH
expression level. gPCR were performed for SST+ and SST- cells, which were separated by
FACS (n =7 for CP; n = 7 for post-CP).
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SST cell suppression increased it. This opposite effect is expected result because SST cells make
inhibitory synapses onto PV cells in V1 (Pfeffer et al., 2013), and its disinhibition would enhance
the activity of PV cells. On the other hand, silencing of SST cell activities enhanced the sound-
driven excitation during the middle phase (130 — 1 s) and suppressed the sound-driven
inhibition during the late phase (> 1 s). Thus, although both PV cells and SST cells are involved in
the regulation of cross-modality in V1, they exhibits differential roles: soma-targeting PV cells
mediate fast transient sound-driven inhibition to compensate the delayed upcoming sound-
driven excitation in advance while dendrite-targeting SST cells control the amount of delayed
sound-driven excitatory inputs in real time.

In previous chapter, | found that early inhibition mediated by PV+ cells matures and
reaches plateau during CP, whereas delayed excitation regulated by SST+ cells increases even
after CP (Fig. 26). Although the maturations of GABAergic inhibitions mediated by PV+ and SST+
cells during the CP are known for V1 (Lazarus & Huang, 2011), it is not known how the level of
GABAergic inhibitions might change after the CP. A potential mechanism for the enhancement
of delayed excitation after CP is the disinhibition of inhibition mediated by SST+ cells. To test
this possibility, | sorted out SST+ cells from V1 by FACS and performed gPCR on SST+ cells and
SST- cells (Fig. 34e). Notably, | found that GAD65, a synaptic isoform of GABA synthase,
specifically decreases in SST+ fractions after CP. Furthermore, the expressions of both y2 and &
subunits of GABAa receptor among SST+ cells were higher in post-CP group than in CP group,
whereas the level of GIuR2, a major subunit of AMPA receptor, was unchanged. These results
suggest that enhancement of inhibitory inputs to SST+ cells and reduction of presynaptic GABA

contents in SST+ cells after CP both decrease the inhibitory output from SST+ cells in V1.

81



Summary and Discussion for Chapter 5

In this chapter, | examined the factors that affect cross-modality in mouse V1. Cross-
modal plasticity could be induced in mouse V1, and the enhanced cross-modal response after
dark-exposure could be suppressed by acute injection of GABA receptor agonist. Furthermore,
genetic deletion of GAD65 enhanced cross-modal response even without visual deprivation.
These results demonstrate that GABAergic inhibitions regulate the cross-modal response in
mouse V1, and cross-modal plasticity is at least partly mediated by the plasticity of inhibitory
circuits. Although visual deprivation also affects the kinetics of NMDA glutamate receptor by
decreasing NR2A expression (Quinlan et al., 1999; He et al., 2006), loss of NR2A did not
significantly affect the cross-modal response measured by flavoprotein signals.

| further examined the involvement of different GABAergic cell types in the regulation of
cross-modality in V1 by silencing the activities of each cell type. | found that soma-targeting PV
cells mainly mediate early cross-modal spike inhibitions, whereas dendrite-targeting SST cells
mainly control the amount of delayed sound-driven excitatory effects. The differential time
course of cross-modal inhibitions by PV and SST cells are consistent with their physiological
properties. The inhibitory synapses made by PV cells show strong short-term depression,
whereas the inhibitory synapses made by SST cells show slight facilitation (Ma et al., 2012). In
addition, strong short-term depression is induced at the excitatory synapses from pyramidal
cells onto PV cells in vitro, whereas strong short-term facilitation is induced at the excitatory
synapses from pyramidal cells onto SST cells both in vitro and in vivo (Beierlein et al., 2003; Tan
et al., 2008; Lu et al., 2014; Pala & Petersen, 2015). Therefore, sensory inputs to V1, regardless
of their modality, rapidly recruit PV cell-mediated potent somatic inhibitions, but the PV cell-
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mediated inhibitions are quickly turned off in the presence of sustained sensory inputs by the
strong short-term depression of excitatory inputs to PV cells, the strong short-term depressions
of inhibitory outputs from PV cells, and the short-term facilitation of inhibitory synapses from
SST cells onto PV cells (Fig. 34c, d). The transient PV cell-mediated somatic inhibitions are then
taken over by delayed sustained dendritic inhibitions by SST cells. The temporal shift from
somatic to dendritic inhibitions may reflect the transition from powerful indiscriminate
inhibitions to highly compartmentalized input-specific inhibitions (Chiu et al., 2013).

Since both PV and SST cells functionally mature during CP in V1 (Lazarus & Huang, 2011),
both types of cells contributes to CP by dampening the net cross-modal influence with different

time course.
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Chapter 6

Mouse model of auditory-visual synesthesia and
cross-modality in autism

Introduction

Recent studies reported significant comorbidities between synesthesia and autism
(Baron-Cohen et al., 2013; Neufeld et al., 2013), between synesthesia and absolute pitch
(Gregersen et al., 2013), and between autism and absolute pitch (Dohn et al., 2012). Their
comorbidities suggest that a common circuit mechanism can lead to these three mental states.
Autism is a neurodevelopmental disorder diagnosed based on behavioral characteristics such as
reduced social interactions and restricted/repetitive patterns of behavior and mostly caused by
genetic mutations. Similarly, synesthesia typically occurs as a result of genetic mutations, and
thus it is heritable (Brang & Ramachandran, 2011).

It has been proposed that failure of synaptic pruning between two distinct sensory areas
during development might cause synesthesia (Bargary & Mitchell, 2008), and increased
anatomical neural connectivity between two synesthetically linked sensory areas has been
found in some synesthetes (Rouw & Scholte, 2007; Hanggi et al., 2008). Similarly, neural
connectivity in the brain is abnormal in autistic people (Courchesne et al., 2007). On the other
hand, growing evidences from animal studies lead to the hypothesis that increased ratio of
excitation to inhibition (E/I ratio) in the brain might be the cause of autism (Rubenstein &
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Merzenich, 2003). Computational model supports this theory (Vattikuti & Chow, 2010), and
acute manipulation of cortical E/I ratio by optogenetics was sufficient to induce autistic
behaviors in mice (Yizhar et al., 2011). My results in the previous chapters suggest that
auditory-visual synesthesia could also occur as a result of increased E/I ratio in the visual cortex.
If increased E/I ratio causes both autism and synesthesia, autistic mouse models with abnormal
E/I ratio in their brains should exhibit abnormal cross-modalities. Thus, in this chapter, |

examined the cross-modal auditory responses in the visual cortex of autistic mouse models.

Results

Comparison between non-autistic C57BL6/J strain and autistic BTBR T+tf/J strain

Various mouse models are available for autism (Silverman et al., 2010), but only BTBR
T+tf/) (BTBR) strain displays all three diagnostic symptoms of autism, impaired social
interaction, communication deficits, and increased repetitive behaviors (Moy et al., 2007;
McFarlane et al., 2008; Scattoni et al., 2011; Meyza et al., 2013). These autistic behavioral traits
in BTBR strain are at least partly due to impaired GABAergic inhibitions in their brain (Gogolla et
al., 2014; Han et al., 2014). Therefore, | decided to characterize the cross-modal representation
in the visual cortex of this idiopathic BTBR strain.

First, to examine the gross cross-modal impact on V1, | compared the cAEPs at the
center of V1 between non-autistic C56BL6/J (C57) strain and autistic BTBR strain. To target the
center of V1, visually responsive area was mapped by thinned-skull flavoprotein imaging before

evoked field potential recordings for each animal. The cAEP recordings revealed exceptionally
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large N1 peak amplitudes both at L2/3 and L4 in the BTBR strain (Fig. 35a,b). Further spectral
perturbation analysis revealed that sound evoked a strong gamma frequency in BTBR strain, in
particular, at L4, while gamma power was suppressed by sound in C57 strain (Fig. 36). These
opposite effects of sound on gamma power suggest that the cross-modality in the V1 of BTBR
strain is not a simple enhancement of the cross-modal amplitude detected in the V1 of C57
strain. Besides, gamma power in V1 is typically evoked by visual stimuli (Fig. 6¢c, 16b), suggesting
that sound evokes vision-like response in their V1 as if sound stimuli were visual stimuli for this
strain.

Next, | compared the N1 peak amplitudes of cAEP and VEP at the L4 of V1 (Fig. 37). To
evoke VEPs, | presented flickering horizontal sinusoidal gratings onto a screen at various spatial
frequencies. The N1 peak of C57 strain was almost absent at L4, and the amplitude was
equivalent to the level of potentials with invisible high-frequency grating stimuli (> 0.7 cpd). On
the other hand, BTBR strain showed clear N1 peaks in their cAEPs. The large N1 peak suggested
that the strength of visual perception that might be evoked by sound in BTBR strain is

equivalent to the strength of visual perception evoked by ~0.45 cpd grating stimuli.
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Figure 35. Exceptionally large N1 cAEP amplitude in the V1 of autistic BTBR strain.

(a) Meanz s.e.m. of cAEP traces at the L2/3 or L4 of V1 (n = 16 mice for C57 at P70-90, n = 8
mice for BTBR at P70-90).

(b) N1 peak amplitudes of cAEPs in C57 and BTBR strains. (meanz s.e.m.; unpaired t-test,
***%p <0.0001)
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Figure 36. Gamma power is suppressed by sound in non-autistic C57 strain while it is
enhanced by sound in autistic BTBR strain.

Sound-induced spectral perturbation from pre-stimulus baseline at each frequency range.
Significant areas are colored in the right statistics columns (pixel-by-pixel unpaired t-test, P <
0.05).
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Figure 37. Comparison of VEP and cAEP amplitudes at the L4 of V1.

N1 amplitudes of VEPs as a function of spatial frequency of grating stimuli at L4 (n = 5 mice for
C57, n = 4 mice for BTBR). The N1 amplitudes of cAEP at the same recording sites are indicated
by dashed lines (Meant s.e.m.). The center of V1 was targeted after thinned-skull flavoprotein
imaging of visual response for each animal.
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Spatial coding of sound location in the visual cortex of BTBR T+tf/J strain

Sounds generated at a specific spatial location reach right and left ears at different times
and intensities. Sound localization ability of animals relies on the interaural time difference
(ITD) and the interaural level difference (ILD) (Grothe et al., 2010). In mammals with a small
head and high-frequency hearing rage such as rodents, ILD is the primary sound localization cue
(Campbell et al., 2006; Koka et al., 2008; Wesolek et al., 2010).

The neural circuits of V1 is organized to represent and compute the spatial information
of visual modality. Thus, | reasoned that spatial information of auditory modality might be also
similarly coded in the V1 of BTBR strain. To test this idea, | alternately delivered white noise
sounds to the ipsilateral and contralateral ears and compared the evoked cross-modal auditory
responses by flavoprotein imaging (Fig. 38a, b). To maximize the ILD, the white noise sounds
were delivered through plastic tubes inserted into each ear canal. As previously reported for
mice (Popescu & Polley, 2010), auditory responses in the auditory cortex showed strong
contralateral bias. Furthermore, cross-modal auditory response in the V1 also showed modest
contralateral bias, which is consistent with predominant ipsilateral neural projections from
auditory cortex to V1 (Fig. 1b, c). Similar contralateral bias exists for visual modality in V1 as
ocular dominance. Given the retinotopic map in the V1, the contralateral bias of cross-modality
suggests that auditory space map and visual space map might be aligned in the V1 of BTBR
strain and that photism might be superimposed onto the sound source location in their visual
space whenever they hear sounds. Thus, the synesthetic experience of BTBR strain is more
consistent with projector synesthesia with which photism is experienced “in the outside world”

than with associator synesthesia with which photism is experienced “in the mind” (Dixon et al.,
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Figure 38. Contralateral bias of cross-modal auditory response in the V1 of autistic BTBR
strain.

(a) Representative cranial window and the cortical responses to WN sounds delivered to
contralateral or ipsilateral ear. Cortical areas were demarcated based on the responses
to LED flash light. Scale bar, 1 mm.

(b) The peak of auditory flavoprotein signal to contralateral or ipsilateral sound in auditory
cortex (Au) or in V1 (n =5 mice; paired t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****p
< 0.0001)
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2004; Rouw & Scholte, 2007; Rouw & Scholte, 2010). The laterality of synesthetic experience is
also consistently reported in humans with acquired auditory-visual synesthesia (Afra et al.,

2009).

Balancing of cross-modal excitation and inhibition in three different mouse models of autism

The comorbidity between autism and synesthesia (Baron-Cohen et al., 2013; Neufeld et
al., 2013) suggests the prevalence of abnormal cross-modality in autism. Besides, multisensory
integration is typically impaired in people with autism (Baum et al., 2015). Therefore, | recorded
the cross-modal auditory spiking activities and the sound modulation of visual spiking activities
in the V1 of autistic mouse models to examine the potential autistic deficits in the multisensory
integrations at low level sensory area.

Here, | recorded from three different mouse models of autism, GAD65 KO mice (Gogolla
et al., 2014), Neuroligin-3 R451C knock-in mice (Tabuchi, K. et al., 2007), and BTBR strain (Fig.
39). In all three autistic mouse models, the fast sound-driven inhibition (< 130 ms) was
commonly impaired in V1. Furthermore, the sound-driven excitation of visual spiking activities
at the middle phase (130 - 1 s) was reduced in Neuroligin-3 R451C mice and BTBR strain. Thus,
impaired audiovisual integration and abnormal cross-modality in the V1 were the common
characteristics among autistic mouse models with abnormal cortical E/I ratio. Notably, sound
alone dominantly evoked a fast sound-driven excitation in BTBR strain as if sound were visual
stimulus for this strain, further supporting the idea that BTBR strain can see sounds and is a

mouse model of auditory-visual synesthesia.
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Figure 39. Abnormal sound modulation of V1 spiking activities in 3 different autistic mouse

models.

A z-scores between visuoauditory and visual conditions (VA - V) or between auditory and non-
stimulus conditions (A - S) for C57 (n = 149 cells), GAD65 KO (n = 156 cells), NL3 R451C (n =111
cells), BTBR (n = 241 cells). All mice are >P70. (mean+s.e.m.; one-way ANOVA, *P < 0.05, ***P <

0.001, ****p < 0.0001)
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Summary and Discussion for Chapter 6

In this chapter, | examined sound influence on V1 in multiple autistic mouse models.
Sound modulation of V1 and audiovisual interaction were abnormal in three different mouse
models of autism with abnormal GABAergic inhibitions. Therefore, it seems that elevated
cortical E/I ratio in medial prefrontal cortex and sensory cortex may cause autism (Yizhar et al.,
2011) and synesthesia, respectively. The common circuit dysfunction for autistic behaviors and
synesthetic strong cross-modality is in line with the higher incidence of synesthesia among
autistic people (Baron-Cohen et al., 2013; Neufeld et al., 2013). In particular, the V1 of BTBR
strain exhibited exceptionally strong auditory response with contralateral bias. The cross-modal
response properties in the V1 of BTBR strain suggests that they can see sounds and are useful

mouse model of auditory-visual synesthesia.
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Chapter 7

Summary and Discussion

Non-visual sensory responses in the mouse primary visual cortex

In this study, | found that both auditory and tactile stimuli evoke responses in as early as
the primary visual cortex in mice. Anatomical tracing studies in monkeys (Falchier et al., 2002;
Rockland & Qjima, 2003; Clavagnier et al., 2004) and cats (Hall & Lomber, 2008) previously
reported that both primary and secondary auditory cortex send out direct neural projections
preferentially to the peripheral visual field of their primary visual cortex. On the other hand,
neural projections from auditory cortex to visual cortex in mice did not seem to be restricted to
the peripheral visual field in the previous tracing study in mice (Charbonneau et al., 2012) and
on the Allen Mouse Connectivity Atlas database. This species difference may derive from the
usage of visual modality in each species. Unlike cats and monkeys who rely heavily on vision,
the usage of vision is limited and non-visual modalities are heavily recruited and developed in
nocturnal mice. As | have shown in this study, less usage of vision by dark-rearing leads to the
enhanced cross-modality in their V1 even within a single generation. It is possible that evolution
forced mouse visual cortex to be further recruited for the processing of non-visual sensory
modalities to maximize the usage of their brain functions. The relatively high multimodality
makes mouse V1 as an excellent network model to study the local competition between

different sensory modalities and multisensory integration because V1 receives pure direct
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sensory modalities from each sensory area unlike association cortex where sensory inputs are

already multimodal in nature before arriving at the cortical area.

Significance of cross-modal regulation during the critical period of V1

Sound modulation of V1 activities drastically changed at the beginning and after the
closure of CP for visual functions (Fig. 40a, b). Before the CP when both PV cells and SST cells
are functionally immature, sound modulation of V1 was predominantly excitatory. However,
the cross-modal inhibition, especially PV-mediated fast inhibition, matured during the CP. The
strong transient sound-driven inhibition offsets the delayed upcoming sound-driven excitation
in advance. Consequently, the net sound influence on V1 was close to zero during CP due to the
balanced sound-driven excitation and inhibition. After the CP, the balance of sound-driven
excitation and inhibition was broken through further maturation of sound-driven excitation.

In pre- and post-CP mice, sounds preferentially enhanced the visual spiking activities
evoked by less effective visual stimuli. This inverse effectiveness seems to be beneficial in
certain situations because detection of weak visual signals would be aided by additional sound
signals from the same source. For example, mice would be able to better locate their predator
in dark environment by integrating visual and auditory signals. Then, why does V1 need to
developmentally minimize its cross-modality during the CP? The high multimodality before the
onset of CP can be explained by immature GABAergic inhibitions and, perhaps, potential
exuberant neural projections from auditory to visual cortex which have been reported in young
animals (Dehay et al., 1984; Innocenti et al., 1988; Dehay et al., 1988; Kennedy et al., 1989).

However, V1 must specialize itself as ‘visual’ cortex at some point during development to
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Figure. 40. V1 cross-modality depends on local excitatory/inhibitory ratio.

(a) Schematic illustrating how local E/I ratio regulates the net cross-modality in V1. During
development, GABAergic maturation initiated at the onset of CP dampens the net cross-
modal influence throughout the CP. Increasing E/I ratio by dark-exposure (dark-rearing)
or GABA synthase deletion unmasks cross-modality while decreasing E/I ratio by
GABAaR agonist or light-exposure in dark-exposed or dark-reared mice masks cross-
modality. Autistic BTBR strain whose GABAergic neurons are kept immature into
adulthood develops highly multisensory V1.

(b) The loss of net cross-modal influence during CP occurs through preferential maturation
of GABAergic inhibitions in V1. After the CP, the GABAergic inhibitions are stable,
whereas cross-modal excitatory inputs further mature, shifting the cross-modal E/I ratio
toward excitation. In dark-exposed or autistic mice, cross-modal inhibitions were

commonly impaired.
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efficiently process visual signals. CP is the ideal developmental period for V1 to functionally
specialize itself because its neural circuits can dynamically reorganize themselves based on the
sensory inputs they receive during the highly plastic period. It would be extremely important
for V1 to dampen non-visual sensory inputs during the highly plastic CP so that the circuit
tunings can only focus on visual modality. Otherwise, V1 would never be able to specialize itself

as visual cortex and might develop as multisensory cortex instead.

Regulation of cross-modality as the potential mechanism of critical period plasticity in V1

My advisor, Dr. Takao Hensch, and other groups have previously demonstrated that the
maturation of GABAergic inhibitions determine the timing of CP (Hensch, 2005). However, how
increased GABAergic inhibition enhances plasticity to visual experience has been unclear. A
computational model proposed that enhancement of signal-to-noise ratio for visual modality
through preferential suppression of spontaneous activity relative to visually evoked activity
might be the key to enhance the plasticity to visual experience in V1 through maturation of
GABAergic inhibitions (Toyoizumi et al., 2013). Similarly, preferential suppression of cross-
modality relative to visual modality through the maturation of GABAergic inhibitions, which |
discovered in this study, would also theoretically enhance the plasticity to visual experience. In
other words, the increased unimodality itself might be the mechanism to link GABAergic
maturation with heightened plasticity for visual functions during CP.

Importantly, the maturation of GABAergic inhibitions occur at L2/3 and L5/6 but not at
L4 during the CP of V1, and visual deprivation delays the maturation of GABAergic inhibition at

L2/3 and L5/6 but not at L4 (Jiang et al., 2010 ; Chattopadhyaya et al., 2004). The laminar
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difference suggests that visual experience-dependent maturation of GABAergic inhibitions
during CP preferentially suppresses cross-modal inputs while keeping visual inputs intact
because cross-modal auditory inputs to V1 avoid L4 (Fig. 1) where visual inputs predominantly
innervate. Such preferential suppression of cross-modal inputs boosts the unimodality in V1

during the CP, and thus the impact on plasticity for visual functions can be tremendous.

Mouse model of developmental synesthesia

Abnormal E/I ratio leads to a number of brain disorders such as epilepsy, schizophrenia
and autism (Tye & Deisseroth, 2012). My findings add synesthesia to the list of neurological
phenomena that could result from imbalanced E/I ratio and provide the explanation to the
comorbidity between synesthesia and autism.

Synesthesia is typically heritable because it is usually caused by genetic mutations that
affect the brain development (Brang & Ramachandran, 2010). This type of synesthesia is often
called as developmental synesthesia, and the abnormal cross-modalities in the three autistic
mouse models used in my study (GAD65 KO mice, Neuroligin-3 R451C mice, BTBR strain) are
also caused by genetic mutations. A whole-genome linkage study of auditory-visual synesthesia
found a linkage peak at chromosome 224 where autism and epilepsy are also linked (Asher et
al., 2009). 2g24 is an interesting locus because genes for sodium channels are clustered
(Meisler et al., 2010). SCN1A and SCN2A sodium channels are of particular interest because
their mutations cause both autism (Han et al., 2012; Sanders et al., 2012) and epilepsy (Meisler

et al., 2010). Testing the functions of these candidate genes in the context of synesthesia using
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genetically manipulatable mouse models would allow us to identify “synesthesia genes” in the

future.

Mouse model of acquired/induced synesthesia

Synesthesia can be also postnatally acquired or temporarily induced without genetic
mutations (Afra et al., 2009). The most frequent cause of acquired synesthesia is sensory
deafferentation. My results confirmed the human studies by detecting enhanced sound-driven
responses in the visual cortex of DR mice. Similar enhanced cross-modal auditory response in
V1 has been reported for both congenitally and late blind patients (Bedny et al., 2012). There is
also a case study which reported that a patient acquired synesthesia during epileptic seizure
(Jacome & Gumnit, 1979), which supports the idea that elevated E/I ratio reveals synesthetic
experience.

Blindfolding or certain drugs can also temporarily induce synesthesia in healthy people.
A form of auditory-visual synesthesia can be induced by blindfolding for 2-5 days in some
people, and their synesthesia disappears after the removal of blindfolding (Lessell & Cohen,
1979; Merabet et al., 2004). Tactile-driven activity in V1 is also reversibly induced by
blindfolding for 5 days (Merabet et al., 2008) or only 90 min (Merabet et al., 2007) in humans.
The enhanced cross-modal tactile response in blindfolded people is accompanied by increased
excitability in their V1 (Boroojerdi et al., 2000), possibly due to reduced GABAergic inhibitions in
their V1 as have been previously reported for dark-exposed rodents (He et al., 2006). Certain
drugs also temporality induce synesthesia in humans. Most drugs that induce synesthesia are

5HT2A receptor agonists, though several non-serotonergic agonists are also identified such as
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kappa-opioid receptor agonist and CB1 receptor agonist (Afra et al., 2009; Luke & Terhune,
2013). In principle, all of these drugs can alter the E/I ratio of human brain. Interestingly, the
type of synesthesia experience induced by drugs is predominantly auditory-visual synesthesia
(Luke & Terhune, 2013), suggesting different mechanism for different types of synesthesia.

In my study, | prepared mouse models of acquired or induced synesthesia to identify the
underlying mechanism. | demonstrated that cross-modal auditory response can be reversibly
manipulated by dark/light-exposure in mice and that the enhanced cross-modality in DR mice
could be suppressed by acute enhancement of GABAergic inhibitions. My results suggest that
both sensory deprivation-induced and drug-induced synesthesia might occur through the
elevation of cortical E/I ratio. The suppression of non-visual sensory-evoked activities in the V1
of paralyzed cats after Nembutal-induced anesthesia (Murata et al., 1965) might be partly due
to the decrease in cortical E/I ratio because the main effects of Nembutal are the potentiation
of GABAAR and the inhibition of AMPAR (Alkire et al., 2008), though the effect of dampened

top-down modulations on V1 under anesthesia would be also significant.

Mouse model of neonatal synesthesia

Neonatal synesthesia hypothesis postulates that all people possess synesthesia during
infancy and gradually lose it as we mature through synaptic pruning between sensory areas
(Maurer & Mondloch, 2004). This hypothesis is based on animal studies that each sensory
cortex receives transient exuberant neural projections from the other sensory cortical areas of
different modalities early in life (Dehay et al., 1984; Innocenti et al., 1988; Dehay et al., 1988;

Kennedy et al., 1989). On the other hand, the development of cross-modal integrations, the
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ability to link sensory information across different modalities, in human is not monotonic.
Cross-modal integration measured by their behavior exists near birth, but transiently disappear
later in infancy, and then the integration gradually recovers in the second half of the first year
of life for auditory-visual integration (Pickens et al., 1994), somatosensory-visual integration
(Steri, 1987; Steri & Pécheux, 1986), and proprioceptive-visual integration (Piaget, 1952;
Abravanel & Sigafoos, 1984; Fontaine, 1984; Heimann et al., 1989). The transient loss of cross-
modal integration early in life does require additional mechanism beyond simple synaptic
pruning of neural connections between sensory modalities.

My results suggest that the transient loss of cross-modal integration could occur
through balancing of cross-modal inhibition and excitation. Similarly to the transient loss of
cross-modal integration in human behavior, net auditory-visual integration transiently
disappeared in the V1 of mice during its CP. The loss of net cross-modal influence on V1 was
due to the maturation of GABAergic inhibitions during the CP. As discussed above, the
suppression of cross-modal inputs during highly plastic CP would be critical for V1 to
functionally mature as visual cortex, and thus the transient loss of cross-modal integration in
human infants might be also reflecting their key developmental period when each sensory area
specializes itself by limiting its sensory inputs to its primary modality. Failure of suppressing
cross-modal inputs during highly plastic CP due to immature GABAergic inhibitions might be the
mechanism of developmental synesthesia because multimodality of V1 would be consolidated
into adulthood if unimodality were not established during the key plastic developmental
period.

Mouse models of synesthesia | provided in this study would offer new approaches to
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dissect the neural mechanism of synesthesia and provide new insights on how each sensory

cortex specializes itself during normal development.
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