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A. Personal Statement

My laboratory aims to understand how specific spatial and temporal patterns of network dynamics
are generated, transferred, and integrated within the cortical circuitry, as well as how these dynamics
influence behavior. A necessary technical step to achieve this aim is to develop a technique that
allows us to: i) monitor endogenous patterns of activation and thus map the activity of large numbers
of neurons with high spatial (< 1 micron) and temporal (~1 ms) resolution within the intact brain; and
ii) replicate or alter these endogenous patterns of activation by artificially manipulating the electrical
activity of specific cells in space and time.

Over the past ten years, we have been working on a particular technique, patterned illumination
using ‘wave-front engineering’ and we have been pioneering its application in living rodents to
achieve our dual goal. We first designed and built a “patterned illumination module”, a compact,
simple optical path that can be easily implemented with commercial two-photon scanheads to allow
spatial shaping of laser light. We validated this approach for calcium imaging at high frame rates (up
to 70 frames/s) from multiple cells simultaneously and demonstrated that this technique can be used
for photo-uncaging MNI glutamate in arbitrary two dimensional patterns in cultured neurons. We
reported the first application of this optical set-up for in vivo experimental conditions in living rodents,
using wave-front modulation to provide inertia-free focus control, i.e., dynamically focusing in depth
while keeping the objective in a fixed position. As a necessary step towards the development of an
optical system that allows the generation of artificial patterns of network activation in vivo, we applied
our patterned two-photon illumination microscope to map the activity of cortical cells with millisecond
temporal resolution and subcellular spatial resolution in the scanless configuration. We also validated
the scanless approach in GRIN lens-based endoscopes for fast imaging in deep brain regions.
Moreover, we combined scanless imaging of GCaMP6 signals in population of neurons with wide-
field single-photon optogenetic stimulation of the inhibitory opsin Archaerhodopsin. More recently, we
combined two-photon holography to stimulate neurons expressing blue light-sensitive opsins (ChR2
and GtACRZ2) with two-photon imaging of the red-shifted indicator JRCaMP1a in the mouse neocortex
in vivo. We demonstrated efficient bidirectional control of neural excitability across cells types and
layers with holographic stimulation and improved spatial resolution by opsin somatic targeting.
Moreover, we performed simultaneous two-photon imaging of jJRCaMP1a and bidirectional two-
photon manipulation of cellular activity with negligible effect of the imaging beam on opsin excitation
(no crosstalk). We also conceived and validated a method to significantly increase the signal-to-noise
ratio in population GCaMP6s imaging. The method was validated in anesthetized and awake mice
and it led to more precise identification of functional neuronal ensembles.



B.

In addition to the contribution to technology development described above, we have applied
advanced optical approaches to dissect out the cellular circuits underlying spontaneous network
oscillations and sensory-evoked circuit dynamics in the mouse cortex. We used optogenetics, which
allows the remote control of cellular excitability with light, to investigate the role of excitatory and
inhibitory neurons in the propagation of cortical network dynamics and the control of cortical state,
using slow oscillations as an experimental model. For example, by combining selective expression of
excitatory and inhibitory opsins in layer V and layer 1l/1ll pyramidal neurons with electrophysiological
recordings in vivo, we showed that activation/inactivation of a subset of pyramidal neurons located in
layer V, but not layer Il/11l, was sufficient and necessary to generate and attenuate slow oscillations,
respectively. Based on patch-clamp recordings, we proposed that the differential role of layer V and
[/l in the regulation of slow network activity is linked to the differential ability of these neurons to
propagate prolonged depolarization within and across cortical layers. These results are of
importance because they represent the first demonstration that the cortex is endowed with layer-
specific excitatory circuits that have distinct roles in the coordination of ongoing cortical activity. More
recently, we provided the first direct demonstration that, during somatosensation, layer V pyramidal
neurons in the mouse primary somatosensory cortex not only relay sensory information to higher
order brain areas as posited by the “canonical” model of cortical function, but they actively sculpt
local cortical processing, leading to temporal sharpening of responses to sensory inputs.
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