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Interneurons 
In 1892, Santiago Ramon y Cajal sets the ground for the future characterization of the 

different cells that constitute the brain. Taking advantage of the Golgi stain, he divides 

the neuronal population in two different morphological types: “cells with a long axon 

(or projection neurons) and cells with a short axon (or interneurons)” (Cajal 1891, 

1892). From then on the term interneurons was referring to neurons having a short 

axon. It was just in the 60s and 70s that scientists became aware of the common in-

hibitory neurotransmitter (GABA) released by this specific class of neurons (DeFelipe, 

2002). 

Pyramidal neurons and interneurons are distributed across all the different layers of 

the cerebral cortex. These two classes are associated with two different types of syn-

apses. The former being the main contributor of asymmetric (excitatory) synapses and 

the latter of symmetric (inhibitory) synapses (DeFelipe and Farinas, 1992). 

Although interneurons represent only the 20-30% of neocortical neurons (most of 

them are inhibitory) and the remaining 70-80% are constituted by excitatory pyrami-

dal neurons (Markram et al., 2004; DeFelipe, 2002; Fairén et al., 1984; Jones, 1993) 

the attempt to classify this group of neurons remained very challenging until now, due 

to their great morphological, molecular and physiological diversity. 

One of the classifying criteria is based on the molecular markers that they express. In 

rat frontal and visual cortex three molecular markers, Parvalbumin (PV), Somatostatin 

(SOM) and Calretinin (CR) were found to segregate into different groups of interneu-

rons (Kubota et al., 1994; Gonchar and Burkhalter, 1997). In the mouse primary visual 

cortex (V1), PV, SOM and CR represent three big interneuronal populations but SOM 

and CR represented two partially overlapping groups (colocalizing in 19% of the GA-

BAergic neurons) (Gonchar at al., 2008) Figure 1. For this reason, other scientists pre-

fer categorizing the interneuronal subclasses in PV-, SOM- and the ionotropic seroto-

nin receptor 5HT3aR-expressing groups, which are also heterogenous groups of 
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neurons, but do not overlap in mouse V1 (Trembley et al., 2016; Sultan et al., 2013) 

Figure 2.  

Recently, new single-cell mRNA-sequencing methods, are allowing the high-resolution 

analysis of individual neurons’ transcripts (Cadwell et al., 2016; Fuzik et al., 2015; Tasic 

et al., 2016; Zeisel et al., 2015). This technique, which enables the classification of neu-

rons based on their transcriptomic content, is the result of a process which involves 

the reverse transcription of RNA into cDNA and, after its amplification, the sequencing 

and clustering into different groups. Thanks to this innovative approach it has been 

possible to confirm earlier classifications and identify new subpopulations of cells. In 

the work performed by Tasic the neurons in V1 were clustered into 49 different cell 

types based on their transcriptome, including  23 GABAergic, 19 glutamatergic and 7 

non-neuronal types (Tasic et al., 2016). This confirmed the earlier immunohistochem-

istry findings that PV, SOM, VIP (Vasoactive Intestinal Polypeptide) and CR are ex-

pressed in subgroups of GABAergic neurons. Each of the classes containing these 

markers was found to consist of a number of subclasses, with SOM and CR, and VIP 

and CR overlapping in a number of these subgroups (Figure 3). The few groups in which 

none of these markers are expressed, contained cells positive for Ndnf or Smad3. 

Knowing the function of each group of interneurons, understanding how these inter-

act with each other and with the excitatory cells and discovering new subgroups is 

crucial to study the mechanisms on which visual perception, behaviour and more neu-

ronal processes are based. For the groups of PV, SOM and 5HT3aR expressing inter-

neurons, much is already known. This will be briefly reviewed in the next sections and 

an overview of the different interneurons subtypes is presented in Table 3 at the end 

of this chapter. 
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Figure 1. Colocalization between CR and SOM interneurons revealed by triple 
immunostaining in adult mouse V1. A. Expression of PV (red), CR (green) and SOM (dark 
blue, represents false color image of infrared fluorescence) in a coronal section through 
V1. Neurons that colocalize CR and SOM appear light blue. B–E. Magnified images of 
boxed area in A showing immunolabeling of PV (B, E), CR (C, E), SOM (D, E) and 
coexpression of CR + SOM (E). Notice that PV interneurons do not express CR and SOM. 
Scale: 100 μm (adapted from Gonchar et al., 2008). 

 



14 
 
 

 
Figure 2. Origin and classification of the neocortical GABAergic neurons based on the 
PV, SOM and 5HT3aR expressing groups. A. Neocortical interneurons are generated in 
the proliferative zones of the ventral telencephalon. B. The Caudal Ganglionic Eminence 
(CGE) and Medial Ganglionic Eminence (MGE) regions give origin to most of the 
intereneuron subtypes including CR interneurons. C. Interneuron subtypes can be defined 
based on the molecular marker they express. About 40% of the interneurons are 
represented by the PV group, this is  constituted by Basket cells and Chandelier cells. SOM 
interneurons represent 30% of the GABAergic neurons, the majority of which is 
constituted by Martinotti cells. The remaining interneurons can be classified under the 
5HT3aR group. These are VIP+, CR+ and Reelin+ interneurons. Another group is 
constituted by the NPY interneurons. Each interneuron subtype has a different connection 
location in the post-synaptic neuron (adapted from Sultan et al., 2013). 
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Figure 3. Gene expression profile in cortical GABAergic neurons. The results are obtained 
through single-cell mRNA sequencing of mouse V1. Relative gene expression per cell is 
indicated in the columns and different cell types in rows (adapted from Tasic et al. 2016). 

 

Parvalbumin interneurons 

PV interneurons are the most numerous group of interneurons in layers 2-6 of mouse 

V1 (Tamamaki et al., 2003; Rudy et al., 2011). This class of neurons is quite diverse and 

it includes Basket cells (BC), Chandelier cells (ChC) and MultiPolar Bursting cells (MPB). 

PV interneurons are specialized in contacting the soma, proximal dendrites and axon 

initial segment of excitatory neurons, hence they are ideally situated to modulate the 

response gain (Atallah et al., 2012; Lee et al., 2012; Moore and Wehr, 2013; Wilson et 

al., 2012) and regulate the timing of principal cells’ action potentials (Cardin, 2018; 

Royer et al., 2012), allowing the synchronization of the local population of neurons 

(Cobb et al., 1995). PV-positive fast-spiking Basket cells are the largest class of inter-

neurons in the whole neocortex (Tremblay et al., 2016) and provide inhibition to prox-

imal dendrites and somata of excitatory neurons and other PV interneurons (Kubota 

et al., 2016). This class of neurons is the main contributor to feed-forward inhibition, 

where their temporal precision and somatic targeting are the main source of coinci-

dence detection on post-synaptic cells. Chandelier cells target the axon initial segment 

of Pyramidal cells thanks to their peculiar “candle-stick” synaptic terminals. Also Chan-

delier cells are considered to be fast-spiking like the Basket cells; however, Chandelier 
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cells show differences in their electrophysiological features. Both interneuronal sub-

types have a role in regulating the synchrony of population of neurons thanks to their 

strong ability to regulate their output. MultiPolar Bursting interneurons are mainly lo-

cated in layer 2/3, this subtype differs from Basket cells for their morphology (wider 

axonal spread), for the electrophysiological properties (initial burst followed by adapt-

ing, regular spiking) and for their targeting region (mainly on dendritic shafts and rarely 

on the soma) (Tremblay et al., 2016).  

PV interneurons are thought to pool inputs from the surrounding pyramidal cells. As a 

result this group is well tuned in sensory cortical areas with a columnar organization 

of similarly tuned pyramidal cells (for example the auditory cortex in mice; Moore and 

Wehr, 2013) and not tuned in areas with no columnar organization (mouse visual cor-

tex; Niell and Stryker, 2008; Kerlin et al., 2010; Atallah et al., 2012).  

Somatostatin interneurons 

Somatostatin interneurons are a distinctly heterogeneous group as well. Depending 

on the cortical layer, the SOM neuropeptide can colocalize with different molecular 

markers. Based on their morphological structure, they can be classified as Martinotti 

(SOM-expressing cells having their axonal terminations in layer 1 and targeting the 

dendrites of pyramidal cells) and non-Martinotti cells (all the SOM expressing neurons 

which do not target Layer 1) (Tremblay et al., 2016). Somatostatin interneurons can 

show a regular-spiking activity pattern (spiking at regular but increasingly longer inter-

vals), a fast-spiking pattern (discharges of high-frequency, non-accommodating 

spikes) or a bursting pattern (a short, high frequency train of spikes) (Galarreta and 

Hestrin, 2001; Kawaguchi,1995; Zeldenrust et al., 2018). SOM interneurons inhibit py-

ramidal neurons, but also inhibit all other inhibitory neurons subtypes besides each 

other (Pfeffer et al., 2013). In layer 2/3 of mouse V1, SOM interneurons can strongly 

inhibit PV interneurons (Pfeffer et al., 2013). SOM interneurons contact more the distal 

dendrites, they do not alter the response gain but reduce the excitation of cells re-

gardless of their activation level (Wilson et al., 2012). SOM interneurons’ dendritic 
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targeting regulates input integration (Tremblay et al., 2016). The activation of SOM 

interneurons has been proven to increase stimulus selectivity of excitatory cells (Wil-

son et al., 2012). Activating SOM interneurons in vivo reduces activity of the PV inter-

neurons’ untuned contribution and increases their orientation selectivity (Cottam et 

al., 2013). 

5HT3aR interneurons 

The 5HT3aR interneurons can be subdivided into Vasoactive Intestinal Polypeptide 

(VIP)-positive and VIP-negative interneurons. VIP interneurons are mainly present in 

layer 2/3 but can be found in all layers (Figure 4). The large majority of VIP interneu-

rons have a vertically-oriented, bipolar-like dendritic morphology. The other VIP inter-

neurons are multipolar (Bayraktar et al., 2000; Pronneke et al., 2015). This group of 

neurons mainly contact SOM interneurons and only weakly PV interneurons, especially 

in layer 2/3. Because of their preferential connection to other inhibitory neurons, the 

activation of VIP interneurons has an excitatory effect on the overall population. This 

process, called disinhibition, operates mainly during behavioural tasks like associative 

learning, reinforcement, locomotion, and attention (Uematsu et al., 2008; Letzkus et 

al., 2011; Pi et al., 2013; Fu et al., 2014; Kepecs and Fishell, 2014; Pala and Petersen, 

2015; Figure 4). Non-VIP interneurons represent the majority (90%) of the inhibitory 

neurons in layer 1 (Figure 4). Neurogliaform cells (NGFC), Cholecystokynin (CCK) bas-

ket cells and other less defined interneuron types are included in this group (Tremblay 

et al., 2016). 
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Figure 4. Distribution of the interneurons in the different layers of the neocortex and 
connection properties. A. Laminar distribution of PV, SOM and 5HT3aR interneurons in 
somatosensory cortex. Similar distributions have been found in frontal and visual cortices 
(see Xu et al., 2010 for comparison). (Adapted from Tremblay et al., 2016). B. Connectivity 
pattern between the main interneurons subtypes. Presynaptic interneuron classes (PV, 
SOM and VIP) contact differently postsynaptic interneuron categories (PV, SOM, VIP) in 
L2/3 and L5 of mouse visual cortex. (Adapted from Pfeffer et al., 2013). C. Each interneu-
ron subtype is specialized in contacting a different domain of post-synaptic cells (adapted 
form Fishell and Kepecs, 2019). 
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Calretinin interneurons 
Amongst all the groups of interneurons for which the function is still unknown, we 

decided to study the CR cells. This represents the largest class of inhibitory cells in layer 

2/3 of mouse V1,  (42% of the GABAergic neurons; Table 1. Gonchar et al., 2008). Their 

laminar expression profile is conserved in primates where their number is even higher 

in comparison to their number in rodents (the ratio between CR and PV is 1.2 : 1.7 in 

the rat, but 2.2 : 1.2 in the monkey) (Barinka and Druga, 2010; Kooijmans, 2016). Sur-

prisingly, despite their overrepresentation, little is known about this population of in-

terneurons as a group. There is some information available about their morphology, 

the co-expression of different molecular markers, inputs and outputs, firing patterns 

and their embryonic origin. But their function during visual processing represents still 

a big field of exploration. We will thus outline the current state of knowledge about 

this class of neurons. 

Calretinin protein 

Of course, what binds the CR interneurons together is their expression of the Calretinin 

protein. The presence of this protein could therefore suggest an idea for a common 

function. Unfortunately, we do not know that much about the protein itself. Calretinin 

was discovered in rat brain in 1985 (Pochet et al., 1985) as a 29 KDa protein and got 

its name from the site of discovery, the retina, and the similarity with another protein, 

the calcium buffer Calbindin (CB, Rogers, 1990). CR, like PV and CB, is a member of the 

EF-hand family of Calcium Binding Proteins (CaBPs), and is probably important for the 

modulation of calcium signalling. Calcium buffers play a key role in controlling neu-

ronal firing as shown by the correlation of firing pattern and buffer concentration 

(Roussel et al., 2006). In this context, they could be seen as modulators of information 

coding. Factors like intracellular concentration, affinity for calcium, kinetics of calcium 

binding and release, and intracellular mobility characterize a specific CaBP and its 

modulation efficiency (Schwaller, 2010). CR’s subcellular localization is regulated dur-

ing development. CR is more spread out in the soma in early development and later 
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highly concentrated below the cell membrane during maturation (Camp and Wi-

jesinghe, 2009; Hack et al., 2000). These differences in spatial distribution give spatial 

control on calcium fluxes (Schwaller, 2008). 

Table 1. CR interneurons are the most represented interneurons in layer 2/3 of adult mouse primary 
visual cortex. Single labelling experiments showing densities and percentages of GABAergic neurons 
expressing PV, CR, SOM, VIP, NPY, CCK, NOS and ChAT in different layers of adult mouse V1. To esti-
mate the percentage of PV, CR, SOM, VIP, NPY, CCK, NOS and ChAT interneurons in the population of 
GABAergic neurons, the number of each cell type/mm3 was compared to the number of GABAergic 
neurons/mm3 (adapted from Gonchar et al., 2008). 

 

Calretinin interneuron morphology and physiology 

Based on the morphology of their dendritic tree, the group of CR interneurons appears 

to be comprised of two distinct groups, a group of bipolar looking cells (BCR) and a 

group of multipolar looking neurons with a Martinotti-like structure (MCR). BCR inter-

neurons express VIP and develop in the Caudal Ganglionic Eminence (CGE). MCR inter-

neurons are positive for the SOM protein, and originate in the dorsal Medial Ganglionic 

Eminence (MGE), Figure 2 (He et al., 2016; Cauli et al., 2014; Jacobowitz and Winsky, 

1991; Kawaguchi and Kubota, 1996; Resibois and Rogers, 1992; Caputi et al., 2008; 

Barinka and Druga, 2010). BCR and MCR populations also differ in the firing pattern 

they show: bursting and attenuating respectively (Figure 5 and Table 3).  
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Figure 5. Morphology and firing patterns of BCR (left column) and MCR cells (right col-
umn). A. Cells filled with Biocytin- showing the bipolar and multipolar cell body shape of 
the two cell types. B. Differences in the firing patterns of the two cell types, bursting for 
the BCR cells and attenuating for the MCR cells. C. Representation of the two cell types 
showing the vertical (BCR) and horizontal (MCR) extensions of the axons. Scale bars: A= 
30 μm, C= 100 μm (adapted from Caputi et al., 2008). 

 

CR interneurons are preferentially localized in layer 2/3 of the neocortex (Jacobowitz 

and Winsky, 1991; Resibois and Rogers, 1992; Gabbott et al.,1997; Table 1, Table 2). 

Initially, no differences in their number were reported between the different areas of 

the cortex. However, a more detailed analysis suggested that there is a subtle gradient 

from rostral to caudal, with a higher density of CR interneurons in the visual cortex (Xu 

et al., 2010b; Elston and Gonzalez Albo, 2003; Table 2). 
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Table 2. GABAergic cell densities in different cortical layers of mouse frontal cortex (FC), 
primary somatosensory cortex (S1), and visual cortex (V1).  The densities were obtained 
from the measurement of 4-6 cortical sections and values represent the mean (SD) 
cells/mm2. The GABAergic cell density refers to the density of GFP-expressing GABAergic 
cells measured from the GAD-GFP adult transgenic mouse cortex. In yellow are high-
lighted the CR interneurons’ densities in layer 2/3 of FC, S1 and V1 (adapted from Xu et 
al., 2010b). 

 

In the rodent neocortex, almost all CR interneurons are inhibitory and use GABA as 

neurotransmitter  (Kubota et al., 1994; Gonchar and Burkhalter, 1997; Gonchar et al., 

2008). In the cerebral cortex of rodents and primates the Cajal-Retzius (CjR) cells are 

an example of CR-expressing neurons that is not GABAergic (Martinez-Cerdeno and 

Noctor, 2014). These cells can be found in hippocampus and neocortex during early 

development and disappear after the second postnatal week. These neurons produce 

reelin and are important for corticogenesis and cortical lamination during neocortical 

development (Sun et al., 2018; Quattrocolo and Maccaferri, 2014; Anstötz et al., 2016; 

Anstötz et al., 2018). In monkey prefrontal cortex, 23% of CR-immunoreactive neurons 

are not expressing GABA as neurotransmitter and a similar percentage (26%) of non-

GABAergic CR-immunoreactive neurons is present in human temporal cortex (Mel-

chitzky et al., 2005; del Rio and DeFelipe, 1996).  
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CR was shown to colocalize with different interneuronal markers: in rat, 70-90% of CR+ 

cells were also immunoreactive for VIP (Cauli et al., 2014; Rogers, 1992; Kubota et al., 

1994), while in mouse only 12% of CR interneurons express also the VIP marker (Gon-

char et al., 2008; Xu et al., 2010). Although 30-40% of CR+ cells in mouse models also 

express SOM ( Xu et al., 2006; Gonchar et al., 2008), this overlap is not present in rats 

and humans. Similar data, regarding the co-expression of CR with different interneu-

ronal markers in mice cerebral cortex, were obtained from mRNA sequencing experi-

ments from the Linnarsson lab (Zeisel et al., 2015). Figure 6 shows the Calb2 (gene 

name for CR protein), Sst (SOM protein) and Npy (Neuropeptide Y) mRNAs being ex-

pressed in the same cluster of GABAergic cells (Int1). The Calb2 mRNA is expressed as 

well in the Int9 and 10 clusters together with the Vip and the 5-hydroxytryptamine 

receptor 3A (Htr3a, serotonin receptor) mRNAs. The colocalization of the Calb2 mRNA, 

with Vip and Sst was also confirmed by the work from Tasic (Tasic et al., 2016, Figure 

3). Although CR interneurons therefore do not represent a separate or homogeneous 

class of cells, they could still have other features in common which combine well with 

their expression of Calretinin. 

 

 

Figure 6. Classification of interneurons based on Single-cell RNA sequencing showing 16 
distinct classes in somatosensory and CA1 hippocampal region. Highlighted in red the 
cluster containing the Calb2 marker and showing its colocalization with Sst. Highlighted in 
green the colocalization between the Calb2, Vip and Htr3a markers (adapted from Zeisel 
et al., 2015). 
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Calretinin interneurons connectivity 

Neuronal functions are strongly determined by their sources of inputs, the way these 

are integrated and the neurons to which their outputs are provided (Callaway, 2016). 

Based on the specific connection between BCR and MCR cells, different studies hy-

pothesized about an interesting role for CR interneurons during information pro-

cessing which we will explore in the next paragraphs. 

Outputs from CR interneurons. Whole-cell patch recordings experiments, in two neu-

rons simultaneously, done by Caputi et al., 2008, in layer 2/3 of mouse somatosensory 

cortex, showed that the main output of BCR interneurons was onto MCR interneurons 

(76.4%), then on other BCR (31.8%), on fast-spiking interneurons (29.7%) and on py-

ramidal cells (11.6%). In infragranular layers, CR interneurons were instead shown to 

innervate mainly pyramidal neurons (Barinka and Druga, 2010).  

The connectivity pattern of CR interneurons and their colocalization with VIP (Porter 

et al., 1998; Caputi et al., 2008) supported the hypothesis of a disinhibitory function 

for CR interneurons (Lee et al., 2013; Pfeffer et al., 2013; Pi et al., 2013; Fu et al., 2014; 

Staiger et al., 2004; Gentet et al., 2012;  Meskenaite, 1997; Isaacson and Scanziani, 

201; Gonchar and Burkhalter, 1999; Gulyás et al., 1996). Consequently, it has been 

postulated that CR (VIP+) cells might act as “gating cells” disinhibiting the superficial 

pathway (in layer 2/3) while inhibiting the deepest one (layer 5 and 6), functioning in 

this way as a switch between the superficial, cortico-cortical pathway and the alter-

nate pathway, reaching other cortical areas from layer 5 through pulvinar (Callaway 

et al., 2004) (Figure 7). We were intrigued by this theory and we performed a set of 

experiments in order to test whether this hypothesis was holding true. The results can 

be found in Chapter 3. 

Even though interneurons preferably form connections with cells in their proximity, it 

has been shown by retrograde labelling and axon tracing, that a small number of GA-

BAergic cells in the neocortex of mice, rats and primates, project to distant areas 

through long-range cortico-cortical connections (Higo et al., 2009; Tomioka and 
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Rockland, 2007; Tamamaki and Tomioka, 2010). CR interneurons seem to be involved 

in the formation of long-distance GABAergic cortico-cortical connections, both in mon-

keys (14% of the GABAergic cells) and mice (Tomioka and Rockland, 2007; Barinka and 

Druga, 2010; Tomioka et al., 2005). Albeit the function of these long-range GABAergic 

connections remains unknown, one of the hypothesized functions would be the syn-

chronization of gamma oscillations (Tamamaki and Tomioka, 2010). 

 

 

 

Figure 7. Schematization of the disinhibitory theory for CR interneurons. CR interneu-
rons would contact other GABAergic neurons in layer 2/3 which inhibit mainly pyramidal 
neurons in the same layer, having then disinhibition as final result. However in layer 5 and 
6 CR interneurons connect directly to the pyramidal neurons provoking the inhibition of 
this class of neurons (from Callaway et al., 2004). 

 

Inputs to CR interneurons. Different neuronal cell types receive inputs from specific 

layers of the cortex and subcortical areas. MCR interneurons, for example, receive 

their main excitatory input within layer 2/3. BCR cells show the presence of strong 

inputs also in layer 4, where the main input from the thalamus arrives into the cortex 

(Xu and Callaway, 2009). Tracer injection experiments showed that CR interneurons in 

V1 layer 1 receive long-range feedback connections from area V2, implying that they 
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might function as mediators in the modulation of V1 activity from higher visual areas. 

Layer 2/3 CR interneurons, instead, did not receive this type of long-range input (Gon-

char and Burkhalter, 2003). Both VIP and SOM interneurons, however, receive cortical 

inputs from other cortical areas (Zhang et al., 2014), and the overlap of CR interneu-

rons with the aforementioned populations, suggests that also layer 2/3 CR interneu-

rons receive input from other cortical areas.  

Morphological observations made in rats by Gonchar and Burkhalter, showed the pres-

ence of symmetric (GABAergic) synapses mainly at the level of CR interneurons’ soma 

and asymmetric (excitatory) synapses on the proximal/distal dendrites, in layer 2/3 

(Gonchar and Burkhalter, 1999). The same kind of inhibitory innervation was also pre-

sent in VIP interneurons (Staiger et al., 2004) in rat barrel cortex. More experiments 

are needed to discover the specific inputs from subcortical areas to CR interneurons. 

All we know about subcortical afferents to CR interneurons is inferred from studies 

done on other overlapping interneuronal classes like VIP or SOM. BCR interneurons 

are likely to receive neuromodulatory inputs and express ionotropic receptors for neu-

romodulators acetylcholine and serotonin, because these receptors are expressed in 

VIP interneurons (Hájos et al., 1996; Allito and Dan, 2013). Together with the presence 

of layer 4 inputs to BCR interneurons, this suggests that while both BCR and MCR in-

terneurons integrate cortical information, BCR interneurons are more modulated by 

subcortical inputs than MCR interneurons are. 

Calretinin interneurons in the primate 

Until this point, we focused on data coming from rodents to understand the functional 

characteristics of the CR interneuron group. Even though mice and rats are nocturnal 

animals with a low visual acuity, most of the visual functions observed in them are 

present also in other mammals like primates (Huberman and Niell, 2011). It is interest-

ing to know whether the information reported in the previous sections on CR inter-

neurons apply also to humans and monkeys. Thus, in this section we will explore which 

characteristics of CR interneurons can be found in humans and monkeys and which 

ones are different. 
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The morphology and the expression profile of CR interneurons in general is conserved 

from rodents to primates (including humans), with a higher concentration in layer 2/3 

of the cerebral cortex (Barinka and Druga, 2010; Kooijmans, 2016). In human, the den-

sity of CR interneurons was significantly lower in the frontal than in the temporal, oc-

cipital and parietal association cortices (Hof et al., 1993; Barinka et al., 2010). A signif-

icant difference in the neuronal count was found in medial prefrontal cortices (mPFC) 

of rat, monkey and human. The percentage of CR interneurons over the total neuronal 

population was lower in rat (4%) and the highest in monkey (11%) while in human the 

percentage was 8% (Gabbott et al., 1997a; Gabbott and Bacon, 1996a,b; Gabbott et 

al., 1997b). The ratio between CR+, PV+ and CB+ cells in mPFC was found to be about 

1.2 : 1.7 : 1 in rats, but 2.2 : 1.2 : 1 in monkeys. In general, CR interneurons are signifi-

cantly more numerous in the prefrontal cortex of monkeys than in rats, both in com-

parison to the total neuronal population as well as compared to other interneuronal 

subtypes (Barinka and Druga, 2010). A particular type of CR+ neuron, the Cajal Retzius 

(CjR) cells, which shows a glutamatergic phenotype, has been shown to be still present 

in the adult primate neocortex. Their number decreases significantly in rodents’ cortex 

in the postnatal period (Martin et al., 1999; Ábrahám et al., 2005). Nothing is known 

about other physiological or functional properties of CR interneurons in monkeys and 

humans. 

 

Calretinin interneurons and disease  

Abnormalities in GABAergic inhibition has been suggested to play a role in a variety of 

neurological and psychiatric disorders. For this reason, the number of cells in the dif-

ferent groups of inhibitory neurons have been investigated in many brain disorders. 

The number of CR interneurons was shown to be not altered in neurologic and psychi-

atric disorders like schizophrenia, Alzheimer's, multiple sclerosis or epilepsy (Hof et al., 

1993; Fonseca and Soriano, 1995; Beasley et al., 2002; Hashimoto et al., 2003; Clem-

ents et al., 2008; Garbelli et al., 1999; Aronica et al., 2007; Barinka et al., 2009). How-

ever, a significant reduction (60%) of CR interneurons was found in the anterior 
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cingulate cortex of subjects with mood symptoms of Huntington Disease (HD), but the 

number of CR interneurons was found not altered in the striatum and motor cortex of 

subjects with either mood or motor symptoms (Massouh et al., 2008; Kim et al., 2014). 

The degeneration of interneurons in general, combined with a reduction of pyramidal 

neurons, might be the source of the clinical heterogeneity in HD (Kim et al., 2014). 

Different studies suggest that this class could have a neuroprotective function in case 

of excessively increased or decreased concentration of cytosolic calcium ions. D’Or-

lando, studied the protective role against excitotoxicity in nerve cells given by CR pro-

tein and showed that cells transfected with this protein were less susceptible to gluta-

mate cytotoxicity than controls (D’Orlando et al., 2002). Supporting this study, Dong 

et al., showed in mouse models of HD, that the overexpression of the CR protein sup-

presses the cytotoxicity induced by the mutant Huntingtin (mHtt) protein, through the 

interaction with mHtt itself. Additionally, its knockdown enhances mHtt-caused cell 

death (Dong et al., 2012). 

Based on the highly conserved profile of expression of CR interneurons from rodents 

to humans it is really interesting to understand what their contribution is in neuronal 

processing. Moreover, a great unanswered question is what is the reason of having 

such a wide plethora of different interneuronal classes and of inhibition in general. 

Functions of inhibition 
As we will see in the next paragraphs, inhibition takes place during different processes 

in the brain. We will explore few of them, with a focus on visual processes. 

 

Information processing  

The integration of functionally diverse interneurons into networks increases their 

computational complexity. Different processes like feedback, lateral, feedforward in-

hibition and disinhibition, can control the activity of excitatory cells.  
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Feedback inhibition (FBI) is the process by which the activity of an excitatory neuron is 

reduced by the interneurons activated by the excitatory neuron and impinging back 

onto it. This provides a regulation of the output of the excitatory neuron and stabilizes 

its activity. A given interneuron will not only synapse back onto one excitatory cell that 

activated it, but will usually inhibit multiple neurons at the same processing stage, 

providing lateral inhibition. This process seems to be involved in surround suppression 

among other phenomena (more information about this topic can be found in the “Sur-

round suppression” paragraph below).  

In feedforward inhibition (FFI), an afferent excitatory input synapses on both an excit-

atory neuron and on a local interneuron, which in turns inhibits the excitatory cell re-

ceiving the excitatory input. This mechanism controls the temporal precision of firing 

in excitatory cells (Buzsaky, 1984). The most studied feedforward inhibitory circuit in 

the neocortex is the thalamocortical one, mediated by PV fast-spiking basket cells 

(Tremblay et al., 2016); This mechanism is important in order to produce cortical re-

sponses better representing the timing of the sensory input. 

FBI and FFI control the balance between excitation and inhibition in two different ways: 

FBI controls the outputs generated by local neurons, while FFI tracks incoming inputs 

and is independent of local network activity.  

Interneurons do not only synapse onto excitatory cells but also on other inhibitory 

neurons having a disinhibitory effect. Disinhibition is the process by which the activity 

of a neuron is “released” from inhibition through the hyperpolarization of the inhibit-

ing neurons (Isaacson and Scanziani, 2011). The first studies on interneurons-innervat-

ing inhibitory cells were done in the hippocampus. These cells were shown later to 

exist also in the neocortex, where CR interneurons connected mainly to other CR in-

terneurons or CB expressing interneurons (Caputi et al., 2009; Defelipe et al., 1999; 

Gonchar and Burkhalter, 1999, see also the “Outputs from CR interneurons” para-

graph).  

The function of inhibition can be to shape the selectivity of receiving neurons to spe-

cific input patterns, but it can also be to shape the timing of the responses. This can 
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be realized by providing a temporal window in which excitatory inputs can have an 

effect, or by opening a window for a neuron to fire. On the network scale, this tem-

poral modulation role of interneurons has an effect on the generation of neuronal os-

cillations. (Buzsáki and Chrobak, 1995; Salinas and Sejnowski, 2001; Engel et al., 2001). 

Optogenetic experiments showed that PV, fast-spiking, Basket cells have a role in 

maintaining ripple (90-140 Hz), gamma (20-80 Hz) and theta (4-11 Hz) oscillations (Car-

din et al., 2009; Sohal et al., 2009; Stark et al., 2013, 2014) and in this way mediating 

memory consolidation, regulating sensory processing and having a role in neural com-

munication in general. 

Thanks to all these processes, interneurons can control the activity in the brain in a 

complex way. The system becomes even more complex when considering that synap-

ses are dynamic and can increase or decrease their strength with repetitive stimulation 

(Markram et al., 2004). 

Having a diverse population of interneurons with each its own electrical, morphologi-

cal and molecular features, increases the level of computational possibilities and al-

lows the same excitatory neuron to have a different activity pattern depending on the 

interneuron inhibiting it, on the timing of inhibition, on the area in which the interneu-

ron is contacting the excitatory neuron. 

 

 

Inhibition in visual processing 

Amongst all the different areas in the brain, V1 represents a good model to study the 

functional properties of interneurons. Much is known about the first stages of vision 

thanks to the experiments started by Hubel and Wiesel and followed by many others. 

In V1, the response properties of neurons have been extensively classified, in particu-

lar by measuring their responses to drifting gratings. Drifting grating stimuli are sinus-

oidal black and white bars, moving in a direction which is perpendicular to the orien-

tation of the grating, used to visually stimulate a neuronal response in V1. Neurons are 

selectively responsive to gratings of a particular orientation or drifting in a particular 
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direction. A grating stimulus can have different spatial frequencies, defined as the 

number of cycles (one cycle is one white and one black bar) per degree of visual angle, 

and can drift or reverse at different temporal frequencies, defined as the number of 

cycles per second. Neurons can respond stronger to specific temporal or spatial fre-

quencies. Additionally, neurons can vary their response depending on the size of a 

stimulus. Often, when a circular patch of grating is presented, the response first grows 

with the size of the patch, but then decreases when the grating patch is extended even 

more. This phenomenon is called surround suppression. 

One of the questions scientists worked on was to understand how these responses 

profiles are generated in V1 and how inhibition contributes to them. For this reason, 

the response profiles of different classes of interneurons have also been investigated. 

What the role of inhibition is during visual processing, is still a matter of discussion, 

but we do have some information related to some of the interneuron subclasses. Fea-

tures like orientation selectivity, surround suppression, size tuning, temporal/spatial 

frequency tuning and contrast tuning have been found to be dependent on the inhib-

itory neuron subtypes. We survey what is known about these visual response proper-

ties in relation to the different interneuron types in the next sections. An overview of 

this information can be found in Table 3 at the end of this chapter. 

 

Orientation selectivity. Orientation tuning is one of the main properties displayed by 

neurons in V1. In 1959, Hubel and Wiesel demonstrated that neurons in the striate 

cortex of cats show a preference for specific stimulus orientations (Hubel and Wiesel, 

1959). It was later shown by Reid and Alonso that this property correlated with the 

alignment of on/off centre cells in the LGN that gave input to the cells in V1 (Reid and 

Alonso, 1995). Experiments performed in monkey and cat by Hubel and Wiesel shed 

further light on the organization of the orientation-selective neurons in V1. Neurons 

responding to the same stimulus orientation are organized in vertical columns span-

ning from the pial surface to the white matter called orientation columns (Hubel and 

Wiesel, 1974 and 1962). In mice, V1 neurons show selectivity for orientation but 
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orientation columns are not present. Inhibitory neurons in mice though, have a much 

broader selectivity than excitatory cells (Kerlin et al., 2010; Sohya et al., 2007; Niell and 

Stryker, 2008). In cats, where orientation columns are present, interneurons show a 

higher orientation selectivity than in mice (Azouz et al., 1997; Cardin et al., 2007). As 

mentioned earlier, one of the hypotheses was then, that the responses of layer 2/3 

interneurons in visual cortex were reflecting the average response of the surrounding 

population (Kerlin et al., 2010) (Figure 8). 
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Figure 8. Interneurons are less orientation tuned than excitatory neurons and reflect the 
average response of the surrounding population. A. Calcium transients (black) and spike 
rates (grey) of a putative excitatory neuron,  during visual stimulation with oriented grat-
ings. On the right a polar plot of average tuning as measured by calcium transients (black) 
and spike rates (grey) for the same excitatory cell (average of 0 s to 4 s post-stimulus 
onset). B. Same as A for a PV neuron (red: calcium transients; grey: spike rates). C. Mean 
orientation selectivity of responsive excitatory neurons (in black) and subtypes of GABAer-
gic neurons (in red). N's for each class are shown in white. All error bars are ± SEM. * 
indicates p<.05. D. Model of GABAergic tuning as a reflection of local population average. 
In regions with highly organized maps (like the cat visual cortex; on the left) the orienta-
tion preference of inhibitory neurons (central ellipse) reflects the iso orientation of the 
surrounding population (triangles representing the pyramidal neurons) and results in 
highly orientation tuned interneurons. In regions with coarsely organized maps like the 
mouse barrel cortex (centre) the GABAergic neurons can be moderately tuned. In regions 
like the mouse visual cortex, with no orientation columns, the GABAergic neurons are 
broadly tuned (adapted from Kerlin et al., 2010). 
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Orientation selective neurons can have a preference for a specific direction of the pre-

ferred axes. According to the study of Ma, SOM interneurons, in layer 2/3 and 4 of V1, 

showed a wider range of orientation selectivity than PV interneurons (Ma et al., 2010). 

This result was notable given the overall lower selectivity of GABAergic neurons (Fig-

ure 9). The orientation selectivity of CR interneurons was not known. The general low 

orientation selectivity of interneurons suggests that CR interneurons would be rela-

tively unselective, but the overlap of the group of CR interneurons with SOM interneu-

rons, suggests that also CR interneurons may have a subgroup of more selective neu-

rons. We will investigate this issue in Chapters 2 and 3. 

 

 

Although the orientation preference of cortical neurons in layer 4 aligns well with the 

displaced inputs from LGN On- and Off-center surrounds relay cells (Li et al., 2013; Lien 

and Scanziani, 2013), it has long be suspected that intracortical inhibition also has an 

influence on orientation tuning of cortical neurons (Ferster and Miller, 2000). Optoge-

netic experiments have confirmed that PV interneuron activation enhances the orien-

tation and direction selectivity of excitatory neurons, both in anesthetized and awake 

mice (Lee et al., 2012). Not only PV interneurons modulate orientation tuning, but also 

SOM interneurons can change selectivity. PV and SOM interneurons perform different 

types of inhibition on visual responses (Wilson et al., 2012). The former have a divisive 

effect on neuronal responses, thus reducing the response level of the cell in a way 

Figure 9. SOM interneurons can 
be more selective than other 
GABAergic subclasses. Distribu-
tion of the orientation selectivity 
index of SOM and PV interneu-
rons in layer 2/3 of mouse V1 
compared to excitatory neurons. 
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which is dependent on the firing strength of the neuron. The latter have a subtractive 

effect, giving a uniform suppression regardless of the activity of the cell. This results in 

a larger effect on orientation selectivity of SOM interneurons than of PV interneurons 

(Figure 10). We tested whether CR activation would cause any change on stimulus 

selectivity but we did not find any specific effect. 

 

 

Surround suppression. The classical receptive field (CRF) of a neuron is that region of 

the visual field within which the appropriate stimulation can trigger the spiking re-

sponses of that neuron. V1 cells typically respond to stimuli presented in their CRF, 

while stimulation falling outside the CRF of a cell does not activate it directly but can 

modulate the cell’s response to stimuli inside its receptive field. One of the examples 

of this modulation is a phenomenon called “surround suppression” which we already 

introduced earlier. This effect is the reduction in a neuron’s response when a stimulus 

of increasing size grows outside the borders of the CRF of that neuron, after an initial 

increase in firing (Angelucci and Bressloff, 2006). Different studies demonstrated that 

inhibition has a role in surround suppression. Adesnik showed that one of the key play-

ers of this phenomenon might be SOM interneurons (Adesnik et al., 2012). These cells, 

in contrast to PV interneurons, increase their response to stimuli of increasing size due 

to their horizontal connections with pyramidal neurons (Table 3). Furthermore, silenc-

ing SOM interneurons increased the responses of pyramidal neurons specifically for 

large stimuli, and thus reduced surround suppression (Figure 11). However, silencing 

SOM interneurons did not completely abolish surround suppression, and it is therefore 

Figure 10. Impact of PV- and SOM-
driven inhibition on the tuning of 
neuronal responses. Average tuning 
curves showing control responses 
and effects of PV (blue) or SOM (pink) 
neurons photoactivation expressing 
mCherry-ChR2 (adapted from Wilson 
et al., 2012). 

 

 

PV SOM 
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likely that there are other sources for surround suppression. In Chapter 3, we investi-

gate the question whether this could be CR interneurons. A reduction in surround sup-

pression occurs during movement (Ayaz et al., 2013) as shown in Figure 12. 

 

Figure 11. Different roles of PV and SOM interneurons during surround suppression. A. 
Electrophysiological response of PV (green) and SOM (yellow) interneurons to visual stim-
uli of increasing size. Inset: Average of the normalized but not peak-aligned size tuning 
curves. B. SOM interneurons hyperpolarization through archaerhodopsin light activation 
(Arch). Average peak-aligned and scaled size tuning curves for single units. Black: Control 
conditions; orange: SOM hyperpolarization, All error bars are SEM. C. Schematic illustra-
tion of the cortical circuit in layer 2/3 contributing to surround suppression. As a visual 
stimulus expands (shades of grey), recruitment of adjacent PCs increases SOM excitation 
through horizontal axons (horizontal arrows) (adapted from Adesnik et al., 2012). 
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Figure 12. Surround suppression is reduced during locomotion. A. and B. show two ex-
ample cells. In red and blue is represented the response of neurons to grating of increas-
ing size while the mouse was stationary or running respectively. C. Population average 
response normalized to the peak stationary response. Error bars represent SEM (adapted 
from Ayaz et al., 2013). 

 

Experiments done with mouse lines expressing Cre-recombinase in selective interneu-

ron subsets and calcium imaging have shown that disinhibition is at the base of this 

process (for information regarding the Cre-Lox system check Box 1). VIP interneurons 

would be the key players in blocking the activity of SOM interneurons and increasing 

the responses to larger portions of the visual space (increasing the preferred stimulus 

size and decreasing the strength of size tuning) (Fu et al., 2014). The preferential con-

nection between VIP and SOM interneurons can be inferred also from Figure 13 (Pfef-

fer et al., 2013).  
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Figure 13. VIP interneurons are the main presynaptic contributors of SOM interneurons 
A. Heat map of the normalized individual neuronal contributions of three presynaptic in-
terneuron classes (PV, SOM, VIP) onto four postsynaptic neuron categories. The ChR2-
expressing presynaptic population was stimulated with blue light while recording the re-
sulting inhibitory postsynaptic current (IPSC) from postsynaptic interneurons in the volt-
age-clamp configuration. B. Schematization of the connections between PV, SOM and VIP 
and pyramidal neurons (adapted from Pfeffer et al., 2014). 
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Box1 - Cre-Lox system 

The Cre-Lox system is a technology widely used in mammals for genetic editing, which finds its origins in 
the bacteriophage P1. It involves the use of an enzyme, the Cre protein, which recombines two short 
genetic sequences called LoxP sites. The LoxP sites are made of two 13 bp sequences separated by an 8 
bp spacer region. Depending on the location and orientation of the LoxP sequences, the activity of the 
enzyme Cre-recombinase can have different effects: 

a. Excision. If the LoxP sequences are flanking the gene in the same orientation, recombination will 
result in the excision of the sequence. This is practically irreversible. 

b. Inversion. If the LoxP sites are flanking the gene in opposite directions, the DNA sequence will be 
inverted. Since the LoxP sites remain unchanged, this process is reversible and the gene can flip back 
and forth between the two orientations indefinitely. 

c. Translocation. If the LoxP sites are on two separated DNA sequences, Cre recombinase will cause 
the translocation of the gene. This process is reversible. 

 

Scientists discovered that Cre recombinase would only work if the LoxP sites would have the same iden-
tical spacer sequences. However two mutant LoxP (LoxPm) sites, with the same mutation in the spacer 
region, could be recombined. Different variations of the LoxP sites were created and combined together 
to make FLEx (Flip Excision) switches. In this case the gene of interest is flanked by two incompatible LoxP 
sites. The Cre recombinase will cause first an inversion of the gene of interest, using the compatible LoxP 
sites, and then the excision of the sequence containing two identical LoxP sites in the same orientation. 
This will result in the gene of interest being flanked by two incompatible LoxP sites, through an irreversi-
ble process. 

 

In the experiments described in Chapter 2, we used Excision. Our mouse line resulted from the cross of a 
Calb2-Cre mouse (Cre was expressed just in CR cells) and a tdTOM mouse line (the tdTomato fluorescent 
protein was inserted in the Rosa26 locus, but its expression was blocked by a STOP cassette flanked by 
two LoxP sites). In this way, the transcription of tdTomato was activated only in the cells which expressed 
the Calb2 gene at least once, after the excision of the STOP cassette. In Chapter 3 we used a FLEx switch 
instead. Our mouse line was still the Calb2-Cre line, but we injected a virus containing the tdTomato 
vector, inverted and flanked by one wild type LoxP site and one mutated site, at either side of its se-
quence. This is called a DIO (Double-Floxed Inverse Orientation) FLEx switch.  
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Table 3. Diversity of interneurons subtypes in Mouse neocortex 

 PV SOM CR 

Morphology BC  (most represented). 
ChC: candlesticks-like vertical boutons 
17. 
MPB17: multipolar and bitufted den-
drites. 

Martinotti3: Multipolar and bitufted dendritic 
arbor (axons in L1). 
N-Martinotti16: Multipolar and bitufted den-
drites (no axons in L1). 

Bipolar (VIP expression). 
Multipolar-Martinotti 
(SOM expression). 
Double bouquet.10 
L1 Cajal Retzius cells.16 

Electrophysiological  
properties 

BC and ChC: FS (ChC slower than BC). 
MPB: BS followed by RS spiking. 
Excitatory input onto PV show STD17. 

Martinotti: LTS17, FA3, BS,  RS. 
N-Martinotti: FA3,16, Action potential speed be-
tween Martinotti and PV BCs 16,17. 
Excitatory input onto SOM show STF3,16,17. 

RS,  BS (Bipolar)13, IS16, FA, 
Attenuating (multipolar)13. 

Connectivity OUTPUT: 
BC 
-Soma/ Proximal dendrites of Pyr, PV17.  
-BC: electrically connected to each 
other and to ChC. They have inter- and 
intralaminar/columnar axonal arbors. 

ChC 
-Axon of PCs.  
- A single ChC innervates more PCs.  
 
MPB 
-Dendritic shafts/spines of L2/3 Pyr. 

INPUT: 
-FF exc input from L4.6 
-Recurrent connections in L2/3.6 
-Inhibitory from L2/3.6 

OUTPUT: 
Martinotti 
-Dendrites of PC in L1 and other INs (PV and Vip) 
in different layers. IN in L2/3 mainly contacting 
PC.6 
-L5/6 IN connecting to cells in L2/3. 

N-Martinotti 
-L4 N-Martinotti: contacting mainly dendrites of 
PV (disinhibition.)19  
-L5 N-Martinotti: contacting L4-5 Pyr dendrites. 

Electrically connected to each other.16,3 

INPUT: 
-Exc input from L2/3.12 
-Inhib from L2/3, 4, 5. 6,12 

OUTPUT:  
-L1 Dendrites, proximal 
dendrites of Pyr cells in 
general. 16,3 

-Horizontal connections in 
distal dendrites of Pyr cells. 

-Descending axons target-
ing dendritic spines and 
shafts across layers. 

Orientation selectivity -OSI lower than Pyr cells.5 
-High OSI (in a subset of PV INs in su-
perficial layers of mouse V1).1 

-OSI lower than Pyr cells.5 

-A subgroup has higher OSI.8 
OSI lower than Pyr cells.11 

Surround suppression Suppressed.4 Not suppressed.4 Less surround sup-
pressed.13 

Colocalization  CB (in BC and ChC).2 CR, NPY, Reelin, CB, CCK16  SOM, VIP, NPY,  5-HT3aR, 
Reelin16 

Laminar distribution BC : L4 and L5  (mainly) with local ax-
ons.17 Supra and infragranular BC pro-
ject laterally 

ChC: L2/3 and 5/6 (mainly) but also in 
L1-L2 border. 16, 17 

MPB: L2/3 

Martinotti: L2/3 (mainly), 4 and 5/6. Local axon 
arborization and long ascending axon that 
spreads horizontally and arborizes significantly 
in L1. 16 

N-Martinotti: L4/5 (mainly)18, L4 axons extend 
locally and in L2/3. 

L5/6: local axons and ascending to L4. 

Mainly L2/316 

 

Functional relevance -FBI.3,16 

-Firing synchrony of populations of neu-
rons.16 

-FFI (mainly mediated by PV FS BC). 

-Transcolumnar lateral inhibition. 

-Gamma/Theta oscillations.16 

-FBI. 

- inhibition of PV untuned component.9 

-Increase stimulus selectivity of Pyr neurons.20 

-Involved in SS in V1.16 

-Regulating Feedback and lateral connections of 
excitatory cells in L1 (Martinotti). 

-FBI (Martinotti cells). 

-Inhibition of vertically ori-
ented Pyr neurons (small 
bipolar cells). 
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Table 3. Diversity of interneurons subtypes in Mouse neocortex (continuation) 

 NPY VIP CCK 

Morphology Large BC, Martinotti cells, NgfC, Multipolar 
cells, Cajal Retzius cells.3,16,17 

Bipolar (mostly) and multipolar3, 
Bitufted17, Small BC16, Double bou-
quet16, Small CCK cells.17 

Large BC (Vip -). 
 
Small BC (Vip +). 
 
Double bouquet cells, a subtype of 
bipolar Vip cell. 3,16, 

Electrophysiological  
properties 

FS, IS, RS, BS16 IS, BS, FA16,3 

 
RS, BS16,17 

Connectivity OUTPUT:  
-Proximal dendrites/soma of Pyr cells and 
BC. 
 
-Dendrites, axonal plexus in layer I, Hori-
zontal connections to distal dendrites of 
Pyr cells. 
 
-Dendritic shafts.16,3 

OUTPUT: 
-Soma and proximal dendrites of 
SOM16,3 and PV (weakly) in L2/3. 
 
-Intracolumnar axonal arbor cross-
ing different layers.3 

OUTPUT: 
-Perisomatic synapses on PCs and 
INs. 16,3 

Orientation selectivity Unknown OSI lower than Pyr cells.5  Unknown 
 
 

Surround suppression Unknown Suppressed21 Unknown 

Colocalization  SOM, VIP, PV, CB, CCK, 5-HT3AR, Reelin.16 CR (bipolar), CCK13,17, ChAT, 
5HT3aR. 

Vip or VGLUT33, NPY (in large BC)2 

5HT3aR. 

Laminar distribution -L2–6. 
 
-L1-L2 border and deep layers (Multipolar 
cells16). 

-L 1-6 (L 2/3 mainly16,3). -L 1-6  (L 2/3 mainly17). 

Functional relevance -FFI (Large BC). 
 
-Lateral inhibition across cortical columns 
(Large BC). 
 
-FBI (Martinotti). 
 
-Gamma oscillations (BC). 
 
-Theta oscillations16 (BC). 
 
-Neuronal migration (Cajal Retzius). 

-Receiving inputs from several lay-
ers (translaminar dendrites)14. 
 
-Contacting SOM cells (CR+) 13, 14. 
 
-Disinhibition and contextual mod-
ulation, during locomotion15. 

-Lateral inhibition (Large Basket 
cells)2. 

 

Abbreviations: BC= Basket cells; BS= Burst Spiking; ChC= Chandelier Cells; FA= Frequency Adapting; FBI= Feedback Inhibition; 
FFI= Feed Forward Inhibition; FS= Fast Spiking; IN= Interneuron; IS= Irregular Spiking; LTS= Low Threshold Spiking; MPB= 
MultiPolar Bursting cells; NgfC= Neurogliaform Cells; N-Martinotti= non-Martinotti cells; OSI= Orientation Selectivity Index; 
PC= Principal Cells; RS= Regular Spiking; STD= Short-Term Depression; STF= Short-Term Facilitation; SS= Surround Suppression.  

References :1. Runyan et al., 2010; 2. Markram et al., 2004; 3. Trembley et al., 2016; 4. Adesnik et al., 2012; 5. Kerlin et al., 
2010; 6. Callaway, 2016; 7. Gonchar et al., 2008; 8. Ma et al., 2010; 9. Cottam et al., 2013; 10. Xu et al., 2010 ; 11. Camillo et 
al., 2018; 12. Xu and Callaway, 2009; 13. Caputi et al., 2009; 14. Jiang et al., 2015 ; 15. Keller et al., 2020; 16. Katsarou et al., 
2017; 17. Fishell and Rudy, 2011; 18. Ma et al., 2006 ; 19. Xu et al., 2013 ; 20. Wilson et al.,2012 ; 21. Di Poppa et al., 2018 
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Aims of the thesis 
The study presented in this thesis focuses mainly on CR interneurons and on the char-

acterization of their functional role during visual processing. Inhibition is known to play 

a function in visual processing and has been investigated extensively, but even though 

Calretinin interneurons constitute the largest class of inhibitory neurons in layer 2/3 

of V1, not much is known about their role. We do not know, for instance, what the 

visual response properties of CR interneurons are. Anatomical and in vitro investiga-

tions in rodents and monkeys (Meskenaite, 1997; Gonchar and Burkhalter, 1999; Ca-

puti et al., 2009) showed that CR interneurons primarily inhibit inhibitory neurons. 

These findings led to the hypothesis that their effect on pyramidal neuron activity 

would be disinhibitory and, more specifically, that they would have a gating role, act-

ing as a switch between the superficial cortico-cortical pathway in layer 2/3 and the 

pathway reaching other cortical areas from layers 5-6 (Callaway et al., 2004). The va-

lidity of this hypothesis remained untested, and Calretinin neurons were considered 

to be the enigmatic cortical interneurons (Cauli et al., 2014). 

In Chapter 2, we set out to study visual functions, like orientation, direction, spatial 

frequency, temporal frequency and size tuning, of cortical CR neurons. To do that, we 

performed two-photon calcium imaging experiments in mouse V1, while presenting 

visual stimuli. The mice were offspring of a cross between a mouse line expressing Cre 

recombinase under the control of the Calb2 promoter and a Cre-dependent reporter 

mouse line expressing the red fluorescent protein tdTomato. In these mice, tdTomato 

is not only present in cells expressing Calretinin at the time of the experiment, but also 

in neurons that have only expressed Calretinin in their past. During our investigation, 

we discovered that Calretinin is also expressed in the perinatal stage of mice in a sub-

group of cortical pyramidal neurons. We therefore investigated whether the cells that 

have had a common CR-expression in the past, have a shared functional role during 

visual processing.  
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In Chapter 3, we obtained a selective expression of the tdTomato protein exclusively 

in neurons that were positive for CR at the time of the experiment. We achieved this 

by injecting a virus containing a DIO tdTomato reporter vector (see Box 1) in transgenic 

mice expressing Cre recombinase under the control of the Calb2 promotor. Since 

tdTomato expression was dependent on the presence of Cre recombinase after viral 

transduction, only the neurons expressing Calretinin were highlighted by red fluores-

cence. We could then examine the visual response properties of these neurons. More-

over, we wanted to understand if the theory regarding their disinhibitory function was 

valid and so whether the activation of CR interneurons would result in the increased 

activity in the general population (Lee et al., 2013; Pfeffer et al., 2013; Pi et al., 2013; 

Fu et al., 2014; Staiger et al., 2004; Gentet et al., 2012; Meskenaite, 1997; Isaacson 

and Scanziani, 2011; Gonchar and Burkhalter, 1999; Gulyás et al., 1996). For this aim, 

we used extracellular electrophysiology to study the effects in V1 of optogenetic acti-

vation of CR interneurons. 

Chapter 4 is not specifically related to CR interneurons, but to visual processing in gen-

eral. In this chapter, we study the relationship between temporal frequency and con-

trast in mouse V1. Neurons in the visual cortex show specific responses to stimuli with 

different temporal frequencies. Initially, temporal frequency tuning and contrast tun-

ing responses of V1 neurons were believed to be independent from each other (Foster 

et al., 1985) but later experiments done on monkey and cat V1 showed that this was 

not completely true (Albrecht, 1995; Priebe et al., 2006). Temporal frequency tuning 

was previously measured in mouse V1 only at high contrast (Niell and Stryker, 2008; 

Gao et al., 2010; Durand et al., 2016), and its dependency on contrast was still un-

known. In chapter 4, we address this issue and determine the relation between the 

two features. To do this, we presented drifting gratings, varying in temporal frequency 

and contrast, while extracellularly recording the responses of mouse V1 neurons. In 

particular, we were interested to know whether any relation between these two visual 

features could be explained by the divisive normalization model. This model was 
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introduced by Heeger in order to explain some specific non-linear responses in V1 and 

was later on shown to be applicable to many aspects of coding in the visual system 

(Heeger, 1992). Although there is no direct link of this chapter with Calretinin inter-

neurons, it is has been hypothesized that inhibitory neurons in general play a role in 

the divisive normalization operation (Carandini et al., 1997). However, the way in 

which this mathematical model is implemented in the brain is still source of discussion.  

In Chapter 5, we elaborate on how the different experimental chapters are related to 

each other and we present suggestions on how to bring forward the research about 

CR interneurons’ functions in the brain. 
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Abstract 
Calretinin is a calcium-binding protein often used as a marker for a subset of inhibitory 

interneurons in the mammalian neocortex. We studied the labelled cells in offspring 

from a cross of a Cre-dependent reporter line with the CR-ires-Cre mice, which express 

Cre recombinase in the same pattern as calretinin. We found that in the mature visual 

cortex, only a minority of the cells that have expressed calretinin and Cre-recombinase 

during their lifetime is GABAergic and only about 20% are immunoreactive for 

calretinin. The reason behind this is that calretinin is transiently expressed in many 

cortical pyramidal neurons during development. To determine whether neurons that 

express or have expressed calretinin share any distinct functional characteristics, we 

recorded their visual response properties using GCaMP6s calcium imaging. The aver-

age orientation selectivity, size tuning, and temporal and spatial frequency tuning of 

this group of cells, however, match the response profile of the general neuronal pop-

ulation, revealing the lack of functional specialization for the features studied. 
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Introduction 
Calretinin (gene symbol Calb2) is a calcium-binding protein that took its name from its 

structural similarity to calbindin and to the location where it was first discovered, the 

retina. In the mammalian neocortex, calretinin is one of the traditionally used markers 

to categorize interneurons, along with other proteins such as parvalbumin and soma-

tostatin (Gonchar and Burkhalter, 1997). Indeed, in adult rodents, most or perhaps all 

calretinin-immunoreactive (CR-IR) neurons in the cerebral cortex stain positive for the 

inhibitory neurotransmitter GABA (100%, Kubota et al., 1994; >93%, Gonchar and 

Burkhalter, 1997; 100%, Gonchar et al., 2008). In layer II/III of mouse primary visual 

cortex, CR-IR neurons are even the most abundant class of GABAergic neurons (41%, 

Gonchar et al., 2008). The exclusively GABAergic nature of cortical CR-IR neurons is not 

conserved across mammals, though, as in monkey prefrontal and human temporal ne-

ocortex about a quarter of the CR-IR neurons are not positive for GABA (del Río and 

De Felipe, 1996; Melchitzky et al., 2005). Still, in both monkey and rodent, the class of 

CR-IR neurons contains morphologically similar groups, in particular the double-bou-

quet neurons of layer II/III and a subpopulation of Cajal-Retzius neurons in layer I 

(Condé et al., 1994; see also Barinka and Druga, 2010 for a review). 

Despite their abundance, surprisingly little is known about the function of CR-IR cells. 

The only indirect functional information comes from two anatomical findings. First, 

calretinin interneurons mainly target the dendrites of other GABAergic neurons in the 

visual cortex in both rat (Gonchar and Burkhalter, 1999) and monkey (Meskenaite, 

1997). They can thus exert a disinhibitory effect on pyramidal neurons. For this reason, 

CR-IR interneurons are hypothesized to be gating cells (Callaway, 2004) and necessary 

for persistent activity (Wang et al., 2004). Second, layer I calretinin interneurons are 

targeted by feedback connections from higher order visual areas (Gonchar and 

Burkhalter, 2003). They are thus well-positioned to convey feedback information like 

attentional signals and scene interpretation (Lamme and Roelfsema, 2000). Other than 

that in rodent cortex CR IR cells are not fast-spiking (Kawaguchi and Kubota, 1997; 
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Porter et al., 1998; Kawaguchi and Kondo, 2002), we have no physiological information 

about their function and response properties. 

For this reason, our original aim was to study the receptive field properties of CR-IR 

neurons in the mouse primary visual cortex using calcium imaging. To achieve this, we 

crossed the CR-ires-Cre mouse line, which expresses the enzyme Cre-recombinase in 

a fashion similar to endogenous CR-expression (Taniguchi et al., 2011), to a Cre-de-

pendent reporter mouse line expressing the red fluorescent protein tdTomato 

(Madisen et al., 2010). Rather than marking the current situation of CR expression, the 

tdTom label will not only be present in all cells that express the Calb2 gene, but also in 

all cells that have expressed Calb2 in their past. Although, in many other interneuron 

Cre-mouse lines these two populations are not too distinct (Taniguchi et al., 2011), 

they are not necessarily the same. Using immunohistochemistry and the Allen Insti-

tute’s in situ hybridization data (Lein et al., 2007; Oh et al., 2014), we investigated to 

which extent these classes overlap, and found that there is extensive transient expres-

sion of CR in excitatory neurons during development. The group of tdTomato-positive 

(tdTom+) cells is thus far larger than the CR-IR interneurons that we originally set out 

to study. Calcium imaging in these animals, with the genetically encoded calcium indi-

cator GCaMP6s (Chen et al., 2013) under the neuronal synapsin promoter, showed the 

tdTom+ neurons to be a large heterogeneous group with response properties similar 

to the general, tdTomato-negative (tdTom−) population. 

 

 

 

 

 

 

 



67 
 
 

Material and Methods 

Animals and anaesthesia 

We used male and female, 2–4 months old mice from a cross of homozygous B6; 

129S6-Gt(ROSA)26Sortm14(CAG−tdTomato)Hze/J mice (Madisen et al., 2010; Jackson 

Laboratories), in which a Cre- dependent transgene encoding the tdTomato fluores-

cent protein is inserted in the ROSA26 locus, with homozygous B6(Cg)Calb2tm1(cre)Zjh/J 

(Taniguchi et al., 2011; Jackson Laboratories) mice expressing Cre-recombinase follow-

ing the pattern of Calb2 expression. For the surgeries (viral injection and window im-

plantation), we anesthetized the mice with isoflurane (1.5–2.5% vol/vol) and adminis-

tered three subcutaneous injections: dexamethasone (4 mg/kg), metacam (1 mg/kg), 

amoxicillin (100 mg/kg). We assessed the depth of anaesthesia with the pedal reflex. 

To protect the mice’ eyes, we used Cavasan ointment. During two-photon calcium im-

aging, the animals were anesthetized with 0.5–1.5% vol/vol isoflurane. We adjusted 

the flow rate depending on the response level of the animal in order to have the lowest 

percentage to keep the animal in an anesthetized state. The temperature of the mouse 

was maintained at 37 ° C with heating pad and rectal probe during both surgeries and 

recordings. All animals were kept in a 12 h day/night cycle with access to food and 

water ad libitum. Experiments were carried out during the day cycle. All experiments 

were approved by the institutional animal care and use committee of the Royal Neth-

erlands Academy of Arts and Sciences. 

Surgical procedures 

For the detection of the calcium changes, we used the genetically encoded calcium 

indicator GCaMP6s (Chen et al., 2013). Mice were injected in the right V1 (stereotactic 

coordinates: 2.9 mm lateral, 0.4 mm anterior to lambda), at a depth of 400 μm, with 

80 nl of a solution containing the virus AAV1.Syn.GCaMP6s.WPRE.SV40 (virus titer 3.04 

× 1013 gc/ml, University of Pennsylvania Vector Core) using a Nanoject volume injection 
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pump (Drummond Scientific Company). Two weeks after the viral injection, the mice 

were anesthetized and surgically implanted with a glass window over a V1 craniotomy 

(Van Versendaal et al., 2012). At the start of the surgery, the scalp was anesthetized 

with Xylocaine and removed. Then a coated iron ring was attached with Loctite 454 

over V1 to the bone parallel to the plane of the skull and sealed with black dental 

cement to reduce the amount of light from the monitor entering the microscope. A 

craniotomy was drilled with a 2 mm diameter and after opening the brain was kept 

moist with artificial cerebro-spinal fluid (ACSF), consisting of a solution of 125 NaCl, 10 

Hepes, 5 KCl, 2 MgSO4, 2 CaCl2 and 10 Glucose, in mM. The space between the dura 

and the 5 mm glass window was filled with silicon oil (∼10 mPa · s viscosity, DC 200, 

Fluka Analytical, UK) and sealed with a type 1 glass coverslip 100 μm thickness fixed 

with dental cement. With dental cement also a well was created to contain the water 

for the immersion objective of the microscope. We started the imaging sessions 10 

days after the surgery. We generally did not experience any tissue growth under the 

glass window. The window was cleaned before the imaging session with 70% ethanol. 

Two-photon calcium imaging 

For imaging we used a converted Olympus BX61WI confocal microscope equipped with 

a Ti-sapphire laser (Mai-Tai, Spectra-physics, CA, USA), with two non-descanned PMTs 

with filters optimized for GFP and RFP (Semrock BrightLine FF01520/70, FF01-625/90, 

and FF555-Di03 dichroic). The mice were head-fixed under the objective using a mag-

netic holder connected to the metal ring previously implanted over the skull of the 

animal (see surgical procedures). The magnet1 had the following specifications: 21 mm 

outer diameter, 15 mm inner diameter at top, 9 mm inner diameter bottom, 2 mm 

thick2. A black cloth was used to cover the objective in order to prevent the light com-

ing from the monitor to reach the PMTs. Two-photon laser scanning microscopy was 

performed using a wavelength of 910 nm and neurons were imaged using a 20X water-

                                                            
1 http://www.supermagnetman.net 
2 https://sites.google.com/site/alexanderheimel/protocols/magnetic-head-holder for more details. 
 

http://www.supermagnetman.net/
https://sites.google.com/site/alexanderheimel/protocols/magnetic-head-holder
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immersion objective (Olympus, 0.95 NA). We scanned at seven frames per second. 

Time series recordings of these neurons were performed while showing visual stimuli. 

Visual stimulation 

Stimuli were presented on a gamma-corrected Dell UltraSharp U2312HM 23 full HD 

LCD monitor, placed 15 cm in front of the mouse and oriented toward the contralateral 

eye. Stimuli were made with custom-made Matlab scripts, available at 

https://github.com/heimel/InVivoTools, a fork from code written by Steve Van Hooser, 

and employed the PsychoPhysics Toolbox 3 (Kleiner et al., 2007). We first measured 

orientation tuning, using full screen square-wave drifting gratings with different direc-

tions going in steps of 30◦. Unless otherwise mentioned, the stimulus duration was 2 s, 

the interstimulus was an isoluminant grey screen of 3 s, contrast was 90%, temporal 

frequency was 2 Hz and spatial frequency 0.05 cpd. For each test, stimuli were re-

peated until 5 min of imaging was reached, i.e., 4–5 repetitions for each stimulus. Cir-

cular ROIs were drawn around the cells, and one responsive tdTom+ cell was chosen 

for which subsequent stimuli were optimized. The analysis was constrained to neurons 

with similar stimulus preferences. Usually, there were a number of such cells per field 

of view. The center of the receptive field of a neuron was assessed by presenting a 

drifting grating of the preferred direction in one of 6 × 3 grid locations on the monitor. 

Next, a size tuning stimulus was shown centered at the center-of-mass of the re-

sponses of the chosen neuron to all patches, at its optimal direction, 20–40–60–80–

100◦ of visual angle, 2 Hz and 0.05 cpd. Spatial frequency tuning curve was assessed 

using a full screen sinusoidal stimulus of 0.01, 0.021, 0.044, 0.092, 0.191, 0.4 cpd at 

the optimal orientation for the chosen neuron. Determining temporal frequency tun-

ing was done with a full screen sinusoidal grating drifting at 1, 3, 8, 12, 16, 20 Hz. 

Analysis of calcium signals 

Circular ROIs were drawn centered in all cells expressing GCaMP6s using custom 

Matlab scripts. The changes in fluorescence were divided by the average fluorescence 

just before stimulus onset to obtain F/F. Response was defined as the average F/F from 

https://github.com/heimel/InVivoTools


70 
 
 

0.5 s after stimulus onset to stimulus offset. Cells were said to be responsive if a one-

sided t-test of responses versus baseline fluorescence was significant at the 0.1 level. 

Only cells that were responsive and had a maximum response of at least 5% were in-

cluded in the analysis. Orientation selectivity index was defined as OSI = √{[ƩR(ϕ) 

sin(2ϕ)]2 + [ƩR(ϕ) cos(2ϕ)]2}/ƩR(ϕ), where ϕ is the angle of the stimulus and R(ϕ) the 

neuron’s response to it. This is equal to 1 – circular variance. Direction selectivity index 

(DSI) was defined by DSI = √{[ƩR(ϕ) sin(ϕ)]2 + [ƩR(ϕ) cos(ϕ)]2}/ƩR(ϕ). The suppression 

index was defined as the (Rp-Rl)/Rp where Rp is the response to the smallest stimulus 

that reached 95% of the maximum response, and Rl the response to the largest stim-

ulus (Ayaz et al., 2013). Using the red channel, cells expressing tdTomato were identi-

fied. One tdTom+ cell was chosen to optimize the stimuli, but for calculating popula-

tion responses for the subsequent stimuli, we selected only cells whose preferred ori-

entation differed 30◦ or less from the presented orientation, and had a receptive field 

center within 100 pixels of the center of the size stimulus. For the spatial frequency 

tuning we used slightly different criteria in that we selected cells whose preferred ori-

entation differed 60◦ or less from the presented orientation. 

 

Immunohistochemistry and in situ hybridization 

 After an overdose of pentobarbital (100 mg/kg i.p.), we transcardially perfused the 

mice with 4% paraformaldehyde (PFA) in phosphate buffered saline (PBS), and post-

fixated the brains for 2 h in PFA at 4◦C. After changing the brain to a PBS solution, we 

cut the brains in sagittal or coronal slices of 50 μm thickness. We incubated the slices 

for 2 h in 500 μl blocking solution (0.1% Triton X-100, 5% NGS in PBS) on a rotary shaker 

at room temperature. We then incubated the slices in 250 μl of primary antibody per 

well and left it overnight at 4◦. The next day we discarded the primary antibody solu-

tion and proceeded with three washes of 10 min at room temperature on the rotary 

shaker with 500 μl of washing solution (0.1% Tween in PBS). We added 250 μl per well 

of the secondary antibody solution and incubated for 1 h at room temperature on the 
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rotary shaker. We washed the slices in washing solution three times for 10 min at room 

temperature on the rotary shaker. 

We used the following primary antibodies: (1) mouse anti-calretinin, Millipore (1:700 

in blocking solution); (2) rabbit anti-parvalbumin, Swant (1:1000 in blocking solution); 

(3) rat anti-somatostatin, Millipore (1:200 in blocking solution); (4) mouse anti-SatB2, 

Santa Cruz (1:1000 in blocking solution). As secondary antibodies we used: (1) Goat 

anti-mouse Alexa 647, Invitrogen (1:700); (2) Goat anti-rabbit Alexa 488, Life technol-

ogies (1:700); (3) Goat anti-rat Alexa 647, Invitrogen (1:700); (4) goat anti-mouse Alexa 

488, Invitrogen (1:700). Stained sections were mounted on glass slides with mowiol. 

For the imaging of the immunostained sections we used a Leica TCS SP5 Confocal mi-

croscope and we mainly imaged the superficial layers of primary visual cortex. In situ 

hybridization image for Calb2 expression was retrieved from the Allen Mouse Brain 

Atlas, available from3 (Lein et al., 2007). The in situ hybridization images for the CR-

ires-Cre and Ai14 cross are collected from the Allen Mouse Brain Connectivity Atlas, 

available from4 (Oh et al., 2014). 

Statistics 

Values in the text are expressed as the mean ± SEM. For the population statistics of 

comparing the response properties of tdTom+ and tdTom− cells, the distribution were 

first tested for normality with the Shapiro–Wilk test. In all cases, at least one of the 

distribution failed and we performed the non-parametric Mann–Whitney U test (Krus-

kal–Wallis). 

  

                                                            
3 http://mouse.brain-map.org 
4 http://connectivity.brain-map.org 

http://mouse.brain-map.org/
http://connectivity.brain-map.org/
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Results 
Overlap of tdTomato and calretinin expression 

To study the function in visual processing of neurons that express calretinin, we used 

offspring from a cross of two mouse lines: one expressing the tdTomato red fluores-

cent protein inside the Rosa26 locus preceded by a floxed stop cassette; and the CR-

ires-Cre line in which the Cre-recombinase coding sequence follows the Calb2 pro-

moter and an IRES-element. This resulted in the expression of the tdTom protein in all 

the cells that sufficiently expressed Calb2 and thus Cre during their existence. 

First, we investigated to which extent the cells expressing tdTomato (tdTom+ cells) 

overlap with the Calretinin immunoreactive cells (CR-IR cells). In Figure 1A, tdTom+ 

cells are shown in red and the CR-IR cells in green in a slice of adult V1. The levels of 

CR immunoreactivity varied among the positive cells, but showed a bimodal distribu-

tion separated at about 8% of the most intense levels (Figure 1B). Although it was 

possible that even for the very low levels of labelling, there was some calretinin ex-

pression, it did suggest a natural classification of CR-IR positive and negative cells. The 

distribution of tdTomato expression levels was even more clearly bimodal and made a 

clear distinction between tdTom+ and tdTom− negative cells possible (Figure1B). Us-

ing these classifications, we estimated that only 20% of tdTom+ cells were positive for 

calretinin (Figure 1C). By contrast, 96% of the CR-IR cells expressed tdTomato. To un-

derstand whether the protein expression differences between CR and tdTomato came 

from a difference of translation of the proteins, we checked the Allen Brain Atlas, 

where in situ hybridization images are available for the CR-ires-Cre mice (Oh et al., 

2014). A co-hybridization for tdTomato mRNA and CR mRNA showed a pattern similar 

to the protein immunohistochemistry images (Figure 1D). This suggested that the dif-

ferences were not due to translational regulation of CR or tdTomato. Indeed, in situ 

hybridization of Cre recombinase mRNA showed a pattern remarkably similar to the 

expression pattern of Calb2 mRNA and CR protein (Figure 1E). Cre-recombinase is thus 

not expressed at P56 in most of the tdTom+ cells. It must have been expressed earlier 
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in the history of these cells, when it irreversibly activated the tdTomato gene. Together 

with the reported high specificity of the CR-ires-Cre line when checked as adults with 

a Cre-dependent marker virus (Taniguchi et al., 2011), this shows that the tdTom+ cells 

that are not CR-immunoreactive in the adult mouse have transiently expressed CR in 

their past. 
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Figure 1. Expression of tdTomato does not match mRNA and protein expression of 
calretinin. A. Confocal images of coronal slices of V1 from a tdTomato × CR-ires-Cre mouse 
immunostained with Millipore mouse Calretinin (CR) antibody (green). White arrows 
show colocalization of CR and tdTom. Scale bar is 100 µm. B. Average label intensities for 
CR-IR and tdTom+ expressing cells. Red points are from cells classified as tdTom+, green 
points belong to CR-IR cells, and yellow belong to cells where both proteins colocalize. 
Black shows a collection of background expression levels. Intensity Is normalized per slice 
to the maximum average intensity found for any cell in each slice. Graphs at right and top 
show histograms of the intensities for the y- and x-axis, respectively. C. Pie graph showing 
the colabeling of CR immunoreactive and tdTomato protein. D. In situ hybridization im-
ages of V1 from a P56 mouse from the same cross (Allen Mouse Brain Connectivity Atlas, 
experiment 267223174, image31). In red tdTomato mRNA-expressing cells, in green cells 
expressing the Calb2 mRNA (green arrows) and in yellow colocalization of the two mRNAs 
(yellow arrows). Scalebar is 100 µm. E. In situ hybridization of Cre-recombinase mRNA in 
P56 visual cortex is consistent with CR expression (image from Allen Mouse Brain Atlas, 
experiment 100146208, image 31). Scale bar is 100 µm. 
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tdTomato colocalizes with different interneuronal and pyramidal markers 

We next wanted to understand the nature of the tdTomato-positive cells, which clearly 

contained more cells than just the CR-IR interneurons. The in situ hybridization data of 

the Allen Institute for this mouse cross showed a low colocalization between the 

tdTomato and the GABA synthesizing enzyme Gad67 mRNAs (Figure 2A, Gad67 shown 

in green). We wondered if the overlap of tdTomato with Gad67 was completely due 

to CR expressing interneurons or if parvalbumin-positive or somatostatin-positive in-

terneuron classes had a transient expression of CR during their development or migra-

tion. Our immunostainings showed no colocalization with the parvalbumin protein and 

a low colocalization with somatostatin (Figure 2B). This showed that parvalbumin in-

terneurons do not transiently express CR. The fraction of somatostatin neurons that 

expressed tdTomato was consistent with previous reports of SST interneurons with CR 

immunoreactivity (Xu et al., 2006; Gonchar et al., 2008). Given the relatively low over-

lap with Gad67, we wondered whether the tdTomato positive cells were pyramidal 

neurons and stained for SatB2 which labels a large group of pyramidal cells (Britanova 

et al., 2008). We found that indeed 60% of tdTom+ cells are SatB2 positive and 5% of 

SatB2-IR cells are positive for tdTomato (Figure 2C, quantification not shown). Thus, 

we conclude that most of the tdTom cells are pyramidal neurons, and indeed many 

tdTom+ cells have pyramidal morphology (for example, Figure 2D). 
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Figure 2.  Cre-recombinase inhibitory and pyramidal neurons. A. In situ hybridization im-
age showing tdTomato expressing neurons in red, Gad67 positive neurons in green, and 
in yellow neurons expressing both mRNAs (highlighted by white arrows; image from Allen 
Mouse Brain Connectivity Atlas, experiment 180304494, image 33). Scale bar is 100 μm. 
B. Expression of tdTomato in other inhibitory neurons. First row: immunostained sagittal 
sections from V1 showing no colocalization between tdTom and parvalbumin (PV). Second 
row: immunostained sagittal sections from V1 showing low colocalization of tdTom and 
somatostatin (SST) protein (white arrow). Scale bar is 100 μm. C. Expression of tdTomato 
in pyramidal neurons. Immunostained coronal slices from V1 for the pyramidal marker 
SatB2. Red arrows show cells that are positive only for tdTomato, yellow arrows show 
cells that express both proteins. Scale bar is 100 μm. D. Close up of a tdTomato neuron 
with a pyramidal shape. Scale bar is 100 μm. 
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Visual response properties of tdTom+ neurons match those of tdTom− neu-
rons 

Although the tdTom+ cells formed a larger group than the CR interneurons, the cells 

all expressed calretinin in their past, and this may be an indication of not only a com-

mon history but also of a common functional role. To explore whether they showed 

any specific response to visual stimulation, we imaged the visual response properties 

of tdTom+ cells in primary visual cortex using two-photon imaging of the genetically 

encoded calcium indicator GCaMP6s (Chen et al., 2013), virally expressed behind the 

neuronal Synapsin promoter. 

We started by measuring orientation tuning. The tdTom+ group contained a variety of 

orientation or direction selective and unselective cells (some examples shown in Fig-

ure 3A). The tuning of tdTom+ group did not stand out of the population as a whole. 

The tdTom+ and the tdTom− neurons were equally orientation tuned, as assessed by 

the orientation selectivity index, which was equal to 1-circular variance, (mean OSI = 

0.37 ± 0.03, N = 118 and 0.41 ± 0.02, N = 396, respectively; p = 0.27, Kruskal–Wallis 

test, K[1]=1.2; six mice, Figures 3B,C). The distribution of direction selectivity of the 

two groups were also very similar (mean DSI was 0.23 ± 0.02, N = 118 and 0.27 ± 0.01, 

N = 396 respectively; p = 0.31, Kruskal–Wallis test, K[1] = 1.0; Figures 3D,E). 

 

 



78 
 
 

 
Figure 3. Orientation tuning of tdTom+ neurons is like the general population. A. Exam-
ple peristimulus time histograms for tdTom+ neurons during visual stimulation with drift-
ing gratings. Yellow vertical line represents the start of the visual stimulation. Normalized 
fluorescence changes to different grating orientations are shown by different colors. Stim-
ulus duration is 2s. B. No difference in mean orientation selectivity index (OSI) for the 
tdTom+ and tdTom− neurons. Error bars show SEM. C. Distributions of OSI are equal for 
tdTom+ and tdTom− neurons. D. No difference in mean direction selectivity index (DSI). 
Error bars show SEM. E. Direction selectivity index distributions of tdTom+ and tdTom− 
population are not different. 
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After showing all orientations, we picked one and varied the temporal frequency. Next, 

we selected the responses of all cells that had an orientation preference within 30◦ of 

the presented orientation. We found both lowpass and bandpass cells, for both the 

tdTom+ and tdTom− population. We found no differences in temporal frequency tun-

ing. Both groups responded on average up to about 15 Hz (Figure 4A). The optimal 

temporal frequency was equal for the two groups (tdTom+, 6.4 ± 1.2 Hz, N = 16, 

tdTom−, 6.4 ± 0.9 Hz, N = 36; p = 0.95, Kruskal–Wallis test, K[1] = 0.003; four mice). 

In the same way, we measured the response to sinusoidal gratings of different spatial 

frequencies. Also in this respect did the two populations not differ from each other. 

The average spatial frequency tuning curve overlapped and the mean optimal spatial 

frequencies were equal for tdTom+ and tdTom− (0.034 ± 0.01 cpd, N = 6 and 0.044 ± 

0.01 cpd, N = 20, respectively; p = 0.9, Kruskal–Wallis test, K[1] = 0.03; in four mice, 

Figure 4B). The curves for both temporal and spatial frequency reached values slightly 

lower than zero at high frequencies. This was due to the slow kinetics of the GCaMP6s 

indicator. The 3 s of interstimulus interval following the 2 s of visual stimulation were 

not enough for the fluorescence to completely return to the baseline level, meaning 

that when the subsequent stimulus evokes no, or very little response the response 

may appear slightly negative (see also Figure 3A).  
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Figure 4. Temporal and spatial frequency tuning of tdTom+ neurons is like the general 
population. A. Left, population average tuning to temporal frequency are not different 
for tdTom+ and tdTom− groups. Inset, example tuning of a tdTom+ neuron. Right, mean 
optimal temporal frequencies are identical. Error bars show SEM. B. Left, population re-
sponse tuning to spatial frequency is the same for tdTom+ and tdTom− groups. Right, 
mean optimal spatial frequencies are not different. Error bars show SEM. 

 

Because of the feedback connections from higher areas onto CR interneurons (Gon-

char and Burkhalter, 2003) and the hypothesized role of these feedback connections 

in surround suppression (Bair et al., 2003), we were interested in the size tuning prop-

erties of the tdTom+ cells. One might expect perhaps that neurons receiving feedback 

from cells with larger receptive fields, or interneurons that are involved in surround 

suppression, show larger responses with increasing stimulus size (Adesnik et al., 2012). 
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In the tdTom+ group, we found cells showing a strong suppression and cells that lacked 

suppression (Figure 5A). The average size tuning curve and the distribution of suppres-

sion indices did not show a difference between the tdTom+ and tdTom− neurons 

(mean SI= 0.38 ± 0.05, N = 21 and 0.43 ± 0.07, N = 38, respectively; p = 0.4, t-test, t[33] 

= −0.90; four mice, Figures 5B,C). 

We conclude that in none of the studied visual response properties the tdTom+ popu-

lation is significantly different from the tdTom− population. 

 

 

Figure 5. Size tuning of tdTom+ is like the general population. A. Example tuning of two 
tdTom+ neurons to visual stimulation of a circular patch of different sizes, and their cor-
responding Suppression Index values. B. Population average of normalized response to 
differently sized gratings are not different for tdTom+ and tdTom− groups. Error bars are 
SEM. C. Mean suppression index is not different for the two groups. Error bars are SEM. 
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Discussion 
We studied the visual response properties of a class of labelled neurons in the primary 

visual cortex that resulted from a cross of a Cre-dependent tdTomato reporter line and 

a line in which Cre recombinase was expressed like calretinin. These neurons that we 

called tdTom+ do not seem to have different response properties compared to the 

general population (tdTom−). 

Originally, the aim of the cross was to study the function of CR-immunoreactive inter-

neurons. However, in visual cortex, only a fifth of the tdTom+ cells showed CR-immu-

noreactivity, and mRNA levels showed a similarly low overlap between tdTomato and 

Calb2. In contrast, when cells were labelled in the mature CR-ires-Cre animal with a 

virus with a Cre-dependent fluorescent reporter vector, the specificity was as high as 

91% (Taniguchi et al., 2011). In situ hybridization also showed that the pattern of ex-

pression of Cre-recombinase is very similar to the pattern of CR expression in these 

animals. We must conclude that the high number of tdTom+ cells that do not express 

CR is due to transient expression of CR. The tdTom+ cells have expressed CR and thus 

cre-recombinase in their past. This has activated the tdTomato transgene and the cells 

have expressed tdTomato ever since, even when they no longer expressed CR. There 

is the possibility that some or all tdTom+ cells that we judged negative for CR-IR, in fact 

do express calretinin at a very low level, but this is not detectable above the back-

ground level in our staining. 

We investigated whether the tdTom+ cells perhaps included another set of interneu-

rons besides the CR-interneurons. We found, however, no colocalization with parval-

bumin. We did find some colocalization with somatostatin (SST), which was consistent 

with the reported overlap of SST and CR expressing interneuron populations (Xu et al., 

2006; Gonchar et al., 2008). Available in situ hybridization data showed that many 

tdTom+ cells did not express the GABA-synthesizing enzyme Gad67 and would thus 

not be interneurons. Indeed, 60% of tdTom+ neurons were positive for the pyramidal 
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marker SatB2 and pyramidal shaped tdTom+ neurons were recognizable in confocal 

images. 

Our findings are consistent with the report that CR immunoreactivity starts to be 

widely present in the cortical anlage from embryonic day 14 in rats, and continues in 

the first two postnatal weeks. Many of the CR-IR neurons at these early stages of de-

velopment show undifferentiated non-pyramidal shapes, but there is also transient 

expression in some pyramidal-like neurons in layers V, VI and layer II/III (Fonseca et al., 

1995). We showed that the extent of this transient expression is very high. Transient 

expression of CR protein in pyramidal-like neurons has also been reported in rat hip-

pocampus during development (Jiang and Swann, 1997) and adult neurogenesis 

(Brandt et al., 2003). 

There is a considerable sequence homology between the promoters of the mouse 

Calb2 and the human CALB2 genes (Strauss et al., 1997), and thus the regulation of CR 

expression in primate and mouse may be quite similar. It is thus not inconceivable that 

the CR-IR pyramidal neurons that have been reported in monkeys and human (del Río 

and DeFelipe, 1996; Melchitzky et al., 2005) are homologous to cells that are contained 

in our tdTom+ group. 

The investigation of the visual response properties of the heterogeneous group of neu-

rons with a shared CR-IR history revealed the absence of specificity in their response 

to the studied features. Unlike parvalbumin neurons, which show a reduced orienta-

tion selectivity (Kerlin et al., 2010; Hofer et al., 2011), tdTom+ cells showed an orien-

tation selectivity identical to the general population. The mean OSI was slightly lower 

than the mean OSI found for excitatory neurons alone in another study. Although 

measurements of OSI are dependent on recording conditions, this would suggest that 

the group of interneurons included in our tdTom+ sample have a lower orientation 

selectivity than the pyramidal cell population. The tdTom+ cells also showed no more 

or less direction selectivity than the general population. We cannot rule out that we 

would have missed a small difference, but our study had about an 80% probability to 

detect a difference in orientation or direction selectivity of 20% with 95% confidence. 
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A halving of the mean OSI for the tdTom+ group compared to that of the tdTom− group, 

like the difference that was reported for all GABAergic inhibitory neurons compared 

to excitatory neurons (Kerlin et al., 2010), we would have been able to detect with 

100% certainty. 

Previously, it was found that the spatial frequency tuning can vary with cortical cell 

type (Kerlin et al., 2010) and in particular putative fast-spiking interneurons show a 

preferred frequency only about half of that of excitatory neurons (Niell and Stryker, 

2008). The tdTom+ and tdTom− groups, however, did not differ significantly in spatial 

frequency. We had, however, less statistical power for the spatial frequency tuning 

than for orientation and direction selectivity, and had only 30% chance to pick up a 

similar difference for the preferred spatial frequency of the two groups at the 95% 

confidence level. We also did not find any difference in temporal frequency tuning. We 

know no reference study where a difference in temporal frequency between neuron 

types within one area was reported, but we had a power of 80% to find a 65% differ-

ence in temporal frequency. The size tuning of tdTom+ was also not different from the 

other cells, unlike somatostatin neurons which show considerably less surround sup-

pression (Adesnik et al., 2012). Our study would have had enough power to detect if 

there was a similarly large difference between the tdTom+ and tdTom− population, 

and even a 91% certainty of detecting only a halving of the suppression index as was 

seen for PV interneurons (Adesnik et al., 2012). 

We could thus not discern any particular feature of this group of cells, other than their 

common CR history. The underlying reason for the common CR expression during their 

development remains unclear. For investigating the visual response properties of CR-

IR interneurons, viral transfection with a vector for cre-dependent expression of 

GCaMP6s or another fluorescent protein after the second postnatal week will be 

needed. 
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Abstract 
Inhibition in the cerebral cortex is delivered by a variety of GABAergic interneurons. 

These cells have been categorized by their morphology, physiology, gene expression 

and connectivity. Many of these classes appear to be conserved across species, sug-

gesting that the classes play specific functional roles in cortical processing. What these 

functions are, is still largely unknown. The largest group of interneurons in the upper 

layers of mouse primary visual cortex (V1) is formed by cells expressing the calcium-

binding protein calretinin (CR). This heterogeneous class contains subsets of vasoac-

tive intestinal polypeptide (VIP) interneurons and somatostatin (SOM) interneurons. 

Here we show, using  in vivo two-photon calcium imaging in mice, that CR neurons can 

be sensitive to stimulus orientation, but that they are less selective on average than 

the overall neuronal population. Responses of CR neurons are suppressed by a sur-

rounding stimulus, but less so than the overall population. In rats and primates, CR 

interneurons have been suggested to provide disinhibition, but we found that in mice 

their in vivo activation by optogenetics causes a net inhibition of cortical activity. Our 

results show that the average functional properties of CR interneurons are distinct 

from the averages of the parvalbumin, SOM and VIP interneuron populations. 
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Introduction 
Inhibitory neurons in the cerebral cortex have been classified by morphology, im-

munohistochemistry, electrophysiology, gene expression and connectivity1,2,3,4,5. Com-

binations of features are similar across areas of the neocortex in different mammals, 

although interspecies and interareal differences exist 6,7,8. This conservation suggests 

the existence of interneuron classes with universal functions across cortical areas and 

species. Linking class and function has been difficult, but transgenic lines have made 

this easier. In this way, we have recently learned about the function of groups of in-

hibitory neurons expressing parvalbumin (PV), somatostatin (SOM) or vasoactive in-

testinal polypeptide (VIP)9 . A fourth, widely used, marker used for classifying inter-

neurons is the calcium-binding protein calretinin (CR)10,11. In adult rodent cortex, CR 

expressing cells are almost exclusively GABAergic 12,13,14,15. They comprise 10-30% of 

all cortical interneurons in mammals and are primarily present in the upper layers of 

cortex 6,11. In mouse V1, CR interneurons are the most abundant group in layer 2/3 

(42% of GABAergic neurons14). Like PV, SOM and VIP classes, they are a heterogenous 

group4,5. In mouse V1, 55% of CR neurons is also SOM-positive and 35% is VIP-positive, 

while 35% of VIP cells express CR, and 59% of SOM cells express CR14.  

Despite the common use of calretinin as a marker, it is unknown if the expression of 

calretinin correlates with a cellular function or response property. The mouse primary 

visual cortex is an ideal system to investigate this question. Response properties of 

interneurons in general, and PV, SOM and VIP cells in particular, have already been 

investigated in this area 16,17,18,19,20,21,22 as has the impact that these groups have on 

the response of other neurons23,24,25,26,27,28,29,30. Moreover, there has been extensive 

modeling of the role of inhibition in shaping stimulus selectivity in V131,32,33. Interneu-

rons as a group are less orientation-selective than pyramidal neurons, but subsets of 

PV20,34 and SOM neurons19 are selective for orientation. PV neuron responses are on 

average more suppressed by surrounding stimuli than SOM cell responses21,35. It is un-

known whether expression of CR also correlates with visual response properties. In 
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macaque and rat, CR neurons preferentially target GABAergic neurons and have been 

considered disinhibitory13,36. In the mouse, a subdivision of bipolar and multipolar CR 

neurons has been made. Both have a higher probability to inhibit inhibitory neurons 

than pyramidal cells, and could thus be disinhibitory, but bipolar CR neurons also in-

hibit multipolar CR neurons and vice versa37. It thus remains to be seen if CR neurons 

as a whole group are disinhibitory in the mouse. 

In order to shed light on the response properties of CR neurons we analyzed their ac-

tivity during visual stimulation, using in vivo two-photon calcium imaging in mice. We 

found the CR+ population to be less orientation selective and less surround-sup-

pressed than the CR- population. Optogenetically activating CR+ cells reduced the gain 

in visual cortex. 

 

Material and Methods 
Animals 

We used B6(Cg)-Calb2tm1(cre)Zjh/J mice of either sex (Jackson laboratory), in which the 

endogenous Calb2 promoter drives expression of cre-recombinase in calretinin ex-

pressing cells38. The mice were 1-2 months at the injection and 2-4 months when the 

recordings were performed. All animals were kept in a 12 hour day/night cycle with 

access to food and water ad libitum. The experiments were carried out during the day 

cycle. We maintained body temperature at 36.5-37 ° C with a heating pad and rectal 

probe during both surgeries and recordings. All experiments were approved by the 

institutional animal care and use committee of the Royal Netherlands Academy of Arts 

and Sciences. All experiments were performed in accordance with relevant guidelines 

and regulations.  

Virus injections 

We anesthetized the mice with isoflurane (1.5-2.5% vol/vol) and administered subcu-

taneous injections of dexamethasone (4 mg/kg), metacam (1 mg/kg) and amoxicillin 
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(100 mg/kg). We assessed the depth of anesthesia by the pedal reflex. To protect the 

mice’ eyes, we used cavasan ointment. For calcium imaging, we used a solution con-

taining an equal amount of the adeno-associated viruses containing the vectors 

Syn.GCaMP6s.WPRE.SV40 and CAG.Flex. tdTomato.WPRE.bGH (University of Pennsyl-

vania Vector Core). For the optogenetic electrophysiology experiments, we used an 

adeno-associated virus with a cre-dependent ChR2 expression vector 

Ef1.DIO.ChR2.YFP (University of Pennsylvania Vector Core). We injected the viruses in 

the right V1 in three locations and two depths (200 and 400 µm) centered on stereo-

tactic coordinates 2.9 mm lateral, 0.4 mm anterior to lambda. At each depth of each 

location, starting at the deepest depth, 10 droplets of 4.6 nl of the virus were injected 

with 5 seconds intervals using a Nanoject2 volume injection pump (Drummond Scien-

tific Company). Five minutes after the first injection, the pipette was slowly retracted 

to the upper depth and the same volume was injected again. Five minutes after the 

injection the pipette was retracted. The scalp was sutured and the mouse was allowed 

to recover in a warm environment. 

Surgery for calcium imaging 

Two weeks after the viral injection, we anesthetized the mice using isoflurane again as 

described above and we surgically implanted a glass window over a V1 craniotomy55. 

In brief, we applied topical analgesia to the scalp at the start of the surgery with Xylo-

caine and removed part of the scalp above visual cortex. Next, we attached a coated 

iron ring with Loctite 454 over V1 to the bone parallel to the plane of the skull and 

sealed it with black dental cement to reduce the amount of light from the monitor 

entering the microscope. We drilled a craniotomy of 2 mm diameter and after opening 

we kept the brain moist with artificial cerebrospinal fluid (ACSF), consisting of a solu-

tion of 125 NaCl, 10 Hepes, 5 KCl, 2 MgSO4, 2 CaCl2 and 10 Glucose, in mM. We filled 

the space between the dura and the 5 mm glass window with silicon oil (~10 mPa.s 

viscosity, DC 200, Fluka Analytical, UK) and sealed it with a type 1 glass coverslip (100 

µm thickness) and dental cement. In order to later contain the water for the immersion 
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objective of the microscope, we created a well with dental cement. For combined two-

photon imaging and cell-attached recordings, we did not use a magnetic ring holder 

but a metal bar fixed to the mouse stage to allow easier access by the recording pipette. 

Two-photon calcium imaging 

We imaged with a converted Olympus BX61WI confocal microscope equipped with a 

Ti-sapphire laser (Mai-Tai, Spectraphysics, CA, USA), with two non-descanned PMTs 

with filters optimized for GFP and RFP (Semrock BrightLine FF01-520/70, FF01-625/90 

and FF555-Di03 dichroic). We started the imaging sessions 10 days after the surgery 

and usually did not experience any tissue growth under the glass window. We anes-

thetized the animals with urethane (1.3 mg/g of mouse body weight); chlorprothixene 

(8 mg/kg) and injected dexamethasone (4 mg/kg) and atropine sulphate (0.1 mg/kg). 

The injection of chlorprothixene is routinely used to reduce the amount of urethane 

needed to anesthetize the mice, and reduces possible urethane-specific effects on 

brain activity. The mice were head-fixed under the objective using a magnetic holder, 

connected to the metal ring previously implanted over the skull of the animal (see 

surgical procedures). A black cloth was used to cover the objective, in order to prevent 

the light coming from the monitor to reach the PMTs. Before the imaging session we 

cleaned the window from dust and bedding with 70% ethanol. Two-photon laser scan-

ning microscopy was performed around the area of virus injection, at a wavelength of 

910 nm and neurons were imaged using a 20x water-immersion objective (Olympus, 

0.95 NA). We scanned at 7 frames per second. 

Two-photon microscopy-guided cell-attached recordings 

We followed our procedure as described above and before29. In brief, we anesthetized 

virus-injected animals expressing GCaMP6s in all cells and tdTomato in calretinin ex-

pressing neurons with urethane and chlorprothixene and head-fixed the animals using 

a metal bar. In order for the electrode to reach the brain from the left side, we made 

a rectangular craniotomy above V1, with the longest side parallel to the recording pi-

pette. We did not use a glass window on top of the brain to leave free access to the 
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pipette. We visualized the neurons expressing tdTomato in the two-photon micro-

scope using a 40x water immersion objective (Olympus, 0.8 NA). We filled a glass pi-

pette (resistance 5–7 MΩ) with a K-gluconate-based internal solution (pH set to 7.3), 

containing 25 mM Alexa Fluor 488 hydrazide for visualizing the pipette. Under two-

photon visual guidance, we brought it close to a target neuron. We applied negative 

pressure in order to achieve the seal between pipette and cell membrane. We rec-

orded the signals in current clamp mode, lowpass filtered below 5 kHz and digitized at 

10 kHz. 

Visual stimulation for calcium imaging 

Stimuli were presented on a gamma-corrected Dell Ultra Sharp U2312HM 23” full HD 

LCD monitor, placed 15 cm in front of the mouse and oriented towards the contrala-

teral eye. Stimuli were drawn by Matlab scripts, available at 

https://github.com/heimel/InVivoTools, using the Psychophysics Toolbox 356. We first 

measured orientation tuning using full screen square-wave drifting gratings with dif-

ferent directions going in steps of 30 degrees. Unless otherwise mentioned, the stim-

ulus duration was 2 s, the intertrial stimulus was an isoluminant grey screen of 3 s, 

contrast was 90%, temporal frequency was 2 Hz and spatial frequency 0.05 cpd. For 

each test, stimuli were repeated pseudorandomly (i.e. shuffled per block) for 5 

minutes. Data was analyzed directly after each stimulation block and one responsive 

CR neuron was chosen for which subsequent stimuli were optimized. The analysis was 

constrained to neurons with similar response properties to the selected neuron (see 

next section). Usually, there were a number of such cells per field of view. The center 

of the receptive field of a neuron was assessed by presenting a drifting grating of the 

preferred direction in one of 6x3 grid locations on the monitor. Next, size tuning stim-

uli were shown centered at the center-of-mass of the responses of the chosen neuron 

to all patches, at its optimal direction and at 2 Hz and 0.05 cpd, with fixed diameters 

corresponding to 20, 40, 60, 80, 100 degrees of visual angle when shown directly in 

front of the mouse. For Figure 4E the true sizes were recalculated from the stimulus 
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position. Spatial frequency tuning was assessed using a full screen sinusoidal stimulus 

of 0.01, 0.021, 0.044, 0.092, 0.191, 0.4 cpd at the optimal orientation for the chosen 

neuron, drifting at 2 Hz. The physical spacing of the grating was fixed across the screen 

and the spatial frequency was computed at the center of the screen. Temporal fre-

quency tuning was measured with a full screen sinusoidal grating of 0.05 cpd drifting 

at 1, 3, 8, 12, 16, 20 Hz. 

Analysis of calcium signals 

Circular ROIs were drawn centered in all cells expressing GCaMP6s using Matlab scripts. 

The changes in fluorescence were divided by the average fluorescence just before 

stimulus onset to obtain ∆F/F. No neuropil-correction was performed. Response was 

defined as the average ∆F/F from 0.5 s after stimulus onset to stimulus offset. Cells 

were said to be responsive if a one-sided t-test of responses versus baseline fluores-

cence was significant at the 0.1 level. This level best matched human observer judge-

ments of when cells were responsive. Only cells that were responsive and had a max-

imum response of at least 5% were included in the analysis. Orientation selectivity 

index was defined as OSI = √(∑R(φ) sin(2φ)² + ∑R(φ) cos(2φ)²) / ∑R(φ), where φ is the 

angle of the stimulus and R(φ) the neuron’s response. This is equal to 1 - circular vari-

ance. Direction selectivity index (DSI) was defined by DSI = √(∑R(φ) sin(φ)² + ∑R(φ) 

cos(φ)²) /∑R(φ). The suppression index was defined as the (Rpreferred-Rlargest)/Rpreferred 

where Rpreferred is the response to the smallest stimulus that reached 95% of the maxi-

mum response, and Rlargest the response to the largest stimulus57. Using the red chan-

nel, CR neurons expressing tdTomato were identified. During the experiment one CR 

cell was chosen to optimize the stimuli. For the analysis of the responses to subse-

quent stimuli, we selected all cells whose preferred orientation differed 30 degrees or 

less from the presented orientation, and had a receptive field center within 100 pixels 

(on a 1920x1020 resolution screen, roughly 10 degrees) of the center of the size stim-

ulus. For the spatial frequency tuning we selected cells whose preferred orientation 

differed 60 degrees or less from the presented orientation. All spatial and temporal 
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frequency curves were fit with a difference-of-gaussian model. From these fits the low 

and high frequency point at the half maximum responses was interpolated. Cells that 

did not drop below the half maximum response for low spatial frequencies were con-

sidered low pass. Contrast tuning curves were fit with a Naka-Rushton curve and the 

contrast of half maximum response was taken as C50. 

Extracellular electrophysiology 

Three to five weeks after Channelrhodopsin2 virus injections, we prepared mice for 

multi-channel extracellular recordings. For the recordings under anesthesia, mice 

were injected with urethane (1.2 mg/g of mouse body weight) and chlorprothixene (8 

mg/kg), and head fixed by ear and bite bars. We injected atropine sulfate (0.1 mg per 

kg) to reduce mucous secretions. Additional doses of urethane were injected when a 

toe-pinch response was observed. For awake recordings, mice were first anesthetized 

with isoflurane (5% induction, 1.2-1.5% maintenance) in oxygen (0.8 L/min flow rate). 

The eyes were protected from light by black stickers and from drying by Cavasan eye 

ointment. During the surgery the mice were administered the analgesic Metacam (1 

mg/kg) to reduce pain during the recovery. Mice were head fixed and the scalp and 

soft tissue overlying the skull were incised to expose the skull. A metal ring (5 mm 

inner diameter) was attached to the skull with glue and dental cement. Small craniot-

omies for recording were made by dental drill. Next, the head was fixed to a stand 

through a handle attached to the ring. Animals recovered for two hours before the 

recordings started. The animals were given water and milk in the first hour after re-

covery, while they were restrained. In both awake and anesthetized animals, laminar 

silicon electrodes (A1×16-5mm-50-177-A16, 16 channels spaced 50 μm apart, Neuron-

exus) were used for extracellular recordings from the binocular region of V1 (2900-

3000 µm lateral and 300-500 µm anterior to Lambda). The literature and our meas-

urements of receptive field positions showed that this is the binocular region of V158. 

The signals were digitized at 24 kHz and bandpass filtered between 0.5 and 10 kHz 

using a Tucker-Davis Technologies RX5 pentusa. Signals were thresholded at 3x 
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standard deviation to isolate spikes, and spikes were sorted by custom-written Matlab 

(Mathworks) scripts, but single and multi-units were pooled together to increase the 

number of measurements. 

Visual and optogenetic stimulation for electrophysiology 

Stimuli were projected by a gamma-corrected PLUS U2-X1130 DLP projector onto a 

back projection screen (Macada Innovision, covering a 60x42 cm area), positioned 17.5 

cm in front of the mouse. Background luminance was 0.1 kcd/m². To determine the 

receptive field location, we presented a 5 minute movie (5 frames per second) of small 

white squares (5 deg) in random positions on a black background59 (ratio of white to 

black area: 1/30). The visual stimuli were produced using Psychophysics Toolbox 356. 

To measure size tuning, we showed circular patches of drifting, square wave, gratings, 

centered at the most common receptive field location on the probe. The patch diam-

eters were 10, 25, 40, 60, 90 and 120 deg when presented directly in front of the ani-

mal. The same physical sizes were also used on the other positions centered on the 

receptive field of the recording site. The gratings were drifting in 8 different directions 

(with steps of 45 deg) with 0.05 cpd (in front of the mouse) at 95% contrast. The same 

physical grating spacing was used for the entire screen. Drift speed was 2 Hz. The stim-

uli used for measuring contrast tuning consisted of full screen gratings drifting in 8 

different directions with 5 different contrasts, 10, 30, 50, 70 and 90 percent. The stim-

ulus and interstimulus time were 1.5 s and 1 s, respectively. The stimuli were pre-

sented pseudorandomly, and at least 8 repetitions of each unique stimulus were used 

to compute responses. An optic fiber connected to a blue laser (473 nm, DPSS Laser 

BL473T3, Shanghai Laser & Optics Co.) was inserted just above V1 and was used to 

globally activate the ChR2 while a laminar probe was present in V1. On laser-on trials 

the light was turned on at the end of the previous stimulus and remained on during 

the pre-stimulus period and the entire stimulus. Laser-on and laser-off trials were in-

terleaved in a balanced way. 
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Analysis of extracellular electrophysiology 

Analysis was done using Matlab scripts (https://github.com/heimel/InVivoTools). For 

all the analysis of spiking activity for contrast tuning and size tuning stimuli, the re-

sponses were averaged over all directions. The rate was the average firing rate during 

the entire interval that the stimulus lasted (1.5 s). Whenever we use the word re-

sponse, we refer to the rate minus the spontaneous rate. The spontaneous rate was 

defined as the mean rate 0.5 s before stimulus onset. Minimum response for a unit to 

be included was 2 Hz. The surround suppression index and C50 were defined the same 

as for the calcium data. The data was split into three layers. The lowest five sites with 

visual responses on the probe were labelled deep, the next three sites were labeled 

middle, and the higher sites were labelled top. 

Immunohistochemistry 

After an overdose of pentobarbital (100 mg/kg i.p.), we transcardially perfused the 

mice with 4% paraformaldehyde (PFA) in PBS, and post-fixated the brains for 2 hours 

in PFA at 4℃ before moving the brain to a PBS solution. Next, we cut the brains in 

coronal slices of 50 µm thickness. We incubated the slices for 2 hours in 500 µl blocking 

solution (0.1% Triton X-100, 5% NGS in PBS) on a rotary shaker at room temperature. 

We then incubated the slices in 250 µl of primary antibodies, rabbit anti-calretinin 

(Swant, 1:1000), rat anti-somatostatin (Millipore, 1:200), rabbit polyclonal anti-VIP60, 

1:1000, in blocking solution per well and left it overnight at 4℃. The next day we dis-

carded the primary antibody solution and proceeded with 3 washes of 10 minutes at 

room temperature on the rotary shaker with 500 µl of washing solution (0.1% Tween 

in PBS). We added 250 µl per well of the secondary antibody solution, goat anti-rabbit 

Alexa 647 (Life Technologies, 1:700), goat anti-rat Alexa 647 (Life Technologies, 1:700), 

goat anti-rabbit Alexa 488 (Life Technologies, 1:700) in blocking solution and incubated 

for 1 hour at room temperature on the rotary shaker. We washed the slices in washing 

solution 3 times for 10 minutes at room temperature on the rotary shaker. Stained 

sections were mounted on glass slides with mowiol. For imaging the immunostained 



104 
 
 

sections we used a Leica TCS SP5 Confocal microscope and mainly imaged the superfi-

cial layers of primary visual cortex. 

 

Experimental Design and Statistical Analysis  

Values in the text are expressed as the mean ± SEM. For the population statistics of 

comparing the response properties of CR+ and CR- cells, the distributions were first 

tested for normality with the Shapiro-Wilk test (at 5% significance level). If both distri-

butions were normal, we used Student t-tests. If one or more of the distributions failed 

the normality test, we performed the nonparametric Mann-Whitney U-test for two 

groups. The distribution of activity changes after laser onset over multiple depths 

failed the normality test, and we used a Kruskal-Wallis test and post-hoc Bonferroni 

corrected Wilcoxon sign rank test. The distributions in the other comparisons for laser 

on versus laser off condition also failed the normality tests. In these cases, we have 

used the nonparametric Wilcoxon sign rank test for paired testing. For determining if 

individual units were significantly modulated by CR+ activation we used the Friedman 

test with 5% significance level. 
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Results 
Specificity of the CR-cre mouse line 

To visualize CR neurons we used young adult calb2-ires-cre mice in which the calretinin 

promoter drives the expression of cre-recombinase38. Different from our previous at-

tempt to specifically target CR interneurons39, we injected the mice with a virus driving 

the expression of the red fluorescent tdTomato protein (TOM) in a cre-dependent way. 

We first evaluated the specificity of the mouse line by antibody staining against the CR 

protein (Figure 1A) and quantifying the colocalization between the TOM expression 

and the CR immunoreactivity in coronal slices of primary visual cortex. Of all the la-

belled neurons, 82% were both immunoreactive for CR and expressed TOM (233 cells, 

4 slices, Figure 1B-C). Only 7% of TOM expressing neurons (6% of all labelled cells) did 

not express CR and 13% of the CR positive neurons did not express TOM (12% of all 

labelled cells). Considering this high overlap between CR and TOM, we refer to the 

TOM+ cells  as CR+ neurons in the rest of the manuscript. We confirmed that a subset 

of CR+ neurons also expressed SOM or VIP (Figure 1D) as expected14,40. 
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Figure 1. Colocalization of fluorescent label with calretinin. A. Left panels: calretinin (CR) 
immunoreactive cells (green) and tdTomato (TOM) expressing cells (red) in a coronal slice 
of visual cortex of a CR-Cre mouse injected with cre-dependent tdTomato virus. Right pan-
els: magnification of left panels. In the lower panel, a TOM-/CR+ cell (arrow head), 
TOM+/CR+ cell (star), TOM+/CR- cell (arrow). B. Normalized intensities for CR staining and 
TOM expression. Cells expressing only CR are green, cells expressing only TOM are red, 
cells expressing both are yellow, and background samples are black. C. Pie chart of the 
colocalization between CR immunoreactivity and TOM expression. The percentages are 
of the total number of cells that had TOM and/or CR label. D. Colocalization of TdTomato 
with VIP and SOM. Higher panel: VIP immunostaining on a coronal slice of a CR-cre  mouse 
injected with a cre-dependent tdTomato virus. From left to right, VIP immunoreactive 
cells in green, TOM+ cells in red, merge of the two showing a TOM+/VIP- cell (arrow), a 
TOM+/VIP+ cell (star), a VIP+/TOM- cell (arrow head). Lower panel: SOM immunostaining 
and colocalization with tdTomato. From left to right, SOM immunoreactive cells (green), 
TOM expressing cells (red), merge of the previous panels showing a TOM+/SOM- cell (ar-
row), a TOM+/SOM+ cell (star) and a SOM+/TOM- cell (arrow head).  
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Validation of calcium imaging with cell-attached recordings. 

We injected a virus causing broad expression of the genetically encoded calcium indi-

cator GCaMP6s41 to visualize neural activity. The correspondence between changes in 

fluorescence and electrophysiological responses had been previously shown for py-

ramidal cells and various classes of interneurons18,20,42, but not specifically for CR in-

terneurons. Therefore, we performed two-photon calcium imaging and simultane-

ously recorded the spiking responses of the imaged neurons in cell-attached configu-

ration (Figure 2A). We recorded responses to drifting gratings from three 

TOM+/GCaMP6s+ (CR+) neurons and one TOM-/GCaMP6s+ (CR-) neuron (Figure 2B). 

Changes in fluorescence were tightly coupled to electrophysiological spiking activity 

for different directions (Figure 2C-D) and different contrasts (Figure 2E). Across cells, 

calcium and spiking responses were strongly correlated (54 measurements, 4 cells, 3 

mice, Pearson r = 0.82, non-zero slope test p<10-7, Figure 2F) and the orientation se-

lectivity index (OSI) was similar when it was computed from electrophysiological re-

cordings or from imaging (Pearson r = 0.73, p = 0.27, Figure 2G). 
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Figure 2. Responses and selectivity measured by calcium fluorescence and cell-attached 
spiking. A. Example CR+ neuron. In red tdTomato, in green GCaMP6s and dye filled cell-
attached pipette. B. Neuronal activity measured as GCaMP6s fluorescence changes (red) 
and electrophysiological recording (blue) from the cell in A. Grey indicates visual stimulus 
period. C. Average peristimulus time calcium responses to the different directions for the 
cell in A. (Colors correspond to directions shown in D). D. Polar plot of the responses to 
the different directions in calcium fluorescence (red) and in spiking (blue) for the cell in A. 
E. Example normalized responses to different grating contrasts (for cell in A). F. Correla-
tion between normalized calcium response and normalized spiking response. Each color 
represents a different cell. Green represents a CR- cell, cyan, blue and magenta CR+ cells. 
Black line is the identity line. Inset: correlation between the non-normalized calcium re-
sponse and spike rate. G. Correlation between orientation selectivity indexes computed 
from calcium and spiking responses. Different colors represent different cells. Green dot 
represents OSI data for CR- cell, cyan, blue and magenta the OSI for CR+ cells. The identity 
line is drawn in black. 
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Reduced orientation selectivity in CR+ neurons 

Our experiments indicated that changes in fluorescence were a reliable readout of 

neuronal response. Therefore, we continued to image calcium responses to study the 

visual processing of CR+ neurons in the mouse primary visual cortex (V1) in more detail. 

Baseline fluorescence was comparable in the CR+ and CR- group (CR+: mean fluores-

cence 969 ± 45 arbitrary units, 65 cells; CR-: 1075 ± 58 a.u.; 173 cells, 9 mice, p = 0.64, 

Mann-Whitney U test). First, we investigated the selectivity and preference of the re-

sponses to gratings drifting in different directions (Figure 3A). The orientation selec-

tivity was lower in the CR+ group than in the CR- group (CR+: mean OSI = 0.18 ± 0.02, 

65 cells; CR-: 0.25 ± 0.01, 173 cells, 9 mice, p = 0.0056, Mann-Whitney U test, Figure 

3B). This difference was due to the smaller group of orientation sensitive cells with an 

OSI higher than 0.33 (CR+: 11%; CR-: 25%; Chi2 test, p = 0.014, Figure 3B-C). The two 

groups showed comparable direction selectivity (CR+: mean DSI = 0.18 ± 0.02, n = 65 

cells, CR-: 0.17 +/- 0.01, 173 cells, 9 mice; p = 0.32, Mann-Whitney U test, Figure 3D). 
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CR+ neurons are less surround suppressed 

After we had determined their preferred direction and their receptive field centers, 

we continued to study the size tuning of cells (Figure 4A). On average, cells showed a 

reduction in response when the grating size becomes large. The CR+ group, however, 

was less suppressed by large sized stimuli compared to the CR- group (Figure 4B). To 

evaluate the response reduction, we computed a suppression index (SI) for all cells. 

We selected only cells whose preferred orientation differed 30 degrees or less from 

the presented orientation, and had a receptive field center within roughly 10 degrees 

(see Methods for details) of the center of the size stimulus. The SI was lower for the 

CR+ group than for the CR- population (CR+: mean SI = 0.27 ± 0.06, 13 cells; CR-: 0.41 

± 0.04, 36 cells, 4 mice; p = 0.048, t-test, Figure 4C). The biggest difference was visible 

at the lower SI range (Figure 4D). There was no difference in the preferred size (CR+: 

mean diameter 25 ± 3.6 deg, 11 cells; CR-: 22.2 ± 2.8 deg, 35 cells; p = 0.35, Mann-

Figure 3. Orientation selectivity is 
lower in cells expressing CR. A. 
Two-photon image showing an ori-
entation-selective CR- cell (green) 
and an untuned CR+ neuron (red). 
On the right, average responses and 
polar plots for the same cells. Colors 
represent stimulus directions. Grey 
indicates stimulus period. B. Distri-
bution of OSI for CR+ and CR- neu-
rons. Red and green outlined dots 
are the examples shown in A. Verti-
cal bars show mean. ** indicates 
p<0.01. C. Percentage of CR+ and 
CR- neurons with an OSI higher than 
0.33. * indicates p<0.05. D. Distribu-
tion of DSI is similar for CR+ and CR- 
neurons. Vertical bars show mean. 
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Whitney U test, Figure 4E). The combination of the orientation selectivity index and 

surround suppression index did not reveal any clusters of CR neurons.  

 

 

Figure 4. Lower surround suppression in CR+ cells than in CR- population. A. Example 
average time courses and tuning of responses to stimuli of different sizes for a CR+ (top) 
and a CR- (bottom) neuron. Grey indicates stimulus period. Colors represent different 
stimulus sizes. Error bars indicate mean and SEM. B. Normalized response to stimuli of 
increasing sizes for the CR+ population and the CR- population. * indicates t-test p < 0.05. 
** indicates p<0.001. In the inset, normalized response to stimuli of size relative to pre-
ferred size. Error bars indicate mean and SEM. C. Suppression index for the CR+ popula-
tion and the CR- population. Bars show mean. * indicates p < 0.05. D. Cumulative proba-
bility profile for CR+ neurons and CR- neurons. E. Preferred diameter for the CR+ group 
and CR- group. Bars show mean. 
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CR+ neurons have average spatiotemporal frequency and contrast tuning 

We also determined other visual response properties using full screen sinusoidal grat-

ings. The spatial frequency tuning of CR+ and CR- group was very similar (Figure 5A-B). 

The high spatial frequency at half maximum response was identical across groups (CR+: 

mean 0.15 ± 0.02 cpd, 18 cells; CR-: 0.15 ± 0.01 cpd, 47 cells, 8 mice; p = 0.87, Mann-

Whitney U test, Figure 5C). The percentage of low-pass cells was identical (CR+: 50%; 

CR-: 53%; p = 0.82, Chi2 test, Figure 5D). Also the tuning of CR+ and CR- neurons to 

gratings drifting at different temporal frequencies was very similar (Figure 5E-F). The 

high temporal frequency value at half of the maximum response was not different (CR+: 

7.1 ± 0.5 Hz, 14 cells; CR-: 7.7 ± 0.5 Hz, 34 cells, 7 mice, p = 0.88, Mann-Whitney U test, 

Figure 5G). In addition, the contrast response curves of the two populations were also 

similar (Figure 5H-I). The contrast at half the maximum response (C50) was almost 

identical in the two cell classes (CR+: 16 ± 2 %, 13 cells; CR-: 15 ± 1 %, 30 cells, 8 mice; 

p = 0.8, t-test, Figure 5J). 
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Figure 5. Spatial and temporal frequency and contrast tuning are equal for CR+ and CR- 
populations. A. Example time courses and mean responses to sinusoidal gratings of dif-
ferent spatial frequency. Colors represent different spatial frequencies. Error bars indicate 
mean and SEM. Grey indicates stimulus period. B. Normalized responses to various spatial 
frequency for the CR+ and CR- populations. C. Means of high spatial frequency at half max. 
response for CR+ and CR- neurons are equal. Bars show mean. D. Percentages of low-pass 
cells for the CR+ and CR- groups are equal. E. Example time courses and mean response 
to stimuli of different temporal frequencies. Colors represent temporal frequencies. F. 
Temporal frequency tuning for CR+ and CR- populations are similar. G. Means of high tem-
poral frequency at half max. response for CR+ and CR- neurons are equal. H. Example time 
course and mean response to gratings of different contrasts. Colors represent contrasts. 
I. Normalized responses to different contrasts for CR+ and CR- populations are the same. 
J. Mean C50 values for the CR+ and CR- populations are equal. 
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Activating CR+ neurons reduces responses 

Next, we wanted to measure the effect that CR neurons exert on the response in the 

visual cortex. We virally expressed ChR2-YFP in CR+ neurons and used laminar silicon 

probes to measure multi-unit response to visual stimulation, with and without laser 

activation of the CR+ population (Figure 6A-C). Initially, we did this experiment in anes-

thetized animals and found on average a small, but not significant, reduction in re-

sponse (-2.8% ± 2.7%, p = 0.39, Wilcoxon signed rank test, 35 units, 5 mice). Under 

anesthesia, the amount of inhibition compared to excitation is reduced43 and it may 

be more difficult to observe effects. Therefore, we continued the experiments with 

awake mice. The effect of optogenetically activating the CR+ cells resulted in a stronger 

reduction in activity (-6.8% ± 1.7%, p = 2 x 10-7, Wilcoxon signed rank test, 77 units, 4 

mice). The reduction of activity under anesthesia and in the awake condition did not 

differ significantly from each other (p = 0.057, Mann-Whitney U-test). Overall, most of 

the recorded cells showed a reduction in response, although there was a small number 

of units in the deeper layers that showed an increased mean response to drifting grat-

ings of various contrasts (Figure 6D). The mean maximum response in the top layer 

was nearly 10% reduced by laser activation of CR+ neurons (top layer, p<0.0001, Bon-

ferroni corrected Wilcoxon signed rank test, 49 units; all ChR2 groups, p<0.0001, Wil-

coxon signed rank test, 112 cells, Figure 6E). There was no significant effect in mice 

that were not transfected with Channelrhodopsin2 (p = 0.55, Wilcoxon signed rank 

test, 26 units, 2 mice, Figure 6E). The difference across layers may be an effect of the 

reduced amount of laser light reaching the deeper layers. For this reason, we focused 

for a deeper analysis of the effects on the units in the top layer. Responses were 

slightly reduced by laser light across the whole contrast response function (Figure 6F). 

There was a tiny increase in the mean C50, the contrast at half the maximum response 

of awake mice (awake: 38.2 ± 2.0 % laser off, 40.2 ± 2.1 % laser on, p = 0.0069, Wil-

coxon signed rank test, 37 units, 4 mice; anesthetized: 26.3 ± 2.7 % laser off, 28.7 ± 2.9 

% laser on, p = 0.39, Wilcoxon signed rank test, 12 units, 5 mice, Figure 6G). We also 

measured the effect of CR+ activation on size tuning, as there is a group of neurons 
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expressing both somatostatin and CR, and SOM+ neurons are partially responsible for 

surround suppression21,27. As described previously21,44, there is more surround sup-

pression in the awake than in the anesthetized animal (awake mean SI = 0.30 ± 0.03, 

anesthetized 0.16 ± 0.04). CR+ neuron activation only reduced the gain of the re-

sponses and did not change the amount of surround suppression (awake laser on 

mean SI = 0.32 ± 0.03; no effect of laser on SI, p = 0.19, Wilcoxon signed rank test; 

anesthetized laser on mean SI = 0.18 ± 0.05; no effect of laser on SI, p = 0.49, Wilcoxon 

signed rank test, Figure 6H-I).  

 

Figure 6. Activation of CR+ cells reduces gain in anesthetized and awake mouse. A. Acti-
vation of ChR2 transfected cells by fibre-coupled blue laser. B. Example transfection of 
ChR2-YFP (green) in DAPI (blue) stained slice of V1. C. Example contrast tuning and spike 
histogram of cell showing decreased responses when laser is turned on. D. Change in 
mean responses for contrast tuning curve test for cells when activating CR+ cells for cells 
in awake (red/pink) and anesthetized (blank/grey) mice. Dark markers show cells that 
were significantly modulated (Friedman test), lines show averages per depth. E. Most ef-
fect of CR+ activation on mean maximum responses occurs in top layers (awake and anes-
thetized combined). F. Population contrast tuning curve in top layers with and without 
CR+ activation in awake mice. G. C50 in top layers is changed only little by CR+ activation 
in awake and anesthetized mice. Arrows indicate means. H. Population size tuning curve 
in top layers with and without CR+ activation in awake mice. I. Surround suppression in 
top layers is unchanged by CR+ activation. Arrows indicate means. 
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Discussion 
We studied the functional tuning properties of CR+ neurons in V1 of anesthetized mice. 

CR+ neurons were less selective to orientation and size than the general population of 

neurons in V1. CR+ neurons were not less selective for spatial or temporal frequency. 

The effect of activating CR+ neurons was inhibitory, both under anesthesia and in the 

awake mouse. 

Previously, we and others found that crossing calb2-ires-cre mice with a cre-depend-

ent reporter line caused labeling of many excitatory neurons in the cerebral cortex 

that only transiently expressed calretinin during perinatal development5,39,45. Virus in-

jections of a cre-dependent fluorescent label in adult calb2-ires-cre mice circumvented 

this problem and worked very well to label cells expressing CR38. We found that 93% 

of the cells that were labelled by tdTomato also expressed CR. This agrees with the 

specificity of 91% found previously for this calb2-ires-cre mouse line38. Possible rea-

sons for cells expressing tdTomato without being marked as CR positive by us could be 

that these cells expressed CR to a very low degree or that the expression of CR can 

turn on and off over time, while tdTomato continues being expressed after cre-recom-

binase had its permanent effect. CR expression in the adult mouse visual cortex is con-

fined to a subset of GABAergic neurons5,14. In other species, a minority of CR expres-

sion cells in the adult neocortex were not GABAergic (rat13, monkey36) or formed asym-

metric (putative excitatory) connections (rat15, human46). Calretinin, like other mark-

ers for inhibitory neurons, such as parvalbumin, somatostatin and VIP, does not de-

marcate a completely homogeneous group of interneurons. It is expressed in a subset 

of somatostatin positive interneurons4,5,40, a subset of VIP positive interneurons4,5 and 

a small subset of putative neurogliaform cells positive for neuro-derived neurotrophic 

factor (Ndnf)5. Although the group of calretinin positive neurons thus overlaps with 

other interneuron classes, it could be that CR+ neurons are still functionally distinct 

from neurons that do not express calretinin. 
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Inhibitory neurons in the visual cortex are overall more broadly tuned than excitatory 

neurons16,18,47 and CR+ interneurons are no exception. Mean orientation selectivity is 

lower than in the general population, as was reported for fast-spiking interneurons, 

PV, SOM and VIP neurons17,18,22. There was a small fraction of orientation sensitive CR+ 

neurons in our recordings. These could overlap with the orientation selective SOM 

neurons that were found in the GIN-GFP reporter line19. CR+ neurons showed less sur-

round suppression than the general population. This is similar to SOM neurons, and 

unlike PV neurons21. Our data suggest that this broader tuning for orientation and size 

of calcium responses of CR+ neurons is not due to a different calcium response func-

tion. It is known that different neurons can have different relationships between cal-

cium indicator fluorescence and spiking48, but we did not see a clear difference in the 

linearity of calcium responses with respect to spikes for CR+ versus CR- neurons. Fur-

thermore, CR+ neurons were not more broadly tuned in all respects. Direction selec-

tivity, preferred spatial and temporal frequency and the bandwidths for spatial and 

temporal frequency were not distinguishable from the general population. This also 

suggests that the lower orientation and size selectivity were not due to a lower firing 

threshold of the CR+ neurons, but that CR+ neurons really have a different input from 

CR- neurons. PV interneurons obtain their broad tuning by pooling local inputs from 

pyramidal cells regardless of their orientation preference49. Our data suggest that this 

may also be the case for CR+ neurons, but the lower size sensitivity also suggests that 

CR+ neurons integrate inputs over a larger region of visual space, and possibly cortical 

space, than pyramidal cells and PV interneurons do. The population of CR+ neurons is 

thus functionally distinct from the PV population by having a lower surround suppres-

sion than pyramidal neurons, and from the GIN-GFP SOM population by having a lower 

orientation selectivity.  

We assessed the response properties under anesthesia. The benefit of this was that 

there was very little motion artefact and that we did not need to worry about eye 

position changes between measuring receptive field position and size tuning. One 
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drawback is that anesthesia may mask differences in response properties that are pre-

sent in the awake animal. For instance, surround suppression is lower under anesthe-

sia21,44. And although SOM neurons are active under anesthesia19,29, it could be that 

different neuronal subgroups are affected in different ways by the anesthesia. Sharper 

differences in the function of these different interneuron classes might also arise dur-

ing behaviour or learning.  

Studies about anatomical connections of CR interneurons showed diversity depending 

on the model of study. In general, most of the studies showed that CR interneurons 

mainly target dendrites of other GABAergic cells in the visual cortex of rat13. In monkey 

V1, in layers 1-3 GABAergic neurons are the main target of CR innervation, but in layers 

5-6 mostly pyramidal cells are targeted36. In humans, GABAergic neurons are not a 

common target of CR+ axons46. In mouse, CR+ neurons (both bipolar and multipolar 

types) have more than double the probability to connect to a given interneuron than 

to a given pyramidal cell37. For these reasons, CR+ neurons were considered to have a 

disinhibitory effect in specific cortical layers and areas10,13,36. Although a number of 

cells were disinhibited, we found that the overall effect of activating CR+ neurons was 

inhibitory and reduced responses. In mouse layer 2/3 CR+ cells can be divided in mul-

tipolar CR+ neurons and bipolar CR+ neurons37. Multipolar CR+ cells presumably in-

clude a subset of SOM positive Martinotti cells and are VIP negative. Bipolar CR+ cells 

are VIP positive (6 out of 7 tested37). Cells in each of these two groups have a much 

higher chance to be connected to any given cell from the other group than to a cell in 

their own group. Although the CR connection probability to other inhibitory cells is still 

greater than to pyramidal cells, the disinhibition of pyramidal cells is offset by the di-

rect extra inhibition pyramidal cells receive from activated CR+ neurons. The combined 

effect of activating CR+ neurons is thus not disinhibitory in the mouse. The effect of 

activating the group of CR+/VIP+ bipolar interneurons alone is likely to be disinhibitory, 

because it was shown that cortical VIP neurons as a group are disinhibitory50,51,52,53. 
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We have established that, on average, CR+ neurons distinguish themselves as a group 

from excitatory, PV and the overall group of SOM neurons by their visual tuning prop-

erties. This is different from the much larger group of neurons that have expressed CR 

during their lifetime, which could not be distinguished from excitatory neurons by 

their visual response properties39. The CR+ group is, on average, distinct from the over-

all group of VIP neurons in their effect of activation, because optogenetic activation of 

CR+ neurons in mice did not increase overall cortical response. The effect might be 

different in other species like rat (where CR and SOM are not overlapping54) and if 

considering just one of the two cell types (bipolar CR or multipolar CR). It is still unclear 

why only some neurons express CR. Neither their tuning properties, nor their inhibi-

tory action suggest a particular function for the cells or the protein. Perhaps these 

functions are occluded by the heterogeneity of calretinin neurons, and further subdi-

viding in VIP+ or SOM+ groups is necessary for this question to be answered. In addi-

tion, it may be that the specialty of CR+ neurons only becomes clear during behaviour 

and learning. 
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Abstract 
The perception of speed is influenced by visual contrast. In primary visual cortex (V1), 

an early stage in the visual perception pathway, the neural tuning to speed is directly 

related to the neural tuning to temporal frequency of stimulus changes. The influence 

of contrast on speed perception can be caused by the joint dependency of neural re-

sponses in V1 on temporal frequency and contrast. Here, we investigated how tuning 

to contrast and temporal frequency in V1 of anesthetized mice are related. We found 

that temporal frequency tuning is contrast-dependent. V1 was more responsive at 

lower temporal frequencies than the dLGN, consistent with previous work at high con-

trast. The temporal frequency tuning moves towards higher temporal frequencies with 

increasing contrast. The low half-maximum temporal frequency does not change with 

contrast. The Heeger divisive normalization equation provides a good fit to many re-

sponse characteristics in V1, but does not fit the dependency of temporal frequency 

and contrast with set of parameters for all temporal frequencies. Different mecha-

nisms for normalization in the visual cortex may predict different relationships be-

tween temporal frequency and contrast non-linearity. Our data could help to make a 

model selection. 
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Introduction 
While the signals that are produced by an image and leave the retina are dependent 

on the overall level of contrast, the interpretation of an image is largely independent 

of the overall contrast (Avidan et al., 2002). Reducing the contrast makes an image 

harder to see, but does not change its interpretation. Although we have some insight 

on how this independence of contrast arises by thresholding, we have no detailed un-

derstanding of this process even at the first stage of cortical visual processing. In the 

primary visual cortex (V1), neurons are responsive to local differences in image con-

trast, edges in particular (Hubel and Wiesel, 1959). In a good approximation, V1 neu-

rons operate as spatiotemporal filters of the image contrast. Most investigations have 

focused on the interaction of spatial frequency filtering and contrast of grating stimuli. 

Initially, responses of V1 neurons were thought to be separable for contrast and spatial 

frequency, meaning that responses are the product of a function depending on stim-

ulus contrast and a function depending on the spatial frequency (Albrecht and Hamil-

ton, 1982). Later, it became clear that spatial frequency tuning and contrast are not 

completely inseparable in V1 in cat (Skottun et al., 1986), monkey (Sceniak et al., 2002; 

Priebe et al., 2006) and mouse (Heimel et al., 2010).  

Likewise, the temporal frequency tuning and the contrast response of neurons in early 

visual cortical areas were first considered to be independent (Foster et al., 1985), but 

later found to depend on each other in macaque, cat and ferret V1 (Albrecht, 1995; 

Priebe et al., 2006; Alitto and Usrey, 2004) and macaque MT (Krekelberg et al., 2006; 

Pawar et al., 2019). In V1, temporal frequency tuning and speed are directly linked, 

because spatial and temporal frequency dependencies are separable in most of the 

individual neuronal responses (Tolhurst and Movshon, 1975). The interdependency of 

temporal frequency and contrast could thus underlie the so-called Thompson effect 

(Thompson, 1982; Thompson and Stone, 1997) that our perception of speed and tem-

poral frequency is different at low contrast (Krekelberg et al., 2006). We wanted to 

understand the nature of the interaction of contrast and temporal frequency, and 



130 
 
 

were interested to learn if this interaction is universal across mammals. In the mouse, 

V1 temporal frequency tuning has been measured at high contrast (Niell and Stryker, 

2008; Gao et al., 2010; Durand et al., 2016), but the relationship between contrast and 

temporal frequency on responses has not been studied yet. Due to their small eye size, 

mice have about 100 times lower spatial acuity than humans (0.5 vs 60 cycles per de-

gree, Prusky et al., 2000), but their temporal frequency tuning is more similar. In pho-

topic conditions, contrast sensitivity in mice peaks at 1.5 Hz, six fold below humans 

(Umino et al., 2008; Burr and Ross, 1982), and mouse psychophysics of temporal con-

trast shares fundamental properties with human psychophysics (Umino et al., 2018).  

We studied the responses in V1 of anesthetized mice to gratings of different temporal 

frequencies and contrasts. We found that responses do not factorize in contrast and 

temporal frequency dependencies, and that temporal frequency tuning moves to 

higher frequencies with higher contrast. V1 responses to many stimuli can be fitted by 

a divisive normalization model (Albrecht and Geisler, 1991; Heeger, 1992; Carandini 

and Heeger, 2011). Divisive normalization also describes the interdependency of con-

trast and spatial frequency of grating responses (Heimel et al., 2010). We investigated 

if divisive normalization also explains the relationship between contrast and temporal 

frequency in the responses, and if normalization operates equally across temporal fre-

quencies. We found that, while the normalization model with a single saturation con-

stant and exponent can approximately match V1 population responses for all combi-

nations of temporal frequency and contrast, it does not describe the change in tem-

poral frequency tuning with contrast for low and intermediate temporal frequencies.  

  



131 
 
 

Materials and Methods 
Animals 

We used male, 2-4 month old, calb2-cre mice bred on a C57BL6/J background (Strain 

#010774, Jackson laboratory), which we also used for investigating calretinin-positive 

cortical interneurons (Camillo et al., 2018). All animals were kept in a 12 hour 

day/night cycle with access to food and water ad libitum. The experiments were car-

ried out during the day cycle. All experiments were approved by the animal care and 

use committee of the Royal Netherlands Academy of Arts and Sciences. The experi-

ments were performed in accordance with relevant guidelines and regulations. 

Extracellular Electrophysiology 

Mice were injected with urethane (1.2 g per kg of mouse body weight, intraperitone-

ally) and chlorprothixene (8 mg per kg, subcutaneous). We injected atropine sulfate 

(0.1 mg per kg) to reduce mucous secretions. We maintained body temperature at 

36.5–37° C with a heating pad and rectal probe. Additional doses of urethane were 

injected when a toe-pinch response was observed. The head was fixated with ear bars 

and a bite bar. During surgery, the eyes were protected from light by black stickers and 

from drying by Cavasan eye ointment. The scalp above visual cortex was removed and 

a very small craniotomy was made around 2900–3000 µm lateral and 300–500 µm an-

terior to Lambda. Laminar silicon electrodes (A1 × 16–5 mm-50–177-A16, 16 channels 

spaced 50 μm apart, Neuronexus) for extracellular recordings were inserted in the bin-

ocular region of V1. The signals were digitized at 24 kHz and band pass filtered be-

tween 0.5 and 10 kHz using a Tucker-Davis Technologies RX5 Pentusa. Signals were 

thresholded at 3x standard deviation to isolate spikes, and spikes were sorted after a 

principal component extraction by KlustaKwik (Harris et al., 2000) and custom-written 

Matlab (Mathworks) scripts. 
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Visual Stimuli 

Stimuli were back projected by a gamma-corrected Plus U2-X1130 85 Hz DLP projector 

onto a screen (Macada Innovision) placed 18 cm in front of the animal. Full screen size 

was 60 x 42 cm. Stimuli were produced by scripts using Psychophysics Toolbox 3 

(Kleiner et al., 2007) running on Matlab. We first mapped the receptive fields of the 

units at the recording sites by presenting a 5 min movie (5 frames per second) of small 

white squares (approximately 5 degrees wide) in random positions on black back-

ground (ratio of white to black area: 1:30) (Ahmadlou et al., 2018). These receptive 

field positions were used to ascertain that we were recording in binocular V1. The next 

visual stimuli were full-screen, sine-wave, drifting gratings of 0.05 cycles per degree. 

Drift frequencies were 0.5 Hz, 1 Hz, 2 Hz, 4 Hz, 8 Hz and 16 Hz. This corresponded to 

speeds of 10, 20, 40, 80, 160 and 320 deg per s. Grating contrasts were 10%, 30%, 50%, 

70% and 90%. In each 2 s long stimulus presentation, a grating was drifting in one of 

the 8 cardinal and oblique directions. The stimuli were shown in pseudorandom order 

(i.e. shuffled per block). Each combination of contrast, temporal frequency and direc-

tion was shown 5 times for each recording. The screen was an equiluminant grey (10 

cd m-2) for 1.5 s between the stimuli.  

Data Analysis 

Analysis was done using Matlab scripts. For all stimuli, we computed the evoked visual 

responses, averaged over the duration of the stimulus, minus the spontaneous rate. 

The spontaneous rate was defined as the mean rate in the last 0.5 s before stimulus 

onset. We averaged the response for each combination of contrast and temporal fre-

quency over all drift directions. Only units were included that had a minimum response 

(i.e. the evoked responses minus the spontaneous rate) of 1 spikes/s for at least one 

combination of temporal frequency and contrast. The response dependence on the 

temporal frequency was fitted with a difference of Gaussians (d.o.G.), i.e. R(f) = Re 

exp( -1/2 f2/we
2 ) – Ri exp( -1/2 f2/wi

2 ), where f is the temporal frequency, Re and we 

are the gain and width of the positive Gaussian and Ri and wi of the wider negative 
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Gaussian. The fits were made by minimizing the summed squared error of the fit to 

the mean responses for all temporal frequencies, using the Matlab fminsearch imple-

mentation of the Nelder-Mead simplex algorithm. The fit was rejected if the optimal 

fit was found for Re <10-4 or Ri < 10-4 or we > 10 x 16 Hz. The d.o.G. fit was used to 

calculate the optimal temporal frequency and the low and high half-maximum tem-

poral frequencies at which the responses were half of the interpolated maximum re-

sponse.  

The response dependence on the Michelson contrast of the stimulus was fitted with a 

Naka-Rushton function, i.e. R(c) = Rm cn / (σn + cn), where c is the contrast and Rm, σ 

and n are fitting parameters (Albrecht and Hamilton, 1982). The fits were made by 

minimizing the summed squared error of the fit to all responses for all contrasts plus 

very small contributions of σ2 and (n-2)2 to reduce the degeneracy in fitting sometimes 

nearly linear data, using Matlab fminsearch. From the fit, the C50 value was interpo-

lated as the contrast at which the response would be half of the response at 100% 

contrast.  

The explained variance per unit for the temporal frequency and contrast response fits 

were calculated as 1 – {Σi (F(i) – R(i))2} /{ Σi (R(i) – Rm)2}, where F(i) are the fitted values 

for each frequency or contrast i, and Rm is the mean of all R(i)’s.  

The population models for section 3.2 were fit by minimizing the norm of the differ-

ence between all the measured values and the fit values over all parameters, using 

Matlab fminsearch. For the normalization model, the optimal parameters were σ = 6.9, 

n = 0.87. For the shunting-extended model, the optimal parameters were σ = 0.5, τ = 

0.11 / Hz, n = 0.99. 

An approximation for the LGN population tuning in the mouse was made by taking the 

values reported in the literature for the optimal temporal frequency, and low and high 

half-maximum responses for the LGN population (Tang et al. 2016), respectively 3.2 

Hz, 1.5 Hz and 6.0 Hz and fitting a d.o.G. function with the same values (there were 
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only band pass cells in the LGN). The fit was made by a stochastic search for the d.o.G. 

parameters that minimized the difference between the optimal, low half-maximum 

and high-maximum values of the d.o.G. with the literature values.  

Experimental Design and Statistics 

The number of mice used for this study was determined before its start and was based 

on previous experience with determining feature tuning with mouse extracellular elec-

trophysiology. The mice were randomly selected from the breeding stock. We used 

the Shapiro-Wilk test to test the C50 values and the optimal, low and high half-maxi-

mum values for normality. Most of these populations were not normally distributed 

at the 95% significance level and therefore we used non-parametric statistics for com-

parison and use the median and the bootstrapped standard deviation of the median 

as its standard error to describe the data. For comparisons of multiple populations, we 

used the Kruskal-Wallis test. For paired comparisons of two measurements of one pop-

ulation, we used the Wilcoxon signed-rank test. For comparing the fraction of units in 

two categories, we used the chi-square test. For testing a non-zero slope, we used the 

Matlab fitlm function, which applies a linear regression and computes the p-value for 

the t-statistic of the hypothesis test that the corresponding coefficient is equal to zero 

or not. 

Software Accessibility 

The scripts for visual stimulus display and analysis of the data are available online at 

https://github.com/heimel/InVivoTools. 

  

https://github.com/heimel/InVivoTools
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Results  
We measured the response of neurons in V1 of anesthetized mice using linear silicon 

electrodes to drifting full-screen gratings of different contrasts and temporal frequen-

cies (Figure 1A-D). For this report, we studied the 59 units in 4 mice that had a re-

sponse larger than 1 spikes/s for at least one combination of contrast and temporal 

frequency. We first analyzed the temporal frequency dependence at 90% contrast, the 

highest stimulus contrast that we used, and reproduced previous findings (Niell and 

Stryker, 2008; Gao et al., 2010; Durand et al., 2016). The temporal frequency tuning of 

these cells could be well-fitted with a difference-of-Gaussian (d.o.G.) curve (median 

explained variance was 97%, examples in Figure 1A,C). The median optimal temporal 

frequency was 2.83 ± 0.14 Hz (bootstrapped standard deviation) (Figure 1E). The me-

dian high half-maximum temporal frequency was 7.7 ± 0.3 Hz (Figure 1F). Units were 

termed band-pass cells if they responded to stimuli shown at 0.5 Hz, the lowest tem-

poral frequency that we tested, at less than half the interpolated response to the op-

timal temporal frequency. About half, 30 of 59 (51%) of the units were band-pass cells. 

These band-pass cells had a median low half-maximum temporal frequency of 1.09 ± 

0.07 Hz (Figure 1G). The other half were considered low-pass cells, although the his-

togram of the ratio of the response at 0.5 Hz over the response at the optimal tem-

poral frequency shows that there is no strict division between low-pass and band-pass 

cells (Figure 1H).  
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Figure 1. Temporal frequency response at 90% contrast can be band pass or low pass. 
A. Temporal frequency tuning of an example band pass neuron. Error bars indicate s.e.m. 
around the mean rate during the stimulus presentation. Black dashed line indicates the 
spontaneous firing rate. Curve is a difference-of-Gaussian (d.o.G.) fit to the data. Green 
dashed line indicates the optimal temporal frequency at which the neuron is predicted to 
give most response. Red line indicates the lower half-maximum response frequency. Blue 
line indicates the higher half-maximum response frequency. B. Peristimulus time histo-
gram (PSTH) of the activity for all stimuli of the same neuron shown in A. Dotted line indi-
cates the peak response time. C. Temporal frequency tuning of an example low pass neu-
ron. D. PSTH for the same neuron as C. E. Histogram of optimal temporal frequencies from 
d.o.G. fits. Arrowhead indicates median. F. Histogram of high half-maximum temporal fre-
quencies. Arrowhead indicates median. G. Histogram of low pass cells and the lower half-
maximum temporal frequencies of band pass cells. Arrowhead indicates the median of 
the band pass cells. H. Histogram of the response at 0.5 Hz over the response at the opti-
mal temporal frequency. In grey the low-pass cells, in red the band-pass cells. 

Varying temporal frequency and contrast 

Next, we considered the temporal frequency tuning across all the presented contrasts 

of 10%, 30%, 50%, 70% and 90%. For 46 of the 59 units, the temporal frequency tuning 

could be well fitted with a d.o.G. for all contrasts. The median explained variances 

were 97%, 97%, 96%, 91% and 82% for contrasts of 90%, 70%, 50%, 30% and 10%, 

respectively. For the other 13 cells, the fit was too poor, because the response at the 

10% was completely absent or so low that the number of repetitions that we used was 

insufficient to provide an accurate measurement of the response. Cells that were 

band-pass in temporal frequency responses for high contrasts often became low-pass 
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at lower contrasts (Figure 2A). Low-pass cells at high contrasts were always also low-

pass at low contrasts (Figure 2B). The mean temporal frequency responses for the 

whole population were also well described by different d.o.G. functions for the differ-

ent contrasts (Figure 2C). The shape of the curve and the optimal temporal frequency 

and high half-maximum temporal frequencies of the population response were fairly 

constant above 30% contrast except for a gain change. Looking at the values of indi-

vidually fitted temporal tuning curves, we noticed that there was significant difference 

in the optimal temporal frequency across contrasts (p = 0.00004, Kruskal-Wallis test, 

d.f. = 225, χ2 = 25.6, 46 units in 4 mice, Figure 2D). A similar, but not significant, trend 

was also present in the high half-maximum temporal frequency across contrasts (p = 

0.10, Kruskal-Wallis test, d.f. = 225, χ2 = 7.7, Figure 2D). More specifically, the optimal 

temporal frequency at 10% was much lower than the optimal temporal frequency at 

90% (median ± s.e.m. at 10% contrast: 1.23 ± 0.40 Hz; at 90% contrast: 2.90 ± 0.19 Hz; 

p = 0.00012 Wilcoxon signed-rank, z = 3.8, 46 units in 4 mice, Figure 2E). The high half-

maximum temporal frequency was also significantly lower at 10% contrast than it was 

at 90% contrast (median ± s.e.m. at 10% contrast: 6.08 ± 0.99 Hz; at 90% contrast: 8.07 

± 0.27 Hz; p = 0.033 Wilcoxon signed-rank, z = 2.1). The response at 8 Hz relative to 

the maximum response increased with increasing contrast (p = 0.029, non-zero slope 

test, F = 4.9, Figure 2F). This did not happen at 0.5 Hz. If anything, there was a drop of 

relative response with increasing contrast and the slopes of the 0.5 Hz and 8 Hz curve 

were significantly different (p = 0.0017, non-zero slope test on difference, F = 9.99, 

Figure 2F). The low half-maximum temporal frequency was smaller at low contrast (at 

10% contrast: 0.89 ± 0.11 Hz; at 90% contrast: 1.14 ± 0.09 Hz), but this was just a trend 

(p = 0.10, Wilcoxon signed-rank, statistic = 79). At 10% contrast, there were only 16 

band-pass neurons out of the 46 fitted by a d.o.G. (low-pass were 29 of 59 units at 90% 

contrast, 30 of 46 at 10% contrast, p = 0.10, chi-square test, Figure 2G). Overall, the 

temporal frequency tuning in V1 shifts towards higher temporal frequencies with in-

creasing contrast.  
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Figure 2. Relationship of temporal frequency and contrast. A. Temporal frequency tuning 
for different contrasts for an example band pass neuron. Error bars indicate s.e.m. around 
the mean rate during the stimulus presentation. Dashed line indicates the spontaneous 
rate. Black curves are d.o.G. fits, independently made for each contrast. Green lines con-
nect the optimal temporal frequencies for each contrast. Blue lines connect high half-
maximum responses. Red lines connect low half-maximum response when they exist. B. 
Example like A. for a low pass neuron. C. Temporal frequency tuning for the mean popu-
lation response for all units. Green and blue lines are connecting the optimal and high 
half-maximum responses for the fits of the population averages. D. Median optimal 
(green) and high half-maximum temporal frequency (blue) for different contrasts for all 
individual units. Error bars are bootstrapped s.e.m. There is a difference across contrasts 
for optimal frequency (***, p = 0.00004, Kruskal-Wallis test, 46 units in 4 mice), but only 
a trend for a change in the high half-maximum (p = 0.10, Kruskal-Wallis test). E. Optimal 
temporal frequency is lower at 10% contrast than at 90% contrast (***, p = 0.00012, Wil-
coxon signed-rank). F. Response at 0.5 Hz and 8 Hz normalized by the maximum response 
at each contrast. The relative response at 8 Hz increases with contrast (*, p = 0.029, non-
zero slope test). G. Fraction of low pass cells at 10% and 90% contrast (#, 29/59 at 90% 
contrast, 30/46 at 10%, p = 0.10, chi-square test). 

 

Other than looking at how the temporal frequency tuning changed with contrast, we 

can also look at how the contrast response function changed with temporal frequency. 

The contrast dependence at a single temporal frequency can be fitted by a Naka-Rush-

ton function (Albrecht and Hamilton, 1982). For higher contrasts, the Naka-Rushton 

curves have a decreasing steepness, referred to as saturation (Figure 3A). Occasionally, 
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neurons were ‘super-saturated’ and response decreased for the highest contrasts, but 

generally there was a very good fit (median explained variance was 98%). The C50 

value, i.e. the interpolated contrast at which the cell responds at half the extrapolated 

100% contrast response, is a common way to give an indication of the range of contrast 

where a cell is most sensitive. A high or low C50 indicates that the cell is most sensitive 

to, respectively, high or low contrasts. The population response curves showed differ-

ences in C50 across temporal frequencies (Figure 3B). The population contrast curves 

of Figure 3B, however, are more linear than the individual tuning curves and do not 

necessarily accurately reflect the changes in the individual neuronal contrast response 

curves. The medians of the individual units C50, however, showed similar differences 

across temporal frequencies (p = 0.016, 59 units in 4 mice, Kruskal-Wallis test, d.f. = 

294, χ2 = 12.1, Figure 3C) and the C50 at 8 Hz is higher than at 0.5 Hz (p = 0.0057, 

Wilcoxon signed-rank, z = 2.8,  Figure 3D). This again illustrates that response functions 

did not factorize in separate contrast and temporal frequency dependent functions. 

The C50 value alone does not completely describe the contrast response function. In 

particular, it does not capture whether the response changes over the full range of 

contrasts or only over a narrow range. For this reason, we also computed the dynamic 

range, i.e. the difference between the contrasts that evoke one quarter and three 

quarters of the maximum response (Figure 3A). A cell with a C50 of 50% contrast with 

a response that grows linearly with contrast has a dynamic range of 50%. A cell that 

has a very steep increase in response around the C50 contrast has a much lower dy-

namic range. The median dynamic range had a dependence on temporal frequency (p 

= 0.011, Kruskal-Wallis test, d.f. = 294, χ2 = 13.0, Figure 3E), and peaked at 2 Hz. The 

distributions of the dynamic range at 0.5 Hz and 8 Hz, however, were not different 

from each other (p = 0.51, Wilcoxon signed-rank, z=0.66, Figure 3F). 
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Figure 3. Contrast response function for different temporal frequencies. A. Contrast re-
sponse function for an example neuron. Error bars indicate s.e.m. around the mean. The 
curve is a fit with a Naka-Rushton function. C50 is the contrast at which the fitted response 
is half the response at 100% contrast. The dynamic range is the difference in contrasts 
that evoke one and three quarters of the 100% contrast response B. Population averaged 
contrast responses across temporal frequencies. In magenta, the C50s of the Naka-Rush-
ton fits of the population responses are indicated. Independent fits are made for all 
curves. C. Median C50 varies across temporal frequencies (*, p = 0.016, Kruskal-Wallis 
test, 59 units in 4 mice). Error bars indicate bootstrapped s.e.m.  D. C50 at 0.5 Hz and 8 Hz 
(***, p = 0.0057 Wilcoxon signed-rank). Histograms are shown on top and to the right. E. 
The dynamic range differs across temporal frequencies (*, p = 0.011, Kruskal-Wallis test). 
F. Dynamic range at 0.5 Hz and 8 Hz (p = 0.51, Wilcoxon signed-rank). Histograms are 
shown on top and to the right. 
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Divisive normalization 

Our results thus clearly show that the mouse V1 population response is not a product 

of a function dependent on the temporal frequency and a function dependent on the 

stimulus contrast. The same is the case for the combination of spatial frequency and 

contrast (Heimel et al., 2010). The interdependence of response on contrast and spa-

tial frequency was accurately described by divisive normalization. Divisive normaliza-

tion is characterized by the normalization equation, describing the response Ri of neu-

ron i by:  

(1) Ri = Di
n / (σn + Σk Dk

n), 

where the enumerator Di describes the driving input into the neuron and the denom-

inator is a saturation constant σ plus the sum of a large number of driving inputs Dk, 

the normalization pool (Figure 4A, Heeger, 1992; Carandini & Heeger, 2011). The ex-

ponent n is a parameter signifying the rectification stage of the model. If we consider 

the population response P = Σi Ri, we find P = Σi Di 
n/ (σn + Σk Dk

n). We have established 

experimentally that the population response does not factorize, but let us assume the 

driving inputs into V1 approximately do, i.e. there exist functions di(f) such that Di = c 

di(f)1/n with contrast c and temporal frequency f. We can then define T(f) = Σi di(f), and 

find 

(2) P(c,f) = cn / ( σn / T(f) + cn). 

This is a Naka-Rushton function, just as those that were used to fit the contrast re-

sponses of individual neurons, but the shape of the function depends on the temporal 

frequency. From equation (2) follows that there should be a single temporal frequency 

tuning function T(f) and two parameters σ and n to fit the V1 population response at 

all contrasts and temporal frequencies. We find that indeed the 30 population re-

sponses (6 temporal frequencies at 5 contrasts) can be well fitted by the normalization 

model with 7 parameters (n, σ and the five d.o.G. parameters for T). An example fit 

(with T described by a difference-of-Gaussians) explaining 98% of the variance in the 
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means is shown in Figure 4B, but there is a large range of parameter values with a 

similar goodness of fit. For all good fits, σn/T(f) is much larger than 1 and n is close to 

1. In those cases, the population response is approximately equal to c T(f) / σ. In fact, 

fitting the joint temporal frequency and contrast tuning with a function c T(f) that is 

just linear in contrast, also explained 97% of the variance, and is thus an equally good 

fit with two parameters less (n, σ). The contrast-temporal frequency curves of individ-

ual neurons, however, are much more poorly fit by fits that are linear in contrast, than 

by the normalizing model with n and σ optimized for each unit (median explained var-

iance of linear model: 83%, normalization model: 92%; p = 10-11 Wilcoxon, z = -6.8, 

Figure 4C-D). The normalization model thus provides a much better, but still not per-

fect fit. If we look at the population fits in Figure 4B more closely, we see that they are 

relatively poor at low temporal frequencies. The normalization model explained only 

92% and 94% of the variance at 0.5 Hz and 1 Hz, while it explained 99%, 99% and 97% 

at 2 Hz, 4 Hz and 8 Hz. The fits undershoot for the lowest contrasts, and overshoot for 

the highest contrasts. Furthermore, while the data showed that the optimal temporal 

frequency shifts with contrast, Figure 4B shows that the optimal temporal frequency 

does not change with contrast. Indeed, taking the derivative with respect to f of the 

population response in (2), we find 

 𝑑𝑑𝑑𝑑(𝑐𝑐,𝑓𝑓)
𝑑𝑑𝑓𝑓

= 𝜎𝜎𝑛𝑛𝑐𝑐𝑛𝑛

[𝜎𝜎𝑛𝑛+𝑐𝑐𝑛𝑛𝑇𝑇(𝑓𝑓)]2
𝑑𝑑𝑇𝑇(𝑓𝑓)
𝑑𝑑𝑓𝑓

. 

Therefore, the maximum of the population response P will be at the maximum of T(f) 

at f = fopt where dT(f)/df = 0, independently of the contrast. Furthermore, taking the 

derivative of P(c,f) / P(c,fopt) with respect to contrast, we find 

 𝑑𝑑
𝑑𝑑𝑐𝑐

𝑑𝑑(𝑐𝑐,𝑓𝑓)
𝑑𝑑(𝑐𝑐,𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜)

= 𝑛𝑛𝑐𝑐𝑛𝑛−1𝜎𝜎𝑛𝑛�𝑇𝑇�𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜�−𝑇𝑇(𝑓𝑓)�

𝑇𝑇�𝑓𝑓𝑜𝑜𝑜𝑜𝑜𝑜�𝑇𝑇(𝑓𝑓)� 𝜎𝜎
𝑛𝑛

𝑇𝑇(𝑓𝑓)+𝑐𝑐
𝑛𝑛�

2  > 0, 

because T(fopt) > T(f). This means that the response at a suboptimal temporal fre-

quency will grow relatively faster with contrast than the response at the optimal fre-

quency fopt. Thus the responses at 0.5 Hz and 8 Hz, divided by the maximum response, 



143 
 
 

should grow with contrast. In Figure 2F, we presented that this was true at 8 Hz, but 

not at 0.5 Hz. Indeed, if we plot the ratio of the response at 8 Hz and at 0.5 Hz, we see 

that the experimental data show a strong increase with contrast, while the optimal fit 

of the normalization model predicts the ratio to be almost independent of the stimulus 

contrast (Figure 4E).  

One assumption implicitly made in the normalization equation (1) is that there is a 

single pair of saturation constant σ and exponent n for different stimuli. Any neural 

implementation of normalization, however, will be dynamic and there could be an in-

teraction of the stimulus dynamics and normalization. Indeed, one suggested imple-

mentation of divisive normalization by shunting inhibition (Carandini and Heeger, 

1994; Carandini et al., 1997) predicts that σ grows with the temporal frequency of the 

stimulus. This would allow P(c,f) / P(c,fopt) to decrease with contrast for small frequen-

cies (again can be shown by inserting equation (2) and taking the derivative), and po-

tentially fit the decreasing relative response at 0.5 Hz (Figure 2F). However, if we sub-

stitute σ + τ f for σ, and optimize the fit for all data, we find essentially the same fit as 

for the model with fixed σ and do not get a better fit for the ratio of the responses to 

8 Hz and 0.5 Hz (Figure 4E, shunting model). If we reconsider equation (2), however, 

we see that any frequency-dependency of σ can be absorbed by choosing a different 

T(f). This explains why we get almost the same fit. The reason for the small difference 

between the models in Figure 4E is because we constrained T(f) to be a difference-of-

Gaussians. If we release this requirement, the shunting model and the regular model 

give exactly the same fits, with an explained variance of 98%. Fitting individual units 

with this shunting model slightly improves the fits, as it has an extra degree of freedom 

and includes the static normalization equation (p = 8 x 10-6, Wilcoxon, z = -4.4, Figure 

4C), but the median explained variance is lower for the extended model when we ad-

just it for the extra model parameter (median adjusted explained variance normaliza-

tion model: 0.89, shunting model: 0.88).  
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The normalization model predicts the temporal frequency tuning of the driving input 

to V1 to be equal to T(f)1/n, (Figure 4F). It is difficult to measure the driving input into 

V1, but we expect it to be close to the signal leaving the dLGN. The temporal frequency 

dependence of the mouse dLGN has been measured with full contrast stimuli (Grubb 

and Thompson, 2003; Tang et al., 2016). From the reported optimal temporal frequen-

cies (median 3.2 Hz) and low and high half-maximum frequencies (medians of 1.4 Hz 

and 6.0 Hz, respectively), we can infer the dLGN population response (Figure 4F). 

There is a large difference between the prediction from the normalization model and 

the measured dLGN response at the lower temporal frequencies. 

We conclude that our findings are consistent with divisive normalization operating at 

the higher temporal frequencies, but that either divisive normalization is not operating 

as described by equation (1) at the lower temporal frequencies, or that the depend-

encies on contrast and temporal frequency in the driving inputs into V1 do not factor-

ize.  
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Figure 4. V1 output can be fit with normalization model, but inferred drive is lower pass 
than dLGN output. A. In the normalization model, the response of a neuron is described 
by a stimulus drive divided by the sum of a pool of such inputs. B. Population responses 
across temporal frequencies and contrasts can be fit with divisive normalization of d.o.G. 
temporal frequency tuning of the input. Red curve is a fit with Rm = 37 spikes/s, σ = 6.9, n 
=  0.87, Re = 1 spikes/s, we =  4.7 Hz, Ri = 0.66 spikes/s,  wi = 1.5 Hz. Error bars denote s.e.m. 
around mean. C. Cumulative histogram of the explained variances when all individual 
units are fit with a linear model, the normalization model, or the shunting-extension of 
the normalization model. D. The histogram of n for fitted to all individual units. The arrow 
indicates the median 0.99. E. The ratio of the response at 8 Hz over the response at 0.5 
Hz strongly varies with contrast in the data, but this is not true in the optimal fit of the 
normalization model or for the shunting model. Dotted line is linear fit to the data. F. Full 
contrast dLGN output from literature (Tang et al., 2016) (solid line) does not match the 
stimulus drive from the normalization equation (dashed line). 
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Discussion 
We found that the shape of contrast tuning curves of mouse V1 neurons depended on 

the temporal frequency of the stimulus and vice versa, the shape of the temporal fre-

quency tuning curve depended on the stimulus contrast. We measured this with drift-

ing gratings, as commonly done (Foster et al., 1985; Priebe et al., 2006; Gao et al., 

2010). The gratings had a fixed spatial frequency, and changing temporal frequency 

was equivalent to changing the drifting speed. It has been established however that in 

primary visual cortex dependencies on spatial and temporal frequency are mostly sep-

arable (Tolhurst and Movshon, 1975), and rather than looking at speed tuning, it is 

natural to focus on spatial and temporal frequency tuning. 

Our findings at 90% contrast are very comparable to previous measurements of tem-

poral frequency tuning at 80-100% contrast in mouse V1  (Niell and Stryker, 2008; Gao 

et al., 2010; Durand et al., 2016). In close agreement to our finding that 49% of the 

cells were low-pass tuned, Gao and colleagues found that 44% were low-pass. The two 

early studies found a peak response for temporal frequencies between 1-2 Hz. This is 

slightly below our median peak frequency (2.83 Hz), which exactly matches the 2.8 Hz 

found by Durand and colleagues. We cannot give a reason for this difference. Perhaps 

there was a difference in the depth of anesthesia across the studies, although there 

was no significant difference in peak frequency between the awake and anesthetized 

condition (2.8 vs 2.99 Hz; Durand et al., 2016). Niell and Stryker (2008) used counter-

phase changing gratings, different from our drifting gratings, but Gao and colleagues 

(2010) used drifting gratings. At low luminance, temporal frequency tuning is strongly 

dependent on luminance (Ferry-Porter law, Bex and Langley, 2007; Umino et al. 2008), 

but the previous studies and ours were done at similar, photopic, light levels, where 

tuning is independent of luminance. Our median optimal temporal frequency is below 

the 4 Hz found for rats (Girman et al., 1999), but in line with other nocturnal and cre-

puscular animals that are strongly dependent on rod vision (Heimel et al., 2005).  
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The peak frequency in V1 is below the peak frequency in the mouse dLGN (3-4 Hz; 

Grubb and Thompson, 2003; Tang et al., 2016; Durand et al., 2016).  Furthermore, 

while half of the cells in mouse V1 are low-pass for temporal frequency, the cells in 

the dLGN are consistently band-pass (Grubb and Thompson, 2003). The temporal fre-

quency tuning thus substantially moves towards lower frequencies in the mouse like 

it does in the monkey (Hawken et al., 1996). This shift has been hypothesized to be 

caused by a combination of intracortical inhibition and thalamocortical NMDA recep-

tors (Krukowski and Miller, 2001). 

We found that the temporal frequency tuning characteristics were dependent on con-

trast, in particular at low contrast. Responses at high temporal frequencies were rela-

tively more reduced at lower contrasts than responses at more optimal temporal fre-

quencies (Figure 2F). Relative response at low temporal frequencies, on the other 

hand, were not more reduced at lower contrasts. Reducing contrast also slightly low-

ered the preferred temporal frequency (Figure 2D). In carnivores, the responses at low 

and high temporal frequencies also grew more with increasing contrast than re-

sponses at the optimal temporal frequency (Holub and Morton-Gibson, 1981). In par-

ticular, the responses at high temporal frequencies grow faster at higher contrasts, 

and thus also leading to a shift towards a higher temporal frequency preference with 

increasing contrast (Albrecht, 1995; Alitto and Usrey, 2004). This influence of contrast 

on temporal frequency tuning is different from its influence on spatial frequency tun-

ing. In the macaque, the optimal spatial frequency is independent of contrast and both 

the low and high half-maximum frequencies move away from the optimal frequency 

with increasing contrast (Sceniak et al., 2002). In the mouse, the contrast dependence 

has not been measured down to the typical low half-maximum frequency (which re-

quires very large stimuli due to the low visual acuity of mice), but the response to high 

spatial frequency gratings was also much more sensitive to contrast than the response 

to gratings of the optimal spatial frequency (Heimel et al., 2010). The effect of contrast 

on spatial frequency tuning follows from the divisive normalization behavior of visual 
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cortex (Heimel et al., 2010). According to the normalization model, the response of a 

neuron is well described by dividing its driving input by a constant and the sum of the 

activity of a normalizing pool of inputs (Heeger, 1992; Carandini et al., 2011). For spa-

tial frequencies that evoke much response, the activity level of the normalizing pool is 

higher and the driving input is divided by a larger number than for spatial frequencies 

that evoke little response. The effect is thus a widening of the tuning curve with in-

creasing contrast. At high temporal frequencies, the effect of contrast on the popula-

tion response is as predicted by the normalization model (see Figure 2F). Higher tem-

poral frequencies cause less activity in the normalization pool than more optimal tem-

porary frequencies, resulting in less normalization and thus more dependence on con-

trast. At low temporal frequencies, the stationary normalization equation (1) predicts 

the same effect, but the data do not show this (Figure 2F). One of the assumptions 

implicitly made in equation (1) is that the saturation constant σ and the exponent n 

are independent of the stimulus. This assumption holds across orientations and spatial 

frequencies (Heeger et al., 1992). At the introduction of the normalization model, the 

validity of this assumption was not asserted for different temporal frequencies, but it 

was noted that the model could explain the contrast-dependent changes in temporal 

frequency tuning that were found in the cat (Heeger, 1992; Holub and Morton-Gibson, 

1981; Albrecht, 1995). The stationary normalization equation, however, does not ac-

curately describe the responses across temporal frequencies and contrasts with a sin-

gle set of σ and n (Carandini et al., 1997). It could still be, however, that a single divisive 

normalization mechanism is operating, but that the interaction of a changing stimulus 

and the normalization mechanism leads to a different set of parameters in the equa-

tion describing the stationary state. Currently, we do not know how divisive normali-

zation is implemented in the visual cortex. A number of mechanisms, such as (shunting) 

inhibition (Carandini and Heeger, 1994), excitation (Sato et al., 2016) and short-term 

synaptic depression (Carandini et al., 2002) have been proposed to underlie the nor-

malization phenomenon in visual cortex, but there is not one mechanism that is con-

sistent with all effects. Carandini and colleagues have shown how shunting inhibition 
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could lead to divisive normalization with a saturation constant σ that grows with in-

creasing stimulus frequency. The resulting stationary normalization equation, how-

ever, produces the same fit to the data as the model without this extra degree of free-

dom, if we also optimize the frequency-dependency of the driving input. 

Even without knowing the mechanism underlying normalization, looking at normaliza-

tion as a dynamic process offers a possible explanation for the relatively poor fit of the 

data at lower temporal frequencies. Consider that the normalization mechanism is op-

erating on a time scale that is faster than that of the low temporal frequencies (0.5 Hz) 

that we used. The activity of many neurons in V1 is modulated by the stimulating tem-

poral frequency. A simple cell would be very responsive during one period of the stim-

ulus cycle. Perhaps the effects of normalization diminish quickly during the responsive 

period of a cell. For low temporal frequencies, normalization would thus have no effect 

during most of the responsive period of the cell and would not change the average 

firing rate as much as it would do for higher temporal frequencies.  

One more assumption that was implicitly made in deriving the stationary normaliza-

tion equation (1) was that the activity in the normalization pool is equal to the average 

of the population activity. Of course, this can only be an approximation, because the 

neurons certainly do not have instantaneous access to the population activity across 

the entire visual field (Reynaud et al., 2012). In our case, however, we have used full 

screen gratings and recorded from neurons that had their receptive field away from 

the screen borders. The stimulus input would thus at least have been relatively homo-

geneous for nearby neurons which have similar receptive fields. The normalization 

pool, however, could have a different temporal frequency tuning than the population 

activity. This extra freedom in the fit of the model would certainly produce a more 

accurate fit to the data. It could also be that the normalization pool has a local polarity 

(dark/light) preference, and therefore oscillate with the stimulus frequency. In this 

case, it also becomes necessary to estimate the time averaging by the normalization 

mechanism. To fit human steady state visual evoked potentials of masking stimuli with 
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the normalization model, a temporal averaging window of 26 ms provided the best fit 

(Tsai et al., 2012). If one, however, allows the normalization pool and the population 

pool to vary independently for different stimulus parameters, the predictive power of 

the normalization model disappears.  

An entirely different explanation is that normalization does operate also at lower tem-

poral frequencies, but that the assumption that the contrast and temporal frequency 

dependencies of the input driving V1 factorize does not hold. We do not know the 

precise input into V1, but we do know that indeed in the macaque this assumption 

fails. Changes in temporal frequency altered the contrast tuning in dLGN (Derrington 

and Lennie, 1984; Dhruv et al., 2009). In the ferret, the difference in contrast gain at 

low and high temporal frequency was not higher in V1 than the difference already 

present in the LGN (Alitto and Usrey, 2004). Furthermore, even in the retina (of the 

cat) contrast and temporal frequency do not completely separate for low temporal 

frequencies (Shapley and Victor, 1978). Responses of X and Y retinal ganglion cells to 

low frequencies of modulation (< 1 Hz) grew less than proportionally with contrast. 

Response amplitudes at higher modulation frequencies scaled approximately propor-

tionally with contrast. The source of the interdependency of temporal frequency and 

contrast in mouse V1 responses may thus already lie in the LGN or the retina. 

This explanation why the normalization model poorly fits the data, leaves open the 

possibility that divisive normalization is operating in the primary visual cortex exactly 

as predicted. However, along the visual hierarchy in human cortex, the temporal fre-

quency tuning becomes progressively more low-pass (Mullen et al., 2010). This would 

not follow from a normalization model working the same at all temporal frequencies. 

As discussed previously, dynamic implementations of divisive normalization may lead 

to frequency dependence of the saturation constant (Carandini et al., 1997), but there 

could also be other mechanisms operating in the visual system to change temporal 

frequency tuning to lower frequencies. This may be the combination of intracortical 

inhibition and NMDA receptor signaling hypothesized to be responsible for the change 
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in temporal frequency from dLGN to V1 (Krukowski and Miller, 2001). It will be inter-

esting to understand if this would correctly predict our data on the interplay between 

temporal frequency and contrast in the responses. Furthermore, it may give a mecha-

nism underlying the Thompson effect that contrast and perceived speed and flicker 

are not completely separated (Thompson, 1982; Thompson and Stone, 1997).  

More than fifty years after the first psychophysical measurements of the dependence 

of contrast sensitivity on temporal frequency (Robson et al., 1966), we find that we 

still do not know how the limits set by the retina are changed into the limits of our 

perception. Our measurements could help to select between candidate neural imple-

mentations of the normalization model linking visual input to perception. 
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Many mammals including humans rely on vision to orientate in their surroundings and 

to perform daily tasks like searching for food and interacting with other animals. Be-

cause of the importance that vision has in our life, many scientists have investigated 

the processes that underlie it, from the first stages of visual processing in the retina, 

to the visual cortex and beyond. Initial experiments saw the employment of cats or 

monkeys as animal models, but later on, mice gained popularity as model to study 

visual processing. Despite their low acuity compared to cats, monkeys and humans, 

mice have a visual system that appears organized in a roughly similar way compared 

to those larger mammals. Furthermore, mice offer a great variety of genetic models 

and tools that can be used to manipulate specific cell types and circuits to investigate 

vision. 

Neurons in the visual cortex of all these mammals show selectivity for specific stimulus 

features. Specific orientations, temporal/spatial frequencies or contrasts can induce 

higher neuronal responses than others. The stimulus selectivity in the primary visual 

cortex arises from the organization of input from on/off-center cells from the LGN (Hu-

bel & Wiesel, 1962; Reid & Alonso, 1995), but cortical excitatory and inhibitory neurons 

can modulate it. By blocking GABAergic inhibition in the visual cortex, it was shown 

that interneurons are important for shaping sensory selectivity in the cortex (Sillito, 

1975; Tsumoto et al., 1979). Other studies, however, showed that blocking inhibition 

would affect the magnitude of responses, but had little effect on tuning properties 

(Katzner et al., 2011; Nelson et al., 1994; Ozeki et al., 2004), thus supporting the hy-

pothesis of a thalamic or excitatory intracortical origin of stimulus selectivity. Recent 

optogenetic and intracellular recording studies in mice confirmed that the orientation 

preference in V1 in neurons receiving LGN-input closely matches the spatial organisa-

tion of this LGN input (Lien & Scanziani, 2013; Li et al., 2013).  

As of today, still a lot remains to be discovered about how visual perception is accom-

plished in the brain, how the great variety of cell types contribute and how different 

response properties in the visual cortex are related to each other.  
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In the last years, interneurons gained a lot of attention from the neuroscientific world 

and various research groups tried to organize the different types of interneurons into 

identifiable groups and to understand their role on visual processing. However, a com-

mon classification of this group of neurons is still missing due to their high morpholog-

ical, functional and mRNA-expression diversity. Some classifications were based on the 

expression of proteins that could act as molecular markers. Recently, much infor-

mation was gained regarding interneurons expressing parvalbumin (PV), somatostatin 

(SOM) or vasoactive intestinal peptide (VIP), but the role of calretinin (CR) interneu-

rons on visual processing remained mainly unknown. In mice, the CR protein is ex-

pressed in SOM, VIP and in a small subset of Neurogliaform cells, positive for neuro-

derived neurotrophic factor (NDNF), thus CR neurons as a group are not homogeneous 

in their molecular expression. The expression profile and  morphology of CR interneu-

rons are quite conserved between rodents and primates (Gabbott et al. 1997a; Gab-

bott and Bacon 1996a,b; Gabbott et al., 1997b). CR interneurons represent 24% of the 

interneuron population in mouse and 20% in macaque monkey (Kooijmans, 2016) and 

are mainly expressed in layer 2/3 of V1 in both species (Kooijmans, 2016). Also their 

connectivity pattern and their electrophysiological properties are conserved. Both in 

monkeys and rodents, CR interneurons connect preferentially to other GABAergic neu-

rons in the supragranular layers (Gonchar and Burkhalter, 1999; Meskenaite, 1997; 

Melchitzky and Lewis 2008; Caputi et al., 2009). CR interneurons with adapting firing 

properties have been recognized in both monkeys and rodents (Zaitsev et al. 2005, 

2009; Kawaguchi and Kubota 1997; Kawaguchi and Kondo 2002; Caputi et al., 2009 ). 

This conservation of properties in this class of neurons suggests a conserved function. 

We were intrigued about this and decided to study their visual response properties 

and how their activation would affect the surrounding population. 
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Visual processing by CR interneurons 
Functional characterization of CR interneurons. We started our experiments (de-

scribed in Chapter 2) with mice that were offspring of a cross between a Cre-depend-

ent tdTomato reporter line and Calb2-IRES-Cre mice in which Cre-recombinase was 

expressed under the control of the calretinin promoter. We expected that this would 

result in the specific labelling of CR interneurons with a red fluorescent reporter. How-

ever,  when we performed immunostaining with antibodies against the CR protein on 

slices of visual cortex, we observed colocalization between the tdTomato (tdTom) re-

porter and the CR immunofluorescence in only one fifth of the cells. This unexpected 

result was due to a temporary activation of the Calb2 gene (which encoded CR) in py-

ramidal neurons of the developing cortex until the first two postnatal weeks, resulting 

in the irreversible activation of the tdTom reporter gene in these cells. Our conclusion 

was corroborated by the pyramidal-like morphology of some tdTom+ neurons and the 

colocalization of the pyramidal marker SatB2 in these cells. We did not find much dif-

ference in the functional properties between the neurons that expressed tdTom and 

the general population. Temporal frequency, spatial frequency and size tuning were 

comparable between the two groups. Only the orientation selectivity index (OSI) was 

slightly lower in the group of neurons that expressed tdTom. The tdTom group in-

cluded both pyramidal cells which expressed CR in the past and interneurons which 

expressed CR at the time of the experiment, while the general population was mainly 

constituted by pyramidal cells. The difference in the orientation selectivity suggested 

that CR interneurons, like interneurons in general, have a lower OSI. In order to over-

come the problem caused by the transient expression of Calb2 in pyramidal neurons, 

we injected Calb2-IRES-Cre mice with a Cre-dependent virus carrying the tdTomato 

reporter gene, after the second postnatal week, when the Calb2 gene was not ex-

pressed anymore in pyramidal cells. The results of the immunofluorescence experi-

ments (described in Chapter 3) in these mice showed that 93% of the tdTom+ cells also 

expressed CR. The tdTomato group was then highly representative of the CR 
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population and we could study the visual responses of this class of neurons to sinusoi-

dal drifting grating stimuli varying in either temporal frequency, spatial frequency, ori-

entation, direction, contrast and size. Our experiments showed CR interneurons to be 

less selective for orientation (like other interneurons) and less suppressed by stimuli 

of increasing size than the general population. Even though the orientation selectivity 

was lower in CR interneurons than in the general population, there was a small subset 

of orientation sensitive CR interneurons. These might correspond to the subset of SOM 

interneurons reported by Ma et al., 2010. Contrast-, spatial- and temporal-frequency 

tuning were comparable between the TdTom+ and TdTom- groups.    

 

Disinhibition hypothesis. In mouse, both bipolar and multipolar CR interneurons have 

a higher probability to innervate other interneurons than pyramidal cells, especially in 

layer 2/3. This is why one of the hypothesized roles of this class of neurons is that of 

disinhibition. We tested that by optogenetics, using  a viral vector driving the expres-

sion of a fusion Channelrhodopsin-2 and Yellow Fluorescent Protein (ChR2-YFP) in CR 

interneurons. We used laminar silicon probes to measure multi-unit responses to vis-

ual stimulation, with and without laser activation of the CR+ population and found that 

the activation of CR interneurons has an inhibitory effect on the overall population, in 

both anesthetized and awake conditions. This result thus refutes the hypothesis that 

CR interneurons as a group have a predominantly disinhibitory role.  

 

Influence of CR neurons on response properties. PV and SOM interneurons are known 

to have different effects on orientation selectivity of the surrounding neurons. PV in-

terneurons decrease visual responses of excitatory neurons while modestly increasing 

their orientation selectivity (Atallah et al., 2012; Lee et al., 2012), and activation of 

SOM interneurons increases the orientation selectivity (Wilson et al., 2012). The effect 

of CR activation on stimulus sensitivity was not known, so we activated this class of 

interneurons with optogenetics and recorded the OSI of the surrounding population 
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with and without light activation. While activating CR neurons, reduced the overall 

response in V1, our results did not show any significant effect on stimulus selectivity.  

 

Summary of results. CR interneurons as a group appear to be different from other 

known classes like SOM and PV. They are different from the PV group since they show 

less surround suppression than the general population and different from the SOM 

group since their activity does not increase with stimuli of increasing size.  We did not 

confirm their hypothesized disinhibitory role. Activating CR interneurons through 

optogenetics resulted in a decreased activity in the general population. Neurons can 

be influenced differently by anaesthesia, therefore sharper differences in the function-

ality of this class of interneurons might arise during behaviour and learning.   

 

Heterogeneity of CR interneurons, moving forward.  It is possible that the inhibitory 

effect of CR optogenetic activation on the surrounding population is due to the fact 

that CR interneurons are not a homogeneous group. The effect might be different 

when activating only the CR+/VIP+ subgroup, or activating CR+ neurons in the rat 

where CR and SOM are not overlapping. In this regard, intersectional genetics would 

be needed in order to specifically distinguish between CR+VIP+ and CR+SOM+ inter-

neurons in mice (Fenno et al., 2014; Huang, 2014, Awatramani et al., 2003; Branda 

and Dimecky, 2004; Farago et al., 2006; Jensen et al., 2008). This genetic tool employs 

the use of different recombinases and allows the specific labelling of cells located at 

the intersection between two genetic domains, narrowing down the visualization of 

neurons to specific subgroups. The transcription of the “intersectional-reporter gene” 

is dependent on two different recombinases which are expressed under the control of 

the two promoters of interest. Only the cells expressing both proteins would be high-

lighted by the fluorescent intersectional reporter (Jensen et al., 2008; He et al., 2016). 

For the purpose of subdividing the Calretinin neurons to obtain more homogeneous 

groups, one could use two mouse lines, one specific for the CR+VIP+ interneurons and 
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one for the CR+SOM+ interneurons. The CR+VIP+ mouse line expresses Cre recom-

binase under the control of the Calb2 promoter and the Flp recombinase in a fashion 

reflecting the expression of VIP (He et al., 2016). The CR+SOM+ mouse line differs from 

the first for the presence of the Flp recombinase under the control of the SOM pro-

moter instead of the VIP promoter (He et al., 2016). Flp recombinase is derived from 

the yeast Saccharomyces cerevisiae (Sadowski, 1995) and recognises a pair of se-

quences named FRT, flanking a genomic region of interest.  

The mouse lines would need to be injected with a virus carrying the intersectional- 

reporter gene. In order to reduce the size of the construct, the INTRSECT (INTronic 

Recombinase Sites Enabling Combinatorial Targeting) technology described by Fenno 

could be used (Fenno et al., 2014). In the construct, the intersectional-reporter gene 

is split into two separated exons and positioned in the reversed direction. Each exon 

is flanked by two native and mutant LoxP or FRT sequences respectively, which are 

incompatible (See Box 1 in the introduction, DIO FLEx switch). As described in Figure 

16, Cre and Flp will control the direction of Exon 1 and 2 respectively. The recognition 

sites for Cre and Flp, located between the two exons, are part of an intron which will 

be excised during the mRNA processing without affecting the translation of the protein. 

After the initial inversions and excisions, which will happen for both exons simultane-

ously only in the cells expressing both recombinases, the exons’ reading frames will be 

locked in the forward position. The intersectional-reporter gene full reading frame will 

be reconstituted after the excision of the intron and the cells expressing both CR and 

VIP or SOM will be highlighted (Figure 16). In order to study the visual responses of 

neurons, another virus carrying the GCaMP6 calcium sensor gene would need to be 

injected together with the virus carrying the INTRSECT construct. This would have a 

broad expression in all the neurons surrounding the injected area. Since injecting mul-

tiple viruses might impair the infection efficiency, another solution would be to use 

GCaMP6 as intersectional-reporter gene, thus recording just the visual responses of 

one subtype of neurons. 
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Figure 16. Intersectional genetics mechanism exemplification. The viral plasmid con-
tains the intersectional-reporter gene indicated in red, split into two exons. The reading 
frames are inverted and Cre and FLP recombinases will control their direction. The Cre- 
and FLP-recombinases’ recognition sites are presented in green and light blue respec-
tively. Full triangles represent native recognition sites and blank ones the mutant ver-
sions. Native and mutant recognition sites are incompatible. The exons’ reading frames 
will be locked in the forward position after the inversion and excision events controlled 
by Cre and Flp recombinases. This will only happen in the cells expressing both recom-
binases. The expression of a functional, full  tdTOM protein is dependent from the exci-
sion of the intron separating the two exons, during the mRNA splicing event. This will 
allow to highlight the CR+VIP+ cells or the CR+SOM+ cells depending on the mouse line 
used for the experiment (Fenno et al., 2017). 

 

Interneurons classification and function issues. The study of interneuron classes and 

their interconnection is still a fast-moving field. Techniques like single-cell RNA se-

quencing, intersectional genetics, paired recordings in living cortical slices, optogenet-

ics will help understanding their classification, function and network connectivity. 

However, each technique has its strengths and drawbacks and as of today, our under-

standing of interneuron connectivity is still fragmented and literature contains con-

flicting information. Differences in the technical approach, cortical area, layer and 
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species of study increase the complexity of the subject. Visual response properties are 

not fixed but depend on the brain state. Even the suppressive function of different 

interneuron groups can vary depending on how the neurons are engaged by visual 

stimulation and brain states (Dipoppa et al., 2018). Based on the study of El-Boustani 

and Sur (El-Boustani and Sur, 2014) inhibition could have a subtractive or divisive ef-

fect on excitatory neurons depending on the nature of visual stimuli.  

Recent evidence shows that cholinergic inputs can alter information flow through syn-

apses, targeting besides pyramidal neurons also inhibitory neurons (Letzkus et al., 

2011; Arroyo et al., 2012; Bennett et al., 2012; Kimura et al., 2014; Hay et al., 2016; 

Verhoog et al., 2016). The cholinergic system connects to SOM Martinotti cells 

(Gulledge et al. 2007; Poorthuis et al., 2013a) as well as other classes of neurons like 

VIP-positive interneurons, in layers 1 and 2/3 of the visual cortex. In turn, interneurons 

recruited by the cholinergic system fine-tune the inputs arriving to the distal dendrites 

of pyramidal neurons. Since VIP interneurons preferentially connect to SOM or PV in-

terneurons, the cholinergic system can also increase the disinhibition of pyramidal 

neurons. The presence of muscarinic acetylcholine receptors on CR interneurons (Dis-

ney and Aoki, 2008) in monkeys, suggests that also this group of neurons is modulated 

by the cholinergic activity.  

Considering the 23 GABAergic cell types identified by Tasic through single-cell RNA se-

quencing (Figure 3 in the introduction) intersecting CR and VIP/SOM markers might 

not be enough in order to separate the different subclasses expressing these proteins. 

In fact, as shown in Figure 3 in the introduction, there are multiple interneuronal sub-

types expressing both CR (Calb2) and VIP or CR and SOM. In this sense it might be 

useful to intersect VIP or SOM (Sst) with one of the other markers specific for that 

subtype (for example Vip and Gpc3 or Sst and Chodl). 
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Contrast dependence of temporal frequency tuning 
Neurons in the visual cortex show preferences for stimuli with specific features. Ori-

entation selectivity is one of the most studied, but also spatial/temporal frequency 

and contrast of an image can influence the response strength of a neuron. The selec-

tivity of these different properties is intertwined. In Chapter 4, we described our study 

regarding the relationship between contrast and temporal frequency. In our experi-

ments, we showed drifting gratings to the mice at a fixed spatial frequency but varying 

in either temporal frequency or contrast. We discovered that temporal frequency tun-

ing is dependent on contrast, especially at low contrast levels and at high temporal 

frequencies. Lowering the contrast causes a reduction in the response at high tem-

poral frequencies, while the same is not present to a similar degree at lower temporal 

frequencies. Lowering the contrast shifts the preferred temporal frequency towards 

lower values. Previously, it was shown that the spatial frequency tuning curve of a 

neuron is also dependent on contrast and that this dependency can be explained by 

the divisive normalization model (Heimel et al., 2010). The normalization model was 

introduced by Heeger (Heeger, 1992) in order to describe non-linear response pro-

cesses in the brain. It was not known whether this model could explain the relation 

between contrast and temporal frequency. In the divisive normalization model, the 

responses of neurons are divided by a sum of values which includes the pooled activity 

of a population of neurons. This model is understood to describe a canonical compu-

tation made by the visual system (Carandini and Heeger, 2011). It predicts the ob-

served effect of contrast on the population response at high temporal frequencies. 

However, the same is not valid at low temporal frequencies. This might be related to 

the normalization model being a dynamic process, as described by other scientists (Ca-

randini et al., 1997). Different processes like shunting inhibition (Carandini and Heeger, 

1994), excitation (Sato et al., 2016) and short-term synaptic depression (Carandini et 

al., 2002) have been proposed to be the effectors of normalization in V1, but still today 

the role of inhibition is debated.  
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In the past it was really difficult to control the input of a defined group of neurons in 

vivo, on visual processing. Using drugs for example would alter the response of many 

neurons at the same time and did not allow to understand the contribution of specific 

classes. Today, thanks to optogenetics it is easier to study the effects of the activation 

of specific classes of neurons and their contribution to visual processing. This tech-

nique could be used to study the contribution of a defined group of interneurons to 

the normalization model, while keeping the activity of the remaining neurons un-

changed.  

Concluding remark 
Characterizing the visual response properties of neurons is a first step to discover how 

the brain works in both physiological and pathological conditions. With this work, we 

provide some extra knowledge regarding one of the many unknown interneurons, 

which together with other works will give, hopefully in the near future, a clearer pic-

ture of the structure and function of the brain. 
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Summary 
Visual perception constitutes an important aspect of our daily life and, even though 

several studies were done in order to understand how it is accomplished in the brain, 

still much remains to be discovered. Visual processing is the result of the interplay 

between inhibitory and excitatory neurons in large neuronal networks in the cerebral 

cortex. Cortical inhibitory interneurons stand out in these networks for their great 

morphological and functional variety. Many attempts have been made to classify them 

and to identify their role in neuronal processing in general and in the visual cortex in 

particular. Much has been discovered about several classes of interneurons, but the 

function and visual response properties of the class of Calretinin-positive (CR) inter-

neurons remains an enigma. As a group, they appear to be conserved across mamma-

lian species, from primates to rodents. In both rat and monkey, CR neurons were found 

to primarily contact other GABAergic neurons. Based on this, it was proposed that CR 

neurons would have an interesting disinhibitory function, and their activity would re-

lease excitatory neurons from inhibition.  

One aim of this thesis is to highlight some aspects of CR visual properties and function. 

To study the visual response properties of CR neurons in the primary visual cortex of 

mice, we initially achieved the expression of the tdTomato reporter in a wide CR group 

(Chapter 2). This group contained, besides the CR interneurons also pyramidal neurons 

which expressed the CR protein in the past (until the first two post-natal weeks). 

Among the examined functional properties only the selectivity for one stimulus fea-

ture was different between the two groups.  The group of cells with a common CR-

expression past had a lower orientation selectivity. 

We later achieved a specific expression of the tdTomato fluorescent reporter in neu-

rons which expressed the CR protein at the time of the functional measurement (Chap-

ter 3). The results of our experiments showed that CR interneurons are less selective 

for orientation and less suppressed by stimuli of increasing size, than the general pop-

ulation. Additionally, we tested the hypothesized disinhibitory role of CR interneurons 
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by optogenetic activation. Our experiments resulted in a reduced activity of the gen-

eral population and not in its increased activation, thus refuting the hypothesis for the 

group of CR neurons as a whole. Despite the heterogeneous nature of CR interneurons, 

different experimental conditions might disclose additional features which make this 

class of interneurons different from the others.  

Apart from the specific role interneurons play in visual processing, there is still much 

unknown about visual processing in general. When information enters the eye, differ-

ent visual features such as contrast, speed, orientation and spatial frequency are com-

pletely intertwined. The visual system does an excellent job in separating these fea-

tures, but it is not perfect. Our perception of speed, or temporal frequency, of a stim-

ulus, for example, is still influenced by its contrast. In Chapter 4, we describe how neu-

ral responses are interdependent on the temporal frequency and contrast in the pri-

mary visual cortex. We found that temporal frequency tuning was dependent on con-

trast. The divisive normalization model has previously been used to describe non-lin-

ear response properties in the visual cortex. At high temporal frequencies, it could well 

describe the relation between temporal frequency and contrast tuning, but not at 

lower temporal frequencies.  

Various techniques can be used in order to reach a better understanding of the func-

tions of different interneurons, the connections between them and excitatory neurons 

and the visual processing features that rely on those. Intersectional genetics can be 

used in order to differentiate subpopulation of CR interneurons. Testing the disinhibi-

tory hypothesis only on CR and Vasoactive Intestinal Polypeptide expressing interneu-

rons (CR+VIP+) or CR and Somatostatin (CR+SOM+) expressing interneurons might 

have a different result than the one we obtained. Stronger effects in the functional 

characterisation of CR interneurons could be obtained with behaving mice.  

The new technological developments together with the studies conducted by different 

research groups, will allow us to understand how the external world is translated into 

images in the brain and how our knowledge, culture and mood is able to shape our 

perception of it.  
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