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Abstract
The mammalian neocortex is hierarchically organized such that long-range connections
between areas may be divided into two types: feedforward (FF) connections from lower
to higher areas, and feedback (FB) connections in the opposite direction. Finding
connectivity rules is necessary to constrain theories of hierarchical cortical computation.
Previous findings in the Petreanu lab have found that in deep cortical layers both FF
and FB connections between primary visual cortex (V1) and higher order visual cortical
areas (HVAs) in the mouse make stronger connections with looped neurons versus nonlooped neurons, in a laminar specific manner. Looped neurons may be defined as
neurons that project back to the source of the inputs, to form a loop. However, it remains
unknown whether this laminar-specific looped connectivity is a general feature of
cortical circuits and to what extent it can be generalized. In the scope of this project, we
investigated whether projections linking V1 and non-visual cortical areas are also
preferentially organized in loops. Using microinjections of retrograde and anterograde
tracers we characterized FB projections from the retrosplenial cortex (RSC) to V1 and
found that RSC axonal projections target V1 specifically at the top of layer 1 (L1a) and
layer 6, presenting a different innervation pattern of L1 dendrites compared to what was
observed for FB from HVAs. Resorting to subcellular channelrhodopsin-2-assisted
circuit mapping (sCRACM) in combination with retrograde and anterograde tracers, we
were able to compare FB input strength in looped neurons vs. non-looped neurons.
Analogously to what was observed for FB from visual areas, looped L5 neurons are
selectively innervated by FB inputs from RSC, with most input being received by the
somatic compartment. Although not significant, our experiments reveal a preferential
innervation of L5 apical tufts in looped neurons. Taken together, our results suggest that
long range cortical connections between RSC and V1 are selectively wired to engage
in monosynaptic excitatory loops with neurons in layer 5, despite the anatomical
differences in FB innervation of layer 1.
Keywords: neocortex; retrosplenial cortex; visual pathways; looped connectivity;
sCRACM
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Resumo
O neocórtex dos mamíferos está organizado hierarquicamente e as conexões de longa
distância entre áreas podem ser divididas em dois tipos distintos: conexões feedforward
(FF) de áreas inferiores na hierarquia para áreas superiores, e conexões de feedback
(FB) na direção oposta. É essencial encontrar regras de conectividade para construir
teorias de computação cortical. Resultados prévios do Petreanu Lab indicam que em
layers mais profundas do córtex, tanto as conexões FF e FB entre o córtex primário
visual (V1) como as áreas visuais de maior ordem (HVAs) em murganho, estabelecem
conexões mais fortes com neurónios looped versus neurónios não looped, de uma
forma que é particular de cada layer. Neurónios looped podem ser definidos como
neurónios que projetam de volta para a sua fonte de input, formando um loop. Porém,
continua desconhecido se esta conectividade especifica para cada layer é uma
característica geral dos circuitos corticais e em que medida poderá ser generalizada.
No âmbito deste projeto, investigamos se as projeções que ligam o V1 a áreas corticais
não visuais estão também preferencialmente organizadas em loops. Utilizando
microinjeções de tracers retrógrados e anterógrados caracterizámos as projeções FB
do retrospleanial cortex (RSC) para o V1 e observámos que as projeções axonais do
RSC almejam especificamente o topo da layer 1 (L1a) e a layer 6, apresentando um
padrão de inervação diferente das dendrites da L1 comparativamente ao que foi
observado para o feedback das HVAs. Recorrendo à técnica subcellular
channelrhodopsin-2-assisted circuit mapping (sCRACM) em combinação com tracers
retrógrados e anterógrados, comparámos a força do input do feedback em neurónios
looped vs neurónios non-looped. Analogamente ao que foi observado para o FB de
áreas visuais, neurónios L5 looped são seletivamente inervados por inputs FB do RSC,
sendo que a maioria do input é recebido pelo compartimento somático. Apesar de não
significativo, as nossas experiências revelam uma inervação preferencial das dendrites
apicais em neurónios looped. No seu conjunto, os nossos resultados sugerem que as
conexões corticais a longa distância entre o RSC e o V1 são seletivamente conectadas
para se envolverem em loops monosinápticos excitatórios com neurónios na layer 5,
apesar das diferenças na inervação da layer 1 pelo FB.
Palavras-chave: neocórtex; córtex retrosplenial; vias visuais; conectividade looped;
sCRACM
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1
Introduction
In this chapter we aim to address and explore some of the key concepts of neocortical
connectivity critical for the understanding of this project’s aims. Starting with a state-ofthe-art description of the neocortical organization and connectivity rules, going through
some of the proposed models for the functions of FF and FB connectivity and ending
with recent results from the lab regarding looped interactions and what motivated this
project.
1.1 Neocortex
The neocortex performs computations that are fundamental to sensory and motor
processing. It includes areas that represent basic features of the environment, like visual
stimulus contrast, and higher-order cortical areas which are critical nodes for combining
sensory information and environmental cues to form neural representations involved in
perception and action.1
Approximately 80% of cortical cells are excitatory neurons which can be divided into
three main classes based on their axonal projection patterns: the intratelencephalic (IT)
neurons, which project within the telencephalon (neocortex, striatum and corticoid
structures like the amygdala and claustrum), the pyramidal tract (PT) neurons which
project to subcerebral areas (brainstem, spinal cord and midbrain, and also send axonal
projections to the ipsilateral cortex, striatum and thalamus) and corticothalamic (CT)
neurons, which project mainly to the ipsilateral thalamus.2
The neocortex, despite its seemingly uniform structure, is composed of an intricate
network of different specialized areas involved in diverse functions such as sensory
perception, cognition, generation of motor commands, spatial reasoning and language
3,1

.

1.2 Neocortex: Laminar organization
The neocortex is organized into six layers, which contain distinct sets of neurons, with
different projection patterns and inputs.4
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Laminar identification and distinction rely not only on the morphological features of the
layers (thickness, cell density, myelination, size of cell soma, etc.) but also on more
modern approaches like transcriptional profiling and receptor mapping.
Although the neocortex is a complex laminated structure there are a few common
features across layers. According to a simplifying hypothesis, the neocortex can be seen
as repeated copies of the same fundamental circuit.
Taking into consideration the degree of specialization of neocortical functions, the
question that remains is how the basic cortical motifs that compose the neocortex can
give rise to the degree of specialization observed in some of its areas. 1
The consistent patterns observed across different areas in the neocortex may underlie a
conserved computational logic 5 or form the basis for separate modules, each with their
own specialized circuitry and computations. 6-7

1.3 Neocortex: Hierarchical organization
One of the most unique features of the mammalian neocortex is that it is organized in a
hierarchy of functionally specialized areas. This organization was first proposed upon
observation of a progressive increase in the complexity of physiological receptive field
properties in the cat visual cortex and still influences our understanding of sensory, motor
and cognitive processes and inspires machine-learning algorithms. 8
The hierarchical organization between areas implies long-range connections that may
be divided into two types: bottom-up “feedforward” (FF) connections from lower to higher
areas, and anatomically distinct top-down “feedback” (FB) connections in the opposite
direction

9

(Figure 1). Besides being laminar-specific in both their origins and

destinations, FF and FB connections also differ in their synaptic physiology.
In mice, FF projections target mainly neurons in layers 2/3 and 6 while FB axons
innervate neurons in layers 1 and 6 more densely, avoiding middle layers. These
connectivity rules are thought to be conserved not only across areas but across
species.10
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Figure 1- Feedforward and reciprocal feedback connections.

1.4 Feedforward and feedback connections
In sensory systems, FF processing enables the transformation of sensory information
into behavioral responses by transferring information from lower areas to higher areas
to build progressively more complex representations of the world.
The cortical hierarchical organization presupposes reciprocal FB connections, which
carry information from higher areas to lower areas. FF projections allow the computation
of simple inputs from the environment, but contextual information is essential for
disambiguation. These inputs can arise from interactions of FF inputs with horizontal
intracortical networks or from FB inputs.
FB axons project diffusely to layer 1 and L5/6 of their target area11 carrying functionally
diverse signals, from sensory to motor, and cognitive information. Although FB
connections from higher to lower cortical areas have been linked to attention, prediction,
expectation, and awareness, the role these projections play in cortical computations is
still unknown.12
1.5 Connectivity rules in the neocortex
Different hierarchical computational models predict different FF and FB connectivity
computations between cortical areas, and they can be divided into two large groups:
those that involve looped FF-FB interactions and those that do not. Neurons that project
back to the source of their input (looped neurons) are intermingled with neurons that
project to other cortical areas (non-looped neurons). Consequently, a selective
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engagement of cortico-cortical inputs with looped neurons would necessitate precise
wiring specificity.
This selective engagement could be achieved through two different ways: indirect
targeting of looped neurons by cortico-cortical (CC) projections via intermediary
inhibitory or excitatory cells in the local circuit, or, alternatively, CC projections could
synapse preferentially onto looped neurons, directly forming monosynaptic loops
between cortical areas (given that most long-range cortical afferents are glutamatergic,
these CC connections would be excitatory). These two hypotheses are not mutually
exclusive.

1.5.1 Model of selective attention
In the model of selective attention13, attention plays a central role in the top-down
modulation of visual cortex processing, and looped connectivity is not required.
This model implies a change in the gain of neural responses by FB connections
(equivalent to an increase in the stimulus contrast). Top-down influences can affect
functional properties of individual neurons, such as the modulation of neuronal
responses over a set of stimuli, affecting tuning and enabling more information about
stimulus identity to be carried, which contributes to an increase in the degree of
discrimination between stimuli.
This modulation can also be exerted in neuronal assemblies, to increase the amount of
information carried, by altering the correlation of activity in the network across cortical
areas.
According to this model, FB enhances neuronal representation of relevant input and
filters out irrelevant stimuli, leading to the hypothesis that inhibitory inputs mediate
surround suppression, a hallmark of the attention model.
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Figure 2- Model of selective attention.

Diagram summarizing the computation model of selective attention. FB modulates
neuronal assemblies that represent relevant input (represented by the bolder outlined
circle). Blue arrows represent FF projections. Green arrows represent FB projections;

1.5.2 Association model
One can also consider the learning association model, where long-range FB projections
synapse onto FF neurons in order to boost their excitatory neuron’s response,
potentiating synaptic connections. According to this model, whenever input reaches the
threshold in a specific neuronal compartment, there is signaling to another compartment
within the same neuron. This type of signaling makes associative interactions possible
within single neurons, allowing the activity in one area of the dendritic arbor of the
neurons to lower the threshold for initiating activity in another area, which in turn implies
that, once the cell fires (upon receiving FF input), the cell increases its sensitivity to FB
input. This type of connectivity rules implies the detection of coincident inputs to distinct
neuronal compartments, which would serve as “predictions” of whether one particular
excitatory neuron should or should not fire. 14
This model does not presuppose the existence of connectivity loops.
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Figure 3- Association model.
Diagram summarizing the association model; Associative interactions are possible within
single neurons, with FF input modulating the sensitivity of the cell to FB input; The
combination of information from upstream (FF) and downstream (FB) projections is
represented by the combination of the black bars with opposite directions; Blue arrows
represent FF projections; Green arrows represent FB projections.

1.5.3. Learning/backpropagation model
A learning/backpropagation model is inspired by algorithms that aim to simplify and
unravel the connectivity between cortical layers and the role of FB information and
looped connectivity in these circuits.
Until recently, several aspects of the backpropagation algorithm were thought to be
biologically impossible, as backpropagation was considered to require symmetric FB and
FF connectivity which is not observed in mammalian brains. However, recent work has
demonstrated that this requirement can be malleable. 15 Random FB connections, even
when fixed throughout network training, are enough to allow a backpropagation algorithm
to function effectively. In this process, adjusting forward weights allows FB projections to
transmit useful teaching information in order to train synapses, via neuronal plasticity
(LTP or LDP) for example, akin to the way backpropagation trains neuronal networks. 15
16

However, this model involves some assumptions that can limit its validity of from the getgo. The model assumes the existence of a separate FB pathway for transmitting
information that determines the local error signals. This implies the existence of distinct
separate pathways to keep FF information separate from FB information flow.
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The model uses a simplified “point” representation of a neuron and could overcome the
raised issues by substituting the neuronal representation with models closer to biological
neurons, taking into consideration the integration of input at distinct locations of one
single neuron.
This representation allows one to approximate the virtual computations to the actual
biology of the cortex, in which the anatomy of pyramidal neurons implies differential
inputs within the neurons themselves. FB arrives in the distal apical dendrites of
pyramidal neurons while FF sensory input innervates basal dendrites. This anatomical
separation could provide the functional segregation of FF and FB information, which, as
already mentioned, is required to calculate local error signals.

Figure 4- Backpropagation model.
Diagram summarizing the backpropagation model; FF weights are adjusted by readouts
provided by FB; Blue arrows represent FF projections; Green arrows represent FB
projections.

1.5.4. Predictive coding model
Theories of predictive coding require that FF neurons, which receive FB input conveying
predictions, project back to the source of FB to signal an error that is used to adjust the
prediction16. This model takes the canonical microcircuit into consideration, in light of
predictive coding: FB pathways have preferential access to recurrent excitatory circuits,
amplifying FF signals in a context-sensitive manner. 17
This model requires two functionally distinct classes of neurons: 1) internal
representation neurons which project top-down and encode predictions about bottom-up
signals and 2) prediction error neurons, which project upwards and encode the difference
between the received prediction and bottom-up input. When this difference is nonAna Beatriz Moura
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existent and bottom-up input matches the prediction, the responses of prediction error
neurons decreases.

In sensory systems, like the visual cortex, both internal

representation neurons and prediction error neurons show selectivity to specific stimulus
features.18
Prediction errors correspond to a bidirectional modulation of cellular activity, which
implies an increase or decrease in firing activity of a neuron. A positive or negative
prediction error signals whether there is more or less input received than what was
predicted, respectively. When there is a mismatch between bottom-up input and the topdown prediction, based on internal representations, prediction-error neurons will be
activated.
Evidence for this framework has come from the detection of sensorimotor mismatch
signals in sensory areas of the cortex, which are thought to constitute prediction errors.
In this regard, it has been demonstrated that layers 2/3 of sensory cortices have a pivotal
role in theories of predictive coding, signaling the mismatches between excitatory motorrelated predictions and actual visual FB input

19

. The origin of predictions has been a

theme of discussion, with area 24b (A24b)/ secondary motor cortex (M2) being
suggested as a source of motor-related input dependent on visuomotor experience.20

Figure 5- Predictive coding model.
Diagram summarizing the predictive coding model; Predictions are conveyed by FB
projections and errors will be signaled in order to update predictions, creating a loop;
Blue arrows represent FF projections; Green arrows represent FB projections.
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1.6 Visual Cortex Connectivity
The visual cortex is a useful model for studying neocortical organization as it consists of
an area in which functionally specialized areas are engaged in parallel streams that
support diverse computations. Visual processing transforms sensory inputs from the
external world into complex neuronal representations. The specialization and complexity
of these representations of the natural world increase along the visual stream.
Visual information flows from the retina, to the Lateral Geniculate Nucleus (LGN)
(retinogeniculate pathway) which provides sensory input to the primary visual cortex
(V1).
In mice, the V1, in turn, is a direct source of input to the higher order visual areas (HVAs):
Lateromedial (LM), Laterointermediate (LI), Anterolateral (AL), Rostrolateral (RL),
Anterior (A), Posterior (P), Postrhinal (POR), Anteromedial (AM) and Posteromedial
(PM) Visual Cortices, where information is transferred hierarchically between areas. V1
also sends direct projections to non-visual sensory areas, higher cortical areas such as
the retrosplenial cortex (RSC), the anterior cingulate cortex (ACC) and the medial
entorhinal cortex (MEC), and subcortical areas, such as claustrum and the subicular
complex.21 V1 projects more densely to visual cortical areas LM, AL and PM.22
In the mouse brain, these FF projections originate in layers 2/3, 4, and 5. 23
Functional properties and responses to specific features of stimuli become more
selective and more specialized in higher cortical areas and the specific computations
underlying the transfer of information from V1 to these higher order areas are still largely
unknown. One hypothesis is that all higher visual areas receive the same input from V1
and their functional properties are determined by local computations. Another hypothesis
is that V1 provides distinct input to each of its downstream targets. In this scenario,
different areas could share similar motifs but have different functional specialization due
to their different inputs24,25. However, the degree of specialization and stimulus selectivity
observed in higher cortical areas cannot come from input divergence alone, and these
differences could arise from local specializations of cellular and circuit properties. 7,26,27
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Figure 6- FF projections from V1 distribution in the mouse cortex.
3D representation of the distribution of FF projections from the mouse’s V1 (red).
(Image from the Allen Mouse Brain Connectivity Atlas 28)
Although FF inputs to V1 neurons allow the computation of basic features of natural
scenes, the disambiguation of complex images can only be achieved with contextual
information, attention and prior knowledge12. Contextual signals include information
about locomotion, spatial context, spatial attention or navigation.
Data from the lab has suggested that FB inputs from higher order visual areas target
retinotopically matched areas in V1 in the mouse, which means that the receptive fields
of neurons in HVAs overlap with the receptive fields from matched V1 neurons29. This
had already been observed in monkeys30 and cats31, which gives us an indication that
some features of cortical visual processing are conserved across species.
Marques and colleagues

29

observed that, even though on average they are

retinotopically matched, LM boutons’ receptive fields (RFS) had a wider scatter than
predicted, raising the hypothesis that FB projections from LM to V1 represent visual
information from outside V1 receptive fields. If we fit these findings with the already
discussed models of FB, we can propose that these connections contribute to the
modulation of V1 neuronal responses depending on contextual information, around the
actual visual field.29
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1.7 Functional circuit mapping
The subcellular Channelrhodopsin-2 Assisted Circuit Mapping (sCRACM) technique 32,33
allows mapping of functional connectivity even when axons are severed from their parent
somata, allowing for the study of functional connectivity in long-range connections. It
overcomes some of the limitations of structural techniques and takes advantage of
cutting-edge technology, such as optogenetics and Adeno Associated Virus (AAV)delivery systems.
After injection of AAVs expressing ChR2 in the brain region of interest, together with
retrograde tracers to enable neuron labeling, this technique allows the measurement of
connections between presynaptic neurons, which express ChR2, and postsynaptic
neurons, which are recorded in whole-cell voltage clamp.
In order to activate ChR2+ axons and consequently induce the local glutamate release
in presynaptic neurons, a laser beam scans over the recorded neuron following a grid
pattern.
This pattern is used in order to obtain a value of input for each “point” where the laser is
directed, allowing one to assess the subcellular location of inputs, hence the name of the
technique. During the whole-cell voltage-clamp recordings, EPSCs can be detected and
recorded whenever the laser beam overlaps with the dendritic arborization of the
recorded cell and with ChR2-positive axons. Conversion of EPSCs into pixel values
provides a two-dimensional representation of the inputs within the dendritic arborizations
of the cell that is being recorded. The spatial resolution of this method allows mapping
of specific inputs ~60 µm apart.
In order to isolate monosynaptic connections and to remove polysynaptic activity, drugs
are applied to the extracellular recording solution in coronal section’s preparation: TTX
was used to block sodium channels, thus preventing action-potential-driven events, as
well as 4-aminopyridine (4-AP) to block voltage-dependent potassium channels that are
critical for repolarizing the axon.32
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Figure 7- Subcellular ChR2-assisted circuit mapping allows the recording of
monosynaptic inputs.
Left: graphical representation of the photostimulation geometry. Right: excitatory
postsynaptic currents evoked by photostimuli corresponding to the locations indicated in
the sketch. Blue tickmarks indicate the laser pulse. Laser power is indicated at top.
(Image from 32)

CPP is added to the solution as well, to block nonlinear NMDA mediated currents in the
postsynaptic dendrites.
The morphological reconstruction of the recorded neuron’s arborization can be done by
adding biocytin to the internal solution in the recording pipette. The neuron has to be
fixated with paraformaldehyde (PFA) and the staining protocol for biocytin must be
followed. Dendritic arbor’s reconstruction can be done in a suitable software and later
analyzed digitally. It is the overlap of the dendritic arborization’s tracings with the pixel
values obtained by EPSCs conversion that give out the subcellular information of
dendritic input into the recorded cell.
In order to obtain average values, peak normalized dendritic length density maps must
be aligned to either the soma or pia position, as described by Petreanu and colleagues
32

.

Within-slice comparisons of input strength are necessary because ChR2 expression
varies across experiments. As such, by measuring the EPSCs of two neighboring cells
from the same coronal section, information about the relative input received can be
assessed.
However, the sCRACM technique comprises some limitations: It remains unknown
whether the detailed mechanisms that drive neurotransmitter release evoked by ChR2
activation are the same as when evoked by action potentials in natural occurring stimuli
34

. However, evidence has been provided that similar results can be obtained with action

potentials blocked or intact, suggesting that this technique provides accurate
measurements of relative input strength35.
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Secondly, synaptic currents are recorded at the soma, by whole-cell voltage clamping,
and the measured currents can be greatly attenuated due to dendritic filtering. This
means, that sCRACM maps represent a “somatocentric” view of the received input, as
more distal inputs are underrepresented. The sCRACM maps can be compensated, in a
way to attenuate this filtering by the dendrites. However, this calculation may still
underestimate filtering by dendrites of distant inputs.
Also, EPSCs amplitudes depend on two different things: the number of axons that
synapse onto the recorded neuron and on the strength of these synapses and sCRACM
technique cannot distinguish these two, as the overlap of axons with dendritic arbors
does not always specify the location of the dendritic input domain.
One can also point out the fact that, as viral constructs containing ChR2 are injected in
a given area of the brain, being therefore expressed in multiple presynaptic neurons, the
sCRACM method allows only area-to-cell resolution, preventing the assessment of cellto-cell inputs. In this method, the obtained measurements from the recordings represent
an assessment of the input given by a population of cells, not axons from a single cell
only. As such, one can only speculate about the cell-to-cell nature of the received input.
One other thing to keep in mind is that the levels of ChR2 vary considerably across
experiments, and so the comparison of input strength across different postsynaptic
neurons requires the normalization of input strength.
Lastly, it has been recently been observed that AAV has retrograde activity, which
implies contamination of looped cells by ChR2. This in turn, implies that the results
obtained by recording from looped cells can be biased by the expression of ChR2 in the
cell. In order to overcome this, the onset of response needs to be calculated for every
cell and cells with an “early” onset of response should be discarded from the analysis.

1.8 The motivation: neocortical connectivity rules
Previous experiments in the lab focused on examining FF and FB connectivity in the
visual cortex, looking at projections between lower-order visual area V1 and two higherorder visual areas (LM and AM)10. The results of these experiments are consistent with
computational models that involve looped connectivity, since both FF and FB projections
were found to participate in monosynaptic loops. Moreover, a selective engagement of
cortico-cortical inputs with looped neurons was observed, with looped neurons (neurons

Ana Beatriz Moura

27

projecting back to the input source) receiving more input than non-looped neurons
(neurons projecting to a different cortical or subcortical area) in layers 5 and 6.
The subcellular Channelrhodopsin-2 Assisted Circuit Mapping (sCRACM) was used in
order to gain access to the subcellular location of received monosynaptic inputs, allowing
Young and colleagues10 to show that FB projections are selective for the apical
compartment of looped neurons in layer 5. This finding is consistent with the idea that
apical tufts in pyramidal cells have a specialized role in processing reciprocal
information.
The authors10 also found the that FF and FB projections terminate differently across
layers of the neocortex. These anatomical profiles are conserved across areas and
species, which implies that these interactions are at the core of cortical function.
*

Source
of FF

*

feedback

L2/3

feedforward

L1

L4

L5

*

Source
of FB

*

L6

Other
cortex

Figure 8- Summary of FF and FB connectivity in visual areas.
The strength of FF and FB inputs to the different cell types is represented by the grey
and green arrows, respectively. The top and bottom arrows to L5 neurons indicate inputs
to apical and perisomatic domains, respectively. Asterisks signify significantly different
input strength from the looped population (Adapted from 10).
Taking into consideration the previous results from the lab, we were interested in
understanding whether these looped computation rules can also be observed in nonvisual cortical areas, and thus extend the dissected connectivity rules to the neocortex.
In the scope of this project, we measured the strength and subcellular location of corticocortical long-range FB connections between a visual area of the mouse cortex and a
non-visual cortical area, in order to dissect whether they are wired to specifically engage
in monosynaptic looped interactions.
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For the scope of this project, we focused on RSC, which is the higher cortical areas
outside the visual cortex which sends the densest FB projections to V1.20
The RSC constitutes a node for the integration of frontal cortical and hippocampal inputs
and is thought to be mainly involved in spatial navigation and episodic memory.36
RSC is considered to encode the animal’s position in both allocentric and egocentric
reference frame. 37,38 During spatial navigation V1, MEC and RSC combine sensory input
with internal models of predictions based on sensory FB of the animal’s spatial position.37
For example, FB from RSC to V1 is thought to be involved in the modulation of V1
responses based on behavioral relevance

19,39,40

. Information about landmarks may be

conveyed by RSC to V1 to facilitate identification of relevant visual cues. It’s still largely
unknown whether algorithms that combine different inputs in these areas have
specialized computations or if they share the same principles. Given the behavioral
relevance of V1 modulation activity by FB from non-visual cortical areas, we were
interested in dissecting whether the connectivity rules observed for FB from visual areas
can be extended to non-visual FB.
In order to accomplish the described aims, we plan to use microinjections of retrograde
and anterograde tracers in order to anatomically characterize FB from the RSC to V1.
Using sCRACM in combination with retrograde tracers, we will gain access to both a
measurement of monosynaptic input strength from looped neurons and non-looped
neurons, and also to their subcellular location. With this technique we will compare the
received inputs’ strength, unravelling whether there is a selective engagement of corticocortical inputs with looped neurons in the V1.
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2
Methods
In the following chapter, I will describe the performed procedures and methods in detail
and the animals’ housing conditions during the experimental period. Viral injection
surgeries, as well as the configurations and specifications of the electrophysiology
protocols will also be extensively described.

2.1 Animals and housing conditions
Animal maintenance, treatments and experimental procedures were reviewed and
approved by the Champalimaud Centre for the Unknown Ethics Committee and
conducted in accordance with the Animals Use and Care Guidelines issued by FELASA
(Federation for Laboratory Animal Science Associations) and the DGAV (Portuguese
Regulatory Agency) – and according to the European directives on animal welfare.
All animals were group-housed (maximum of 5 animals per cage) in pressurized
individually ventilated (PIV) cages in a room with a regular 12 h light/dark cycle and
constant temperature (22°C) and humidity (60%). Water and food were provided ad
libitum. Cage changes were performed twice per week to provide new bedding, food and
water.

2.2 Animal surgeries
Surgeries were conducted under sterile conditions in either male or female C57BL/6J
mice (P21−P27) under anesthesia (intraperitoneal, 37.5 mg/kg ketamine, 0.5 mg/kg
medetomidine) on a stereotaxic frame (Kopf instruments).
Mice heads were cleaned with iodine, and a small incision on the head skin, from anterior
to posterior, was made to allow visualization of the blood vessels through the skull. The
animal’s head was fixed in the stereotaxic apparatus and slightly tilted at an angle that
allowed perpendicular unilateral injections in the left hemisphere.
Animals were divided into two groups: one for electrophysiology experiments and one
for anatomy.
For

electrophysiology

experiments,

virus

expressing

ChR2

(AAV-2/1-CAG-

Channelrhodopsin-2-Venus, Penn Vector Core, University of Pennsylvania; 25 nL) was
unilaterally injected in the RSC to label FB projections to V1, co-injected with red-
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fluorescent microspheres (Red Retrobeads IX, Lumafluor; 12.5 nL) to retrogradely label
cells projecting to the source of FB input. The AAV-2/1-CAG-Channelrhodopsin-2-Venus
and red-fluorescent microspheres were diluted in 0.6 µL PBS 1x to maintain the ratio ½
AAV-2/1-CAG-Channelrhodopsin-2-Venus, ¼ red-fluorescent microspheres, ¼ PBS. A
total of 50 nL was injected.
A second retrograde tracer (Cholera toxin subunit B, Alexa Fluor 647 Conjugate,
Invitrogen, 60 nL, 1.0 mg/mL) was unilaterally injected in LM to label V1 cells projecting
to this area (60 nL total per animal).
For anatomy experiments, AAV-GFP (Penn Vector Core) was unilaterally injected into
the RSC, to allow for axonal fluorescence quantification in V1 slices, along with redfluorescent microspheres (Red Retrobeads IX, Lumafluor; 10–12.5 nL) to retrogradely
label cells projecting to the source of FB input (ratio: ¾ AAV-GFP, ¼ red-fluorescent
microspheres). 3 mice were injected, each with 50 nL of this mix.
Cholera toxin subunit B, Alexa Fluor 647 Conjugate, Invitrogen, 50–60 nL, 1.0 mg/mL
was unilaterally injected in LM to label V1 cells projecting to this cortical area (60 nL total
per animal).
Pulled glass injection pipettes (Drummond Scientific) had a tip diameter of 15–20 μm.
For both animal groups, stereotaxic coordinates for the RSC were measured using as a
reference the midline and the sinus confluence, the point at which the transverse sinuses
meet the superior sagittal sinus (lateral of midline/anterior of sinus confluence/depth in
mm): RSC (0.55/1.0/0.8). Stereotaxic coordinates for the lateromedial area (LM) was
measured from the midline and from the posterior-most point of the transverse sinus
(lateral of midline/anterior of transverse sinus/depth in mm): LM (3.5/1.5/0.8) (Figure 9).
The injection pipette was left in place for 5 minutes post-injection.

Figure 9- Schematic representation of the mouse brain and it’s superficial
vessels, observable through the skull.
In red, the axis formed by the reference points used for the microinjections. The red
crosses represent the injection sites for RSC (A) and LM (B).
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Animals were maintained at 37°C on a heating pad during surgery. After the described
procedures, the head scalp was sealed with glue and animals used in both
electrophysiology experiments and anatomy experiments were allowed to recover in
their home cages for two weeks to allow for the expression of the viruses.

2.3 Slice preparation for electrophysiology experiments
14–20 days after surgery (P35–P47), mice were decapitated under deep anesthesia
(isoflurane) and brains were dissected in ice-cold choline chloride solution containing:
110 mM choline chloride, 25 mM NaHCO3, 25 mM D-glucose, 11.6 mM sodium
ascorbate, 7 mM MgCl2, 3.1 mM sodium pyruvate, 2.5 mM KCl, 1.25 mM NaH2PO4 and
0.5 mM CaCl2 (Sigma), bubbled with 95% O2/5% CO2. The stock solutions were prepared
and stored at 2ºC for a maximum of 4 days. Sodium ascorbate, sodium pyruvate and
choline chloride were added on the day of the experiments.
The brains’ front third and cerebellum were removed, and the remaining tissue was
sectioned in 300-μm-thick coronal slices using a Leica VT1200S vibratome in the same
ice-cold slicing solution, continuously bubbled with 95% O2/5% CO2.
The obtained slices were then incubated for 30 min at 37°C in artificial cerebrospinal fluid
(ACSF) containing: 127 mM NaCl, 25 mM NaHCO3, 25 mM D-glucose, 2.5 mM KCl, 1
mM MgCl2, 2 mM CaCl2 and 1.25 mM NaH2PO4 (Sigma), aerated with 95% O2/5% CO2
and stored in the same solution at room temperature until the electrophysiology
recordings.
The ACSF solution was prepared and stored for a maximum of 4 days at 2ºC and the
CaCl2 and MgCL2 added only on the day of experiment. The stock solution was bubbled
with 95% O2/5% CO2 for 10 minutes prior to storage, with an osmolarity of ~310 mOsm.

2.4 Electrophysiology and photostimulation
The electrophysiological recordings were performed under a SliceScope Pro (Scientifica)
microscope with the slices submerged in ACSF, aerated with 95% O2/5% CO2 at room
temperature.
Neurons were patched with borosilicate pipettes (resistance 3−5 MΩ, Werner
Instruments) filled with potassium gluconate intracellular solution containing: 128 mM
potassium gluconate, 4 mM MgCl2, 10 mM HEPES, 1 mM EGTA, 4 mM Na2ATP, 0.4
mM Na2GTP, 10 mM sodium phosphocreatine, 3 mM sodium L-ascorbate, 3 mg/mL

Ana Beatriz Moura

32

biocytin (Sigma) and 5 μg/mL Alexa Fluor 488 dye (Thermo Fisher Scientific); (pH 7.25,
290 mOsm).
The Alexa Fluor 488 dye in the internal solution allowed for the visualization of the
patched cell immediately after the experiments.
After the recording, the pipette was carefully and successfully withdrawn from the neuron
to allow the resealing of the membrane and the diffusion of biocytin inside the cell. The
biocytin enabled immunostaining of the slices and cell reconstruction of the patched
neurons.
All recordings were performed at room temperature (22−24°C) and in the presence of
TTX (1 μM), 3-((R)-2- carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP, 5 μM) and
4- aminopyridine (4-AP,100 μM) in the bath of circulating aerated ACSF. TTX was added
to the circulating ACSF in order to block Na+ channels and prevent action potentials,
leading to local glutamate release, and preventing contributions from polysynaptic
pathways. 4-AP was used to block the K1 channels that are critical for axonal
repolarization.
CPP (5 μM) was added to the bath to block nonlinear NMDA conductances within the
postsynaptic compartment.
For sCRACM mapping, differently labelled fluorescent-positive cells in V1 were selected
and recorded sequentially in voltage clamp (-70 mV) at depths between 30 and 80μm in
the same slice. V1 was identified by the presence of fluorescent axons. Double-labeled
cells were discarded.
Photostimulation was performed with short light pulses of 1 ms (ranging from 0.1 to 1.1
μW) and delivered by a blue laser (473 nm, Cobolt Laser) controlled with a Pockels cell
(ConOptics) and a shutter (Thorlabs).
The laser beam passed through an air immersion objective, contacting the slice at
different locations on a 12 x 24 grid (in order to cover the entire dendritic arbor of the
recorded cell) with 50-μm spacing and 400 ms inter-stimulus interval, and being rapidly
repositioned using galvanometer mirrors (Thorlabs) (Figure 10). The spatial sequence
pattern of the delivered stimuli was designed to maximize the time between nearby
locations, and the sequence pattern was inverted for each map to avoid biased
sequence-specific responses. sCRACM maps were repeated 2–4 times for each cell (1
time for one of the recorded cells included in the analysis) depending on the quality of
the recording and the cell’s durability.
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Figure 10- Schematic representation of the electrophysiology experimental
setup.
In red, cells that projects back to RSC, the source of FB input, (looped cells in this
scenario). Represented in blue, cells that project to other visual cortical areas,
specifically LM (non-looped cells). ChR2+ axonal input represented in green,
representing the input fibers from RSC to V1. 12 x 24 photostimulation grid represented
over the dendritic tree of one of the cells.
(Image adapted from 32)

The laser power was manually adjusted in each experiment, using a graduated neutral
density filter (Edmund Optics), to ensure that peak amplitudes in the most excitable
locations for the first recorded cell in the pair were never bigger than 100 pA. The laser
power was the same for differently labelled cells (different projection neurons) recorded
at similar cortical depths in the same layer and in close proximity (<200 µm).
Data were acquired with a Multi clamp 700B amplifier (Axon Instruments) and digitalized
with National Instruments acquisition boards controlled under Matlab using Ephus.

2.5 Immunohistochemistry and dendritic reconstructions
After whole-cell voltage-clamp recordings, biocytin-filled neurons were transferred to a
multi-well plate and fixed overnight in 4% paraformaldehyde (PFA) at 4°C, after which
they were transferred to phosphate-buffered saline (PBS).

Ana Beatriz Moura

34

Slices were washed with phosphate buffer (PB) 0.1 M and 1% H2O2 in PB 0.1 M was
used to quench endogenous peroxidases, prior to staining, for 45 min at room
temperature. Slices were then rinsed with PB 0.1 M and incubated in the ABC reaction
(Vector Laboratories) for ~12 h at room temperature (22−24°C).
After 3 successive washings with PB 0.1 M and Tris-buffered saline (TBS), the slices
were subjected to the diaminobenzidine (DAB) reaction (30 mL of TBS, 90 μL 3% H2O2,
225 μL of NiCl2 (250 mM) and 7 mg of DAB (Sigma)) for ~50 min. The DAB reaction was
stopped by transferring the slices to a multi-well plate containing TBS.
Slices were then mounted in glass slides in Fluorogel mounting medium and covered
with coverslips. The patched neuron’s dendrites were visualized and reconstructed using
the x40 magnification objective lens of an Olympus BX61 microscope, with Neurolucida
software (MBF Bioscience). These tracings were imported into Matlab and corrected for
shrinkage. Aligning the dendritic arbor of the recorded cells with the obtained sCRACM
maps allowed for the visualization of the dendritic locations where the synapses from
ChR2-positive axons occurred, obtaining the subcellular location of the received inputs.

2.6 Laminar distribution of projection neurons and FB axons
The animals belonging to the “anatomy experiments group” (n=3) were intracardially
perfused with 4% PFA ~14 days post-surgery and the brains were dissected and
sectioned in 20-μm thick coronal slices using a cryostat.
Slices were kept in PBS1x and posteriorly stained for DAPI, mounted in Fluoro-Gel and
imaged with the x20 objective of a Zeiss AxioImager M2 widefield fluorescence
microscope.
For quantification of different projection neurons in V1, 3 animals were used per dataset
(~8 slices per animal) and neurons were counted within a 1000 x 1000 μm square (Figure
11).
One of the injected animals in this group was excluded from the analysis. The imaging
of these slices had to be redone due to technical issues which caused bleaching of the
CTB-Alexa647 labelling fluorescence.
For axon quantification 2 animals were analyzed (~8 slices per animal). After background
fluorescence subtraction, ImageJ was used to measure vertical fluorescence profiles of
GFP-expressing axons.
For the analysis of the axonal fluorescence profile in layer 1, the data corresponding to
Layer 1 of each slice (0 μm-100 μm) was divided in 10 μm beams after background
subtraction and normalization to peak fluorescence.
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Figure 11- Example of 1000 x 1000 μm counting square over V1 in histological
section.
FB axons are labelled in green, looped neurons are labelled in red, nonlooped neurons
are labelled in purple. Red square represents counting window over V1.

2.7 Data analysis
The boundaries between layers were established as follows: L1: pia−100 μm; L2/3:
100−350 μm; L4: 350−450 μm; L5: 450−650 μm; L6 650−950 μm. To correct for
differences in cortical thickness, cortical depth of each cell was normalized to a cortical
thickness of 950 microns.
The comparisons between received input strengths was made within the same coronal
section to account for differential ChR2 expression across experiments. Differently
labelled cells within the same slice and layer were paired if the distance between them
was less than 200 μm.
Pairs with no detectable received input (total sCRACM input < 5 pA) were discarded.
The time between the stimulus and the received recorded input was calculated and the
cells with the onset time below 3 ms were discarded (2 cells out of 17 RB+ cells) to avoid
confounds caused by AAV-ChR2 retrograde labelling.
As the density of ChR2-positive axons varied between preparations, sCRACM maps
were normalized to the largest pixels within a map and thus represent the relative
strengths of input within the dendritic tree. The conversion of EPSC sCRACM values into
pixel values allowed for the visualization of two-dimensional maps of the distribution of
specific input within the dendritic arborizations of the recorded cells.
All statistical comparisons were performed using the two-tailed Wilcoxon signed-rank
test for paired samples with Matlab.

Ana Beatriz Moura

36

3
Results
The results obtained in the scope of this project are presented in the following chapter.
This section starts with the anatomical characterization of FB projections from RSC
followed by the functional characterization of these connections in the context of looped
connectivity.
3.1 Cells projecting to RSC and LM are intermingled in V1
The V1 is the lowest-order area of the mouse visual cortex, sending FF projections to
areas that are higher in the hierarchy. FF projections from the V1 span very distal
regions, from visual areas like LM and AM to non-visual cortical areas like the RSC.
These in turn, send back FB projections to V1.
In the scope of this project, we aimed to label RSC and LM-projecting neurons in V1 and
FB axonal projections from RSC to V1. In order to label the cells in V1 that project to
RSC and LM, we injected differently colored retrograde tracers in each of the selected
injection sites (Figure 12A) in three different mice, belonging to the “Anatomy group”:
AAV-GFP and retrobeads were co-injected in RSC while CTB-Alexa647 was injected in
LM following the coordinates described in the Methods section. Visualization of the
obtained brain sections under the wide-field microscope allowed us to confirm the
location of the injections (Figure 12B and C).
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Figure 12- Injection sites for anatomy experiments.
A- Graphical representation of the intended location of injections in RSC (dark red) and
LM (blue) in the left hemisphere;
B- Fluorescence image of RSC injection, labelled by retrobeads (red) and GFP (green)
(20x); Scale bar= 500 µm;
C- Fluorescence image of LM injection, labelled by CTB-Alexa647 (purple) (20x); Scale
bar= 500 µm
After observation that the coordinates for the injection sites guaranteed expression of
retrobeads and the AAV-GFP construct in RSC and of CTB-Alexa647 in V1, respectively,
we selected 8 brain slices from each animal. In each slice, V1 identification was
perceived by the presence of retrogradely labelled cells and further confirmed by
resorting to the Allen Brain Atlas.41
It is of the up most importance to guarantee that both looped and non-looped neurons in
the same layer have equal access to ChR2+ axons in V1. The presence of both cell
types, identified by the different tracers, can be observed across all layers of V1 in close
proximity (Figure 13B).

Figure 13- Differently labelled cells are intermingled in V1.
A- Diagram representing the experimental configuration. Top left, graphical
representation of the location of visual cortical areas, LM (blue) and RSC (dark red); Dark
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line indicates the location of the section presented on the right; Top right, coronal section
with the intended injection site in RSC (dark red) and LM (blue), in the left hemisphere.
Square represents the selected location for cell counting. Bottom, Location of injections
and respective projections; D-dorsal; M-medial; A- anterior;
B- Representative fluorescent histological section of V1 with the distribution of
retrogradely labeled projection neurons. RSC-projecting cells are labelled by retrobeads
(red fluorescence) and LM-projecting cells are labelled by CTB-Alexa647 (infrared
fluorescence, represented in purple). FB axons from RSC projections can be observed
in green; Scale bar= 100 µm
RSC-projecting cells and LM-projecting cells were counted in V1 inside a 1000 μm x1000
μm square (n=8 slices per animal). After cell counting, the results were averaged and
normalized. The neuronal count for each cell type indicates that most RSC-projecting
cells (looped cells) are distributed across deep layers in V1, with layers 5 and 6 having
~86% of all RSC-projecting cells (Figure 14B and C), (Table 1 and 2, Annex 1).
LM- projecting neurons (non-looped cells) have a distinct distribution pattern. Although
closely intermingled with retrobead positive cells in layers 5 and 6, neurons that project
to LM, have a greater expression in L2/3 (~44% of all LM-projecting cells are located in
layers 2/3) (Figure 14D and E), (Table 1 and 2, Annex 1).
One of the injected animals in the “Anatomy group” was excluded from the analysis. Due
to technical issues leading to bleaching of the CT+ fluorescence, which resulted in a lower
count of CTB-Alexa647+ cells, imaging of these brain sections had to be repeated to
avoid

potential
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Figure 14- RSC and LM-projecting neurons have different distribution across
layers in V1.
A- Diagram representing the experimental configuration. Graphical representation of the
location of injections in RSC and LM and labelled projection neurons in V1; M-medial; Aanterior;
B- Left, representative fluorescent histological section of V1 containing retrobead
positive cells; Right, graphical representation of normalized RB+ cells count across V1
layers. Black traces represent individual mice; Thicker dark red profile represents the
average (n=2 animals); Scale bar= 100 µm;
C- Left, representative fluorescent histological section of V1 containing CTB-Alexa647
positive cells; Right, graphical representation of normalized CTB-Alexa647+ cells count
across V1 layers. Black traces represent individual mice; Thicker blue profile represents
the average (n=2 animals); Scale bar= 100 µm.

Additionally, double-labeled neurons could be observed in V1 across cortical layers L2/3,
L5 and L6 in most of the analyzed coronal sections (Figure 15 B and C) indicating that
subpopulations within the different projection neurons have diverging axons innervating
more than one cortical area. Double-labelled cells comprise a low percentage of
retrobeads’ labelled cells in each cortical layer (Figure 15D and E). Layers 2/3 contain
the highest cell count of double labelled cells (3,17% of all counted cells in that layer and
10,85% of RSC- projecting cells in the same layer (Table 1 and 2, Annex 1).
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Figure 15- Subpopulations of the different projection neurons have diverging
axons innervating more than one cortical area.
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A- Diagram representing the experimental configuration. Graphical representation of the
location of injections in RSC and LM and labelled projection neurons in V1; M-medial; Aanterior;
B- Left, representative fluorescent histological section of V1 containing double labelled
cells; Scale bar= 100 µm;
C- Graphical representation of normalized double labelled cells count across V1 layers.
Black traces represent individual mice; Thicker gray profile represents the average (n=2
animals);
D- Percentage of double labelled cells across layers;
E- Percentage of double labelled cells when compared to counted RB+ cells.
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3.2 RSC projects differently into the different layers of V1
The last set of results present in the above section revealed that RSC projecting- neurons
and LM-projecting neurons have a different distribution across layers with both cell types
being closely intermingled in mouse’s V1.
After observing that looped and non-looped neurons are spatially distributed in a way
that allow equal access to input, we aimed to visualize the axonal innervation pattern of
RSC FB in this area of the visual cortex.
In order to attain it, we anterogradely labelled axons projecting from RSC to V1 through
viral delivery of AAV-GFP in RSC (Figure 16A) and measured their laminated termination
pattern across the layers of V1. We visualized the presence of axons in all layers of V1,
projecting mainly to the top of layer 1 (L1a) and 6 (Figure 16B and C).
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Figure 16- RSC projects differently into the different layers of V1.
A- Diagram representing the experimental configuration. Graphical representation of the
location of injections in RSC and LM and labelled projection neurons in V1. RSC FB
axonal projections are represented by a green arrow; M-medial; A-anterior;
B- Representative fluorescent histological section of V1 where the distribution of
anterogradely labeled RSC FB axons can be observed in green; Scale bar= 100 µm;
C- Axonal fluorescence across cortical depth. Black traces represent individual mice;
Thicker green profile represents the average (n=2 animals).

Recent data from the lab, obtained by injecting an AAV-GFP construction in LM has
shown that LM FB axons project mainly to layer 1 and 6, avoiding middle layers (Figure
17D (Adapted from 10). Since LM FB and RSC FB carry different types of information into
V1, we wanted to dissect whether the projection patterns of FB axons from RSC and LM
were also distinct or if this pattern is conserved across areas outside the visual cortex.
Both LM and RSC FB projects mainly to layers 1 and 6 avoiding middle layers (Figure
17B and D), however a difference in the pattern of innervation of layer 1 (L1) of V1 can
be observed (Figure 18).

Ana Beatriz Moura

45

(Adapted from Young et al., 2019)10

Figure 17- RSC and LM FB target mainly layer 1 and 6.
A- Diagram representing the experimental configuration. Graphical representation of the
location of the injection in RSC and labelled projection neurons in V1. RSC FB axonal
projections are represented by a light green arrow;
B- Axonal fluorescence across cortical depth of V1. Black traces represent individual
mice; Thicker light green profile represents the average (n=2 animals) (left);
Representative fluorescent histological section of V1 where the distribution of
anterogradely labeled RSC FB axons can be observed in green (right). Scale bar= 100
µm;
C- Diagram representing the experimental configuration. Graphical representation of the
location of injection in LM and labelled projection neurons in V1. LM FB axonal
projections are represented by a dark green arrow;
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D- Axonal fluorescence across cortical depth in V1. Black traces represent individual
mice; Thicker dark green profile represents the average (n=3 animals) (left);
Representative fluorescent histological section of V1 where the distribution of
anterogradely labeled LM FB axons can be observed in green (right); Scale bar= 100
µm (Adapted from 10).

When comparing the fluorescent profile of LM FB projections to V1 in L1 with the
fluorescence pattern of axonal projections from RSC to V1 in L1 some differences can
be observed: RSC projects specifically to the top of L1 of V1, avoiding the bottom of L1,
while LM projects to the top of L1 but the axonal density is considerable across all depths
of L1 (Figure 18).

Figure 18- Distribution of anterogradely labeled RSC FB axons and LM FB axons
in layer 1 of V1.
A- Comparison between normalized axonal fluorescence across cortical depth in layer 1
of V1 (0-100 µm) from RSC (light green) and LM (dark green) (left). Diagram representing
the experimental configuration: Graphical representation of the location of injections in
RSC and LM and labelled projection neurons in V1 (right). RSC FB axonal projections
are represented by a light green arrow; LM FB axonal projections are represented by a
dark green arrow;
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Given the observed pattern of axonal projections in layers of V1 and the presence of
looped and non-looped cells intermingled in these same layers, we can infer that both
types of cells have equal access to FB input from RSC in V1.
Taking into consideration that axo-dendritic overlap does not necessarily predict
connectivity, functional mapping of neuronal connections is needed to dissect any
underlying synaptic specificity.
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3.3 FB inputs from RSC innervate both the soma and the apical dendrites
of looped L5 neurons
Knowing from previous data acquired in the lab that looped and non-looped cells receive
differential input from other visual areas, in a layer-specific manner, we were interested
in understanding if these layer-specific innervation rules can be applied outside the visual
area, by looking at FB projections from a cortical non-visual area (RSC).
In order to be able to measure the cell-type selectivity of long-range cortico-cortical
connections between a non-visual cortical area and a visual area, we combined the
sCRACM method with injections of differently labelled fluorescent retrograde tracers: We
co-injected AAV-ChR2-Venus and retrobeads in RSC in order to obtain ChR2 expression
in RSC axons and retrogradely label looped cells (cells that project back to the source
of input). Similarly to the “Anatomy group” of mice, we injected a differently colored
retrograde tracer (CTB-Alexa647) in LM, in order to label non-looped cells in V1 (Figure
19A).
Monosynaptic inputs from labelled neurons in V1 were recorded in voltage clamp
configuration. In order to get access to these inputs, we used a blue laser to rapidly photo
stimulate ChR2+ axons following a grid pattern that covered the entire structure of the
neuron. This photostimulation evoked EPSCs, allowing the visualization of sCRACM
maps where each value of recorded amplitude of response was translated into colorcoded pixels, which constituted heat maps that allowed the visualization of the location
of the received input (Figure 19D). All experiments were made in the presence of the
sodium channel blocker tetradotoxin (TTX), CPP and 4-AP, ensuring the measured input
was strictly monosynaptic (see Methods for further details).
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Retrobeads
+
AAV-ChR2

Figure 19- Comparison of RSC input to looped cells in L5 vs. non-looped cells.
A- Diagram representing the experimental configuration. Retrograde tracers were
injected in RSC and LM to label different projection neurons. RSC was also co-injected
with AAV-ChR2-Venus to express ChR2 in FB axonal projections (left); The input
strength of a looped and a non-looped cell, sequentially recorded from the same layer
and in close proximity, was measured while FB axons were activated by a blue laser
following a grid pattern (right);
B- Cortical coronal section showing the patching pipette and the photostimulation grid
under the brightfield microscope; Scale bar= 100 µm;
C- Excitatory postsynaptic currents (EPSCs) recorded from a pair of L5 neurons, evoked
by photostimulating ChR2+ FB axons; Horizontal scale bar= 100 µm; Vertical scale bar=
50pA
D- sCRACM maps of the recorded pair. The colors on the heatmap represent mean
amplitude of response (pA). Triangles represent the recorded cell’s soma; Scale bar=
100 µm;
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After obtaining sCRACM maps of both looped and non-looped cells across layers 5 and
6, and in order to dissect the sub-cellular location of these inputs, we normalized the
maps from all recorded cells with the same identity and from the same layer, aligned
them to normalized pia (950 µm) and averaged them.
This allowed us to obtain a map of the relative location of received input for each class
of projecting neuron in that V1 layer (Figure 20B).
FB input to L5 cells were detected in both the perisomatic compartment and the apical
dendrites of both looped neurons and non-looped neurons. Input to the apical dendrites
is more evident for looped neurons, suggesting differential targeting by FB fibers. FB
input innervated mainly the perisomatic compartment in L6 neurons (Figure 20C).

Figure 20- Subcellular distribution of FB inputs to looped and non-looped cells.
A- Diagram representing the experimental configuration. Retrograde tracers were
injected in RSC and LM to label different projection neurons. RSC was also co-injected
with AAV-ChR2-Venus to express ChR2 in FB axonal projections; Neurons in V1 labelled
differently (represented in blue and red) were recorded from in patch clamp configuration
while ChR2 positive axons were excited with a blue laser following a photostimulation
grid; The experiments were run for cells in L5 (top) and L6 (bottom);
B- Group averages of sCRACM maps showing FB input to the different cell types in layer
5; Scale bar= 100 µm;
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C- Group averages of sCRACM maps showing FB input to the different cell types in layer
6. Triangles represent soma position; Scale bar= 100 µm.
As the staining of the dendrites of the analyzed neurons was very dim, it was not possible
to visualize, and consequently analyze, the tracings of the dendritic arbors of all recorded
neurons. However, for the few examples where it was possible to visualize the dendritic
trees reaching the top of layer 1, like the examples shown below, we consistently observe
looped cells receive input in the apical tuft while most non-looped cells do not (Figure
21and D).
During all the recordings most active conductances were pharmacologically blocked (see
Methods). However, it is important to keep in mind that measurements of inputs to distal
dendritic branches could be affected by the passive cable properties of dendritic arbors,
which result in filtering and attenuation of responses from the apical tuft when measured
from the soma.
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Figure 21- FB from RSC targets different compartments of looped vs non-looped
cells.
A- Coronal section image with neuron filled by biocytin (brightfield); Scale bar= 100 µm;
B- Example tracings of a looped (right) and a non-looped cell (left); Scale bar= 100 µm;
C- sCRACM maps of a looped (right) and a non-looped cell (left) overlapped with the
dendritic tracings; Scale bar= 100 µm;
D- sCRACM maps and respective dendritic tracings overlapped with the coronal section
images. Scale bar= 100 µm.
For the scope of this project, we focused mainly on layer 5 looped and non-looped cells.
As FB inputs from RSC targeted L5 neurons in both the perisomatic and the apical
dendritic compartments, we analyzed input strength in these two domains separately in
the next subchapter.

3.4 RSC inputs selectively innervate looped L5 neurons
By using the same experimental configuration as for subchapter 3.2, we were able to
obtain sCRACM maps for looped and non-looped cell pairs in the same coronal section
and layer in V1. As it was already stated, both cell types should have equal access to
RSC FB in V1. Since we observed asymmetries in the targeting of the apical
compartment in looped vs. non-looped cells, we were interested in dissecting the
differences in input strength both in the soma and the apical domain between looped and
non-looped neurons.
Focusing mainly on layer 5, RSC-projecting and LM-projecting cells, identified by
different colored tracers were patched under the same experimental conditions, and
were considered a pair if belonging to the same coronal section, same layer and were
under 200µm apart from each other.
The obtained sCRACM maps allowed the visualization of the location of the received
input (Figure 21) and comparison of input strength within the different subcellular
compartments (Figure 22).
A total of 6 layer 5 pairs were considered for the analysis of input strength. We compared
strength of received input between looped and non-looped neurons within the
perisomatic and the apical compartments separately.
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Looped neurons receive a significantly larger fraction of perisomatic input compared to
non-looped neurons (ratio of input; looped neuron/non-looped neuron: 2.222,
p=0.03125).
Even though no significant difference was observed in apical inputs (ratio of input; looped
neuron/non-looped neuron: 7.1921, p=0.125), a trend can be observed, where most
apical input was received by looped cells (Figure 22C, right).
The total received input by looped neurons in V1 was ~2.2-fold stronger compared to
neighboring non-looped neurons (Figure 22D) (ratio of input; looped neuron/non-looped
neuron: 2.1981, p=0.03125). Since no significant difference was observed in apical
inputs, stronger perisomatic inputs had the largest weight in the difference in total
received input between looped and non-looped cells. Distance from pia did not influence
the total received input (Figure 22B).
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Figure 22- FB inputs preferentially innervate looped neurons in the perisomatic
compartment over neighboring non-looped neurons.
A- Diagram representing the experimental configuration. The input strength of a looped
and a non-looped cell, sequentially recorded from the same layer and in close proximity,
was measured while FB axons were activated by a blue laser following a grid pattern.
B- Location of the analyzed cells and total received input. Red circles represent looped
cells while blue circles represent non-looped cells belonging to pairs. Triangles represent
averages across animals belonging to the same group;
C- Paired comparisons of FB input to the perisomatic compartment of looped neurons
vs. non-looped neurons in L5 (p=0.03125, n=6 pairs) (left); Paired comparisons of apical
FB input to looped vs. non-looped neurons in L5 (p=0.125, n=6 pairs) (right). Statistics:
two-tailed Wilcoxon signed-rank test for paired samples.
D- Paired comparisons of total FB input to looped neurons vs. non-looped neurons in L5
(n=6 cell pairs).
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After conclusion of the experiments, the location of the patched cells was confirmed, as
well as the distance to pia, distance to top of the cortex and identity (Figure 23).
Cell identity of the patched neurons was confirmed by fluorescence imaging. Looped
neurons could be detected by visualization of red fluorescence from the retrobeads and
non-looped neurons could be seen under infrared fluorescence due to the labelling by
the construct CTB-Alexa647.

Figure 23- Identity of the recorded projection neurons.
A- In order to confirm the identity of the recorded cells, retrobeads were visualized under
red fluorescence (middle row), and CTB-Alexa647 under infrared fluorescence (bottom
row). Rectangle indicates the location of the recorded cell; Scale bar= 25 µm.

In order to dissect the contribution of AAV1-ChR2 retrograde activity in our cell’s
responses, we calculated the onset of response for each patched neuron. The response
produced by the excitation of ChR2+ axons implies local glutamate release. The latency
of response observed after the stimulus onset corresponds to the time the vesicles
require to cross the synaptic cleft. A shorter onset of response could be the result from
the contribution of AAV-ChR2 expression in these cells. An early response onset was
defined as an onset of response below 3 ms.
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The onset of response was calculated for every responsive cell in V1, by calculating the
difference between the time of stimulus (t=1 ms) and the minimum onset of the trace with
the largest response for each cell. Only RB+ cells exhibited an onset below 3ms, as
expected.
Out of 19 responsive RB+ cells, 2 cells had an onset below 3 ms (Figure 24), representing
~10% of RB+ recorded cells. To avoid bias caused by the expression of the opsin in the
recorded cells, cells that didn’t pass the criteria of having an onset < 3 ms were excluded
from the analysis.

A

B

Figure 24- 10% of retrobead labelled cells have an early response onset.
A- Response amplitude measured in retrobead positive cells. Each trace represents one
cell; Horizontal scale bar= 5 ms; Vertical scale bar= 10 pA
B- Response onset of each RB+ cell. In red, the cells with an early onset (< 3 ms). Grey
bar represents stimulus onset (1 ms).
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4
Discussion

With this project we aimed to characterize FB projections from RSC, a non-visual area
of the neocortex that receives sensory inputs from V1 and integrates them with internal
models of predictions based on sensory FB or the animal’s spatial position. Previous
results from the lab had shown that FB projections from visual cortical areas like AM and
LM targeted mainly layers 1 and 6 of V1, avoiding middle layers of the cortex. Based on
the type of information carried by RSC and its functional relevance, we wanted to dissect
whether this cortical area targeted V1 in the same laminar- and cell-specific manner, in
order to understand if the connectivity between these areas matched what had already
been observed for visual areas.
We were also interested in uncovering the laminar distribution of the looped cells in V1
that project back to RSC and determining whether or not they were located in the layers
of dense innervation of FB axons from RSC. The spatial distribution of cells in V1 predicts
their access to axonal FB. If neurons that project back to the source of input are closely
intermingled with neurons projecting to a visual cortical area such as LM, then these two
neuronal types potentially have equal access to FB axons from RSC.
For the purpose of comparing the laminar distribution of these two cell types, we
designed an experiment that allows visualization of both looped and non-looped neurons
and of FB axons from RSC, in V1 slices.
In order to achieve this, we co-injected 3 mice with retrobeads and AAV-GFP in RSC
and we injected CTB-Alexa647, a differently colored tracer in LM, allowing us to quantify
axonal projections from RSC, labelled by GFP, cells projecting to RSC, labelled by
retrobeads and cells projecting to LM, labelled by CTB-Alexa647.
We observed that cells projecting to RSC and LM are closely intermingled in V1 and are
present in all layers of the cortex, indicating that FF projections from V1 originate from
neurons spanning most of the cortical depth.
Most RSC-projecting cells were found in layers 5 and 6, while LM- projecting neurons
were distributed across layers 5 and 6 but had greater expression in L2/3.
Double-labelled cells were present across all layers of the cortex, indicating that
subpopulations of the different projection neurons have diverging axons innervating
more than one cortical area42. These cells constitute only a small percentage of RSCprojecting cells (Figure 15), (Table 1, Annex 1).
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RSC projections show laminar specificity in V1, innervating mainly layer 6 and the top of
layer 1, and avoiding middle layers (Figure 16, Figure 17). The pattern of innervation of
V1 by RSC is similar to what had already been observed for LM FB for deeper layers.
However, comparing the distribution of axons in layer 1, RSC FB projects densely to the
top of L1 while LM FB projects more evenly across cortical depth in this layer (Figure
18). This result was consistent across coronal sections and animals, indicating a
difference in the pattern of axonal innervation of apical tufts in V1.
Recent evidence points towards the fact that distal inputs to dendrites located in the
upper part of L1 (L1a) are different than those on the bottom part of L1 (L1b)43, and may
have different effects on postsynaptic neurons.
This indicates that FB from RSC and FB from HVAs may be organized with different
connectivity rules and could exert a different influence on V1 circuit computations.
Together, these results provide evidence that cells that project back to the source of
input are closely intermingled with cells that project to a visual cortical area in V1 and
that both types have equal access to FB input in deeper layers. The overlap between
axonal projections and different projection cells does not always predict functional
connectivity. Consequently, we resorted to sCRACM to gain access to monosynaptic
input received by both looped and non-looped cells.
FF and FB reciprocal connections linking V1 and RSC have already been identified, with
RSC receiving sensory input from V1 and sending FB information back to V1,
contributing to an internal model of prediction based on sensory FB, which is necessary
to calculate the animal’s position and to navigate space. This looped wiring could
potentially be achieved through two types of computations: firstly, via polysynaptic
inputs, which implies that the modulation of looped neurons by cortico-cortical (CC)
projections occurs via intermediary inhibitory or excitatory cells in the local circuit, or
alternatively, CC projections could synapse preferentially onto looped neurons, forming
monosynaptic loops between cortical areas.
Recent data from the lab10 has provided evidence for selective wiring into monosynaptic
loops in layers 5 and 6 of the visual cortex. Given that the neocortex is thought to be
comprised of repeated motifs with similar computations, we were interested in
understanding whether these looped computation rules could also be observed in nonvisual cortical areas, which would suggest that these connectivity rules are generalizable
to non-visual areas of the neocortex.
In order to identify monosynaptic loops between RSC and V1, we used microinjections
of retrograde and anterograde tracers together with whole-cell patch-clamp recordings
in voltage clamp configuration of RSC and LM-projecting cells. Monosynaptic loops were
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identified in layers 5 and 6, with cells projecting to the source of input receiving direct,
monosynaptic inputs from RSC (Figure 19).
sCRACM allowed us to detect the subcellular location of FB inputs in both the
perisomatic and the apical tuft compartments of both looped neurons and non-looped
neurons in layers 5 and 6. We consistently observed that looped cells in layer 5 receive
axonal inputs in the apical tuft while most non-looped cells do not. This finding suggests
a differential targeting by FB fibers (Figure 20, Figure 21), which show preference for the
apical compartment of looped cells vs. cells that do not establish looped connectivity.
By measuring the input strength to looped and non-looped neurons in V1 in close
proximity, we were able to directly compare received input strength and dissect whether
there is a selective wiring favoring looped neurons. Our results show that in layer 5, RSC
selectively innervates looped neurons (Figure 22). The preferential innervation of looped
neurons by FB afferents supports several theories that require looped computations. 15–
19

. Analogous to what had already been observed for visual areas, layer 5 neurons seem

to be critical for long-range looped computations between visual and non-visual cortical
areas, being selectively targeted by FB axonal projections.

V1

Feedback

L1

L2/3
L4

L5

RSC

LM

L6

Figure 25- Summary of FB connectivity rules in layer 5 of V1.
Input strength is represented by the thickness of the green arrows. The top and bottom
green arrows to L5 neurons represent FB inputs to apical and perisomatic domains,
respectively. Red cells represent looped neurons, blue cells represent non-looped
neurons.
As animals navigate new environments, FB from RSC to V1 may modulate V1 neuronal
responses
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representations may be conveyed by RSC to V1 to facilitate identification of relevant
visual cures, critical for navigation and ultimately survival. These computations may be
facilitated by looped interactions in V1.
The fact that there is a low percentage of double labelled cells in V1 (Table 1, Annex 1),
makes it unlikely that this difference could be caused by looped neurons being
mistakenly identified as nonlooped neurons due to incomplete labeling from tracer
injections.
Previous data reported a prominent role of apical dendrites in L5 looped neurons in
processing reciprocal signals, however, our results do not show a significant difference
(p=0.125) between FB input in the apical compartment of looped neurons vs non-looped
neurons. Although the difference is not significant, most apical input was received by
looped cells. The fact that this difference is not as striking as the preferential targeting of
the apical compartment of looped L5 neurons in V1 by LM axons may be due to the fact
that RSC FB projects differently to L1 when compared to LM FB.
It would be interesting to analyze whether the observed differences relate to dendritic
length, which would be possible if we had access to the full dendritic arbor of all the
patched neurons and overlaid them with their respective sCRACM maps (Figure 21).
The targeting of apical dendrites of looped neurons by FB axons goes accordingly with
the idea that distal tufts have a specialized role in processing reciprocal signals. This
compartmentalization of inputs may allow neurons to optimize synaptic weights through
the modulation of synaptic plasticity based on FB from non-visual cortical areas. This
can be compared to the way back propagation trains neuronal network models.15,44
Our findings suggest that, as with long-range connections between different visual
cortical areas, connections between RSC and V1 are also selectively wired to engage in
monosynaptic excitatory loops involving the apical tufts of L5 neurons, despite the
anatomical differences between RSC and higher visual cortical areas in their axonal
innervation of L1, expanding previous knowledge of recurrent computations from visual
areas to non-visual areas of the neocortex, providing a novel insight into conserved
motifs of looped connectivity in the neocortex.
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5
Conclusion and future perspectives
In conclusion, our results shed light on recurrent computations between RSC and V1,
hinting a conserved preference for the specific wiring of looped neurons in L5, involving
both perisomatic and apical compartments in the neocortex. We found that RSC FB
projects mainly to L1a, contrarily to what was observed for LM. These results suggest a
differential innervation of L1 between FB from visual and non-visual areas, with different
types of information being delivered to different segments of the apical tufts in L1.
Since ChR2 expression is not layer-specific due to the way the construct was delivered,
looped connectivity could be underestimated in our experiments if it only involves FB
projections from specific layers in RSC. Layer-specific mouse transgenic lines will allow
the comparison between the specificity of projections originating in different cortical
layers, in future experiments.
Further dissection of the specific cellular compartments mediating looped computations
remains to be tackled, as well as the relationship of received input strength within the
apical compartment, with dendritic thickness and size. The optimization of the dendritic
staining protocol can contribute to an improvement in the visualization and reconstruction
of dendritic arbors, allowing the dissection of the subcellular location of the inputs.
This project focused on FB from RSC to V1’s L5 neurons. Future experiments will focus
on both FF and FB projections to other layers, in order to investigate whether the
computation rules found in this study are specific for FB to L5 neurons, getting us closer
to identifying rules of connectivity that can be extended to all the neocortex. It would be
of particular interest to focus on L2/3 neurons, since, although there is evidence that this
layer is associated with the generation of prediction error signals

19,45

, recent data from

the lab has shown that these neurons do not show a preference for forming
monosynaptic loops between visual cortical areas. Therefore, it would be interesting to
dissect if looped computations between visual and non-visual areas follow the same
rules as the CC computations within visual areas in this layer.
Even though retrograde activity by ChR2 is residual, the input received by looped cells
could be the result of the excitation of neighboring cells retrogradely labelled with the
opsin. Therefore, an important question to be tackled in the future would be to repeat
these experiments with a virus that does not show retrograde activity. These experiments
would allow the validation of the results obtained with the AAV1-ChR2, removing the
potential bias in the data arising from local looped cells.
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Although RSC presents differences in its FB organization and in its role, not being an
area entirely dedicated to visual processing, FB from RSC may follow similar connectivity
rules as those between visual cortical areas. Overall, this study supports the notion that
the selective looped connectivity found between visual cortical areas may be
generalizable to connections between visual and non-visual cortical areas.
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7
Annex

Annex 1- Distribution of neurons across layers in V1

Table 1- Averaged neuronal count of labelled cells in V1.

L1

4,5

CTB-Alexa
Labelled Cells
(CTLC)
14,5

L2/3

45

619,5

7,5

1,13

16,75

L4

2,5

173,5

0

0

0

L5

157

221

13,5

3,17

10,85

L6

170,5

371

15,5

2,77

8,99

Retrobeads Labelled
Cells (RLC)

Double
Labelled Cells
(DL)
0

%DL(/total)

%DL(/RLC)

0

0

Table 2- Percentage of neurons of each identity per layer.

L1

1,19

% CTB-Alexa647
Labelled Cells
(CTLC)
1,04

L2/3

11,86

44,27

L4

0,66

12,40

L5

41,37

15,79

L6

44,93

26,51

% Retrobeads Labelled
Cells (RLC)
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