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Recent studies suggest that higher visual areas (HVAs) in the mouse visual cortex are segregated anatomically into two visual streams,
likely analogous to the ventral and dorsal streams in primates. However, HVAs in mice have yet to be characterized functionally.
Moreover, it is unknown when the functional segregation of HVAs occurs during development. Here, we investigated spatiotemporal
selectivity of HVAs and their development using wide-field calcium imaging. We found that lateral HVAs in the anatomical ventral stream
shared similar spatiotemporal selectivity, whereas the spatiotemporal selectivity of anterior and medial HVAs in the anatomical dorsal
stream was not uniform and these areas were segregated functionally into multiple groups. This functional segregation of HVAs devel-
oped and reached an adult-like pattern �10 d after eye opening (EO). These results suggest, not only the functional segregation of ventral
and dorsal streams, but also the presence of multiple substreams in the dorsal stream, and indicate that the functional segregation of
visual streams occurs gradually after EO.
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Introduction
In primates, visual information is processed through the ventral
and dorsal streams, two parallel visual streams in the cerebral

cortex (Ungerleider and Mishkin, 1982; Felleman and van Essen,
1991; Kravitz et al., 2011 and 2013). These consist of multiple
extrastriate higher visual areas (HVAs) that share similar proper-
ties within each stream and are associated with either object rec-
ognition or spatial perception, although there is some crosstalk
between these streams (Maunsell and van Essen, 1983; Lewis and
van Essen, 2000; Nassi and Callaway, 2009; Markov et al., 2014).
In addition, it has been proposed that the dorsal stream contains
multiple substreams that contribute to different spatial functions
such as spatial working memory, visually guided action, and nav-
igation (Rizzolatti and Matelli, 2003; Kravitz et al., 2011).

Recent studies have proposed that the mouse also has diver-
gent visual streams (Wang et al., 2012; Glickfeld et al., 2014).
There are at least nine retinotopically organized HVAs surround-
ing the primary visual area (V1) (Wang and Bulkhalter, 2007).
Anatomical studies have categorized nine HVAs into two groups
based on their axonal projection patterns (Wang et al., 2011 and
2012). Of the two groups, the putative ventral stream consists of
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Significance Statement

Investigation of the spatiotemporal selectivity of nine higher visual areas (HVAs) in adult and developing mice revealed that lateral
HVAs belonging to the putative ventral stream shared similar spatiotemporal selectivity, whereas the spatiotemporal selectivity of
anterior and medial HVAs belonging to the putative dorsal stream was not uniform and these areas were segregated functionally
into multiple groups. These results suggest the presence of multiple substreams within the putative dorsal stream for visuospatial
processing. Furthermore, we found that initially immature functional segregation among HVAs developed to an adult-like pattern
�10 d after eye opening. These results provide a foundation for using mouse HVAs as a model to understand parallel processing
and its developmental mechanism.

9424 • The Journal of Neuroscience, September 27, 2017 • 37(39):9424 –9437



four lateral HVAs [lateromedial area (LM), laterointermediate
area (LI), postrhinal area (POR), and posterior area (P)] and the
putative dorsal stream consists of five anterior/medial HVAs [an-
terolateral area (AL), rostrolateral area (RL), anterior area (A),
posteromedial area (PM), and anteromedial area (AM)]. Al-
though there is some anatomical crosstalk between the two
streams as with primates, their projection patterns are distinct
(Wang et al., 2012).

To determine whether the anatomically defined streams in
mice process visual information in a parallel manner, it is neces-
sary to integrate functional profiles of HVAs. Previous studies
have investigated the spatiotemporal selectivity of neurons in
some HVAs with two-photon imaging (Andermann et al., 2011;
Marshel et al., 2011; Roth et al., 2012). In a naive analogy with
primates, it would be expected that HVAs belonging to the puta-
tive ventral stream would process visual features with high spatial
frequency (SPF), whereas HVAs belonging to the putative dorsal
stream would process features with high temporal frequency
(TF) (Desimone and Schein, 1987; Priebe et al., 2003; Miura et al.,
2014). Indeed, a putative ventral area, LI, prefers high SPF and
putative dorsal areas, AL, RL, and AM, prefer high TF (Marshel et
al., 2011). However, inconsistent with this hypothesis, a putative
dorsal area, PM, prefers high SPF (Andermann et al., 2011;
Marshel et al., 2011; Roth et al., 2012). In addition, results regard-
ing a putative ventral area, LM, are controversial. One study re-
ported that area LM prefers high TF (Marshel et al., 2011), which
is inconsistent with the view that ventral regions respond to high
SPF. In contrast, other studies reported that area LM prefers mid-
dle SPF (Glickfeld et al., 2013; Matsui and Ohki, 2013). Further-
more, there are three HVAs (POR, P, and A) in which the
spatiotemporal selectivity has not been investigated. Therefore, a
consensus on the functional properties of all nine HVAs is still
lacking.

The present study investigated the spatiotemporal selectivity
of all nine HVAs using wide-field Ca 2� imaging in transgenic
mice, the neurons of which expressed a genetically encoded Ca 2�

indicator. The spatiotemporal selectivity of HVAs suggested that
four lateral HVAs belonging to the putative ventral stream were
categorized functionally into the same group, whereas anterior
and medial HVAs belonging to the putative dorsal stream were
segregated into multiple functional groups.

These results in adult mice raised the question of how the
functional segregation among HVAs was established during de-
velopment. Although it is reported that spatiotemporal selectivity
in the mouse V1 gradually matures after eye opening (EO) (Hoy
and Niell, 2015), such developmental analysis is rarely carried out
in HVAs. Recently, it has been reported that visual response mag-
nitude of HVAs in the putative dorsal stream gradually increases
after EO (Smith et al., 2017). However, Smith et al. (2017) fo-
cused only on the developmental trajectory of response magni-
tude to one or two stimulus parameters; the development of
spatiotemporal selectivity of HVAs has not been examined. Our
questions in the present study are twofold. One is whether spa-
tiotemporal selectivity of mouse HVAs is already mature at EO or
gradually matures after EO. Another is when the visual streams of
HVAs obtain adult-like divergent functions during development.

Materials and Methods
Animal preparation and surgery for in vivo wide-field Ca2� imaging.
Emx1-IRES-Cre (Jackson Labs (JAX) stock #005628) (Gorski et al.,
2002), Ai38 (JAX stock #014538) (Zariwala et al., 2012), and Ai96 (JAX
stock #024106) (Madisen et al., 2015) mice were crossed to obtain trans-
genic mice in which all cortical excitatory neurons expressed GCaMP.

Adult [postnatal day 50 (P50)–P70] and developing (P15, P20, and P25)
transgenic mice of either sex were prepared for in vivo wide-field Ca 2�

imaging. Anesthesia was induced and maintained during surgery with
3% and 1–2% isoflurane, respectively. A custom-made metal head plate
was attached to the skull with dental cement (Sun Medical). The crani-
otomy was made over the entire visual cortex and sealed with 1% agarose
and a glass coverslip. Body temperature was maintained at 37°C with a
heating pad. For recording under anesthesia, the animals were placed
under the microscope shortly after the surgery. During anesthetized
recordings, mice were sedated with chlorprothixene (0.3– 0.8 mg/kg;
Sigma-Aldrich) and isoflurane was reduced to 0.2– 0.8% (Smith and
Häusser, 2010; Marshel et al., 2011; Akerboom et al., 2012; Murakami et
al., 2015, Matsui et al., 2016). All experiments were performed in accor-
dance with the institutional animal welfare guidelines set by the Animal
Care and Use Committee of Kyushu University and approved by the
Ethical Committee of Kyushu University.

In vivo wide-field Ca2� imaging. In vivo wide-field Ca 2� imaging (see
Fig. 1A) was performed using a macrozoom fluorescence microscope
(MVX-10; Olympus) equipped with a 2� objective [2� MVX Plan Apo-
chromat Lens, numerical aperture (NA) 0.25; Olympus]. GCaMP was
excited by a 100 W mercury lamp through a GFP mirror unit (U-
MGFPHQ/XL; Olympus; excitation peak: 488 nm, emission peak: 507
nm). Calcium signals were collected at a 5 Hz frame rate by using a cooled
CCD camera (DS-Qi1Mc; Nikon) or an sCMOS camera (Andor Zyla 4.2;
Andor Technology) controlled by NIS Elements BR (Nikon). For the
recording of the entire visual cortex, a rectangular region (5 mm � 3.75
mm) was imaged at a resolution of 320 � 240 pixels and at a focus of 0.5
mm depth from the top of the cortical surface that first came into focus.
Therefore, the focus at each cortical position was not the same over the
entire visual cortex. For the recording in the awake state, the animals
were housed in their cages for 18 h after surgery and then habituated to a
rotating disc treadmill for 1 h before imaging experiments. We recorded
the movements of the treadmill using an optical mouse. The eye move-
ments were recorded using a CMOS camera (NS1044BU; New Electronic
Technology; 10 Hz) and infrared illumination (LED, 850 nm) and ana-
lyzed with a custom-written program.

Visual stimulation. Visual stimuli were generated by using custom-
written programs in PsychoPy (Peirce, 2007). The stimulus presentation
was synchronized with the frame acquisition of images using a counter
board (NI USB-6501; National Instruments). We positioned a 32-inch
LCD monitor 18 cm from the right eye of each mouse. Drifting sinusoidal
wave gratings (99.8% contrast) were presented in an aperture (40° diam-
eter). For retinotopic mapping, the grating stimuli were presented in
three horizontally different positions with 40° intervals. To test the spa-
tiotemporal properties, the stimulus parameter of gratings was set by a
pair of six SPF and six TF (SPF � [0.01, 0.02, 0.04, 0.08, 0.16, and 0.32
cpd], TF � [0.5, 1.0, 2.0, 4.0, 8.0, and 16.0 Hz]) for wide-field Ca 2�

imaging experiments. Each stimulus started with a blank period of uni-
form gray (4 – 6 s) and was followed by 4 s of visual stimulation. The
gratings moved in four directions per second during a session (0, 180, 90,
and 270 degrees) in randomized order or in a sequential order. The
spatiotemporal preferences of HVAs were consistent between sequential
and randomized orders of four directions (data not shown). The stimuli
were presented in a random order of 36 sets of spatiotemporal frequen-
cies and repeated 30 times, which took �2.5–3 h.

Eye tracking. In the experiments using awake mice, we detected the
pupil in the camera image to track eye movements. First, we detected
the pupil area by an intensity threshold (�3% of all pixels) and
slightly dilated the detected pixels. Next, the detected pupil area was
fitted by an ellipse and we tracked the center of this ellipse (Saleem et
al., 2013). When the pupil moved �10° for �10 s during one trial (36
sets of spatiotemporal parameter were presented), we determined the
trial as “a trial with large eye movements” and eliminated the trial
from the analysis.

Two-photon imaging. Changes of Ca 2� fluorescence in cortical neu-
rons were monitored using a two-photon microscope (Nikon A1MP)
equipped with a mode-locked Ti:sapphire laser (MaiTai Deep See; Spec-
tra Physics). The excitation light was focused with a 25� objective
(Nikon PlanApo, NA 1.10). The average laser power delivered to the
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brain was �20 mW, depending on the depth of focus. GCaMP was
excited at 920 nm and the emission was filtered at 517–567 nm. Images
were obtained using Nikon NIS Elements software. A square region of the
cortex (512 � 512 pixels, �330 �m on a side) was imaged at 2 Hz frame
rate. Images were obtained from depths of 200 –300 �m for experiments
in layers 2/3 of areas P and A. The imaging positions of area P and A were
identified by the wide-field Ca 2� imaging before the two-photon imag-
ing experiment. We recorded neurons in areas P (four planes, n � 2
mice) and A (six planes, n � 2 mice). To test the spatiotemporal prop-
erties of these regions, we used the gratings with five SPF and five TF
(SPF � [0.01, 0.02, 0.04, 0.08, and 0.16 cpd], TF � [0.5, 1.0, 2.0, 4.0, and
8.0 Hz]). In two-photon imaging experiments, images were realigned by
maximizing the correlation between frames. Regions of interest (ROIs)
of individual neurons were identified manually and the ROI size was a
7 � 7 pixels square. ROIs of neuropil were determined as rings with �10
�m radius and ring widths were two pixels. Time courses of individual
ROIs were extracted by summing pixel values within ROIs. The time
course of each trial was normalized using the fluorescent signal (F) of
each trial and were averaged over stimulus repetitions. As with the anal-
ysis of wide-field imaging experiments, the 5 � 5 response matrices of
individual neurons were fitted by the 2D Gaussian fitting described
above.

Data analysis. Images were analyzed with MATLAB (The MathWorks)
and ImageJ. The baseline F of each trial was the average of all Ca 2� signals
during a 1 s period before each stimulus onset. The visual response signal
(dF) of each trial was the average of Ca 2� signals during each stimulus
period. To obtain a response map, we calculated the fluorescence ratio
change (dF/F) map of each trial and averaged them across trials. These
maps were smoothed spatially with a Gaussian filter (size: 155 � 155 �m;
�: 30 �m). The areal borders between V1 and nine HVAs were deter-
mined by referencing the retinotopic map. During the test of spatiotem-
poral selectivity, we determined ROIs of HVAs as the areas showing
visual responses to the gratings presented at the visual field correspond-
ing to the middle circle in the retinotopic mapping experiment; there-
fore, ROIs of HVAs were located away from areal borders and other ROIs
(see Fig. 2A). The response matrices of individual ROIs were extracted by
averaging pixel values within ROIs corresponding to each stimulus. For
the 2D Gaussian fitting (Priebe et al., 2003; Andermann et al., 2011;
Glickfeld et al., 2013), 6 � 6 response matrices were oversampled to 60 �
60 matrices. The 2D Gaussian fitting was performed as follows:

R(SPF, TF) � A exp � � �log2�SPF) � log2(PSPF		
2

2�SPF
2 �

exp � � �log2�TF) � log2(PTF�SPF			2

2�TF
2 �

where A is the maximum response of ROI, PSPF and PTF are the preferred
SPF and TF, respectively, and �SPF and �TF are the tuning widths of SPF
and TF, respectively. The dependence of temporal preference on SPF is
captured by a power-law exponent �, such that:

log2(PTF�SPF	) � ��log2(SPF	 � log2(PSPF)) � log2(PTF)

We quantified the correlation coefficients between response matrices
before and after 2D Gaussian fitting and excluded the low correlation
data (r � 0.5). The discriminant analysis was performed to compare the
functional properties of HVAs using College Analysis Version 6.1. The
Mahalanobis distances of functional properties among HVAs were cal-
culated using all data from individual mice.

Statistical analyses. One-way ANOVA was performed to compare the
preferred SPF and TF between multiple HVAs, followed by Tukey’s hon-
est significant difference (HSD) test. For this analysis, the sample size (n)
was defined as the number of animals. An F test with the Bonferroni
correction applied was performed to test whether the Mahalanobis dis-
tances of functional properties among HVAs were separated signifi-
cantly. One-way ANOVA and Tukey’s HSD test were performed to
compare preferred SPF or TF with the 2D correlations and the inter-areal
Mahalanobis distances between developing and adult mice. For these
analyses, the sample size (n) was defined as the number of areal pairs. The

preferred SPF and TF were transformed logarithmically for these com-
parisons. Throughout the study, p � 0.05 was considered statistically
significant.

Results
Functional identification of areal positions of V1 and
nine HVAs
We performed wide-field Ca 2� imaging (Fig. 1A) with transgenic
mice expressing a genetically encoded Ca 2� indicator, GCaMP3
(Tian et al., 2009) or GCaMP6s (Chen et al., 2013), mostly in
excitatory neurons (Murakami et al., 2015). In mice, anatomical
tracings have identified nine retinotopically organized HVAs,
each of which is connected directly with V1 (Wang and Bulkhal-
ter, 2007). These HVAs exhibited visual responses to grating
stimuli (40° diameter, smooth edges; Fig. 1B). When responses to
stimuli presented at different retinotopic positions were overlaid
in different colors, V1 and HVAs exhibited clear retinotopic or-
ganization (Fig. 1B) (Andermann et al., 2011). However, two
HVAs, A and P, were obscure in the retinotopic map. The posi-
tions of these two HVAs were determined using appropriate
stimulus conditions as described below.

Functional classification of nine HVAs by their
spatiotemporal selectivity
To investigate the spatiotemporal response selectivity in HVAs,
we used grating stimuli with various spatiotemporal frequencies.
We varied SPF and TF of grating stimuli in the range of 0.01– 0.32
cycles per degree (cpd) and 0.5–16.0 Hz, respectively, resulting in
a total of 36 grating stimuli (see Materials and Methods). Figure
1C shows examples of the visual responses to three grating stim-
uli. When gratings with high SPF and low TF were presented,
strong visual responses were observed in lateral and medial
HVAs, such as areas POR, P, and PM (Fig. 1C, left). In contrast,
anterior HVAs, such as areas RL and A, exhibited strong re-
sponses to gratings with low SPF and high TF (Fig. 1C, right). We
determined the areal positions of two HVAs, A and P, using
grating stimuli with appropriate parameters that evoked reliable
visual responses in these HVAs (Fig. 1D). The positions of areas A
and P were also confirmed by retinotopic mapping using gratings
with high SPF and low TF or low SPF and high TF in other
animals (Fig. 2). The gratings with high SPF and low TF or low
SPF and high TF evoked clear retinotopic structures in lateral or
anterior HVAs, respectively. By referring to the positions of these
areas and previous anatomical reports (Wang and Bulkhalter,
2007; Wang et al., 2011, 2012), we considered a responsive area
located posterior to areas LI and POR as area P (Fig. 2B,C),
whereas we considered an area located anterior to areas AL and
RL as area A (Fig. 2D,E). In some animals, we observed a hotspot
caudal and medial to area P (Fig. 2A, middle). There is a possi-
bility that this may correspond to an area that has been described
in Garrett et al. (2014) to be located posterior to areas V1 and P.

Using the 36 grating stimulus conditions, we investigated
quantitatively the spatiotemporal selectivity of nine HVAs, in-
cluding three previously uncharacterized areas (i.e., POR, P, and
A). Figure 3A shows examples of visual response profiles to 36
grating stimuli in V1 and two HVAs, POR and RL. Individual
squares represent responses in the ROI within each area. These
two HVAs exhibited a marked dissociation of response profiles.
Area POR strongly responded to gratings with high SPF and low
TF, whereas area RL strongly responded to those with low SPF
and high TF (Fig. 3A). To compare the functional properties of
HVAs, we computed response matrices of V1 and nine HVAs in
each mouse (see Materials and Methods). Figure 3B shows the
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response matrices of V1 and nine HVAs averaged across seven
mice (colored matrices in Fig. 3B). We fit the response matrices
with a 2D Gaussian functions (gray-scale images in Fig. 3B) and
defined the preferred SPF and TF as the peak points of the fitted
Gaussians. The accuracy of the Gaussian fit was verified by com-
puting the correlation between the non-fitted and fitted response
matrices (Fig. 3C) and we excluded low correlation data (r � 0.5)
indicating poor Gaussian fit from the following analysis (2 ma-
trices out of 70 were excluded). Figure 3D shows the distribution
of preferred SPF and TF for nine HVAs (n � 7 mice). One-way
ANOVA revealed the main effects of both SPF and TF across nine
HVAs (SPF: F(8,52) � 10.78, p � 8.60 � 10
9; TF: F(8,52) � 33.72,
p � 10
18). Three lateral HVAs (LI, POR, and P) and area PM
preferred gratings with high SPF and low TF (Fig. 3B,D). The
preferred SPF in areas LI, POR, P, and PM were significantly
higher than that in areas RL and A (Fig. 3D, p � 0.05, post hoc
Tukey’s HSD test). In contrast, two anterior HVAs, RL and A,
preferred gratings with low SPF and high TF. The preferred TF in
areas RL and A were significantly higher than that in areas LM, LI,
POR, P, and PM (Fig. 3D, p � 0.05, post hoc Tukey’s HSD test).

Among nine HVAs, areas LM and AL had intermediate proper-
ties (Fig. 3B,D). Consistent with a previous report, area AL was
tuned to slightly higher TF than area LM (Andermann et al.,
2011). Area AM was unique and had a preference for high SPF
and high TF. The preferred SPF in area AM was significantly
higher than that of areas RL and A; in addition, the preferred TF
was higher than that of areas LM, LI, POR, P, and PM (Fig. 3D,
p � 0.05, post hoc Tukey’s HSD test). Therefore, despite massive
anatomical crosstalk (Wang et al., 2012), nine HVAs exhibited
heterogeneous spatiotemporal selectivity.

Because two HVAs, A and P, only showed reliable visual re-
sponses to a subset of grating stimuli (Fig. 1D), we confirmed
whether the visual responses in areas P and A observed by the
wide-field imaging reflected the activities of neurons in these
areas using two-photon imaging (Fig. 4). The neurons in these
areas showed strong responses to gratings with particular param-
eters (Fig. 4A–E) and the spatiotemporal preferences in these
areas were similar between the wide-field and two-photon data
(Fig. 4F,G). Signal amplitudes of the neuropils were negligible
compared with those of neurons (Fig. 4B,D), indicating that the

Figure 1. Determination of areal position using retinotopic mapping and the visual response to grating stimuli for various spatiotemporal frequencies. A, Experimental setup of wide-field Ca 2�

imaging. B, Retinotopic structure of V1 and HVAs in the entire visual cortex. Left, Maps of the calcium visual responses to grating stimuli (40° diameter, smooth edges) that were presented at different
horizontal positions on the monitor with 40° intervals. Right, Merged map of the three response maps on the left showing retinotopic structures of V1 and HVAs. The inset is a region of interest in
the imaging experiment. C, Examples of the responses to grating stimuli with three different spatiotemporal parameters. Grating stimuli with high SPF and low TF evoked response in lateral and
medial HVAs (left), whereas stimuli with low SPF and low TF evoked response in anterior HVAs (right). D, Average time courses of calcium responses in V1 and four HVAs (POR, P, RL, and A). The line
colors correspond to the three stimulus parameters in the top panels. These response maps and time courses show the visual responses and areal positions of P and A, which are obscured in the
retinotopic map in B.
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visual responses observed by the wide-field imaging were mostly
from cell bodies.

To determine whether nine HVAs were classified into func-
tionally distinct groups, we quantified the similarities in func-
tional properties of HVAs by a discriminant analysis calculating
the Mahalanobis distances of the spatiotemporal selectivity
among HVAs (Fig. 3E; see Materials and Methods). A short Ma-
halanobis distance between two HVAs indicates similar func-
tional properties. The inter-areal distances among lateral HVAs
belonging to the putative ventral stream (LM, LI, POR, and P)
(Wang et al., 2012) were very short and significantly separated
from areas AL, AM, RL, and A in the putative dorsal stream (Fig.
3E, p � 0.0014, F test with Bonferroni correction), showing that
areas LM, LI, POR, and P are categorized functionally into the
same group, as with their anatomical profiles. In contrast,
within the putative dorsal stream, anterior and medial HVAs
(AL, PM, AM, RL, and A) were significantly separated from
each other, with the exception of areas RL and A. When we
performed the same analysis using response matrices before
Gaussian fit, we obtained consistent results (Fig. 3 F, G). Fur-
thermore, we confirmed that the functional segregation of
spatiotemporal preference among HVAs was consistent be-
tween the awake and anesthetized mice (Fig. 5).

Together, these results indicate that lateral HVAs in the puta-
tive ventral stream form a functional group processing high SPF
and low TF stimuli, whereas anterior and medial HVAs in the
putative dorsal stream are segregated functionally into multiple
groups: The first group (RL and A) processes low SPF and high TF
stimuli; the second group (AL) prefers relatively low SPF and low
TF stimuli; the third group (PM) processes high SPF and low TF

stimuli; and the fourth group (AM) has a preference for high SPF
and high TF stimuli.

Spatiotemporal selectivity of HVAs in developing mice
Using the same protocol as the previous experiment, we were
able to study juvenile mice and explore the development of the
functional segregation of HVAs. To investigate the timing of the
functional dissociation of HVAs during development, we re-
corded the visual response in developing mice at three time
points, P15, P20, and P25 (Fig. 6A–C). Developing mice open
their eyes at �P14; here, we describe P15 as 1 d after EO (EO1).
We found that HVAs were visually responsive with well defined
retinotopic maps at EO1, allowing us to examine spatiotemporal
selectivity from this time point. However, we note that responses
in areas A and P were unclear at EO1 and these areas were ex-
cluded from subsequent analyses of EO1.

We analyzed the development of spatiotemporal selectivity in
individual HVAs using the same set of gratings as used in adult
experiments. Figure 6, D–F, shows the plots of preferred TF and
SPF in each HVA at the three time points. Some functional dif-
ferences of spatiotemporal selectivity, such as between areas PM
and RL, were apparent in the average response matrices (Fig. 6A).
One-way ANOVA of spatiotemporal selectivity at EO1 (n � 5
mice; 4 matrices out of 40 were excluded based on the correlation
between before and after Gaussian fit) revealed a significant main
effect on the preferred TF among HVAs (Fig. 6D, F(6,24) � 7.2,
p � 0.0002). Although the post hoc test revealed that there were
some significantly different areal pairs for the preferred TF (Fig.
6D, p � 0.05, post hoc Tukey’s HSD test), there was no main effect
on SPF preference (one-way ANOVA, F(6,24) � 1.85, p � 0.13).

Figure 2. Retinotopic mapping using gratings with low SPF and high TF or high SPF and low TF. A, Example showing ROIs of HVAs. ROIs are overlaid on retinotopic map (left) and visual response
maps by gratings with low SPF and high TF (middle) or high SPF and low TF (right), which are shown in Figure 1, B and C. B, C, Retinotopic structures of anterior HVAs mapped by gratings with high
SPF and low TF (B) or low SPF and high TF (C). D, E, Details of the retinotopic structures in the boxed regions in B and C. Monochrome panels show calcium visual responses to gratings that were
presented at three different positions. Cross marks represent peaks of the calcium responses. Color-merged maps of these three maps show clear retinotopic structures in lateral (D) and anterior (E)
HVAs.
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Figure 3. Functional classification of HVAs by a discriminant analysis performed on the spatiotemporal selectivity. A, Examples of the calcium visual responses to the 36 gratings in areas V1, POR,
and RL. Left, ROIs in each area. Areas POR and RL exhibited distinctly different preferences, such that area POR was strongly responsive to high SPF and low TF stimuli, whereas area RL was responsive
to low SPF and high TF stimuli. B, Response matrices of V1 and nine HVAs fitted with 2D Gaussian fitting in adult mice. The left color-coded matrix in each area is the averaged (Figure legend continues.)
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Furthermore, the response preferences of HVAs, especially in
areas LI, POR, and AM, were quite variable across individual
animals. These results indicate that, although HVAs are visually
responsive, functional segregation of HVAs is less obvious at
EO1.

At P20 (n � 7 mice; 7 matrices out of 70 were excluded), areas
A and P became visually responsive to grating stimuli with ap-
propriate parameters. When we compared the preferred TF
across nine HVAs, areas RL and A showed a preference for sig-
nificantly higher TF than areas LI and POR (Fig. 6E, one-way
ANOVA, F(8,46) � 6.45, p � 1.32 � 10
5; post hoc Tukey’s HSD
test, p � 0.05). However, there were fewer significant differences
in the preferred TF at P20 compared with adults (8 areal pairs out
of 36 at P20 and 20 areal pairs out of 36 in adults; Fig. 6E,G).
Similarly, the main effect in the SPF preference was significant
among HVAs (one-way ANOVA, F(8,46) � 5.27, p � 0.0001), but
the number of significant differences in P20 was fewer than that
in adults to adults (8 areal pairs out of 36 at P20 and 14 areal pairs

4

(Figure legend continued.) response matrices before the Gaussian fitting. C, Correlations of
response matrices between before and after Gaussian fit. The correlation coefficients were high
across all the visual areas. D, Peak points of the fitted response matrix in adult mice (n � 7
mice). Small open circles indicate the individual data. Large filled circles are averages of the
open circles. Areas LI, POR, P, and PM preferred high SPF and low TF stimuli, whereas areas RL
and A preferred low SPF and high TF stimuli. Among nine HVAs, areas LM and AL had interme-
diate properties. Area AM had a preference for high SPF and high TF stimuli. The differences in
spatiotemporal selectivity between HVAs are significant (one-way ANOVA, SPF: F(8,52) � 10.78,
p � 8.60 � 10 
9; TF: F(8,52) � 33.72, p � 10 
18; post hoc Tukey’s HSD test, p � 0.05). E,
Inter-areal distance matrix representing the Mahalanobis distances of functional properties
among HVAs. Areas LM, LI, POR, P, and PM in the putative ventral stream were significantly
separated from areas AL, AM, RL, and A ( p � 0.0014, F test with Bonferroni correction). Within
the putative dorsal stream, areas AL, PM, AM, RL, and A were not functionally uniform. F, Peak
points of the response matrices before Gaussian fit in adult mice. Small open circles indicate the
individual data. Large circles are averages of individual data. G, Inter-areal distance matrix
representing the Mahalanobis distances of the nonfitted data among HVAs.

Figure 4. Spatiotemporal preferences of individual neurons in areas P and A. A, Examples of the neural responses in area P to grating stimuli with two different spatiotemporal parameters. Left,
Extracted FOV. Grating stimuli with high SPF and low TF evoked calcium responses of neurons (middle), whereas stimuli with low SPF and high TF did not (right). B, Averaged time courses of
representative neurons marked in A. These neurons preferred gratings with high SPF and low TF. Gray shading indicates the stimulus periods. The red lines indicate the signals of neuropil around
neurons. Neuropil signals were negligible compared with those of neurons. C, D, Examples of the neural responses in area A to grating stimuli with two different spatiotemporal parameters. The
neurons in the FOV showed the strongest responses to grating stimuli with low SPF and high TF. E, Peak points of the fitted response matrices of individual neurons. Most of neurons in areas P and
A preferred the gratings with high SPF and low TF and those with low SPF and high TF, respectively. F, Average response matrices of all neurons in areas P and A (n � 59 and 77 neurons in areas P
and A from two mice, respectively). The matrices were normalized from 0 to 1, corresponding to minimum and maximum responses. G, Peak points of the fitted response matrices of areas P and A
in two-photon and wide-field imaging experiments. The circles are peaks of the average response of all neurons in two-photon imaging (F), whereas the triangles show the averaged peaks of all mice
in wide-field imaging (the same data shown in Fig. 3D).
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out of 36 in adults; Fig. 6E,G). Moreover, response preferences
were still variable across individual animals. Therefore, func-
tional segregation of HVAs is still immature at P20 compared
with results in adults.

At P25 (n � 7 mice; 5 matrices out of 70 were excluded), the
variability of response preferences across individual animals was
as low as that in adults (Fig. 6F). There were significant main
effects among HVAs for both SPF and TF parameters (Fig. 6F,
one-way ANOVA, SPF: F(8,49) � 11.9, p � 10
9; TF: F(8,49) �
37.64, p � 10
18). As with adults, the preferred SPF in areas POR,
P, PM, and AM were significantly higher than that in areas RL and
A (Fig. 6F, p � 0.05, post hoc Tukey’s HSD test) and the preferred
TF in areas RL and A were significantly higher than that in other
areas (Fig. 6F, p � 0.05, post hoc Tukey’s HSD test). The number
of significant differences in preferred SPF and TF was comparable
to that in adults (Fig. 6F,G). Together, these results suggest that
functional segregation of nine HVAs at P25 reaches an adult-like
state.

Maturation of selectivity and functional segregation of HVAs
Developmental analyses of the spatiotemporal selectivity in indi-
vidual HVAs also supported gradual maturation of spatiotempo-
ral selectivity. Figure 7, A and B, shows the developmental change

of preferred SPF and TF of V1 and All HVAs. Preferred SPF and
TF were the peaks of fitted response matrices. In areas LM and
AL, the preferred SPF showed a significant increase with age (Fig.
7A, one-way ANOVA, LM: F(3,22) � 6.75, p � 0.003; AL: F(3,22) �
4.07, p � 0.02; post hoc Tukey’s HSD test, p � 0.05). In V1 and
areas P, POR, LI, PM, and AM, there was a trend toward a gradual
increase in preferred SPF with age, although this was not signifi-
cant (Fig. 7A, one-way ANOVA, V1: F(3,22) � 2.45, p � 0.09; P:
F(2,11) � 1.83, p � 0.21; POR: F(3,22) � 1.03, p � 0.40; LI: F(3,18) �
2.7, p � 0.08; PM: F(3,19) � 2.75, p � 0.071; AM: F(3,18) � 0.86,
p � 0.48). For TF preference, areas LM, PM, AL, RL, and A
showed a trend toward gradual increase with age, although this
was not significant (Fig. 7B, one-way ANOVA, LM: F(3,19) � 0.9,
p � 0.46; PM: F(3,22) � 1.5, p � 0.24; AL: F(3,22) � 1.5, p � 0.24;
RL: F(3,22) � 2.2, p � 0.12; A: F(2,17) � 2.24, p � 0.14). We also
quantified the variance between individual animals in terms of
the preferred SPF and TF (Fig. 7C,D). Although the SDs of pre-
ferred SPF and TF were not significantly different across ages,
there was a trend for the SD to decrease, especially for TF (one-
way ANOVA, SPF: F(3,30) � 0.36, p � 0.78; TF: F(3,30) � 1.75, p �
0.18). When we compared preferred SPF and TF between HVAs,
the functional dissociation between HVAs became clearer with
age (Fig. 7E,F) and we found that, as the mouse developed, in-

Figure 5. Spatiotemporal preferences of HVAs were consistent between awake and anesthetized mice. A, Experimental setup. B, Brief explanation of the pupil detection algorithm. We detected
the pupil area by intensity threshold and computed the center of the detected pupil area by an ellipse fitting (see Materials and Methods). C, Representative traces of eye movements (top row,
horizontal eye movements; middle row, vertical eye movements) and locomotion (bottom row). Although the eye movements were few in traces 1 and 2 (left and middle columns, respectively),
large eye movements occurred in trace 3 (right column). We determined trials including large eye movements (�10°) as “trial with large eye movements” (see Materials and Methods). D,
Distributions of eye movements (top, horizontal eye movements; middle, vertical eye movements) and locomotion (bottom). Right, Frequencies of large eye movements (�10°) and locomotion.
E, Peak points of the fitted response matrix in awake mice (n � 5 mice). The spatiotemporal preferences were similar between the data of all trials and extracted trials without large eye movements.
F, Peak points of the fitted response matrix in anesthetized mice. The data are the same as those shown in Figure 3D. G, Colored matrices represent the Mahalanobis distances among HVAs ( p �
0.0014, F test with Bonferroni correction). The functional segregation of HVAs in the awake state was very similar to that in the anesthetized state.
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Figure 6. Spatiotemporal selectivity of developing HVAs at three time points. A–C, Response matrices of V1 and nine HVAs fitted with 2D Gaussian fitting in developing mice at EO1 (A), P20 (B),
and P25 (C). The left color-coded matrix in each area is the averaged response matrices before the Gaussian fitting. D–G, Peak points of the fitted response matrices of developing mice at EO1 (D),
P20 (E), P25 (F), and adult mice (G). Small open circles indicate the individual data. Large filled circles are averages of the open circles. The adult data (G) are the same as those described in Figure
3D. Bottom, Results of one-way ANOVA and post hoc test. For SPF preference, there was no main effect at EO1 (one-way ANOVA, F(6,24) � 1.85, p � 0.13). At P20, (Figure legend continues.)
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creasing number of areal pairs showed significant difference (Fig.
7E,F, bottom). Therefore, these results corroborate the notion that
the functional segregation of HVAs gradually maturate with age.

Finally, to examine the functional segregation of HVAs, we
performed a discriminant analysis computing the inter-areal Ma-
halanobis distances of spatiotemporal selectivity among HVAs
(Fig. 7G,H). The distances between ventral and dorsal HVAs
(e.g., LI vs AM and POR vs RL) were short at EO1 and P20 and
greatly increased at P25 (Fig. 7G). This result suggests that the
functional segregation between the putative ventral and dorsal
streams is obtained by P25. Similarly, the distances between
HVAs in the putative dorsal stream (e.g., AL vs PM, AM vs RL,
and PM vs RL) were also short at EO1 and P20 and increased at
P25 (Fig. 7G), suggesting that the non-uniform functional prop-
erties of HVAs in the putative dorsal stream are established by
P25. In all areal pairs, the distances at P25 and in adults were
significantly larger than those at EO1 and P20 (Fig. 7H, one-way
ANOVA, F(3,125) � 9.88, p � 10
5; post hoc Tukey’s HSD test, p �
0.05) and there was no significant difference between distances at
P25 and in adults (p � 0.26, post hoc Tukey’s HSD test). To-
gether, these results suggest that the functional segregation of
HVAs is immature at EO1 and P20 and quickly reaches the adult-
like pattern by P25.

Discussion
Functional and anatomical classification of mouse HVAs
The nine HVAs are categorized into two groups based on their
axonal projection patterns (Wang et al., 2012): a putative ventral
stream that consists of lateral HVAs (LM, LI, POR, and P) and a
putative dorsal stream that consists of anterior and medial HVAs
(AL, PM, AM, RL, and A). Here, we performed functional cate-
gorization of nine HVAs, including three previously uncharac-
terized areas (i.e., POR, P, and A), based on spatiotemporal
selectivity. Figure 8 shows the schematic of visual streams mainly
based on previous anatomical studies (Wang et al., 2011, 2012)
and the present study contributes a part of the schematic that
describes which HVAs share similar spatiotemporal selectivity
(third row in Fig. 8). In the putative ventral stream, area LM is
considered as a gateway to this stream (Wang et al., 2011). Areas
LI, POR, and P preferred gratings with high SPF and low TF (Fig.
3D,E). Discriminant analysis revealed that areas LM, LI, POR,
and P were categorized functionally into the same group and were
separated from anterior HVAs (AL, AM, RL, and A) in the puta-
tive dorsal stream (Fig. 3E). These results indicate that functional
classification of lateral HVAs (LM, LI, POR, and P) is consistent
with their anatomical classification (Wang et al., 2012). A previ-
ous study reported, however, that axonal projection targets of
HVAs in the putative ventral stream are similar but not uniform
(Wang et al., 2012). Further classification of HVAs by complex
functional profiling beyond spatiotemporal selectivity may en-
able the segregation of the ventral stream in accordance with the
detailed anatomical profiles.

Unlike the agreement between functional and anatomical
classification in the putative ventral stream, spatiotemporal selec-

tivity of anterior/medial HVAs (AL, PM, AM, RL, and A) in the
putative dorsal stream was not uniform and formed multiple
functional groups (Fig. 3E). A recent study has demonstrated the
functional distinctions between the anatomical ventral and
dorsal HVAs without demonstrating the heterogeneity within
the dorsal stream (Smith et al., 2017). The discrepancy be-
tween this study and ours may be attributed to a methodolog-
ical difference: Smith et al. (2017) classified HVAs using across
animal correlation of response magnitudes among HVAs,
whereas the present study classified HVAs according to their
spatiotemporal selectivity.

The present results suggest that the anterior/medial HVAs do
not form a single stream despite massive reciprocal connections
between them (Wang et al., 2012). Among the five HVAs, area AL
is considered as the gateway because it receives the densest pro-
jection from V1 (Han et al., 2017) and in turn sends outputs to
the remaining HVAs (Wang et al., 2011). Therefore, we placed
area AL on the path to areas PM, AM, RL, and A in Figure 8. The
three functionally distinct groups formed by the remaining four
HVAs send their main anatomical projections to distinct target
areas (Fig. 8) (Wang et al., 2012). Interestingly, each of these
groups may have parallels with the primate dorsal substreams.

The first group, area PM, has strong connections to the retro-
splenial (RS) and secondary cingulate areas (Cg2) (Wang et al.,
2012). Like PM, area RS also prefers low-speed gratings with high
SPF and low TF (Murakami et al., 2015) and encodes the memory
of landmarks in the water maze task (Czajkowski et al., 2014).
Furthermore, neurons in area RS are essential for the representa-
tion of head direction cells in the anterodorsal thalamic nucleus
(Clark et al., 2010). Similarly, in primates, one substream in the
dorsal stream runs through area RS and posterior cingulate cor-
tex (Kravitz et al., 2011) and contributes to spatial navigation
(Vann et al., 2009). The substream from area PM to RS/Cg2 may
form a specialized substream for spatial navigation conserved
across species (Fig. 8) (Vann et al., 2009; Yoder et al., 2011).
Because area PM receives dense projection from both areas V1
and AL (Wang et al., 2011; Han et al., 2017), we placed area PM
under these two areas in Figure 8.

The second group, area AM, sends strong projections to the
motor and primary cingulate areas (Cg1) (Wang et al., 2012).
Stimulation of the motor area and Cg1 evoke eye movements in
rodents (Brecht et al., 2004). A recent study has reported that the
part of the mouse parietal areas including area AM contributes to
spatial memory-guided tasks (Harvey et al., 2012). In primates,
visual areas, the frontal eye fields, and the lateral intraparietal
areas form a specific substream in the dorsal pathway specialized
for eye movements and spatial working memory (Kravitz et al.,
2011). The substream from area AM to motor/Cg1 in mice may
be homologous to this substream in primates.

Finally, the third group, consisting of areas RL and A, sends
strong projections to the somatosensory and motor cortices. Area
RL processes visuo–tactile information for multisensory integra-
tion (Olcese et al., 2013). Similarly, the parieto–premotor path-
way in primates, a substream within the dorsal stream (Kravitz et
al., 2011), contains not only motion-related visual features, but
also coordinated maps of space and body position (Snyder et al.,
1998; Sereno et al., 2006; Prevosto et al., 2010). The substream
from areas RL and A to the somatomotor cortices in mice may be
homologous to this substream in primates associated with mul-
timodal visually guided action.

Despite having a smaller number of visual cortical areas, the
network-level organization of the dorsal stream in mice may be
analogous to that in primates (Kravitz et al., 2011). However, the

4

(Figure legend continued.) although there was a main effect on preferred SPF (one-way
ANOVA, F(8,46) � 5.27, p � 0.0001), the number of significant differences was less than that in
adults. For TF preference, there were main effects at EO1 and P20 (one-way ANOVA, EO1:
F(6,24) �7.2, p �0.0002, p �0.0004; P20: F(8,46) �6.45, p �1.32�10 
5), but the number
of significant differences was less than that in adults. At P25, the number of significant differ-
ences in both preferred SPF and TF was comparable to that in adults (one-way ANOVA, SPF:
F(8,49) �11.9, p�10 
9; TF: F(8,49) �37.64, p�10 
18; post hoc Tukey’s HSD test, p�0.05).
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correspondence between mice and primates is not perfect. Visual
areas in the parieto–prefrontal pathway in primates, such as areas
MT and LIP, generally prefer high-velocity stimuli (Cheng et al.,
1994; Priebe et al., 2003; Miura et al., 2014), whereas area AM in
mice prefers intermediate-velocity stimuli (Fig. 3D). Further-
more, the low SPF preference of areas RL and A may not be
essential for visually guided action. Further exploration is neces-
sary to clarify the correspondence between mice and primates.

Comparison with the reported spatiotemporal selectivity
of HVAs
Previous studies have shown consistently that neurons in area AL
prefer low SPF and high TF stimuli, whereas those in area PM

prefer high SPF and low TF stimuli (Andermann et al., 2011;
Marshel et al., 2011; Roth et al., 2012). Our results were consistent
with these reports, although the TF preference in area AL in the
present study was slightly lower than previously reported. In ad-
dition, we found that areas RL and AM respond strongly to high
TF gratings, which was consistent with previous studies (Marshel
et al., 2011; Tohmi et al., 2014).

Spatiotemporal selectivity in other HVAs is controversial.
Some studies have reported that area LM has dorsal-stream-like
properties: Neurons in area LM prefer low SPF and high TF stim-
uli (Marshel et al., 2011) and are selective to pattern direction
(Juavinett and Callaway, 2015). However, other studies using

Figure 7. Comparison of spatiotemporal selectivity of HVAs between developing and adult mice. A, Comparisons of preferred SPF between developing and adult mice in individual areas.
Preferred SPF of areas LM and AL increased significantly with age (one-way ANOVA, LM: F(3,22) � 6.75, p � 0.003; AL: F(3,22) � 4.07, p � 0.02; post hoc Tukey’s HSD test, p � 0.05). B, Comparisons
of the preferred TF between developing and adult mice in individual areas. C, D, SDs of preferred SPF and TF. E, F, Comparison of preferred SPF and TF between HVAs. HVAs are listed in descending
or ascending order of adult data in preferred SPF (E) or preferred TF (F), respectively. Bottom statistical panels are the same as those shown in Figure 6, D–G. G, H, Comparisons of inter-areal
Mahalanobis distances among the four time points. The distances between HVAs were short at EO1 and P20 and increased at P25 (G). In all HVA pairs, the inter-areal distances at EO1 and P20 were
significantly shorter than those in P25 and adult mice (H; one-way ANOVA, F(3,125) � 9.88, p � 10 
5; post hoc Tukey’s HSD test, p � 0.05). Data are presented as mean � SEM.
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two-photon imaging of the axonal projections from V1 to area
LM have reported that area LM has spatiotemporal selectivity
similar to that of V1 (Glickfeld et al., 2013; Matsui and Ohki,
2013). The present study was consistent with the latter studies.
Similarly, although it has been reported that neurons in area LI
prefer high SPF and high TF stimuli (Marshel et al., 2011), in our
results, area LI preferred high SPF and low TF stimuli. Some of
the discrepancies between studies may be attributed to differ-
ences in the precise stimulus parameters used to evaluate spatio-
temporal selectivity. In some studies (Marshel et al., 2011; Matsui
and Ohki, 2013), the TF or SPF was fixed in one parameter for the
evaluation of the SPF or TF preference, respectively. Other stud-
ies, including the present one, used a set of 36 gratings composed
of combinations of six SPF and six TF (Andermann et al., 2011;
Glickfeld et al., 2013). It is also important to consider the poten-
tial sampling bias in two-photon imaging. Wide-field imaging
obtains visual responses averaged across all excitatory neurons in
each HVA, whereas two-photon imaging monitors activities of a
relatively small number of neurons in a limited field of view. If
there was functional heterogeneity of neurons in area LM, then
the small number of sampled neurons in two-photon imaging
could result in sampling bias.

Development of spatiotemporal selectivity of HVAs after EO
Recently, some visual functions of HVAs, response magnitude,
orientation selectivity, and receptive field, have been reported to
develop gradually after EO (Smith et al., 2017). In addition to
these functions, the present study revealed that functional segre-
gation of HVAs was also immature soon after EO (Fig. 6) and
gradually developed with age (Fig. 7). Consistent with the present
results, SPF selectivity in mouse V1 gradually matures over 7 d

after EO (Hoy and Niell, 2015). During the same period, we
found that HVAs were segregated functionally gradually into an
adult-like pattern (Fig. 7). These developmental profiles of V1
and HVAs in mice are similar to those in cats and monkeys, in
which V1 and the secondary visual area show gradual maturation
of both SPF and TF selectivity after birth (DeAngelis et al., 1993;
Chino et al., 1997; Zheng et al., 2007).

When we compared preferred SPF and TF in individual areas,
the developmental change of preferred SPF and TF seemed small
(Fig. 7A,B). However, when the difference between areal pairs
were considered, we found that, as the mouse developed, increas-
ing number of areal pairs showed significant difference (Fig.
7E,F). In addition, the comparison of Mahalanobis distances
among HVAs, which took into account both of the develop-
mental changes of preferred SPF and TF, showed significant de-
velopment of functional dissociation among HVAs (Fig. 7G,H).
Therefore, we think that, although the developmental change
within individual areas seems small, development of functional
segregation between areas is significant. Furthermore, the vari-
ance of preferred SPF and that of TF between individual mice
both had a trend to decrease slightly, suggesting that it is likely
that both the functional convergence between individual animals
and the developmental change of preferred SPF and TF contrib-
ute to the development of functional segregation between HVAs.

What is the developmental mechanism of functional segrega-
tion among HVAs? One possibility is a change in axonal projec-
tions from V1. Previous studies have found that each HVA
receives distinct visual information from V1 (Glickfeld et al.,
2013; Matsui and Ohki, 2013). Immature functional segregation
of HVAs soon after EO may be due to nonspecific projections
from V1 to HVAs. Maturation of functional segregation after EO

Figure 8. Summary of the anatomical (Wang et al., 2012) and functional streams of mouse HVAs. The schematic of visual streams is based on Wang et al. (2012). The putative ventral stream
consists of four lateral HVAs (LM, LI, POR, and P) (Wang et al., 2012). Area LM is considered as a gateway to the putative ventral stream and areas LI, P, and POR send projections to parahippocampal
(PHip) and temporal cortices (Tem) (Wang et al., 2011, 2012). These ventral HVAs share similar spatiotemporal selectivity (Fig. 3D,E) and this stream may process the pattern-related visual features
for object recognition. The putative dorsal stream consists of anterior/medial HVAs (AL, PM, AM, RL, and A) (Wang et al., 2012). Area AL is considered to be a gateway to the putative dorsal stream
(Wang et al., 2011). The current study indicates that the spatiotemporal selectivity of the remaining four HVAs is not uniform and these areas form three functionally distinct groups (Fig. 3D,E) that
have different anatomical targets (Wang et al., 2012). The first group, area PM, has strong connections to the RS and Cg2 areas. The second group, area AM, sends strong projections to the motor
(Mot) and Cg1 areas. Finally, the third group, areas RL and A, sends strong projections to the somatosensory (Som) and motor cortices.
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may follow refinement of V1 axonal projections to send specific
visual features to each HVA. Another possibility is a change of
inputs from the extrageniculate pathway, which runs from the
retina via the superior colliculus and lateral posterior nucleus of
the thalamus to HVAs (Gale and Murphy, 2014; Tohmi et al.,
2014). Immature functional segregation among HVAs soon after
EO may be due to immature extrageniculate pathway. It will be of
great interest to test these possibilities using two-photon imaging
of axonal activity throughout development.
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