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Neurons in V1 are functionally diverse but higher 
visual areas are specialized

Andermann et al. 2011

72%–77%), a minority of signals were obtained from putative
dendrites of local neurons within the same cortical column.
Significant differences in peak speed between areas AL and
PM were observed when including only confirmed cell bodies
(K-S test, p < 10!13; for details, see Figure S3) or only putative
dendrites (p < 10!3).

Tuning for Speed versus Tuning for Temporal or Spatial
Frequency in Individual Neurons
Given that peak speed was a useful measure for distinguishing
AL neurons from PM neurons, we tested whether individual
neurons in AL and PM were tuned for speed. A neuron can be
considered tuned for speed when a change in stimulus spatial
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Figure 3. AL and PM Neurons Prefer Nearly Nonoverlapping Ranges of Speeds Spanned by V1
(A) Example response profiles of subsets of neurons from the same local volume in each cortical area. Simultaneously recorded neurons in V1 often preferred very

different combinations of spatial and temporal frequency. By contrast, most neurons in AL preferred low spatial and high temporal frequency, while most neurons

in PM preferred high spatial and low temporal frequency. Blue and red ellipses are contours of model fits at 88% and 60% of peak, respectively.

(B) Coverage of the spatiotemporal frequency plane by V1, AL, and PM populations is illustrated by shaded contours (at 88% of peak; left panel) and by scatter

plots of neurons’ preferred spatial and temporal frequencies (right panel). Yellow lines in (A) and (B) represent the line in the spatiotemporal frequency plane that

best classified response preferences as belonging to AL or PM neurons (an iso-speed line at 41.9"/s).

(C and D) Bar plots of median preferred and high cutoff (50% of peak response) spatial and temporal frequencies across areas.

(E) Distributions of peak speeds (ratio of preferred temporal:spatial frequencies). Darker bars (and darker symbols at edges of scatter plots in right panels of B)

indicate neurons with low- or high-pass tuning for spatial or temporal frequency.

(F) Bar plots of median peak speed across areas. Error bars in (C), (D), and (F) are 95% confidence intervals on estimated median values (maximum-likelihood

estimate for lognormal distribution). Numbers of cells: 87 in V1, 107 in AL, and 46 in PM. Peak%DF/F for example neurons in (A), clockwise from top-left, V1: 28, 9,

12, 27, 11, 8; AL: 56, 14, 74, 22, 34, 41; PM: 7, 4, 8, 8, 15, 13. See also Figure S3.
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These arborizations likely arose from neurons in layers 2/3 and 5 of V1 
and spanned all laminae in the higher visual areas26 (Supplementary 
Fig. 1d). We rarely observed labeling of cell bodies in the higher visual 
areas, suggesting that there was little or no contamination by retro-
grade infection. We focused on areas LM, AL and PM because they 
receive the densest projections and because neurons in each of these 
areas have distinct receptive field properties4.

Functional imaging of boutons in higher visual areas
We surgically implanted a chronic cranial window that provided 
optical access to V1 and the surrounding higher visual areas4 so we 
could image the activity of labeled V1 axons in awake mice (Fig. 1c). 
During the experiments, mice were head-fixed and placed on a single-
axis rotating ball on which they could run freely. Wide-field epifluo-
rescence microscopy revealed bright islands of labeled axons in the 
higher visual areas. Registration to retinotopic maps measured using 
intrinsic autofluorescence imaging confirmed the area identification 
for each mouse (Supplementary Fig. 1 and Online Methods). Using a 
high-speed two-photon microscope8, we were able to measure visually 

evoked calcium transients from axonal arborizations in layers 1 and 2/3  
(Fig. 1c,d and Supplementary Movie 1; average depth of imaging,  
84.5 m below the pia; range, 50–150 m; 40 fields of view 200–300 m  
on a side; 14 mice).

We studied the visual response properties of the axonal arboriza-
tions by presenting sinusoidal drifting gratings of different spatial 
and temporal frequencies (0.02 to 0.32 cycles per degree (c.p.d.);  
1 to 15 Hz; 1-octave steps; 5 s off, 5 s on; see Supplementary Fig. 1f 
and Online Methods). Visual stimulation evoked calcium tran-
sients in axons coursing within the imaged plane (Fig. 1c–e and 
Supplementary Movie 1). Along these axonal processes were micro-
meter-sized hotspots that underwent local, visually evoked increases 
in fluorescence and likely corresponded to presynaptic boutons27–29 
(Fig. 1d; see Online Methods).

To quantify the selectivity of axonal responses in each area, we iden-
tified all visually responsive boutons in each field of view and deter-
mined their response profiles to all of the stimuli (Fig. 1e; see Online 
Methods). To visualize these two-dimensional tuning curves, we plotted 
a circle for each spatial and temporal frequency presented whose area 

Figure 1 Functional two-photon calcium imaging from the axons of V1 projection neurons. (a) Two models of mouse visual cortex. Higher visual areas 
may receive functionally nonspecific (top) or specific (bottom) inputs from V1. Specificity may arise through diverse mechanisms, including a bias in 
projection probability, arborization size or neural excitability. (b) Labeling of V1 axonal projections with GCaMP3.3. Top, tangential section of visual 
cortex; A, anterior; P, posterior; L, lateral; M, medial. Bottom, infected somata in layer 2/3 (L2/3) of V1 (left) and V1 axonal arborizations in LM (right). 
Scale bars, 500 m (top) and 30 m (bottom). (c) In vivo calcium imaging. Left, in vivo image of visual cortex. V1 was covered to prevent saturation and 
the inset (gray box) taken with lower illumination. Middle and right, example average two-photon fluorescence responses (dF/F; 24 trials) of axons in PM 
(white outlined region in left panel). Stimuli (insets) are sinusoidal drifting gratings of different spatial and temporal frequencies. Scale bars, 500 m 
(left) and 50 m (middle and right). (d) Identification of visually responsive boutons. Left, maximum (max) response projection across stimuli. Middle, 
magnification of the boxed region at left. Right, gray and colored circles indicate locations of boutons whose tunings are well fit by a two-dimensional 
Gaussian. Black circles indicate poor fits (excluded from further analysis). Scale bars, 50 m (left) and 15 m (middle and right). (e) Visual responses of 
boutons in colored circles from d. Top, average response of each bouton (for the indicated directions of motion; 12 trials per stimulus) and the fit of the 
average response (right). The area of each circle is proportional to dF/F. SF, spatial frequency; TF, temporal frequency. Bottom, average dF/F time course 
for each stimulus. Blue lines (in left panel) represent duration of stimulus (5 s). Shaded regions are  s.e.m.
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Functional specificity of axonal projections from 
V1 to higher visual areas
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and spanned all laminae in the higher visual areas26 (Supplementary 
Fig. 1d). We rarely observed labeling of cell bodies in the higher visual 
areas, suggesting that there was little or no contamination by retro-
grade infection. We focused on areas LM, AL and PM because they 
receive the densest projections and because neurons in each of these 
areas have distinct receptive field properties4.

Functional imaging of boutons in higher visual areas
We surgically implanted a chronic cranial window that provided 
optical access to V1 and the surrounding higher visual areas4 so we 
could image the activity of labeled V1 axons in awake mice (Fig. 1c). 
During the experiments, mice were head-fixed and placed on a single-
axis rotating ball on which they could run freely. Wide-field epifluo-
rescence microscopy revealed bright islands of labeled axons in the 
higher visual areas. Registration to retinotopic maps measured using 
intrinsic autofluorescence imaging confirmed the area identification 
for each mouse (Supplementary Fig. 1 and Online Methods). Using a 
high-speed two-photon microscope8, we were able to measure visually 

evoked calcium transients from axonal arborizations in layers 1 and 2/3  
(Fig. 1c,d and Supplementary Movie 1; average depth of imaging,  
84.5 m below the pia; range, 50–150 m; 40 fields of view 200–300 m  
on a side; 14 mice).

We studied the visual response properties of the axonal arboriza-
tions by presenting sinusoidal drifting gratings of different spatial 
and temporal frequencies (0.02 to 0.32 cycles per degree (c.p.d.);  
1 to 15 Hz; 1-octave steps; 5 s off, 5 s on; see Supplementary Fig. 1f 
and Online Methods). Visual stimulation evoked calcium tran-
sients in axons coursing within the imaged plane (Fig. 1c–e and 
Supplementary Movie 1). Along these axonal processes were micro-
meter-sized hotspots that underwent local, visually evoked increases 
in fluorescence and likely corresponded to presynaptic boutons27–29 
(Fig. 1d; see Online Methods).

To quantify the selectivity of axonal responses in each area, we iden-
tified all visually responsive boutons in each field of view and deter-
mined their response profiles to all of the stimuli (Fig. 1e; see Online 
Methods). To visualize these two-dimensional tuning curves, we plotted 
a circle for each spatial and temporal frequency presented whose area 

Figure 1 Functional two-photon calcium imaging from the axons of V1 projection neurons. (a) Two models of mouse visual cortex. Higher visual areas 
may receive functionally nonspecific (top) or specific (bottom) inputs from V1. Specificity may arise through diverse mechanisms, including a bias in 
projection probability, arborization size or neural excitability. (b) Labeling of V1 axonal projections with GCaMP3.3. Top, tangential section of visual 
cortex; A, anterior; P, posterior; L, lateral; M, medial. Bottom, infected somata in layer 2/3 (L2/3) of V1 (left) and V1 axonal arborizations in LM (right). 
Scale bars, 500 m (top) and 30 m (bottom). (c) In vivo calcium imaging. Left, in vivo image of visual cortex. V1 was covered to prevent saturation and 
the inset (gray box) taken with lower illumination. Middle and right, example average two-photon fluorescence responses (dF/F; 24 trials) of axons in PM 
(white outlined region in left panel). Stimuli (insets) are sinusoidal drifting gratings of different spatial and temporal frequencies. Scale bars, 500 m 
(left) and 50 m (middle and right). (d) Identification of visually responsive boutons. Left, maximum (max) response projection across stimuli. Middle, 
magnification of the boxed region at left. Right, gray and colored circles indicate locations of boutons whose tunings are well fit by a two-dimensional 
Gaussian. Black circles indicate poor fits (excluded from further analysis). Scale bars, 50 m (left) and 15 m (middle and right). (e) Visual responses of 
boutons in colored circles from d. Top, average response of each bouton (for the indicated directions of motion; 12 trials per stimulus) and the fit of the 
average response (right). The area of each circle is proportional to dF/F. SF, spatial frequency; TF, temporal frequency. Bottom, average dF/F time course 
for each stimulus. Blue lines (in left panel) represent duration of stimulus (5 s). Shaded regions are  s.e.m.
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• Are projections from V1 to LM, AL and PM functionally distinct?

• If so, what are the mechanisms underlying such specificity?
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areas, suggesting that there was little or no contamination by retro-
grade infection. We focused on areas LM, AL and PM because they 
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rescence microscopy revealed bright islands of labeled axons in the 
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intrinsic autofluorescence imaging confirmed the area identification 
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high-speed two-photon microscope8, we were able to measure visually 
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sients in axons coursing within the imaged plane (Fig. 1c–e and 
Supplementary Movie 1). Along these axonal processes were micro-
meter-sized hotspots that underwent local, visually evoked increases 
in fluorescence and likely corresponded to presynaptic boutons27–29 
(Fig. 1d; see Online Methods).

To quantify the selectivity of axonal responses in each area, we iden-
tified all visually responsive boutons in each field of view and deter-
mined their response profiles to all of the stimuli (Fig. 1e; see Online 
Methods). To visualize these two-dimensional tuning curves, we plotted 
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Figure 1 Functional two-photon calcium imaging from the axons of V1 projection neurons. (a) Two models of mouse visual cortex. Higher visual areas 
may receive functionally nonspecific (top) or specific (bottom) inputs from V1. Specificity may arise through diverse mechanisms, including a bias in 
projection probability, arborization size or neural excitability. (b) Labeling of V1 axonal projections with GCaMP3.3. Top, tangential section of visual 
cortex; A, anterior; P, posterior; L, lateral; M, medial. Bottom, infected somata in layer 2/3 (L2/3) of V1 (left) and V1 axonal arborizations in LM (right). 
Scale bars, 500 m (top) and 30 m (bottom). (c) In vivo calcium imaging. Left, in vivo image of visual cortex. V1 was covered to prevent saturation and 
the inset (gray box) taken with lower illumination. Middle and right, example average two-photon fluorescence responses (dF/F; 24 trials) of axons in PM 
(white outlined region in left panel). Stimuli (insets) are sinusoidal drifting gratings of different spatial and temporal frequencies. Scale bars, 500 m 
(left) and 50 m (middle and right). (d) Identification of visually responsive boutons. Left, maximum (max) response projection across stimuli. Middle, 
magnification of the boxed region at left. Right, gray and colored circles indicate locations of boutons whose tunings are well fit by a two-dimensional 
Gaussian. Black circles indicate poor fits (excluded from further analysis). Scale bars, 50 m (left) and 15 m (middle and right). (e) Visual responses of 
boutons in colored circles from d. Top, average response of each bouton (for the indicated directions of motion; 12 trials per stimulus) and the fit of the 
average response (right). The area of each circle is proportional to dF/F. SF, spatial frequency; TF, temporal frequency. Bottom, average dF/F time course 
for each stimulus. Blue lines (in left panel) represent duration of stimulus (5 s). Shaded regions are  s.e.m.
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V1 axons projecting to LM, AL and PM are 
functionally distinct
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was proportional to the amplitude of the response (dF /F). We then fit 
the profiles with a two-dimensional Gaussian function and considered 
only those boutons whose responses were well fit. These fits were used 
to estimate the preferred spatial and temporal frequencies for each  
bouton and to calculate the peak speed (the ratio of preferred temporal 
frequency to preferred spatial frequency), as this was the dimension that 
best segregated cell bodies in AL from those in PM4.

The fluorescence images had high signal-to-noise ratios that enabled 
the resolution of responses in individual trials and repeatable measure-
ments of the tuning of individual boutons (see Supplementary Movie 1,  
Supplementary Fig. 2e and Online Methods). Presentation of differ-
ent visual stimuli evoked responses in distinct processes (Fig. 1c,d, 
Supplementary Fig. 2a and Supplementary Movie 2). This suggested 
that we were imaging axonal arborizations from multiple neurons in 
each field of view. To obtain a rough estimate the number of distinct 
processes, we measured the trial-by-trial correlations for all pairs of 
boutons in the field of view. We then used an unsupervised clustering 
algorithm to group correlated boutons that likely belonged to the same 

axonal process (Supplementary Fig. 2b,c). Pairs of boutons showing 
locally maximal correlations had nearly identical tuning and time 
courses, whereas those from different clusters often had different tun-
ing and time courses (Supplementary Fig. 2d,e). From this analysis,  
we estimated that the 382 boutons in the experiment in Figure 1 arose 
from at least 15–20 functionally distinct axons.

Functional specificity of boutons in higher visual areas
We measured the spatial and temporal frequency tuning from 8,085 
axonal boutons in the three higher visual areas (LM: 2,252 boutons,  
9 mice, 11 fields of view; PM: 3,931 boutons, 12 mice, 15 fields of view; 
AL: 1,902 boutons, 12 mice, 14 fields of view). Although the stimulus 
preferences of V1 axons in each field of view were diverse (Fig. 2a), 
each of the three areas showed, on average, distinct preferences for 
spatial and temporal frequency (Fig. 2b,c). V1 axonal boutons in AL 
responded more strongly to higher temporal frequencies and lower 
spatial frequencies, generating threefold larger responses at higher 
speeds (Fig. 2c,d; paired, two-tailed Student’s t-test, comparison of 
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Figure 2 V1 axons projecting to LM, AL and PM are functionally distinct. (a) Example responses from six boutons from the same field of view in LM 
(top), PM (middle) or AL (bottom) of the same mouse. Boutons were ordered from lowest to highest speed and chosen as evenly spaced percentiles 
(14th, 29th, 43rd, 57th, 71st and 86th). Amplitude of peak dF/F is noted above each response. SF, spatial frequency; TF, temporal frequency.  
(b) Average response of all boutons (n represents number of boutons) in LM (left), PM (middle) and AL (right) for three example mice. (c) Top, average 
response in each area for all boutons imaged. Bottom, average response in each area for all mice imaged (n represents number of mice). (d) Average tuning 
curves for SF (left), TF (middle) and speed (right) in each area for all boutons imaged. Number of boutons is given in parentheses. Error bars,  s.e.m.

Figure 3 Lack of functional organization for 
speed in V1. (a) Coronal section of V1 stained 
with DAPI to show nuclei (left) and expressing 
GCaMP3 (second from left). Third from left, 
projection of a z-stack taken through the 
injection site in vivo (2- m steps; same mouse 
as on left). Right, relative positions of four 
volumes imaged in this mouse. Layers are 
indicated at left. (b) Example responses from 
six neurons in L2/3 (top), L4 (middle) or L5 
(bottom) from the same mouse as in a. Neurons 
were ordered from lowest to highest speed 
and chosen as evenly spaced percentiles. 
Amplitude of peak dF/F is noted above each 
response. (c) Scatter plot of peak speed by 
cortical depth for all neurons (n = 302) imaged 
in the mouse in a. Dashed lines delineate 
the borders of L4. (d) x-z (left) and x-y (right) 
projection of all neurons imaged in the mouse 
in a, colored according to peak speed.  
Note the lack of clustering in any dimension.  
(e) Average tuning distance (see Online 
Methods) for all pairs of neurons binned 
according to their distance in z (left) and x-y 
(right) (n = 542 neurons, two mice; the number 
of pairs for each bin is given below; bins with 
<10 pairs were excluded). (f) Average tuning for speed for neurons in L2/3 (n = 166 neurons, four mice) and L5 (n = 312 neurons, two mice).  
(g) Cumulative distribution of peak speeds for neurons in L2/3 and L5 (same population of neurons as in f). All error bars,  s.e.m.
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was proportional to the amplitude of the response (dF /F). We then fit 
the profiles with a two-dimensional Gaussian function and considered 
only those boutons whose responses were well fit. These fits were used 
to estimate the preferred spatial and temporal frequencies for each  
bouton and to calculate the peak speed (the ratio of preferred temporal 
frequency to preferred spatial frequency), as this was the dimension that 
best segregated cell bodies in AL from those in PM4.

The fluorescence images had high signal-to-noise ratios that enabled 
the resolution of responses in individual trials and repeatable measure-
ments of the tuning of individual boutons (see Supplementary Movie 1,  
Supplementary Fig. 2e and Online Methods). Presentation of differ-
ent visual stimuli evoked responses in distinct processes (Fig. 1c,d, 
Supplementary Fig. 2a and Supplementary Movie 2). This suggested 
that we were imaging axonal arborizations from multiple neurons in 
each field of view. To obtain a rough estimate the number of distinct 
processes, we measured the trial-by-trial correlations for all pairs of 
boutons in the field of view. We then used an unsupervised clustering 
algorithm to group correlated boutons that likely belonged to the same 

axonal process (Supplementary Fig. 2b,c). Pairs of boutons showing 
locally maximal correlations had nearly identical tuning and time 
courses, whereas those from different clusters often had different tun-
ing and time courses (Supplementary Fig. 2d,e). From this analysis,  
we estimated that the 382 boutons in the experiment in Figure 1 arose 
from at least 15–20 functionally distinct axons.

Functional specificity of boutons in higher visual areas
We measured the spatial and temporal frequency tuning from 8,085 
axonal boutons in the three higher visual areas (LM: 2,252 boutons,  
9 mice, 11 fields of view; PM: 3,931 boutons, 12 mice, 15 fields of view; 
AL: 1,902 boutons, 12 mice, 14 fields of view). Although the stimulus 
preferences of V1 axons in each field of view were diverse (Fig. 2a), 
each of the three areas showed, on average, distinct preferences for 
spatial and temporal frequency (Fig. 2b,c). V1 axonal boutons in AL 
responded more strongly to higher temporal frequencies and lower 
spatial frequencies, generating threefold larger responses at higher 
speeds (Fig. 2c,d; paired, two-tailed Student’s t-test, comparison of 
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Figure 2 V1 axons projecting to LM, AL and PM are functionally distinct. (a) Example responses from six boutons from the same field of view in LM 
(top), PM (middle) or AL (bottom) of the same mouse. Boutons were ordered from lowest to highest speed and chosen as evenly spaced percentiles 
(14th, 29th, 43rd, 57th, 71st and 86th). Amplitude of peak dF/F is noted above each response. SF, spatial frequency; TF, temporal frequency.  
(b) Average response of all boutons (n represents number of boutons) in LM (left), PM (middle) and AL (right) for three example mice. (c) Top, average 
response in each area for all boutons imaged. Bottom, average response in each area for all mice imaged (n represents number of mice). (d) Average tuning 
curves for SF (left), TF (middle) and speed (right) in each area for all boutons imaged. Number of boutons is given in parentheses. Error bars,  s.e.m.

Figure 3 Lack of functional organization for 
speed in V1. (a) Coronal section of V1 stained 
with DAPI to show nuclei (left) and expressing 
GCaMP3 (second from left). Third from left, 
projection of a z-stack taken through the 
injection site in vivo (2- m steps; same mouse 
as on left). Right, relative positions of four 
volumes imaged in this mouse. Layers are 
indicated at left. (b) Example responses from 
six neurons in L2/3 (top), L4 (middle) or L5 
(bottom) from the same mouse as in a. Neurons 
were ordered from lowest to highest speed 
and chosen as evenly spaced percentiles. 
Amplitude of peak dF/F is noted above each 
response. (c) Scatter plot of peak speed by 
cortical depth for all neurons (n = 302) imaged 
in the mouse in a. Dashed lines delineate 
the borders of L4. (d) x-z (left) and x-y (right) 
projection of all neurons imaged in the mouse 
in a, colored according to peak speed.  
Note the lack of clustering in any dimension.  
(e) Average tuning distance (see Online 
Methods) for all pairs of neurons binned 
according to their distance in z (left) and x-y 
(right) (n = 542 neurons, two mice; the number 
of pairs for each bin is given below; bins with 
<10 pairs were excluded). (f) Average tuning for speed for neurons in L2/3 (n = 166 neurons, four mice) and L5 (n = 312 neurons, two mice).  
(g) Cumulative distribution of peak speeds for neurons in L2/3 and L5 (same population of neurons as in f). All error bars,  s.e.m.
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was proportional to the amplitude of the response (dF /F). We then fit 
the profiles with a two-dimensional Gaussian function and considered 
only those boutons whose responses were well fit. These fits were used 
to estimate the preferred spatial and temporal frequencies for each  
bouton and to calculate the peak speed (the ratio of preferred temporal 
frequency to preferred spatial frequency), as this was the dimension that 
best segregated cell bodies in AL from those in PM4.

The fluorescence images had high signal-to-noise ratios that enabled 
the resolution of responses in individual trials and repeatable measure-
ments of the tuning of individual boutons (see Supplementary Movie 1,  
Supplementary Fig. 2e and Online Methods). Presentation of differ-
ent visual stimuli evoked responses in distinct processes (Fig. 1c,d, 
Supplementary Fig. 2a and Supplementary Movie 2). This suggested 
that we were imaging axonal arborizations from multiple neurons in 
each field of view. To obtain a rough estimate the number of distinct 
processes, we measured the trial-by-trial correlations for all pairs of 
boutons in the field of view. We then used an unsupervised clustering 
algorithm to group correlated boutons that likely belonged to the same 

axonal process (Supplementary Fig. 2b,c). Pairs of boutons showing 
locally maximal correlations had nearly identical tuning and time 
courses, whereas those from different clusters often had different tun-
ing and time courses (Supplementary Fig. 2d,e). From this analysis,  
we estimated that the 382 boutons in the experiment in Figure 1 arose 
from at least 15–20 functionally distinct axons.

Functional specificity of boutons in higher visual areas
We measured the spatial and temporal frequency tuning from 8,085 
axonal boutons in the three higher visual areas (LM: 2,252 boutons,  
9 mice, 11 fields of view; PM: 3,931 boutons, 12 mice, 15 fields of view; 
AL: 1,902 boutons, 12 mice, 14 fields of view). Although the stimulus 
preferences of V1 axons in each field of view were diverse (Fig. 2a), 
each of the three areas showed, on average, distinct preferences for 
spatial and temporal frequency (Fig. 2b,c). V1 axonal boutons in AL 
responded more strongly to higher temporal frequencies and lower 
spatial frequencies, generating threefold larger responses at higher 
speeds (Fig. 2c,d; paired, two-tailed Student’s t-test, comparison of 
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Figure 2 V1 axons projecting to LM, AL and PM are functionally distinct. (a) Example responses from six boutons from the same field of view in LM 
(top), PM (middle) or AL (bottom) of the same mouse. Boutons were ordered from lowest to highest speed and chosen as evenly spaced percentiles 
(14th, 29th, 43rd, 57th, 71st and 86th). Amplitude of peak dF/F is noted above each response. SF, spatial frequency; TF, temporal frequency.  
(b) Average response of all boutons (n represents number of boutons) in LM (left), PM (middle) and AL (right) for three example mice. (c) Top, average 
response in each area for all boutons imaged. Bottom, average response in each area for all mice imaged (n represents number of mice). (d) Average tuning 
curves for SF (left), TF (middle) and speed (right) in each area for all boutons imaged. Number of boutons is given in parentheses. Error bars,  s.e.m.

Figure 3 Lack of functional organization for 
speed in V1. (a) Coronal section of V1 stained 
with DAPI to show nuclei (left) and expressing 
GCaMP3 (second from left). Third from left, 
projection of a z-stack taken through the 
injection site in vivo (2- m steps; same mouse 
as on left). Right, relative positions of four 
volumes imaged in this mouse. Layers are 
indicated at left. (b) Example responses from 
six neurons in L2/3 (top), L4 (middle) or L5 
(bottom) from the same mouse as in a. Neurons 
were ordered from lowest to highest speed 
and chosen as evenly spaced percentiles. 
Amplitude of peak dF/F is noted above each 
response. (c) Scatter plot of peak speed by 
cortical depth for all neurons (n = 302) imaged 
in the mouse in a. Dashed lines delineate 
the borders of L4. (d) x-z (left) and x-y (right) 
projection of all neurons imaged in the mouse 
in a, colored according to peak speed.  
Note the lack of clustering in any dimension.  
(e) Average tuning distance (see Online 
Methods) for all pairs of neurons binned 
according to their distance in z (left) and x-y 
(right) (n = 542 neurons, two mice; the number 
of pairs for each bin is given below; bins with 
<10 pairs were excluded). (f) Average tuning for speed for neurons in L2/3 (n = 166 neurons, four mice) and L5 (n = 312 neurons, two mice).  
(g) Cumulative distribution of peak speeds for neurons in L2/3 and L5 (same population of neurons as in f). All error bars,  s.e.m.
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Bias in the number of boutons with target-specific 
preferences
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dF/F of boutons in AL for the two lowest versus two highest frequen-
cies and the three lowest versus three highest speeds: all P-values < 
10−50). In contrast, V1 axonal boutons in PM showed opposite biases, 
responding more strongly on average to lower temporal frequencies 
and to higher spatial frequencies, generating threefold larger responses 
at slower speeds (all P-values < 10−50). In comparison, the average input 
to LM was broadly tuned and did not respond selectively to either high 
or low spatial frequencies, and had only modestly stronger responses 
to lower temporal frequencies (spatial frequency, P > 0.09; temporal 
frequency, P < 10−8; speed, P < 10−4).

These differences in tuning were robust: the average tuning was 
more correlated across experiments within an area than between 
areas (correlation coefficient within an area, 0.45  0.02, n = 14 mice,  
169 pairs; between areas, 0.02  0.04, n = 14 mice, 149 pairs; unpaired, 
two-tailed Student’s t-test: P < 10−13). Nor were these differences 
dependent on bouton selection, as they were present when consider-
ing all pixels in the field of view (Supplementary Fig. 3). These results 
suggest that the three major cortical targets of V1 receive distinct 

visual information. Specifically, we found that projections from V1 to 
AL and PM responded preferentially to fast and slow moving stimuli, 
respectively. On average, these preferences matched the functional 
properties of the neurons in these areas4, suggesting that neurons in 
V1 make functionally target-specific projections.

Lack of functional organization for frequency preference
Functional target specificity has been observed in carnivores and 
primates; however, much of this specificity can be explained by local 
functional architecture, such as the specific targeting of higher visual 
areas by distinct layers11–13. To determine whether there is any local 
organization of frequency preference in mouse V1 that could explain 
the specificity we found, we measured the spatial and temporal fre-
quency tuning of somata across layers 2/3 to 5 (Fig. 3). We collected 
tuning responses from 542 neurons in layer 2/3 (n = 166, four mice), 
layer 4 (n = 64, two mice) and layer 5 (n = 312, two mice) that were 
well fit by our model (Fig. 3a,b; see Online Methods). Consistent 
with previous electrophysiological studies2, we found no difference 

Figure 4 Layer 5 axons projecting to LM, AL and 
PM are functionally distinct. (a) Coronal section 
of visual cortex stained for DAPI (left) from an 
Rbp4-cre × tdTomato reporter (right) mouse. 
Note the dense expression in layer 5 (L5).  
(b) Left, x-z projection of an in vivo z-stack of an 
Rbp4-cre mouse after infection with GCaMP3 
(2- m steps). Right, scatter plot of peak  
speed by cortical depth for all neurons imaged 
(n = 121) in the mouse on left. (c) Average 
tuning for speed for neurons in L5 of WT  
(n = 312 neurons, two mice) and Rbp4-cre mice 
(n = 159 neurons, two mice). (d) Cumulative 
distribution of peak speeds for neurons in L5 of 
WT and Rbp4-cre (same population of neurons 
as in c). (e) Tangential section of visual cortex  
of an Rbp4-cre mouse (same mouse as in b) 
after infection with GCaMP3. Scale bar,  
500 m; abbreviations as in Figure 1.  
(f) Average response of all boutons (n represents 
number of boutons) in LM (left), AL (middle) 
and PM (right) for two example mice (top and middle) and for all boutons imaged in each area (bottom). (g) Average tuning curves for spatial frequency 
(SF; left), temporal frequency (TF; middle) and speed (right) for all boutons imaged in each area. All error bars,  s.e.m. 

b In vivo
GCaMP3

Peak speed (deg s–1)

dF
/F

0.1

0.2

0.4

0.3

0.5

0.02 0.08 0.32 4 16 641 4 15

186365

61828

43228

Example mice:

Average (all boutons):

LM (559)

PM (618)
AL (28)

SF (c.p.d.) TF (Hz) Speed (deg s–1)

256

L1

L2/3

L4

L5

L6

aa Ex vivo
DAPI

Rbp4-cre
tdTomato

100 µm 4 16 64 256

F
ra

ct
io

n 
of

 n
eu

ro
ns

0.2

0.4

0.8

0.6

1.0

0

V1 L5 WT
V1 L5 Rbp4-cre

d

n = 194

n = 559

A

B

V1

LM

AL
RL

AM

PM

P

A
L M

c

Speed (deg s–1)

V1 L5 WT
V1 L5 Rbp4-cre

4 16 64 256

0.5

0.4

0.3

0.2

0.1

0

N
or

m
al

iz
ed

 d
F

/F

LM AL PMe f gEx vivo GCaMP3

z

x Peak speed 
(deg s–1)

2564 6416

100 µm

Peak SF
(c.p.d.)

Peak TF
(Hz)

Peak speed
(deg s–1)

L5 projections (Rbp4-cre)

4 16 64 256

LM

PM
AL

c

F
ra

ct
io

n 
of

 b
ou

to
ns

0.2

0.4

0.8

0.6

1.0

0.02 0.08 0.32 1 4 15

WT projections

LM

PM
AL

4 16 64 256
Peak speed

(deg s–1)

b

0.2

0.4

0.8

0.6

1.0

F
ra

ct
io

n 
of

 b
ou

to
ns

0.02 0.08 0.32
Peak SF
(c.p.d.)

1 4 15
Peak TF

(Hz)

WT bouton

Soma

d L5 bouton

M
ed

ia
n 

sp
ee

d 
(d

eg
 s

–1
)

103

102

101

100

PMALLM
(9) (8) (13)(8)(6)

V1 AL
V1 PM
AL soma
PM soma

0.2

0.4

0.8

0.6

1.0

F
ra

ct
io

n 
of

 p
op

ul
at

io
n

0
4 16 64 256
Peak speed (deg s–1)

a
Fraction of boutons

V1

AL

PM

Amplitude of boutons

V1

AL

PM

Figure 5 Bias in the number of boutons with  
target-specific preferences. (a) Two models for the different average tuning of all boutons in  
AL and PM (see Fig. 2c). These differences may be due to the number of inputs, either axons  
or axonal branches, with matched properties (left; schematized by number of arrows) or area-specific  
biases in response amplitudes (right; schematized by the thickness of the arrows). (b) Cumulative  
distribution of preferred spatial frequency (SF; left), preferred temporal frequency (TF; middle) and  
peak speed (right) for all boutons imaged in each area in WT mice. (c) Same as in b, for boutons in  
Rbp4-cre mice. Dotted lines include boutons selected in AL with relaxed criteria (P < 0.01 for  
responsivity and 75% confidence intervals; n = 143). (d) Left, median speed of all boutons imaged  
in each WT (open circles) or Rbp4-cre (open triangles) mouse and for all boutons (filled circles).  
Areas imaged in the same mouse are connected with a gray line. Numbers of mice with each area  
imaged (black) and with multiple areas imaged (gray) are indicated below. Filled squares are the median speed of cell bodies  
imaged in AL (red) and PM (blue; from ref. 4). Right, cumulative distribution of peak speed for boutons (thick lines) and cell bodies (thin lines) imaged 
in AL and PM. Arrows at 10% and 90% highlight the difference in distributions at the low and high speeds.
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dF/F of boutons in AL for the two lowest versus two highest frequen-
cies and the three lowest versus three highest speeds: all P-values < 
10−50). In contrast, V1 axonal boutons in PM showed opposite biases, 
responding more strongly on average to lower temporal frequencies 
and to higher spatial frequencies, generating threefold larger responses 
at slower speeds (all P-values < 10−50). In comparison, the average input 
to LM was broadly tuned and did not respond selectively to either high 
or low spatial frequencies, and had only modestly stronger responses 
to lower temporal frequencies (spatial frequency, P > 0.09; temporal 
frequency, P < 10−8; speed, P < 10−4).

These differences in tuning were robust: the average tuning was 
more correlated across experiments within an area than between 
areas (correlation coefficient within an area, 0.45  0.02, n = 14 mice,  
169 pairs; between areas, 0.02  0.04, n = 14 mice, 149 pairs; unpaired, 
two-tailed Student’s t-test: P < 10−13). Nor were these differences 
dependent on bouton selection, as they were present when consider-
ing all pixels in the field of view (Supplementary Fig. 3). These results 
suggest that the three major cortical targets of V1 receive distinct 

visual information. Specifically, we found that projections from V1 to 
AL and PM responded preferentially to fast and slow moving stimuli, 
respectively. On average, these preferences matched the functional 
properties of the neurons in these areas4, suggesting that neurons in 
V1 make functionally target-specific projections.

Lack of functional organization for frequency preference
Functional target specificity has been observed in carnivores and 
primates; however, much of this specificity can be explained by local 
functional architecture, such as the specific targeting of higher visual 
areas by distinct layers11–13. To determine whether there is any local 
organization of frequency preference in mouse V1 that could explain 
the specificity we found, we measured the spatial and temporal fre-
quency tuning of somata across layers 2/3 to 5 (Fig. 3). We collected 
tuning responses from 542 neurons in layer 2/3 (n = 166, four mice), 
layer 4 (n = 64, two mice) and layer 5 (n = 312, two mice) that were 
well fit by our model (Fig. 3a,b; see Online Methods). Consistent 
with previous electrophysiological studies2, we found no difference 

Figure 4 Layer 5 axons projecting to LM, AL and 
PM are functionally distinct. (a) Coronal section 
of visual cortex stained for DAPI (left) from an 
Rbp4-cre × tdTomato reporter (right) mouse. 
Note the dense expression in layer 5 (L5).  
(b) Left, x-z projection of an in vivo z-stack of an 
Rbp4-cre mouse after infection with GCaMP3 
(2- m steps). Right, scatter plot of peak  
speed by cortical depth for all neurons imaged 
(n = 121) in the mouse on left. (c) Average 
tuning for speed for neurons in L5 of WT  
(n = 312 neurons, two mice) and Rbp4-cre mice 
(n = 159 neurons, two mice). (d) Cumulative 
distribution of peak speeds for neurons in L5 of 
WT and Rbp4-cre (same population of neurons 
as in c). (e) Tangential section of visual cortex  
of an Rbp4-cre mouse (same mouse as in b) 
after infection with GCaMP3. Scale bar,  
500 m; abbreviations as in Figure 1.  
(f) Average response of all boutons (n represents 
number of boutons) in LM (left), AL (middle) 
and PM (right) for two example mice (top and middle) and for all boutons imaged in each area (bottom). (g) Average tuning curves for spatial frequency 
(SF; left), temporal frequency (TF; middle) and speed (right) for all boutons imaged in each area. All error bars,  s.e.m. 
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Figure 5 Bias in the number of boutons with  
target-specific preferences. (a) Two models for the different average tuning of all boutons in  
AL and PM (see Fig. 2c). These differences may be due to the number of inputs, either axons  
or axonal branches, with matched properties (left; schematized by number of arrows) or area-specific  
biases in response amplitudes (right; schematized by the thickness of the arrows). (b) Cumulative  
distribution of preferred spatial frequency (SF; left), preferred temporal frequency (TF; middle) and  
peak speed (right) for all boutons imaged in each area in WT mice. (c) Same as in b, for boutons in  
Rbp4-cre mice. Dotted lines include boutons selected in AL with relaxed criteria (P < 0.01 for  
responsivity and 75% confidence intervals; n = 143). (d) Left, median speed of all boutons imaged  
in each WT (open circles) or Rbp4-cre (open triangles) mouse and for all boutons (filled circles).  
Areas imaged in the same mouse are connected with a gray line. Numbers of mice with each area  
imaged (black) and with multiple areas imaged (gray) are indicated below. Filled squares are the median speed of cell bodies  
imaged in AL (red) and PM (blue; from ref. 4). Right, cumulative distribution of peak speed for boutons (thick lines) and cell bodies (thin lines) imaged 
in AL and PM. Arrows at 10% and 90% highlight the difference in distributions at the low and high speeds.
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This suggests that, in addition to the bias in fraction of boutons  
(Fig. 6a,b), there may be other factors underlying the observed 
target specificity. Indeed, consistent with the second hypothesis, 
we observed a target- and speed-specific bias in the amplitude of 
responses (Fig. 6c). We compared peak speed and amplitude of  
calcium responses (peak dF/F from Gaussian fit) for boutons in the 
different target areas and found that the boutons in PM tuned to low 
peak speeds responded more strongly than nearby boutons tuned to 
high peak speeds (unpaired, two-tailed Student’s t-test: boutons in 
PM with a peak speed less than 25 deg s–1 versus those with a peak 
speed more than 100 deg s–1, P < 10−6). Conversely, boutons in AL 
tuned to low speeds showed weaker responses than boutons tuned to 
high peak speeds (P < 10−7). Thus, on average, the response ampli-
tude was larger in the boutons with preferences matched to that of 
the neurons in the target area.

It is unlikely that the increased response amplitude can be 
explained by the contribution of out-of-focus fluorescence from 
neighboring boutons, for two reasons. First, although the distribu-
tions of peak speeds for boutons in AL and PM were distinct at 
all amplitudes (Fig. 6d; K-S tests, AL versus PM: P-values < 10−15 
for all five amplitude ranges tested), the distributions became more 
distinct as response amplitudes increased (Supplementary Fig. 4a; 
linear discriminant analysis: the optimal classification accuracy was 
70% for boutons with peak dF/F <0.2 and 92% for boutons with 
peak dF/F >1.6). If the effect were due to out-of-focus fluorescence, 
then one would expect a homogenous increase in dF/F across the 
population. Second, this effect was clearest for the most strongly 
responding boutons (dF/F >0.8, about 10% of all imaged boutons; 
Fig. 6e; unpaired, two-tailed Student’s t-test: comparison of aver-
age peak speed of weakly (dF/F <0.4) versus strongly (dF/F >0.8) 
responding boutons in AL and PM: all P-values < 10−6). However, 
the neuropil response was an order of magnitude weaker than that 
of the strongly responding boutons (average peak neuropil response, 
0.08; range across all fields of view, 0.04–0.16; see Online Methods) 
and therefore cannot account for these responses. Thus, our data 
demonstrate specificity in both the density (Fig. 5) and the response 
amplitude (Fig. 6) of functionally matched V1 projection boutons 
in a given target area.

Functional specificity of LM projections
We next addressed whether the target specificity we observed in pro-
jections from V1 may be a general rule for feed-forward visual cortical 
projections. Like cell bodies in V1, those in the secondary visual area 
LM have diverse receptive fields5,25 and project directly to areas AL 
and PM24. This led us to investigate whether the targets of area LM 
also receive target-specific sensory input.

We made small, targeted injections of a viral vector carrying 
GCaMP3 so that expression was contained within the borders of 
LM (Fig. 7a and Supplementary Fig. 5). The densest projections 
from LM were found in areas AL, PM and AM (anteromedial;  
Fig. 7a; we also observed a diffuse feedback projection in area V1  
(ref. 24)). We focused on areas AL and PM to directly compare the 
projections from LM with the convergent projections from V1.  
Wide-field epifluorescence microscopy revealed bright islands of 
labeled axons (Supplementary Fig. 5d), which we then targeted for 
two-photon imaging in a manner identical to that described above 
for projections from V1 (average depth, 98.7 m; range, 50–150 m 
below the pia; 12 fields of view; six mice).

We measured spatial and temporal frequency tuning for LM axonal 
boutons in areas AL (1,673 boutons, four mice, six fields of view) 
and PM (910 boutons, five mice, six fields of view). Although some 
diversity was evident among nearby boutons in the same field of view 
(Fig. 7b), the average tuning of projections from LM to areas AL and 
PM was distinct (Fig. 7c,d). LM projections to AL responded more 
strongly to lower spatial and higher temporal frequencies (Fig. 7d,e; 
paired, two-tailed Student’s t-test, comparison of dF/F in response to 
high versus low spatial or temporal frequencies: all P-values < 10−50), 
whereas LM projections to PM responded more strongly to higher  
spatial frequencies (P < 0.001) but had no temporal frequency pref-
erence (P > 0.5). Thus, projections from LM to AL responded more 
strongly to high speeds (P < 10−50), whereas those to PM did not pre-
fer high over low speeds (P > 0.05). Moreover, the average tuning of 
projections to AL was distinct from those to PM (Fig. 7d) and was 
more correlated across experiments within an area than across areas  
(correlation coefficient within an area, 0.38  0.08, n = 18 pairs, five 
mice; across areas, −0.08  0.13, n = 9 pairs; unpaired, two-tailed 
Student’s t-test: P < 0.05).
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Figure 7 Axons projecting from LM to AL and PM are functionally distinct.  
(a) Tangential section of visual cortex after infection with GCaMP3 in LM.  
Scale bar, 500 m; abbreviations as in Figure 1. (b) Example responses from  
six boutons from the same field of view in PM (top row) or AL (bottom row)  
of the same mouse. Boutons were ordered from lowest to highest speed and  
chosen as evenly spaced percentiles. Amplitude of dF/F is noted above each  
response. (c) Average response of all boutons (n represents number of boutons)  
in AL and PM for two example mice. (d) Average response for all boutons  
(top; n represents number of boutons) and for all mice (bottom; n represents  
number of mice) imaged in each area. (e) Average tuning curves for spatial  
frequency (SF; left), temporal frequency (TF; middle) and speed (right) for all boutons  
imaged in each area. Error bars,  s.e.m. (f) Cumulative distribution of preferred SF (left), preferred TF (middle) and peak speed (right) for all boutons 
in AL and PM from LM (thick lines) and V1 (thin lines). (g) Median speed of all boutons from LM within each mouse (open circles) and for all boutons 
(filled circles). Areas imaged in the same mouse are connected with a gray line. Numbers of mice imaged in each area (black) and in both areas (gray) 
are given below. Filled squares are the median speed of boutons from V1 imaged in AL and PM (same data as in Fig. 5). 
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This suggests that, in addition to the bias in fraction of boutons  
(Fig. 6a,b), there may be other factors underlying the observed 
target specificity. Indeed, consistent with the second hypothesis, 
we observed a target- and speed-specific bias in the amplitude of 
responses (Fig. 6c). We compared peak speed and amplitude of  
calcium responses (peak dF/F from Gaussian fit) for boutons in the 
different target areas and found that the boutons in PM tuned to low 
peak speeds responded more strongly than nearby boutons tuned to 
high peak speeds (unpaired, two-tailed Student’s t-test: boutons in 
PM with a peak speed less than 25 deg s–1 versus those with a peak 
speed more than 100 deg s–1, P < 10−6). Conversely, boutons in AL 
tuned to low speeds showed weaker responses than boutons tuned to 
high peak speeds (P < 10−7). Thus, on average, the response ampli-
tude was larger in the boutons with preferences matched to that of 
the neurons in the target area.

It is unlikely that the increased response amplitude can be 
explained by the contribution of out-of-focus fluorescence from 
neighboring boutons, for two reasons. First, although the distribu-
tions of peak speeds for boutons in AL and PM were distinct at 
all amplitudes (Fig. 6d; K-S tests, AL versus PM: P-values < 10−15 
for all five amplitude ranges tested), the distributions became more 
distinct as response amplitudes increased (Supplementary Fig. 4a; 
linear discriminant analysis: the optimal classification accuracy was 
70% for boutons with peak dF/F <0.2 and 92% for boutons with 
peak dF/F >1.6). If the effect were due to out-of-focus fluorescence, 
then one would expect a homogenous increase in dF/F across the 
population. Second, this effect was clearest for the most strongly 
responding boutons (dF/F >0.8, about 10% of all imaged boutons; 
Fig. 6e; unpaired, two-tailed Student’s t-test: comparison of aver-
age peak speed of weakly (dF/F <0.4) versus strongly (dF/F >0.8) 
responding boutons in AL and PM: all P-values < 10−6). However, 
the neuropil response was an order of magnitude weaker than that 
of the strongly responding boutons (average peak neuropil response, 
0.08; range across all fields of view, 0.04–0.16; see Online Methods) 
and therefore cannot account for these responses. Thus, our data 
demonstrate specificity in both the density (Fig. 5) and the response 
amplitude (Fig. 6) of functionally matched V1 projection boutons 
in a given target area.

Functional specificity of LM projections
We next addressed whether the target specificity we observed in pro-
jections from V1 may be a general rule for feed-forward visual cortical 
projections. Like cell bodies in V1, those in the secondary visual area 
LM have diverse receptive fields5,25 and project directly to areas AL 
and PM24. This led us to investigate whether the targets of area LM 
also receive target-specific sensory input.

We made small, targeted injections of a viral vector carrying 
GCaMP3 so that expression was contained within the borders of 
LM (Fig. 7a and Supplementary Fig. 5). The densest projections 
from LM were found in areas AL, PM and AM (anteromedial;  
Fig. 7a; we also observed a diffuse feedback projection in area V1  
(ref. 24)). We focused on areas AL and PM to directly compare the 
projections from LM with the convergent projections from V1.  
Wide-field epifluorescence microscopy revealed bright islands of 
labeled axons (Supplementary Fig. 5d), which we then targeted for 
two-photon imaging in a manner identical to that described above 
for projections from V1 (average depth, 98.7 m; range, 50–150 m 
below the pia; 12 fields of view; six mice).

We measured spatial and temporal frequency tuning for LM axonal 
boutons in areas AL (1,673 boutons, four mice, six fields of view) 
and PM (910 boutons, five mice, six fields of view). Although some 
diversity was evident among nearby boutons in the same field of view 
(Fig. 7b), the average tuning of projections from LM to areas AL and 
PM was distinct (Fig. 7c,d). LM projections to AL responded more 
strongly to lower spatial and higher temporal frequencies (Fig. 7d,e; 
paired, two-tailed Student’s t-test, comparison of dF/F in response to 
high versus low spatial or temporal frequencies: all P-values < 10−50), 
whereas LM projections to PM responded more strongly to higher  
spatial frequencies (P < 0.001) but had no temporal frequency pref-
erence (P > 0.5). Thus, projections from LM to AL responded more 
strongly to high speeds (P < 10−50), whereas those to PM did not pre-
fer high over low speeds (P > 0.05). Moreover, the average tuning of 
projections to AL was distinct from those to PM (Fig. 7d) and was 
more correlated across experiments within an area than across areas  
(correlation coefficient within an area, 0.38  0.08, n = 18 pairs, five 
mice; across areas, −0.08  0.13, n = 9 pairs; unpaired, two-tailed 
Student’s t-test: P < 0.05).
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Figure 7 Axons projecting from LM to AL and PM are functionally distinct.  
(a) Tangential section of visual cortex after infection with GCaMP3 in LM.  
Scale bar, 500 m; abbreviations as in Figure 1. (b) Example responses from  
six boutons from the same field of view in PM (top row) or AL (bottom row)  
of the same mouse. Boutons were ordered from lowest to highest speed and  
chosen as evenly spaced percentiles. Amplitude of dF/F is noted above each  
response. (c) Average response of all boutons (n represents number of boutons)  
in AL and PM for two example mice. (d) Average response for all boutons  
(top; n represents number of boutons) and for all mice (bottom; n represents  
number of mice) imaged in each area. (e) Average tuning curves for spatial  
frequency (SF; left), temporal frequency (TF; middle) and speed (right) for all boutons  
imaged in each area. Error bars,  s.e.m. (f) Cumulative distribution of preferred SF (left), preferred TF (middle) and peak speed (right) for all boutons 
in AL and PM from LM (thick lines) and V1 (thin lines). (g) Median speed of all boutons from LM within each mouse (open circles) and for all boutons 
(filled circles). Areas imaged in the same mouse are connected with a gray line. Numbers of mice imaged in each area (black) and in both areas (gray) 
are given below. Filled squares are the median speed of boutons from V1 imaged in AL and PM (same data as in Fig. 5). 



Summary

• Projections from V1 to LM, AL and PM are functionally distinct, in terms of 
spatial and temporal frequency tuning.

• Response properties of individual presynaptic boutons match the response of 
neurons in each target area.

• Suggest that functionally specific connections are important in determining 
receptive field preferences of neurons in higher visual areas.
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in peak speed across these layers and no evidence for clustering either 
across depth or in the tangential plane (Fig. 3c–e; tuning distance 
(the difference in peak speed for a pair of neurons normalized by the 
range of speeds presented; see Online Methods) across z and x-y dis-
tance, n = 56,931 pairs, two mice, Wilcoxon rank-sum test corrected 
for multiple comparisons: all P-values > 0.05). Moreover, the popula-
tion of neurons in layers 2/3 and 5, the main sources of the cortico-
cortical projection26, was broadly tuned (Fig. 3f) and showed no 
difference in the distribution of peak speeds (Fig. 3g; Kolmolgorov-
Smirnov (K-S) test: P > 0.3). Thus, we found no evidence for local 
organization in V1 that could account for the functional differences 
in the projections to the higher visual areas.

Although the tuning properties of neurons in layers 2/3 and 5 are 
not functionally organized, the projections from each layer could be 
functionally distinct. To investigate the functional target specificity of 
projections originating from a single cortical layer, we took advantage 
of a Cre-recombinase bacterial artificial chromosome (BAC) transgenic 
mouse line (Rbp4-Cre) that selectively labels a subpopulation of neu-
rons in layer 5. Cre-dependent reporter expression in V1 was restricted 
to a dense population in layer 5 and a much sparser subset of layer 6 
(Fig. 4a). We then made injections of Cre-dependent GCaMP3.3 virus 
(see Online Methods) to functionally characterize this population of 
layer 5 neurons and their axonal projections (Fig. 4b).

Rbp4-Cre–expressing neurons showed a similar diversity of tuning  
and peak speeds to that seen in neurons of wild-type (WT) mice 
(Fig. 4b–d; WT: n = 312 neurons, two mice; Rbp4-cre: n = 159 neurons, 
two mice; K-S test: P > 0.05). Although the Rbp4-cre population made 
projections to all of the higher visual areas, the projections to LM and 
PM were notably denser than those to AL (Fig. 4e). Nonetheless, the 
functional target specificity of axonal projections still held in this sub-
population of layer 5 neurons (Fig. 4f,g; LM: 559 boutons, two mice, 
four fields of view; PM: 618 boutons, two mice; seven fields of view; 
AL: 28 boutons, one mouse, four fields of view). On average, the popu-
lation of boutons in PM preferred slower speeds (paired, two-tailed 
Student’s t-test, comparison of dF/F of boutons in PM to the three 
lowest versus three highest speeds: P < 10−50), whereas boutons in AL 
preferred faster speeds (P < 10−8). In comparison, the populations of 
boutons in LM were broadly tuned (P > 0.1). Together, these data sug-
gest that the projection of neurons to the higher visual areas reflects 
their function and not simply their anatomical location in V1.

Target specificity of projections to higher visual areas
Two factors might explain the distinct tuning properties of V1 pro-
jections to the higher visual areas. First, the boutons of V1 neurons 

functionally matched to the target area might outnumber those that 
are not matched (Fig. 5a, left). Second, functionally matched boutons 
could exhibit larger calcium responses, thereby making larger contri-
butions to the average response (Fig. 5a, right).

Consistent with the first possibility, the distribution of boutons’ 
preferred spatial and temporal frequencies differed substantially 
between target areas (Fig. 5b; K-S tests, AL versus PM, AL versus 
LM, and PM versus LM: all P-values < 10−16 for spatial and temporal 
frequencies and speed). These differences in distribution were also 
present among the population of boutons arising selectively from 
layer 5 (Fig. 5c; K-S tests: all P-values < 10−11). In both data sets, the 
median speed of boutons in PM was lower than the median speed 
in either LM or AL (Fig. 5d; paired, one-tailed Student’s t-tests of 
median bouton speed between areas within mice: PM versus AL, n = 8,  
P < 0.01; PM versus LM, n = 9, P < 0.05; AL versus LM, n = 6, P > 0.05). 
Notably, we found a strong correspondence between the properties 
of the axons from V1 and the properties of cell bodies in the targeted 
areas4. The median speeds for axons and cell bodies were similar in 
both AL (73 versus 71 deg s–1) and PM (20 versus 17 deg s–1; Fig. 5d). 
These data support the hypothesis that V1 neurons with preferences 
matched to their target area are more likely to project to, or have larger 
arborizations in, that area.

However, the distribution of peak speeds for axonal boutons 
was more diverse than for cell bodies in AL and PM (Fig. 5d).  
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Figure 6 Areal bias in the amplitude of responses at different speeds is 
explained by the activity of a small fraction of boutons. (a) Two models 
for the different average tuning of all boutons in AL and PM (see Fig. 2c). 
These differences may be solely due to the number of inputs with matched 
properties (left; schematized by number of arrows) or extra, area-specific 
biases in response amplitudes (right; schematized by the thickness of the 
arrows). (b) Distributions of peak speeds for all boutons in AL and PM.  
(c) Average response amplitude (dF/F) for all boutons in AL and PM binned 
according to their peak speed. Boutons in AL with high peak speeds have 
a larger average response than boutons with low peak speeds; the opposite 
is true for boutons in PM. (d) Distributions of peak speeds for all boutons 
in each area, for different ranges of peak dF/F. Each bin notes the range of 
dF/F and the percentage of boutons from each area contained in that bin. 
The response preferences in AL and PM are segregated at all ranges of  
dF/F, but they become increasingly segregated for boutons with larger peak 
responses. (e) Average peak speed (top) and preferred spatial frequency 
(SF; middle) and temporal frequency (TF; bottom) for boutons grouped 
according to their peak dF/F (same bins as in b). All error bars,  s.e.m.


