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MOTIVATION /n vivo 2-photon calcium imaging has emerged as a key technology in neuroscience
providing fundamental insight into how information is encoded within defined neuronal circuits. A product
of advancements in both optics and genetically encoded calcium indicators, it is now possible to interro-
gate large neural networks with single-cell resolution over long timescales in awake, behaving animals.
While widely used in mammals, this method is underutilized in birds. To address this, we set out to establish
calcium imaging in pigeons.

SUMMARY

In vivo 2-photon calcium imaging has led to fundamental advances in our understanding of sensory circuits in
mammalian species. In contrast, few studies have exploited this methodology in birds, with investigators pri-
marily relying on histological and electrophysiological techniques. Here, we report the development of in vivo
2-photon calcium imaging in awake pigeons. We show that the genetically encoded calcium indicator
GCaMP6s, delivered by the adeno-associated virus rAAV2/7, allows high-quality, stable, and long-term im-
aging of neuronal populations at single-cell and single-dendrite resolution in the pigeon forebrain. We
demonstrate the utility of our setup by investigating the processing of colors in the visual Wulst, the avian
homolog of the visual cortex. We report that neurons in the Wulst are color selective and display diverse
response profiles to light of different wavelengths. This technology provides a powerful tool to decipher
the operating principles that underlie sensory encoding in birds.

INTRODUCTION

Over the last century, Aves have served as a valuable model spe-
cies in the fields of sensory, cognitive, and behavioral science.'™
Pigeons, for example, are able perform cognitively challenging
tasks such as categorization of visual objects, are able to gener-
alize learned information when confronted with new datasets,
exhibit complex courting behaviors, perceive UV light, hear infra-
sound, and detect magnetic fields.”'" It is becoming increas-
ingly clear that, despite having a vastly different brain organiza-
tion, birds’ cognitive abilities are on par with those of higher
mammals, making them ideal models for the study of evolu-
tionary and comparative neurophysiology.'? Nevertheless, we
understand little of the neuronal circuits that underpin higher
cognitive and sensory functions in avian species.'® To date,
most studies have either relied on electrophysiological tech-
niques, which are limited in the number of neurons that can be
recorded and reliably tracked across days, or on functional im-
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aging techniques that lack cellular resolution.’*'® Previous
studies in zebra finches have demonstrated the utility of calcium
imaging in songbirds, providing novel functional insight into cir-
cuits associated with singing.’°?> We therefore set out to
develop in vivo 2-photon calcium in pigeons (Columba livia), a
species well known for its impressive sensory and cognitive
abilities.”>**

RESULTS

Infrastructure for in vivo 2-photon calcium imaging in
pigeons

To perform in vivo calcium imaging experiments in pigeons, we
first set up the necessary microscopy infrastructure. The custom
2-photon laser scanning microscope platform consists of a
femtosecond-pulsed, long-wavelength tunable laser (680-
1,080 nm), a 8 kHz resonant scanning mirror, a galvanometer
mirror, an electrically tunable lens, a custom 3D-printed
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objective lens extension tube, and a 16 x water immersion objec-
tive (Figure 1A). Fluorescent light is collected using GaAsP pho-
tomultiplier tubes. The system is furthermore equipped with mo-
tion control allowing 100 mm travel in x, y, and z and is controlled
by Scanbox acquisition software (Neurolabware, Los Angeles,
CA, USA) run on a Dual 6-core, 3.4 GHz CPU, 128 GB RAM com-
puter. The motion control system records the x, y, and z coordi-
nates of the microscope, enabling imaging of the same location
at a later time point. To prevent external light from entering the
microscope path, we designed a device made out of black
hard plastic and black foam material at the bottom, which could
be attached to the microscope objective (Figure 1A, inset). We
constructed a customized animal stage that consists of a 3D-
printed body harness and two head clamps to immobilize the pi-
geon under the microscope (Figure 1B).
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Figure 1. In vivo 2-photon calcium imaging
setup and viral delivery of GCaMP6s in the
pigeon dorsal forebrain

(A) The calcium imaging setup consists of a reso-
nant scanning 2-photon microscope, a femto-
second-pulsed laser, an animal stage, and an LED
wall facing the pigeon. The inset shows a custom-
made device, which can be attached to the mi-
croscope objective to prevent light contamination.
(B) The bird is immobilized under the microscope
using a 3D-printed body harness and two head
clamps.

(C) Schematic of the pigeon forebrain showing the
location of viral injection (left) and a corresponding
brain section showing GCaMP6s expression
3 weeks after AAV injection stained with a GFP
antibody (right).

(D and E) Double staining using antibodies against
GFP (green) and the pan-neuronal marker NeuN
(red).

(F) Graph showing the percentage of GFP/NeuN
double-positive neurons in a defined region
around the injection site of 3 birds (3 sections per
bird).

Data are presented as mean + SEM. Scale bars:
1 mm in (C), 200 pm in (D), and 50 um in (E). Hp,
hippocampus; N, nidopallium; A, arcopallium.
See also Figures S1 and S2.
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Assessing the optimal viral vector
for gene delivery in the pigeon
forebrain

50 - The recording of neuronal activity using
° 2-photon microscopy requires the intro-
40 1 duction of a calcium indicator into the

brain region of interest. As transgenic pi-
geons are currently unavailable, we elec-
ted to use a viral-vector-mediated gene

fo3

% of NeuN+/GCaMP6s+ cells

201 delivery system to introduce a genetically
104 o encoded calcium indicator into the brain
in an anatomically targeted manner.

0 Pseudotyped recombinant adeno-associ-

ated viral vectors (rAAVs) have been

extensively used for gene delivery in

diverse mammalian species, and the
transduction efficacy of various serotypes for different brain re-
gions and cell types has been well described.?>~?® Implementing
common viral gene delivery strategies in birds has proven diffi-
cult, and little is known about the tropism and effectiveness of
different AAV serotypes in the pigeon brain.?*=' We therefore
set out to identify the optimal viral vector for gene delivery in
the pigeon forebrain, focusing on the dorsal pallium. Recombi-
nant pseudotyped vectors (rAAV1-9), driving the expression of
the reporter gene GFP under the control of the CMV promoter,
were injected bilaterally into the posterior dorsal pallium of pi-
geons. Three weeks after injection, we analyzed the expression
of GFP on histological sections using confocal microscopy (Fig-
ure S1). We found that only rAAV2/7 resulted in robust GFP
expression when injected into the dorsal pallium (Figure S1H).
We therefore generated rAAV2/7 vectors driving the expression
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Figure 2. Optical window implantation for long-term in vivo 2-photon calcium imaging
(A and B) Top-down view on the pigeon head showing an implanted optical window (4 mm diameter) for 2-photon calcium imaging and a head bar attached to the

skull to restrain the head under the microscope with 2 clamps.

(C) Zoom in on the optical window showing the brain surface and vasculature underneath the implanted window.
(D-F) Average intensity projections of imaging sessions acquired in resonant scanning mode showing that the system is capable of imaging large FOVs of up to
1 x 0.8 mm using low-magnification settings (D) and (E) and small FOVs focusing on single cells and individual dendrites using high-magpnification settings (F).

Scale bars: 2 mm in (C), 100 um in (D), and 50 um in (E) and (F).
See also Figures S3-S5 and Videos S1, S2, and S3.

of GCaMP6s under the CAG promoter. GCaMP6s was chosen
because of its increased brightness, sensitivity, and signal-to-
noise ratio.®> We selected the CAG promoter because previous
studies have demonstrated its high promoter activity in compar-
ison to the CMV promoter in chicken fibroblasts.*® Three weeks
after injection, strong GCaMP6s expression was observed in the
dorso-medial part of the hippocampus (Figure 1C). Next, we per-
formed a double staining with the pan-neuronal marker NeuN
and GFP to label GCaMP6s-positive neurons on sections pre-
pared from injected birds (Figures 1D and 1E). Approximately
30% of NeuN-positive cells in the vicinity of the injection site
(depth: ~500 pum) were GCaMPB6s positive, revealing a high level
of transduction efficiency (Figure 1F). All GCaMP6s-positive cells
were NeuN positive (848 cells, n = 3 birds). Analysis of the
GCaMP6s signal in the absence of GFP staining showed that it
was enriched in somatic and dendritic compartments, with
annular staining around the nucleus (Figures S2A-S2F). To test
for a potential immune response to rAAV2/7-CAG-GCaMP6s in-
jection, we stained with an antibody against GFAP, a commonly
used marker for astrocytes.***®* We compared the mean fluores-
cent intensity of GFAP staining in the injected and non-injected
hemispheres. We observed no significant difference in staining
intensity (p = 0.5112, n = 3 birds), suggesting that rAAV2/7-
CAG-GCaMPé6s is well tolerated (Figure S2G-S2M). The number
of DAPI-positive nuclei in the vicinity of the injection site was
similar to the uninjected contralateral side, suggesting that
rAAV2/7-CAG-GCaMP6s injection is not cytotoxic (Figure S2N;
p = 0.3232, n = 3 birds). We did not observe any GCaMP6s-pos-

itive cells that were also GFAP positive (n = 3 birds), indicating a
strong neuronal tropism of rAAV2/7 (Figure S20). Together,
these data show that rAAV2/7 can be used to effectively deliver
calcium indicators such as GCaMP86s into neurons of the pigeon
forebrain.

Optical window implantation for long-term 2-photon
calcium imaging

To perform in vivo 2-photon calcium imaging experiments, optical
access to the brainregion of interest and a means toimmobilize the
head under the microscope are required. We therefore established
surgical techniques to implant custom glass windows and head
bars into the pigeon skull (Figures 2A-2C). Briefly, anesthetized
birds were fixed in a stereotaxic apparatus, a round craniotomy
(4 mm in diameter) was performed using a dental burr, and the
dura and pia mater were carefully removed (Figures S3A and
S3B). The latter was critical to prevent regrowth of brain mem-
branes and to ensure that the cranial window remained clear for
high-quality imaging over long time periods. Next, rAAV2/7-
CAG-GCaMP6s was microinjected into the brain at volumes of
~200 nL and titers of ~10'> GC/mL at depths ranging from 100
to 500 um (Figure S3C). Windows were inserted into the crani-
otomy and positioned flush with the brain surface by applying light
pressure before fixation to the skull using surgical glue and dental
acrylic (Figures S3D and S3E). Finally, a custom head post made of
polyetheretherketone was attached to the skull anterior of the win-
dow using dental acrylic to reversibly restrain the bird’s head under
the microscope objective (Figures 2A-2C and S3F).
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Figure 3. In vivo 2-photon calcium imaging in the hippocampus of awake pigeons

(A) In vivo 2-photon imaging of GCaMP6s-positive neurons in the awake pigeon hippocampus.

(B) Average intensity projection of an imaging session performed in darkness with no stimulation.

(C) Calcium dynamics of individual neurons (AF/Fg). The colors correspond to the colored circles in (B).

Scale bar: 100 um in (B).
See also Videos S1, S2, and S3.

In vivo 2-photon calcium imaging in the pigeon brain

We performed 2-photon imaging 3 weeks after surgery and de-
livery of GCaMP®6s. Initial imaging revealed that we could
obtain high-quality imaging with fields of view (FOVs) of up to
1 X 0.8 mm in the dorsal pallium at 1x magnification with
15.63 frames/s in resonant scanning mode (Figures 2D and
2E; Videos S1 and S2). Integrated high-magnification scan set-
tings could be used to focus on single neurons and individual
dendrites at micrometer resolution (8% magnification, 1
pixel = 0.2 pum) (Figures 2F and S4; Video S3). The system

4 Cell Reports Methods 4, 100711, February 26, 2024

enabled us to image neuronal populations up to ~500 pm
deep in the brain, covering large areas of the pigeon dorsal pal-
lium including the dorso-posterior-located parts of the hippo-
campal formation, the laterally adjacent parahippocampal
area (Figures 3A and 3B), and the dorso-anterior-located re-
gions of the visual Wulst (hyperpallium apicale) (Figures 4A
and 4B). After rigid alignment of the acquired frames using
Scanbox software, individual neurons were manually
segmented and average fluorescence intensities of each frame
extracted. Background-subtracted calcium dynamics of
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Figure 4. In vivo 2-photon calcium imaging in the visual Wulst of awake pigeons

(A) In vivo 2-photon imaging of GCaMP6s-positive neurons in the awake pigeon visual Wulst.

(B) Average intensity projection of an imaging session performed in darkness with no stimulation.

(C) Calcium dynamics of individual neurons (AF/Fg). The colors correspond to the colored circles in (B).

Scale bar: 100 pm in (B).
See also Videos S1, S2, and S3.

individual neurons were computed as AF/F,. Initial imaging was
performed in darkness and revealed a wide range of sponta-
neous activity, with some neurons displaying calcium transients
very frequently and others infrequently (Figures 3C and 4C;
Videos S1 and S2). The stable expression of GCaMP6s and
the quality of the implanted windows made it possible to record
the activity of neurons over long timescales. Strong GCaMP6s
signals were observed 7 weeks after transduction (Figures S5A
and S5B). In addition, we used the motion control system of our
microscope to reliably track the activity of the same population
of neurons over several days. Exemplarily, we recorded 31 neu-
rons across 3 imaging sessions in the time course of 7 days
(Figures S5C-S5F). Together, these results show that our
2-photon microscope system can be used to image calcium
dynamics of dorsal pallial neurons in awake pigeons at sin-
gle-cell and single-dendrite resolution over extended periods
of time.

The neuronal correlates of color in the pigeon visual
Wulst

To test the utility of our calcium imaging setup, we investigated
the neuronal correlates of color vision in the pigeon visual Wulst.
There are two ascending neuronal circuits that process visual in-
formation in birds: the (1) tectofugal and (2) thalamofugal path-
ways. The tectofugal pathway projects from the retina via the op-
tic tectum to the thalamic nucleus rotundus and terminates in the
entopallium.®® In contrast, the thalamofugal pathway projects
from the retina to the thalamic nucleus geniculatis lateralis pars
dorsalis and terminates in a forebrain region called the visual
Woulst. The Wulst is considered to be the functional equivalent
of the mammalian primary visual cortex, but we do not under-
stand how color is represented or encoded in this region.>” To
explore this, head-fixed pigeons expressing GCaMP86s in the vi-
sual Wulst were presented with whole-field color stimuli gener-
ated by an LED wall facing the pigeon (Figure 1A). The colors

Cell Reports Methods 4, 100711, February 26, 2024 5
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(A) Pie charts showing the percentages of cells that were responsive to light. In total, 873 cells were analyzed, out of which 454 (52%) were responsive to at least
one light stimulus (p < 0.05, Kruskal-Wallis test with Dunn’s correction). Out of those 454 responsive cells, 50.7% were selectively tuned to specific wavelengths
(11.7% violet/UV, 12.3% blue, 10.6% green, 10.6% red, 5.5% white light), and 49.3% showed significant responses to more than one light stimulus.

(B-D) Characterization of population response profiles. Graphs display the average change of fluorescence (AF/F) for all ON (B), Inhibition/OFF (C), and ON/OFF
(D) responses. 46% of responses were classified as ON, 38% as Inhibition/OFF, and 16% as ON/OFF.

(E) Example of an ON neuron that is selectively tuned to violet/UV light.
(F) Example of an ON neuron tuned to red and green light.
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covered the range of wavelengths visible to the pigeon eye from
UV/violet to red (Figure S6B).® The colors were presented for
10 s followed by 20 s of darkness (Figure S6A). We recorded re-
sponses from 873 neurons from 3 animals with 8-24 presenta-
tions of each color (a total of 26 FOVs with a mean of 33.6 neu-
rons/FOV) (Figures 5A and S6A). After rigid alignment of the
acquired frames, regions of interest (ROIs) were manually
segmented, average fluorescence intensities for each frame ex-
tracted, AF/Fy computed, and fluorescent peaks detected. A
fluorescent peak frequency for the 10 s before and during each
color stimulus was calculated and compared using the Kruskal-
Wallis test followed by Dunn’s correction for multiple testing.
Out of 873 neurons, 454 (52%) showed a significant increase or
decrease of fluorescent peaks in response to at least one of the
color stimuli. Out of those, 50.7% were most strongly tuned to
single colors (11.7% violet/UV, 12.3% blue, 10.6% green,
10.6% red, 5.5% white light), and 49.3% were more broadly
tuned to a range of colors (Figure 5A). On a population level,
response profiles to any given light stimulus could be classified
into three main groups: (1) ON responses showing an increase
in fluorescent peak frequency during stimulation (46%; Figure 5B),
(2) Inhibition/OFF responses showing a decrease in fluorescent
peak frequency during stimulation followed by an increase at
the offset of the stimuli (38%; Figure 5C), and (3) ON/OFF re-
sponses that were characterized by an increase of fluorescent
peak frequency during stimulation and an additional transient
offset response (16%; Figure 5D). Individual cells displayed
diverse chromatic selectivities and response profiles (Fig-
ures 5E-5l). 39% of cells were exclusively ON responsive (Fig-
ures 5E and 5F), 42% were exclusively Inhibition/OFF responsive
(Figure 5G), and 15% were responsive to the onset and offset
(ON/OFF) of at least one chromatic stimulus (Figure 5H). Finally,
a small percentage of cells (4%) displayed opponent responses
to different colors (Figure 5I). Figure 51 shows an opponent cell
that responds with an increase in activity (ON) when the bird
was presented with red light and showed a decrease in activity
at onset plus an increase at offset (Inhibition/OFF) when pre-
sented with blue and violet/UV stimuli. Collectively, these data
demonstrate that our 2-photon imaging system is a useful tool
to unravel sensory coding in the pigeon brain.

DISCUSSION

In this article, we report the implementation of a in vivo 2-photon
calcium imaging system for awake, head-restrained pigeons.
Our system allows long-term imaging of large numbers of neu-
rons in different regions of the pigeon dorsal forebrain with sin-
gle-cell resolution. High-quality cranial window preparations
(Figures 2 and S3) and stable GCaMP6s expression (Figure 1)
made it possible to track the activity of individual neurons over
several days (Figures S5C-S5F) and to image different neuronal
cell populations over weeks in the same bird (Figures S5A and
S5B). These advancements open up the possibility for future
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studies investigating representational drift in visual brain regions
and the formation and recall of episodic memory in the hippo-
campus.®**" Furthermore, with optogenetic methods now es-
tablished in pigeons, it is entirely possible to combine our cal-
cium imaging approach with manipulation of neural circuits
through optical stimulation using rAAV2/7-mediated delivery of
optogenetic actuators.”®*> Our system could also be used for
operant conditioning paradigms to investigate neural activity
during cognitive tasks, as it has been shown that mandibulations
can be employed as a readout when using head-fixed pigeons.'®
A recent study has reported that AAV1 is an efficient vector for
viral gene delivery in the pigeon brain,”® whereas we did not
observe GFP-positive neurons when using AAV1 (Figure S2).
One explanation for this result could be the different genetic
backgrounds. It has been shown that the genetic background
of mice has a strong influence on the tropism and transduction
rates of AAVs in the murine brain.**

To test if our 2-photon microscopy setup can be used to study
sensory processing, we investigated how color information is pro-
cessed and represented in the pigeon visual Wulst. Overall, light-
responsive neurons could be classified into 4 groups: cells that re-
sponded with increased activity at the onset of stimuli (ON cells;
Figures 5E and 5F), cells that responded with a decrease in activity
during the stimuli followed by an increase at the offset (Inhibition/
OFF cells; Figure 5G), a smaller group of cells that displayed dual
responses (ON/OFF cells; Figure 5H), and, in rare cases, cells
that displayed opponent responses to different chromatic stimuli
(Figure 51). We identified an approximately balanced number of
neurons that selectively respond to specific colors but also a large
number of neurons that displayed preferences to more than one or,
in some cases, all colors (Figures 5A and 5E-5I). These findings
lend support to genetic, molecular, and behavioral studies
showing that pigeons have 4 color-sensitive cone types, enabling
tetrachromatic color vision that extends to the UV range.***°

While there is a wealth of behavioral data highlighting the impor-
tance of color vision in birds, and while the first large-scale func-
tional interrogation of the ex vivo avian retina was recently pub-
lished,*”*® we lack a detailed understanding of how color is
processed in the bird brain at an ensemble and a single-cell level.
Using extracellular recording technigues, luminance-sensitive, co-
lor-selective, and color-opponent neurons have been identified in
the nucleus rotundus, the thalamic relay station of the tectofugal
pathway.*®°" Local field potentials (LFPs) in response to full-field
color stimuli have been recorded from several regions of the visual
system, including the visual Wulst in anesthetized zebra finches.*?
These experiments revealed distinct LFPs in all analyzed areas,
with the strongest responses to colors in the blue-green spectrum.
To our knowledge, the experiments presented in this study are the
first to explore color processing in the avian visual Wulst on a sin-
gle-cell level using calcium imaging, highlighting the power of this
technology and the opportunities for new discoveries in avian sen-
sory and cognitive biology. In the future, this approach will permit
the analysis of large numbers of neurons within the visual Wulst

G) Example of a neuron displaying Inhibition/OFF responses to all chromatic stimuli.

(
(H) Example of a neuron displaying ON/OFF responses to all chromatic stimuli.
(

1) Example of a neuron displaying color-opponent responses showing ON responses to red stimuli and Inhibition/OFF responses to blue and violet/UV stimuli.

Calcium dynamics of individual cells are shown as AF/F.
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and the longitudinal tracking of these cells over time. Given the ev-
idence for a light-dependent magnetic compass in birds, which is
dependent on blue-green light and on the integrity of a region of the
visual Wulst (Cluster N),”>* it will be particularly interesting to use
this technology to understand how magnetic information is en-
coded in the avian brain.

Limitations of the study

At present, our setup is restricted to imaging superficial regions
of the dorsal forebrain. We expect, however, that the attachment
of microprisms to the bottom of the cranial glass windows or the
injection of red-shifted calcium indicators will permit imaging in
deeper regions.>>” Currently, we are using a pan-neuronal,
cell-type-unspecific promoter to achieve high expression levels.
Some experiments might necessitate the visualization of specific
cell types. Driving transgene expression in a cell-type-specific
manner could be achieved using different promoters or by utiliz-
ing a targeted retrograde-labeling approach.®’
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anti-GFP Abcam Cat#ab6556; RRID: AB_305564
anti-NeuN Millipore Cat#Mab377; RRID:AB_2298772
Anti-GFAP Invitrogen Cat#13-0300; RRID: AB_2532994

Alexa Fluor 488 anti-rabbit
Alexa Fluor 568 anti-mouse
Alexa Fluor 568 anti-rat

Thermo Fisher
Thermo Fisher
Thermo Fisher

Cat#A-21206; RRID: AB_2535792
Cat#A10037; RRID: AB_2534013
Cat#A11077; RRID: AB_2534121

Bacterial and virus strains

PAAV.CAG.GCaMP6s.WPRE.SV40 Chen et al.** Addgene Cat#100844
pAAV2.7 Addgene Cat#112863
pAdDeltaF6 Addgene Cat#112867
rAAV2/7-CAG-GCaMP6s This paper N/A
Chemicals, peptides, and recombinant proteins

Paraformaldehyde Sigma Aldrich Cat#158127
Triton X-100 Sigma Aldrich Cat#T18787
Donkey serum Abcam Cat# ab7475
Fluorescent Mounting Medium Dako Cat#S302380
PEI Max 40K Polysciences Cat#24765
Sucrose Sigma Aldrich Cat#S9378
Optiprep Sigma-Aldrich Cat#D1556
Fluorescent mounting medium Dako Cat#S302380
Critical commercial assays

AAV Serotype Blast Kit Applied Biological Materials Inc. Cat#AAV099
Amicon Ultra-15 100K columns Merck Cat#UFC910008
SsoAdvance Universal SYBR Green Supermix Bio-Rad Cat#1725271
Experimental models: Organisms/strains

Pigeon (Columba livia) N/A
Oligonucleotides

GCaMP6s_1_F: ATGAAATACAGGGACACGGAAGAA This paper N/A
GCaMP6s_1_R: ACTTCTCTCCAAGGTTTGTCATCA This paper N/A

Software and algorithms

FIJI Schindelin et al.*® https://imagej.net/softwaref/fiji/
Prism software GraphPad Software N/A

MATLAB The MathWorks Inc. N/A

Scanbox Software Neurolabware N/A

Other

Cover glasses (4 mm, 5mm)
Optical adhesive

Surgical drill

Heating blanket
Stereotaxic apparatus
Kwick-Cast silicone sealant
Surgical glue

2-photon microscope

Warner Instruments

Norland Products

Foredom Electric Company
Harvard Apparatus

Kopf Instruments

World Precision Instruments
Trusetal

Neurolabware

Cat#64-0724, Cat#64-0700
Cat#106

Cat#51449

Cat#K024520)

Cat#900LS
Cat#KWIK-CAST
Cat#B031232971B

N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

2-photon laser Coherent #GDP.1185894.8031

Femtojet microinjection system Eppendorf Cat#5247

3D printed body harness This paper https://github.com/KeaysLab/DesignFiles
https://doi.org/10.5281/zenodo.10556243

Head clamps This paper https://github.com/KeaysLab/DesignFiles
https://doi.org/10.5281/zenodo.10556243

Head post This paper https://github.com/KeaysLab/DesignFiles

https://doi.org/10.5281/zenodo.10556243

RESOURCE AVAILABILITY

Lead contact
Further information and requests for reagents may be directed to and will be fulfilled by the lead contact: David A. Keays (keays@
biologie.uni-muenchen.de).

Materials availability
Commercially available reagents are listed in the key resources table. The rAAV2/7-CAG-GCaMP86s virus is available upon request.

Data and code availability
o Data generated in this study are available from the lead contact without restriction. Design files of the pigeon stage are available
from the Keays Lab Github repository (https://github.com/KeayslLab/DesignFiles). An archival DOl is listed in the key resources
table.
® This study does not report original code.
® Any additional information required to re-analyze the data reported in this paper are available from the lead contact upon
request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Pigeons (Columba livia) at ~1 year of age were maintained on a 12:12 light-dark cycle at 21°C in a custom-built aviary. Three female
birds were used for the color exposure experiments. Experimental procedures were performed in accordance with an ethical frame-
work granted by the city of Vienna (Magistratsabteilung 58, GZ: 659507/2017/1) and the Regierung of Oberbayern (ROB-55.2-
2532.Vet_02-21-86).

METHOD DETAILS

Transduction efficiency of AAV serotypes in the pigeon brain

Pigeons were anesthetized using 0.1 mL/kg of ketamine (AniMedica, Ketasol, #6680117) and 0.1 mL/kg of metedomidinhydro-
chlorid (Orion Corporation, Domitor, #107118-9), placed on a heating blanket set to 40°C (Harvard Apparatus, #K024520) and
fixed in a stereotaxic apparatus (Kopf Instruments, #900LS). The skin above the skull was protracted and a small craniotomy per-
formed using a dental burr. To screen for the optimal adeno-associated virus for transgene expression in the pigeon forebrain,
serotypes AAV1-9, harboring the genetic sequence of GFP under the CMV promoter (Applied Biological Materials Inc., AAV Sero-
type Blast Kit, #AAV099), were injected bilaterally into the dorsal forebrain (1 serotype/pigeon, A +5.50, L +/—2, ~5 injections/bird/
hemisphere, volume: ~200 nL, titer: 10" GC/mL). The craniotomy was sealed with Kwick-Cast and the skin was retracted and
glued together with surgical glue. Anesthesia was antagonized with 0.1 mL/kg atipamezolhydrochlorid (Orion Corporation, Antise-
dan, #107185-9) and pigeons were administered butorphanol (2 mg/kg) (Richter Pharma AG, Butomidor #0217165AG) and melox-
icam (0.5 mg/kg) (Bohringer Ingelheim, Metacam, #K21001B-57) for 3 days post-surgery for analgesia. 3 weeks after injections,
the birds were transcardially perfused with 200 mL of PBS and 200 mL of 4% PFA (Sigma Aldrich, 158127), the brains were
dissected, post-fixed overnight in 4% PFA and dehydrated in 30% sucrose (Sigma Aldrich, S9378). Brains were sliced in the cor-
onal plane on a microtome (40 um sections). The slides were incubated with primary antibody anti-GFP (Abcam, ab6556, conc:
1:500) diluted in 0.3% Triton X-100 (Sigma-Aldrich, T8787) supplemented with 2% donkey serum (Abcam, ab7475) for 10 h at 4°C,
incubated with secondary antibodies Alexa Fluor 488 anti-rabbit (Thermo Fisher, A-21206), counterstained with DAPI and imaged
using a confocal microscope (Zeiss, LSM 700).
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rAAV2/7-CAG-GCaMP6s virus production

Lenti-X Hek293T cells cultured in DMEM supplemented with 10% FCS, 1% Penicillin/Streptomycin and 1% Sodiumpyruvate were
transfected with 0.5 mg of pAAV.CAG.GCaMP6s.WPRE.SV40 (Addgene, #100844), pAAV2.7 (Addgene, #112863) and pAdDeltaF6
(Addgene, #112867) plasmids each by PEI transfection method (PEI Max 40K, Polysciences, #24765). 5 days after transfection cells
were harvested, pelleted, resuspended in lysis buffer (150 mM NaCl, 20 mM Tris) and lysed using repeated freeze thaw cycles (3x,
15 min 37°C, 15 min dry ice). MgCl, and Benzonase (Molecular Biology Facility, IMP Vienna) was added to the cell lysates in a final
concentration of 1 mM and 250U/ml respectively and incubated for 15 min at 37°C before dounce homogenization. Viral particles
were then purified using lodixanol gradient (Optiprep, Sigma-Aldrich, #D1556) centrifugation at 62000 rpm for 140 min. Virus was
collected from the 40% lodixanol fraction and concentrated by centrifugation (30 min, 3500 rpm) using Amicon Ultra-15 100K col-
umns (Merck, #UFC910008). Viral titer was determined by gPCR using a Bio-Rad CFX Connect cycler (Bio-Rad, Hercules, CA, USA,
1855201) and SsoAdvance Universal SYBR Green Supermix (Bio-Rad, #1725271) (primers: GCaMP6s_1_F ATGAAATACA
GGGACACGGAAGAA; GCaMP6s_1_R ACTTCTCTCCAAGGTTTGTCATCA).

Glass window preparation

Layered windows were prepared by attaching three 4 mm round cover glasses (Warner Instruments, 64-0724) and one 5 mm round
cover glass (Warner Instruments, 64-0700) using optical adhesive (Norland Products, 7106) and UV light. A detailed protocol can be
found in Goldey et al..*®

Cranial window surgery and AAV injection for GCaMP6s expression

Pigeons were anesthetized using 0.1 mL/kg of ketamine (AniMedica, Ketasol, #6680117) and 0.1 mL/kg of metedomidinhydrochlorid
(Orion Corporation, Domitor, #107118-9), placed on a heating blanket set to 40°C (Harvard Apparatus, #K024520) and fixed in a ste-
reotaxic apparatus (Kopf Instruments, #900LS). The skin above the skull was protracted and a round craniotomy (4 mm diameter)
centered around the medial hippocampal formation (A +5.50, L +/—2) or the visual wulst (A +11.50, L+2) was performed using a sur-
gical drill (Foredom Electric Company, #51449). The dura was removed and rAAV2/7-CAG-GCaMP6s was pressure injected (~5 in-
jections/bird, volume: ~200 nL, titer: 2.4x10'2 GC/ml) using a microinjector (Eppendorf, Femtojet #5247) equipped with a glass mi-
crocapillary. A glass window was placed onto the craniotomy and fixed to the bone with surgical glue (Trusetal, TRUglue
#B031232971B) and dental acrylic (Lang Dental, #1402X6, #1410). A custom head bar made of polyetheretherketon (PEEK) was
attached to the skull with dental acrylic and the skin was retracted and glued together with surgical glue. Anesthesia was antagonized
with 0.1 mlL/kg atipamezolhydrochlorid (Orion Corporation, Antisedan, #107185-9) and pigeons were administered butorphanol
(2 mg/kg) (Richter Pharma AG, Butomidor #0217165AG) and meloxicam (0.5 mg/kg) (Bohringer Ingelheim, Metacam, #K21001B-
57) for 3 days post-surgery for analgesia.

Viral transduction and GCaMP6s expression

The brains of 3 animals, that were injected with rAAV2/7-CAG-GCaMP6s, were dissected 3 weeks after injection, postfixed in 4%
PFA for 10h and dehydrated in 30% sucrose for 3 days at 4°C (Sigma Aldrich, S9378). Brains were sectioned in the coronal plane
on a sledge microtome (40 um). The slides were incubated with primary antibodies anti-GFP (Abcam, ab6556, conc: 1:500) and
anti-NeuN (Millipore, Mab377, conc: 1:1000) diluted in 0.3% Triton X-100 (Sigma-Aldrich, T8787) supplemented with 2% donkey
serum (Abcam, ab7475) for 10 h at 4°C. After washing with PBS for 3 x 5 min, sections were incubated with secondary antibodies
Alexa Fluor 488 anti-rabbit (Thermo Fisher, A-21206) and Alexa Fluor 568 anti-mouse (Thermo Fisher, A10037) for 1h at 4°C (both
1:500 diluted). Sections were counter-stained with DAPI, mounted with fluorescent mounting medium (Dako, S302380) and cover-
slipped. Slides were imaged using a confocal microscope (Zeiss, LSM 700). The number of GCaMP6s positive cells and NeuN pos-
itive cells around the injection site were counted on 3 sections per bird and the transduction rate determined.

Assessing immune response to rAAV2/7-CAG-GCaMP6s injection

The brains of 3 animals were dissected 3 weeks after injection with rAAV2/7-CAG-GCaMP6s, postfixed in 4% PFA, embedded in
4% agarose, sectioned on a vibratome (40 um) and mounted on coverslips. Antigen retrieval was performed by slow heating of the
slides in antigen retrieval buffer (Vector, H-3301) up to 90°C, followed by cooling at room temperature for 40 min. The slides were
then incubated with primary antibodies anti-GFP (Abcam, ab6556, conc: 1:500) and anti-GFAP (Invitrogen, Cat#13-0300, conc:
1:500) diluted in 0.3% Triton X-100 (Sigma-Aldrich, T8787) supplemented with 2% donkey serum (Abcam, ab7475) for 10 h at
4°C. After washing with PBS for 3 x 5 min, sections were incubated with secondary antibodies Alexa Fluor 488 anti-rabbit (Thermo
Fisher, A-21206) and Alexa Fluor 568 anti-rat (Thermo Fisher, A11077) for 1h at 4°C (both 1:500 diluted). Sections were counter-
stained with DAPI, mounted with fluorescent mounting medium (Dako, S302380) and coverslipped. Slides were imaged using a
confocal microscope (Leica, Stellaris 5). Maximum intensity projections of acquired z-stacks were generated and mean fluores-
cent intensities of the GFAP staining measured using Fiji. The mean fluorescent intensity of sections (n = 3) from the ipsilateral
and contralateral side of rAAV2/7 injections (n = 3 birds) were compared using a paired, two-tailed t-test. DAPI positive nuclei
were counted on the same sections (n = 3) and the mean number of cells in the ipsilateral and contralateral hemispheres (n =
3 birds) compared using a paired, two-tailed t-test.
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2-Photon microscopy

In vivo 2-photon calcium imaging was performed on awake animals that were habituated to the experimental set-up for 3 days in
advance. We used a custom resonant scanning 2-photon microscope (Neurolabware, Los Angeles, CA) controlled by Scanbox
acquisition software (Neurolabware, Los Angeles, CA), a Coherent laser run at 920 nm (Coherent Chameleon,
#GDP.1185894.8031) and a 16x water immersion objective with 3 mm working distance (Nikon, #CFI75LWD16XW). 512 lines per
frame were acquired at 15.63 Hz in resonant scanning mode. Laser power below the objective was 60-120 mW. Dwell time of the
laser was 48 ns per pixel. Table S1 highlights possible issues that might arise while imaging, the cause, and appropriate remedial
action.

Light stimulation

Light emitting diodes (JKL Components, #ZFS-105000-24RGB and #ZFS-105000-DBW; Renkforce UV, #1518598) were attached to
the wall of the experimental chamber facing the pigeon’s front in vertical stripes covering an area of 60 x 40 cm (length/height) with
4 cm spacing. Light of different wavelengths (violet/UV, blue, green, red, white light), diffused through a frosted glass wall, was
repeatedly presented to the pigeons for 10 s at total intensities between 9.2 pW/cm? and 10.5 pnW/cm? (measured with Spectroradi-
ometer SpectriLight ILT950 at the head position of the animals) followed by 20 s inter-stimulus periods in darkness. Transistor-tran-
sistor logic (TTL) pulses were generated by an Arduino for every stimulus on- and off-set and time stamped with the frame number
that was acquired at that time.

QUANTIFICATION AND STATISTICAL ANALYSIS

Calcium images were motion stabilized by rigid alignment using the Scanbox align tool (Neurolabware, Los Angeles, CA). Regions of
interest (ROIs) were manually selected, and average fluorescence intensities for each frame extracted using Fiji.>® Background cor-
rected fluorescence values for each frame were computed by subtracting the intensity values of ROls placed in the background. The
change in fluorescence (AF/F) was then calculated using the following equation where F is defined as the average fluorescence in-
tensity of the bottom 10% of frames of each ROI:

AF F-Fy
F~ F

Fluorescent traces were linearly interpolated from 15.63 fps to 50 fps (MATLAB interp1 function) and fluorescence peaks for pre-,
and during stimulus periods detected using the MATLAB function peakdet. Interpolating the frame rate to full integers (50fps) facil-
itated binning for statistical analysis. To test for visual responsiveness, the fluorescent peak frequency of individual neurons in the
10 s before and during the 5 different visual stimuli (violet/UV, blue, green, red, white light) were compared using the Kruskal-
Wallis test for non-parametric data with Dunn’s post-hoc test.
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