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interneurons, namely, parvalbumin (PVALB), somatostatin (SST), 

and vasoactive intestinal peptide (VIP) expressing cells (Kawaguchi 

and Kubota, 1997; Markram et al., 2004; Ascoli et al., 2008; Xu 

et al., 2010). Niell and Stryker (2008) used multisite silicon probes 

to identify and study the wide-spiking putative excitatory cells and 

narrow-spiking putative inhibitory cells across various depths of 

the cortex (McCormick et al., 1985; Niell and Stryker, 2008). They 

demonstrated that the orientation tuning, spatial frequency tuning, 

and linearity of responses segregated across the two cell types. But 

what is unknown is how well the narrow-spiking putative interneu-

ron category in microelectrode studies maps onto the visually active 

Gad1(+) population in the two-photon imaging experiments. It is 

widely believed that the narrow-spiking interneurons identified by 

microelectrode recordings are frequently the Pvalb(+) subpopula-

tion of Gad1(+) interneurons.

Pvalb(+) interneurons constitute not more than 10% of all neu-

rons in the mouse cortex and not more than half of all Gad1(+) 

interneurons (Xu et al., 2010). These cells show typical morphology 

(e.g., basket or chandelier cells) and synaptic connectivity, in most 

cases providing a feed forward somatic inhibition (Kawaguchi 

and Kubota, 1997; Chattopadhyaya et al., 2004; Cruikshank et al., 

2010). Two recent studies used in vivo calcium dye imaging and 

targeted cell-attached electrical recording methods to study the 

Pvalb(+) cell population in V1, and reached different conclusions 

about the selectivity of these cells to the orientation of moving 

gratings (Kerlin et al., 2010; Runyan et al., 2010). These studies 

INTRODUCTION

The cellular and circuit level understanding of perception may 

benefit from structural, functional, and connectivity analyses of the 

population of neurons encoding sensory information. The primary 

visual cortex (V1) has served as a model for understanding cortical 

circuitry and computation since Hubel and Wiesel reported ori-

entation tuning in this region in the cat (Hubel and Wiesel, 1962; 

Ferster and Miller, 2000). Neurons in the rodent V1 show, among 

other hallmarks of a developed visual system, high orientation 

selectivity. This has encouraged the study of emergence of visual 

tuning in the mouse V1 and the role of thalamic input and local 

connectivity of subpopulations of neurons (Drager, 1975; Mangini 

and Pearlman, 1980; Niell and Stryker, 2008). The combination of 

two-photon calcium dye imaging and transgenic labeling of geneti-

cally identified cells in mouse is a promising method for studying 

simultaneous neuronal activity from a large number of V1 neurons 

within which subpopulations of neurons are selectively labeled 

(Stosiek et al., 2003; Ohki, 2005; Sohya et al., 2007).

In vivo calcium dye imaging experiments have been performed 

on labeled inhibitory interneurons carrying the transgene Gad67-

EGFP ∆neo (Sohya et al., 2007; Kerlin et al., 2010) (Gad67 =฀Gad1). 

The orientation tuning of the labeled interneuron population 

was compared to the non-labeled population of the surrounding 

unidentified, mostly excitatory neurons in the layer 2/3 of mouse 

V1. The genetic labeling method in this transgenic mouse did not 

distinguish between the three major genetic subpopulations of 
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used different approaches to identify the Pvalb(+) cells. Runyan 

et al. used viral reporter with a Pvalb-Cre mouse while Kerlin 

et al. used the Gad67-EGFP mouse and post-imaging immuno-

histochemistry (IHC) with Pvalb antibodies. While these studies 

interpret two alternative tuning of the Pvalb(+) cell population, 

the data suggests a certain extent of diversity in the selectivity 

of neurons within the Pvalb(+) population. In the current study 

we also used Cre mice to identify specific cell populations but 

employed a well characterized and ubiquitous Cre-reporter mouse 

line that produces even labeling of all genetically identified cells. 

The use of these mice eliminates confounds due to gene knock-in 

into functional alleles and tropism of viral reporters (Hasenstaub 

and Callaway, 2010; Madisen et al., 2010; Runyan et al., 2010). By 

using double-transgenic mice (Cre lines crossed with reporter) 

for in vivo two-photon calcium dye imaging, the bright orange 

tdTomato fluorescence (Shaner et al., 2004) also eliminated poten-

tial ambiguity in distinguishing genetically labeled cells from the 

green calcium dye fluorescence signal (OGB-1), as compared to 

the commonly used GFP reporter.

The Allen Mouse Brain Atlas led to the identification of selective 

genetic markers for various layer-specific and interneuron-specific 

cortical cells in the mouse (Lein et al., 2007). Wfs1 gene is selec-

tively enriched in neurons of layer 2/3 in the mouse cortex. The 

functional basis or consequence of this enriched expression is not 

yet understood (Hofmann et al., 2003; Osman et al., 2003; Kawano 

et al., 2008; Kakiuchi et al., 2009). Our interests in characterizing 

neurons labeled by this marker are manifold. This is the first geneti-

cally labeled excitatory population enriched in the mouse cortical 

layer 2/3 that could be readily studied using dye imaging methods. 

Furthermore, we wished to characterize functional properties of 

a Cre-labeled excitatory population that could be targeted toward 

local microcircuitry and/or developmental plasticity studies in 

V1. Finally, we wished to test the possibility that the Wfs1(+) cell 

population may represent a functionally distinct subset within 

excitatory neurons that are known to respond to many orienta-

tions, directions, and spatial frequencies. Since the Wfs1 gene is 

enriched across the entire layer 2/3 of the mouse cortex, it might 

also represent a conserved and functionally consistent component 

of the cortical microcircuitry.

MATERIALS AND METHODS

All surgeries and experimental procedures were conducted under 

guidelines of the Allen Institute for Brain Science Institutional 

Animal Care and Use Committee. We used only adult mice for 

these studies, in the age range of P56–P120 days.

TRANSGENIC MICE

Two types of Cre-transgenic mice were used in the study. The first 

was Wfs1-Tg2-CreERT2;Ai9, in which the CreERT2 recombinase 

expression from the BAC transgenic line Wfs1-Tg2-CreERT2 

activated the tdTomato reporter (in Ai9) expression in Wfs1(+) 

excitatory population after Tamoxifen induction either through 

I.P. route or oral gavage at a dose of 200 µg per gram body weight 

per day for 5 days (Madisen et al., 2010). The second type of mice 

was Pvalb-2A-Cre;Ai9, in which the Cre recombinase expression 

from the knock-in line Pvalb-2A-Cre activated tdTomato labeling 

in Pvalb(+) population (Madisen et al., 2010).

Immunohistochemistry

Primary mouse anti-NeuN antibodies (Chemicon) were used 

(1:250, in 0.1% TritonX, blocked by 4% normal goat serum in 

PBS) followed by goat anti-mouse secondary antibodies conju-

gated with Alexa 488. The images were acquired using Olympus 

Fluoview 1000 confocal microscope (20×, with sequential scanning, 

excitation wavelengths of 488 and 568 nm, emission bandpass at 

500–535 nm and 550–600 nm).

MOUSE PREPARATION FOR IN VIVO IMAGING

Mice were anesthetized with 5% isoflurane at a 4:1 ratio of N
2
:O

2
. An 

anesthetized mouse was intubated with a single use sterile I.V. catheter 

(Surflash, O.D. 1.1 mm, I.D. 0.8 mm, length 25 mm) for ventilation 

and kept ventilated with a 1.5–2.0% isoflurane in 4:1 ratio of N
2
:O

2
 

during the surgery. Following midline incision, a titanium imaging 

chamber (O.D. 15 mm, I.D. 8 mm, weight 800 mg) was implanted 

using a mix of dental cement (Lang dental) and graphite powder, 

centered over the mouse visual cortex (stereotaxic coordinates 2 and 

3 mm laterally from midline and 1 mm anterior to the lambda suture) 

over a cleaned skull. Each mouse was allowed to recover completely in 

its home cage after the chamber implantation. The mouse was once 

again prepared for surgery on the day of imaging. A 2-mg/kg dexam-

ethasone was administered subcutaneously to reduce secretion and 

edema during the craniotomy followed by isoflurane induction, intu-

bation, and ventilation as detailed above. The craniotomy and calcium 

dye injections were performed at 1.5–2.0% isoflurane in 4:1 N
2
:O

2
 

(heart rate was invariably between 350 and 550 beats/min). A 1-mM 

concentration of calcium indicator dye (Oregon Green BAPTA-1-AM 

ester, Invitrogen) was prepared and bulk loaded 200–300 µm below 

the dura mater as has been detailed in other literature (Garaschuk 

et al., 2006; Gandhi et al., 2008). A sedative chlorprothixene (1 mg/kg 

or 0.05–0.1 ml of 2% solution for an under 20 g mouse) was injected 

via I.P. after completion of dye loading. This allowed reduction of 

isoflurane down to 0.7%. The craniotomy was sealed with 1.2% low 

melting agarose (Sigma) in saline. Eyes were kept lubricated with 

mineral oil (30000 centistokes from Sigma).

IMAGING SETUP

Imaging was performed using a custom built two-photon micro-

scope (Tsai et al., 2002) fitted with a Mai Tai 80 femto second 

pulse laser with dispersion compensation unit and a Zeiss W Plan-

Apochromat, water immersion, 20×, 1.0 NA objective with 1.8 mm 

working distance. The calculated depth point spread function was 

5 µm (FWHM). In order to synchronize the visual stimulation 

with image acquisition, a digital pulse was sent using a National 

Instruments PCI-6221 board from the computer controlling 

Psychtoolbox. This signal was then recorded on one of four analog 

channels of an NI PCI-6115 board on the image acquisition com-

puter. Image acquisition was performed using MPScope software 

(Nguyen et al., 2006). The other three Analog input channels on 

the image acquisition system were used for acquiring images. Data 

were collected at 324 × 324 (pixel × lines) at 3.54 Hz.

VISUAL STIMULI

The 2-D moving grating stimuli were generated using Psychtoolbox 

(Brainard, 1997; Pelli, 1997) in Matlab version 2007b (Figure A1A 

of Appendix). The gratings were presented through a calibrated 
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stack acquired on the 525-nm imaging channel (for OGB filled 

neurons excited with 800 nm wavelength). ROIs were re-adjusted 

to align them to the center of the cell and eroded at the edges 

to choose only the center pixels. This reduced the level of con-

tamination of the non-selective neuropil signal (Garaschuk et al., 

2006; Gandhi et al., 2008). TdTomato labeled units that were not 

double labeled with OGB-1 were not included in the analysis. The 

ROIs for the rest of the OGB filled units were then drawn over 

the same averaged image. In case of Wfs1(+) cells, all ROIs that 

were visually identifiable were included in the analysis. Since the 

interneurons exhibited mostly non-selective responses, Pvalb(+) 

cells labeled with tdTomato that were below the plane of dissec-

tion or could not be clearly visualized were not analyzed. The 

raw fluorescent signal was divided into trials as pre-stimulus 

baseline, stimulus, and post-stimulus baseline. An average of the 

pre- and post-stimulus baseline was taken to calculate the ∆F/F. 

Neuropil contamination (average of fluorescence signal from 

four regions that were occupied by blood vessels and therefore 

devoid of cell bodies) was subtracted from the raw signal before 

calculating ∆F/F. In case of Pvalb(+) cells, we compared two dif-

ferent neuropil signals: An average of the region representing 

blood vessel and a cell-free area adjacent to each of the Pvalb(+) 

cell bodies. Our results [orientation selectivity index (OSI) and 

tuning] were not affected by the choice of neuropil subtraction. 

Choosing ROIs at the center removes the major component of 

neuropil contamination.

Cells were identified as visually responsive if their mean 

∆F/F during the stimulus period was greater than mean ± 3 SD 

above the ∆F/F of the baseline period and significant by ANOVA 

at P < 0.01.

Preferred orientation and direction

To calculate the preferred orientation angle (θ
pref

) we defined “a” 

and “b” using the following equations (Swindale et al., 1987).

a R

b R
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Where N is the number of angles presented, “θ” is angles 30, 60, 

90, 120, 150, and 180 in degree. θ
pref

 was then calculated by testing 

following conditions
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 carried values between 1° and 180°. These values were binned 

into six bins centered at 30°, 60°, 90°, 120°, 150°, and 180°. Each 

bin was assigned a color code used for generating the functional 

map (see ahead Figure 5A).

LCD monitor (NEC 19-inch), placed 28 cm from the center of the 

line between the two eyes of the mouse. The monitor subtended 

an angle of ±33° horizontally and −10° and +30° vertically around 

the eye of the mouse. For orientation tuning, 12 directed gratings 

were presented with the spatial frequency set at 0.05 cycles per 

degree (cpd) for the Wfs1(+) mice and 0.02 cpd for the Pvalb(+) 

mice. Stimuli were presented at 2.0 Hz temporal frequency. For 

spatial frequency tuning the spatial frequency was varied over six 

octaves (0.01, 0.02, 0.04, 0.08, 0.16, and 0.32 in cpd) for three mov-

ing grating stimuli directed at 60°, 180°, and 300° along with a full 

field dark and light flicker at 2.0 Hz temporal frequency (Table 1). 

Twelve directed gratings were presented at 0.04 cpd in order to 

determine the orientation preference of the cell.

The choice of imaging area was based on a visual survey of 

responses from at least 5–15 cells that showed transients locked to 

full field sinusoids at six orientation angles (30° apart) where each 

angle was blocked in 4–6 repeated trials. In most cases, imaging 

was initiated at approximately 3.0 mm lateral from midline (the 

border to V1 and V2) and was adjusted to posterior and/or medial 

positions (toward the monocular zone).

DATA ANALYSIS

The acquired images were converted into image stacks (as TIFF) 

using MP View software (Nguyen et al., 2006). We corrected for 

frame misalignment by a 2-D translation in X and Y directions. 

An algorithm used the middle frame of a sequence as template, 

estimated, and corrected the 2-D offsets of each frame by a maxi-

mum correlation method. All further analysis was performed 

in Matlab (version R2007a). Regions of interest (ROI) for visu-

ally identifiable cell bodies were selected at the center of the 

tdTomato labeled cell units on an averaged image from 30 to 

100 image frames collected with 950 nm two-photon excitation 

(605 nm emission). The ROI image mask was overlaid on the 

averaged image of the  correlation-corrected time lapsed image 

Table 1 | Stimuli set used for identifying orientation and spatial 

frequency preference in mice tested for spatial frequency tuning.

Stimuli Spatial frequencies (cycles per degree)

 0 0.01 0.02 0.04 0.08 0.16 0.32

Orientation pref    +   

SF pref  + + + + + +

Full field flicker +      
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dFISH with probes for a pan-neuronal gene Synapsin I (Alexa 488) 

and tdTomato (Alexa 555) gene. The native tdTomato fluorescence 

from the cell bodies of Wfs1(+) neurons colocalized with the NeuN 

labeling in the IHC staining and so did the tdTomato and Synapsin 

I probes in the dFISH study (Figures 1D,E).

The Pvalb(+) – Ai9 labeled cells constitutes a scattered popula-

tion in the mouse V1 (Figure 1F). In layer 2/3 these cells are also 

Gad1(+) (Figures 1F–H). Note that in deeper layers, especially layer 

5, some Pvalb(+)-tdTomato cells are also Gad1(−), which is con-

sistent with the known Pvalb expression pattern (Madisen et al., 

2010). Since the focus of the present study is layer 2/3, the Pvalb(+)-

tdTomato labeled cells are nearly all Gad1(+) interneurons.

FUNCTIONAL ANALYSIS OF THE INDIVIDUAL CELL POPULATION

A double-labeling approach, by genetic labeling of a cells in com-

bination with bulk loading of a calcium dye, was used to analyze 

the functional tuning of Wfs1(+) neurons in the mouse visual cor-

tex. Multiple Wfs1(+) cells were identified in a single frame when 

observed in the orange channel (605 ± 25 nm) at 950 nm excita-

tion (Figure 2A, upper row, Figure A1C of Appendix top row, red 

cells). In the green channel (525 ± 25 nm) and at 800 nm excitation, 

cells labeled with OGB-1 included many Wfs1(+) cells (Figure 2A, 

lower row, Figure A1C of Appendix, second row, green cells). The 

baseline fluorescence signal was stable for the duration of the image 

acquisition (Figure 2B) which is a little over 16 min in this exam-

ple. The mouse was presented with oriented moving gratings of 6 

different angles and 12 directions (Figure 2C) at 0.05 cpd spatial 

frequency and 2 Hz temporal frequency. Most visually responsive 

cells reliably and repeatedly showed a significant change in calcium 

fluorescence compared to the baseline period to its preferred ori-

entations (Figures 2C,D for the selected example cell). Different 

Wfs1(+) units showed preference for different orientation/direction 

angles (Figure A2A of Appendix).

Out of 923 cells that were labeled with OGB-1 that could be 

reliably imaged in 5 mice, 387 (∼42%) were tdTomato positive. The 

yield per mouse was 77 ± 13 (mean ± SEM, n = 5 mice) of Wfs1(+) 

cells and 107 ± 17 of other cells. Of these, 35 ± 10 (46%) Wfs1(+) 

cells and 51 ± 12 of other cells met the criterion (see Materials 

and Methods) for responses to visual stimuli. The yield of visually 

responsive cells may depend on the sampling of units included in 

the analysis and optimization of the visual field and the range of 

stimuli, i.e., number of orientation and directions presented. In the 

case of two-photon imaging, the number of neurons sampled is 

optimized for imaging at an order of magnitude greater than what 

would be sampled for electrophysiological recordings. This yield is 

consistent with a previous report from rat V1 (Ohki et al., 2005) 

and higher than in a report (34%) from mouse V1 (Sohya et al., 

2007), employing similar methods and response criteria. Among 

cells that were visually modulated, 28 ± 8 (∼80%) of Wfs1(+) cells 

and 40 ± 10 of other cells showed preference to an orientation 

or direction angle. This is consistent with microelectrode studies 

(Niell and Stryker, 2008) in mouse V1, and higher than the previ-

ous reports from other two-photon imaging studies (Ohki et al., 

2005; Sohya et al., 2007). It is possible that the higher yield of tuned 

responses in this study could be due to a combination of lower levels 

of isoflurane anesthesia and better sampling of the stimulus space 

(12 directions here versus 8 directions in previous studies).

A cell was assigned as direction-selective if the response in one 

preferred direction was three times larger than the response to the 

opposite direction (Swindale et al., 1987).

Orientation and direction selectivity

The OSI of each cell was calculated from the strength of calcium 

response (peak response height, R) for the preferred orientation 

of the cells (θ
pref

) and the orthogonal orientation (θ
ortho

), where 

θ
ortho

 = θ
pref

 + π/2. R was measured as difference in the peak (average 

of three maximum values) of calcium response from mean of entire 

baseline (period with no stimulus). The values were normalized 

across all orientation angles before calculating OSI.

OSI
pref ortho

pref ortho

=
−
+

R R

R R

The preferred orientation was calculated for the tuned units 

using the method outlined above.

Spatial frequency tuning

A Gaussian was fitted to the signal height (maximum ∆F/F during 

stimulus period − ∆F/F during mean baseline) corresponding to 

each of the presented spatial frequencies at the preferred orien-

tation angle of the cell. Optimal parameters were found using a 

downhill simplex method (FMINSEARCH function in Matlab). 

The peak of the fitted Gaussian was chosen as the peak spatial 

frequency of the cell.

RESULTS

The molecular characteristics of the two types of double-transgenic 

mice, Wfs1-Tg2-CreERT2;Ai9 [simplified as Wfs1(+)] and Pvalb-

2A-Cre;Ai9 [simplified as Pvalb(+)], was analyzed using in situ 

hybridization (ISH) and also with IHC. Their functional tuning to 

moving grating stimuli (Figure A1A of Appendix) of a subpopula-

tion of tdTomato labeled excitatory and inhibitory neurons was 

studied using two-photon calcium dye imaging (Figures A1B,C of 

Appendix). The analysis was confined to layer 2/3 of the primary vis-

ual cortex V1. The data acquired across various depths within layer 

2/3 were pooled for analysis of functional tuning. The dye loading 

procedure limits the ability to image from neurons below the depth 

of approximately 350 µm. TdTomato fluorescence was detectable 

with 950 nm two-photon laser excitation at depths below 350 µm.

MOLECULAR CHARACTERIZATION OF Wfs1(+) AND Pvalb(+) CELLS

The Wfs1 gene is enriched in the layer 2/3 as shown in the Allen Mouse 

Brain Atlas using ISH (Figure 1A). In the Wfs1-Tg2-CreERT2;Ai9 

mouse the expression pattern of tdTomato reporter gene captures 

the original laminar expression pattern of Wfs1 gene in the cortex 

(Figure 1A). The tdTomato labeled cells constitute a large percent-

age of excitatory population in the mouse V1 layer 2/3, as revealed 

by double fluorescent in situ hybridization (dFISH) with probes 

for tdTomato and Gad1 expression (Madisen et al., 2010), indicat-

ing non-overlapping with Gad1(+) population (Figures 1B,C). To 

demonstrate that the tdTomato expressing Wfs1(+) cells are indeed 

neuronal cells we performed first an immunohistochemical (IHC) 

staining using NeuN antibody (a marker for neurons) against the 

native tdTomato fluorescence in a Wfs1(+) mouse and secondly a 
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FIGURE 1 | Molecular characterization of the Wfs1(+) and Pvalb(+) cells. 

(A) Allen Mouse Brain Atlas ISH data depicting Wfs1 gene expression compared 

with the tdTomato ISH pattern in the Wfs1-Tg2-CreERT2 line. (B,C) Wfs1(+) 

specific tdTomato expression is enriched in layer 2/3 and is Gad1(−). dFISH shows 

Gad1(+) cells in red and tdTomato expressing cells in green. The area boxed in (B) is 

enlarged in (C). (D) Immunohistochemical characterization of Wfs1(+) – tdTomato 

labeled (native fluorescence) using NeuN antibodies (Alexa 488 conjugated 

secondary) in a Wfs1(+) mouse crossed with Ai9 reporter mouse. (E) dFISH 

characterization with probes for Synapsin I and tdTomato genes in Wfs1(+) – Ai9 

mouse. Superficial layer on the top in both (D,E). Area marked with dotted square 

on the merged image in (D,E) is shown enlarged in the subsequent image to the 

right. (F,G,H) Pvalb(+) cell population in superficial layers is Gad1(+). dFISH shows 

Gad1 (red) and tdTomato (green) expression pattern (F,G), and tdTomato (red), Pvalb 

(green) expression (H). The area boxed in (F) is enlarged in (G).
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frequency for fast spiking interneurons in mouse V1 (Niell and 

Stryker, 2008). The orientation-direction tuning properties of these 

cells were analyzed using the same criterion as the Wfs1(+) cells. 

Most Pvalb(+) cells showed calcium transients in response to all 

presented angles and directions of motion (Figure 3D and Figure 

A2B of Appendix).

COMPARATIVE ANALYSIS OF EXCITATORY AND INHIBITORY 

POPULATION

The OSI is a measure of strength of orientation tuning of cells. 

The OSI of Wfs1(+) and the simultaneously recorded but uniden-

tified cells were well tuned to orientation angles (Figure 4). The 

median OSI for Wfs1(+) cells was 0.54 and that of unidentified cells 

was 0.62. In comparison, the Pvalb(+) cells showed low median 

OSI values of 0.33. The median OSI of the neuropil adjacent to 

the Pvalb(+) cells was 0.19, significantly lower than the Pvalb(+) 

cells. Though Pvalb(+) cells show poor selectivity their selectiv-

ity is intermediate between the largely untuned neuropil and the 

excitatory population.

We could successfully identify 67 Pvalb(+) cells in 5  Pvalb-2A-Cre; 

Ai9 mice used for this study (Figures 3A,B and Figure A1C of 

Appendix), which constitutes 13.5% of all OGB-1 filled cells, con-

sistent with the percentage of Pvalb(+) in the cortex. Nearly 40% 

(27/67 cells) were visually responsive based on the same criteria 

used for Wfs1(+) cells. The yield of Pvalb(+) cells is consistent with 

the number of narrow-spiking neurons found with microelectrode 

recordings (Niell and Stryker, 2008) and the active Gad1(+) popu-

lation in Sohya et al. (2007). The calcium transients (peak signal 

height from baseline) for these units were modest compared to the 

excitatory units (Figures 3B,C). Other studies have also reported 

modest calcium transients from Gad1(+) and Pvalb(+) inhibi-

tory neurons (Sohya et al., 2007; Kerlin et al., 2010). Kerlin et al. 

compared the calcium dye and electrophysiological responses in 

simultaneous recording from Pvalb (+) – Cre mice where Pvalb(+) 

cells are labeled with tdTomato using the Cre-reporter mouse. In 

order to get the best orientation tuned responses from these units, 

12 directions of moving gratings at 0.02 cpd spatial frequency was 

used, which is known from previous studies to be the peak  spatial 

FIGURE 2 | Orientation tuned Wfs1(+) cell. (A) Wfs1(+) tdTomato (+) cells 

(upper) and all OGB-1 filled cells (lower) within an imaged plane. The red 

circle indicates the double labeled (OGB and tdTomato) cell whose visually 

driven responses are shown in (B–D). (B) Calcium responses from the 

selected cell. Ticks at the bottom of the plot represent timing of various 

stimuli presented in this experiment (color coded for orientation angle). Solid 

ticks for gratings moving in one direction [see also (C) upper row] and 

dashed ticks for gratings moving in the opposite direction [see also (C) lower 

row]. (C) Plots in the upper row are change in fluorescence of the cell to 

eight presentations of six orientation gratings moving in one direction 

(shown by color coded arrows). Lower row is for corresponding opposite 

direction of motion (broken arrows). X-axis is time (in seconds). Shaded area 

represents time period of stimulus presentation. Stimulus was presented for 

5 s. (D) Average of eight presentations in [(C) upper row in magenta and 

lower row in purple]. Shaded area around the mean represents mean ± SEM 

(n = 8 presentations).
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responses. The calcium transients from the labeled and unlabeled 

cells are a function of spiking activity which may indicate the func-

tional viability of the cells. A similar distribution of peak response 

heights (R in % ∆F/F) from the two populations would indicate 

the similarity in their ability to generate action potentials and inte-

grate orientation specific information. Therefore, we compared the 

distribution of “R” across the Wfs1(+) and non-genetically labeled 

cells. In order to control for the variability in OGB-1 dye filling 

across different days of experiments, the analysis was restricted 

to within five image stacks collected from a single Wfs1(+) mouse 

(functional map shown in Figure 5A). In addition, the analysis was 

performed with cells within a 132.5 µm × 132.5 µm area, centered at 

the region where OGB-1 fluorescence was maximal (through visual 

survey). Only cells with an OSI above the median OSI for Wfs1(+) 

and unidentified neurons (OSI > 0.54, Figure 4) were selected. 

Calcium transients only for repeated presentation of the most pre-

ferred stimuli were considered for the analysis. The distribution of 

calcium transients for this highly selected Wfs1(+) and unidentified 

FIGURE 3 | A Pvalb(+) cell showing poorly selective responses. (A) Cells 

labeled with tdTomato (top image) and all OGB-1 filled cells (lower image). The 

red circle indicates the double labeled (OGB and tdTomato) cell profiled in (B–D). 

(B) Calcium responses are shown from the selected cell. Ticks at the bottom of 

the plot represent timing of various stimuli (color coded for orientation angles) 

presented in this experiment. Solid ticks for gratings moving in one direction 

[see also (C) upper row] and dashed ticks for gratings moving in the opposite 

direction [see also (C) lower row]. (C) Plots in the upper row are change in 

fluorescence (∆F/F) of the cell to eight presentations of six orientation gratings 

moving in one direction (shown by colored arrows). Lower row is for opposite 

direction of motion. Shaded rectangular bar represents time period of stimulus 

presentation (5 s). (D) Average of eight presentations in (C) (upper row in 

magenta and lower row in purple). Shaded area around the mean represent 

mean ± SEM (n = 8 presentations).

FUNCTIONAL MAP AND SPATIAL DISTRIBUTION OF ORIENTATION-

DIRECTION SELECTIVITY

In the mouse V1 there is no relationship in the orientation prefer-

ences of nearby excitatory units, i.e., nearby neurons could show 

opposite orientation preference. Therefore, the spatial map of 

orientation preferences shows a “salt and pepper” arrangement as 

compared to “pinwheel” arrangement in carnivores and primates 

(Ohki et al., 2005). In order to demonstrate the spatial relationship 

in the orientation selectivity of two Wfs1(+) cells in comparison to 

that of the Wfs1(+) cell with unidentified cells, we superimposed 

a color coded orientation angle preference map of cells onto the 

anatomical map (Figure 5A). The spatial distribution of preferred 

orientations of both Wfs1(+) cells and their unidentified neurons 

was random and non-clustered as has been shown before for V1 

neurons in the rats.

The transgenically labeled Wfs1(+) neurons express high level of 

tdTomato protein (Madisen et al., 2010). In this study, the Wfs1(+) 

cells and their near neighbors showed robust visually driven 
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with other Wfs1(+) neurons and unidentified neurons was made 

(Figures 5E,G). Each cell in this analysis was categorized in bins 

that were centered at 90° (horizontal) to 180° (vertical) orientation 

angle. We found no spatial clustering of horizontally tuned cells for 

within and across labeled and unidentified cells. The Pearson cor-

relation coefficients for each of the four categories in Figures 5E,G 

were not significant.

SPATIAL FREQUENCY TUNING OF Wfs1(+) CELLS

In microelectrode studies, the excitatory cell population in layer 

2/3 exhibited a wider distribution across various octaves of spatial 

frequency with a median of 0.04 cpd (Niell and Stryker, 2008). 

We inquired if the Wfs1(+) cells represent the layer 2/3 excitatory 

neurons exhibiting a wide range of spatial frequency tuning, or 

a functionally distinct subset with selective preference of spatial 

frequencies. In order to compare the spatial frequency tuning 

of Wfs1(+) cells with other excitatory population, spatial tun-

ing properties were profiled using calcium dye imaging. We used 

new set of Wfs1(+) mice for this study. Three moving gratings 

at 120° apart in orientation angle were presented at six differ-

ent spatial frequencies of continuously varying octaves (Table 1, 

second row; Figures A3A,C,D of Appendix showing data for 

an example Wfs1(+) cell) along with a full field flicker (Table 1, 

third row; Figure A3E of Appendix; Kerlin et al., 2010). A cell 

was classified as tuned to low pass spatial frequency if it showed 

a significant visual response to full field flicker stimulus with a 

response peak twice as high as response to grating stimuli at the 

peak spatial frequencies.

In order to ascertain the orientation selectivity of the cells, 

moving gratings at 12 orientation-direction pairs at spatial fre-

quency of 0.04 cpd were also presented within the same experi-

ment (Table 1, first row; Figures 6A,B, Figure A3B of Appendix). 

Nearly 80% of the visually responsive cells (191/240 Wfs1(+) and 

249/340 unidentified cells) were orientation selective at 0.04 cpd 

spatial frequency. We binned the preferred orientation of the cell 

into three bins centered at the three directions chosen for spatial 

frequency mapping.

In order to find the preferred spatial frequency, a single Gaussian 

function was fitted to the peak height of the mean calcium response 

at each of the presented spatial frequencies for each of the three 

directions [Figure A3F of Appendix for the example Wfs1(+) cell]. 

The peak of the Gaussian fit for the preferred direction of the cell 

was chosen as the preferred spatial frequency of the cell (peak of 

red curve in Figure A3F of Appendix). The cells which did not show 

significant orientation preference to 12 directed gratings at 0.04 cpd 

[49/240 Wfs1(+) and 91/340 unidentified cells] were eliminated 

from the analysis.

The distribution of preferred spatial frequencies of the Wfs1(+) 

neurons and unidentified cells showed no significant difference 

(example cells in Figures 6A,B and 7A,B). The medians of preferred 

spatial frequencies for Wfs1(+) and unidentified neurons were both 

0.04 cpd. The Wfs1(+) neurons had a broad distribution across the 

six tested octaves similar to the unidentified cells representing the 

general layer 2/3 excitatory population in their spatial frequency 

tuning. The median preferred spatial frequencies of both groups of 

cells were identical to that of the layer 2/3 excitatory neurons found 

in the microelectrode study (Niell and Stryker, 2008).

cell samples was not significantly different (Figure 5B, P = 0.53, 

unpaired t-test). Other categories like OSI less than median OSI of 

the population, analysis regions of larger (200 µm × 200 µm) and 

smaller (75 µm × 75 µm) areas and for within images collected 

from two other mice were also analyzed and gave the same results 

(data not shown).

In addition to the visualization of the orientation preference 

map, we made a comparison of pairwise difference in preferred 

angle over distance between two given cells. For both Wfs1(+) – 

Wfs1(+) (i.e., transgene labeled–labeled cell pairs) and Wfs1(+) – 

unidentified (transgene labeled – unlabeled) cell pairs there was 

no significant correlation between the distance between two cells 

and the difference in their preferred angles (Figures 5D,F). The 

Pearson correlation coefficient (R) for individual mice (n = 4) 

ranged from −0.2 to 0.04 and was insignificant (P > 0.13) for 

both labeled–labeled and labeled–unlabeled pairs. This indicates 

the spatial heterogeneity in orientation preference between nearby 

cells in mice, consistent with what has been seen in rats (Ohki 

et al., 2005). The lack of difference between the labeled–labeled 

and labeled–unlabeled cell pairs suggests that the Wfs1(+) cells 

might be a random subset of the general population of excita-

tory neurons.

We found that a majority of imaged neurons were selective for 

a horizontally oriented grating (90°), while just ∼10% of the cells 

showed preference to a vertically oriented grating (180°, Figure 5C, 

data pooled across the five mice). The Wfs1(+) and the unidenti-

fied cells both showed this preference. Intrinsic imaging reports 

in mice have indicated that horizontal bars or gratings strongly 

drive the V1 (Cang et al., 2005). This activity could be due to larger 

number of cells encoding horizontally oriented gratings instead of 

larger responses from horizontally tuned cells. In order to deter-

mine the pairwise spatial relationship between horizontally tuned 

labeled cells and other labeled and unlabeled cells, a pairwise 

comparison was made. The difference in orientation preference 

angles and distance between horizontally tuned Wfs1(+) neurons 

FIGURE 4 | Comparison of orientation selectivity of Wfs1(+) and Pvalb(+) 

cell population. Cumulative probability distribution of the orientation 

selectivity index (OSI) of Wfs1(+) cells, unidentified cells, Pvalb(+) cells, and 

the neuropil near the Pvalb(+) cells is plotted. Dropped vertical dotted lines 

represent the median of each population.
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dye  imaging to study the activities of specific cell types in two 

 different Cre mouse lines. The utility of our technique is under-

scored by  several recent studies that used 2-photon calcium imag-

ing to address the visual response properties of inhibitory cells, 

DISCUSSION

TRANSGENIC MOUSE TOOLS AND THE STUDY OF CORTICAL CELL TYPES

We report here the use of a robust and ubiquitous reporter sys-

tem for Cre-expression in combination with in vivo calcium 

FIGURE 5 | Functional map and spatial distribution of orientation/direction 

selectivity. (A) Spatial orientation and direction selectivity map of Wfs1(+) cells 

shown (black polygon surrounding the ROI) and rest of the visually responsive 

OGB-1 filled cells at three different depths within a single mouse V1. Colors, as 

shown in the color map at the bottom, represent preferred orientation angles. 

Cells with OSI < 0.2 were assigned as untuned. (B) Comparison of the 

distribution of calcium transients from sharply oriented (OSI > 0.54) tdTomato 

labeled and unidentified cells on repeated presentation of their preferred 

orientations. Box plots show median (vertical red line), SE (notch), upper and 

lower quartile (extent of the box), next 1.5 quartile (whiskers), and outliers (black 

dots). (C) Histogram of preferred orientation angle of Wfs1(+) and unidentified 

cells (90° for horizontally oriented grating moving up or down). (D) Difference in 

orientation angle preference between pairs of Wfs1(+) cells (data pooled from 

four experimental mice). Mean ± SD of distance and orientation angle difference 

within a 20-µm bin is plotted. (E) Difference in orientation angle preference 

between pairs of Wfs1(+) cells sub-categorized by the bin center in (C). Legend 

denotes pairwise comparison between cells according to their preferred 

orientations. (F) Difference in orientation angle preference between pairs of 

Wfs1(+) cells and unidentified cells [data pooled from four experimental mice 

also shown in (D)]. Mean ± SD of distance and orientation angle difference 

within a 20-µm bin is plotted. (G) Difference in preferred angle between pairs of 

Wfs1(+) cells and unidentified cells sub-categorized by the bin center in (C). 

Legend denotes pairwise comparison between cells according to their 

preferred orientations.
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FIGURE 6 | The orientation tuning (polar plots) and normalized responses to various spatial frequencies presented at the preferred orientation (bar plots) 

of (A) 10 Wfs1(+) (shown in black) and (B) 10 unidentified neurons (gray). Values against polar plots indicate the maximum scale of the polar plot in fraction ∆F/F.

FIGURE 7 | Comparison of preferred spatial frequencies. (A) Distribution of spatial frequency tunings of Wfs1(+) cells (n = 191) across the six tested octaves. LP, 

low pass tuned cells. (B) Distribution of spatial frequency tunings of unidentified cells (n = 249) across the six tested octaves. LP, low pass tuned cells.
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which came to potentially conflicting results (Sohya et al., 2007; 

Kerlin et al., 2010; Runyan et al., 2010). Several aspects of our 

system could make such studies more robust and reproducible 

across laboratories.

First, we compared the selectivity of well identified excitatory 

and inhibitory populations that were transgenically labeled using 

the same reporter mouse, unlike other previous studies (Sohya 

et al., 2007; Kerlin et al., 2010; Runyan et al., 2010). Second, the 

use of mouse reporter compared to viral reporter offers a greater 

ease in surgical preparation for calcium imaging and an even 

expression of label within all Cre-expressing cells, without the 

confound of viral tropism. Although, viral reporters are a viable 

alternative and allow for a localized expression in a brain region 

where region specific Cre-expression is not available or in other 

instances offer methodological advantages such as trans-synaptic 

labeling across neurons (Marshel et al., 2010). Our Cre-reporter 

mouse system provides much-desired reliability and reproduc-

ibility in targeting a subpopulation. Finally, the designs of the 

two Cre lines and the tdTomato reporter line that we have used 

do not disrupt the endogenous genes unlike the Gad67-GFP line 

where the GFP gene is inserted to replace a copy of Gad67 gene 

resulting in reduced GABAergic synaptic transmission (Runyan 

et al., 2010), A further advantage of the reporter mouse strategy 

is that it allows the straightforward extension to drive expres-

sion of various genetic tools in the population of labeled cells, 

such as light-activated activating or inhibiting channels (Zhang 

et al., 2007), genetically encoded calcium indicators (GECIs) 

like GCamp3 (Tian et al., 2009) and Y.C3.6 (Andermann et al., 

2010), and receptors for toxins in order to perform cell ablations 

(Kobayakawa et al., 2007).

Recent studies have demonstrated the role that different cell 

populations play in development and cortical plasticity (Gandhi 

et al., 2008; Yazaki-Sugiyama et al., 2009).The selectivity and early 

onset expression of Cre to label specific cell classes can be used 

for longitudinal studies over developmentally important times, 

e.g., postnatal critical period of cortical plasticity (Antonini et al., 

1999). For example, the superficial Wfs1(+) and Pvalb(+) popu-

lations can be studied using calcium dye imaging for functional 

plasticity across development (Garaschuk et al., 2006; Gandhi et al., 

2008; Yazaki-Sugiyama et al., 2009).

COMPARISON WITH PREVIOUS FINDINGS IN MOUSE V1

Our characterization of layer 2/3 cells corresponds well with 

previous studies of the upper layers of mouse V1. The percent-

age of orientation tuned cells among visually responsive V1 

neurons is comparable to the yield with microelectrode record-

ings (Niell and Stryker, 2008). Furthermore, the median spatial 

frequency of the Wfs1(+) and unidentified cells was 0.04 cpd, 

consistent with the study employing microelectrodes (Niell and 

Stryker, 2008).

A previous extracellular study showed that narrow-spiking 

units (putative inhibitory cells) had much poorer orientation 

selectivity overall than broad-spiking units (putative excitatory 

cells; Niell and Stryker, 2008). Our results from the Pvalb and 

Wfs1 cell populations are consistent with this finding. Although 

there was some diversity of tuning in both  populations, the 

Pvalb(+) population as a whole had significantly poorer 

 orientation  selectivity than the excitatory Wfs1(+) population, 

yet more selective than the largely untuned neuropil. In com-

parison with two recent imaging studies of Pvalb(+) cells, our 

finding of 22% of the Pvalb(+) cells with OSI > 0.5 appears to 

be slightly higher than Kerlin et al. (2010), but unlike Runyan 

et al. (2010) the Pvalb(+) population had a significantly lower 

OSI than the excitatory cells.

The small population of well-tuned Pvalb(+) cells that was cap-

tured in our study of transgenic mice (Figure A2B of Appendix), 

may be due to diversity in the morphological, physiological, and 

laminar distribution within Pvalb(+) cell population as previously 

suggested (Markram et al., 2004). A comprehensive characteriza-

tion of Pvalb(+) cell population would involve studying function 

using combination of targeted patch recording in mice labeled 

with the Ai9 tdTomato reporter followed by morphological recon-

struction or intersectional genetic strategies that allow identifi-

cation of cell type using two or more genetic markers (Miyoshi 

and Fishell, 2006). Likewise, although our study does not show 

evidence for functional differences within the excitatory popu-

lation, there may still exist genetic and projectional segregation 

within the Wfs1(+) cell population (Kasper et al., 1994). The use 

of anterograde and retrograde labeling achieved by viral-based 

synaptic connectivity labels can elucidate the spatial partners of 

the genetically identified cell types and their tuning properties 

(Yoshimura et al., 2005; Wickersham et al., 2007). Furthermore, 

we cannot exclude the possibility that Wfs1(+) cells have dis-

tinct properties for other visual stimuli that were not tested in 

this study.

Layer 2/3 neurons are more selective for orientation than the 

deeper cortical layers (Mangini and Pearlman, 1980; Metin et al., 

1988; Niell and Stryker, 2008), making Wfs1(+) cells, as a genetically 

labeled, highly selective cell population appealing for studying the 

role of layer 2/3 neurons in visual tasks (Andermann et al., 2010). 

The Pvalb(+) cell population is a major subclass of inhibitory neu-

rons in the mouse cortex. In our study these cells showed a visually 

evoked response profile comparable to what has been reported 

before for a pan-interneuronal labeling Gad67-GFP mouse (Sohya 

et al., 2007). In order to differentiate between the response profiles 

of interneuron subtypes, there is a need for other knock-in Cre-

transgenics such as Sst and Vip neurons, and other cell classes as 

they emerge through ongoing studies.
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APPENDIX

FIGURE A1 | Experimental setup and identification characterization of 

tdTomato labeled cells using in vivo two-photon calcium dye imaging. 

(A) Visual stimuli consisting of sinusoidal gratings. Shown here are three grating 

stimuli out of the possible 6 orientations and 12 directions for orientation/

direction tuning. (B) An anesthetized mouse with bulk loaded calcium dye in the 

primary visual cortex is kept ventilated and placed on an XYZ moveable stage 

(Newport Inc.). An LCD video monitor is placed at a distance from the mouse. A 

permanent headplate implanted on the mouse skull is fixed to a imaging 

chamber holder (not shown). This allows the head of the mouse to be fixed 

directly in front of the monitor with the craniotomy directly under the objective 

of the two-photon microscope. (C) Left column for Pvalb (+)/tdTomato(+) cells 

and right column for Wfs1(+)/tdTomato (+) cells in the layer 2/3. TdTomato cells 

are visible when the cortex is excited by 950 nm two-photon laser and emission 

acquired through a 605 ± 35 nm filter. OGB-1 filled cell soma can be visualized at 

800 nm excitation and 525 ± 25 nm emission. The last image in both columns is 

the merged red and green channel image.
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FIGURE A2 | Direction selectivity of 20 example cells arbitrarily arranged. (A) Twenty Wfs1(+) neurons. (B) Twenty Pvalb(+) cells from layer 2/3. Number against 

each polar plot denotes maximum scale of the polar plot (in ∆F/F%).
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FIGURE A3 | Spatial frequency tuning of an example Wfs1(+) cell. (A) 

Calcium response during the course of imaging (B) Average responses to 

each of the six orientations (two opposite directions) at 0.04 cpd showing 

orientation preference of the cell. Red, green, blue color code denotes the 

three presented directions in (C,D). Shaded area around the mean represent 

mean ± SEM (n = 5 trials). Shaded rectangular backgrounds represent 

stimulus duration (5 s). (C) Responses of the cell to five repetitions of six 

different octaves of spatial frequencies (0.01–0.32 in increasing order) for the 

three direction of grating motion shown on the right (120° apart down the 

three rows). Spatial frequencies increase from left to right. Increasing tone of 

copper denotes temporal sequence of trials within that stimulus condition. 

(D) Average of the five presentations shown in [(C) color coded by the 

background of the shaded area in (C)]. Shaded area around the mean 

represent mean ± SEM (n = 5). (E) Responses to five repetitions of full field 

light–dark flicker shown in upper row and average shown in lower row. 

Shaded area around the mean represent mean ± SEM (n = 5). (F) Spatial 

frequency tuning of the cells to the three directions [colors as shown in 

(C,D)]. A single Gaussian was fitted to the responses at various spatial 

frequencies for each direction. Preferred spatial frequency of the cell was 

0.04 cpd.


