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Main text
While dendritic spine abnormalities are a hallmark of 
many forms of autism spectrum disorder (ASD; [1]), it 
is generally not known whether these deficits correlate 
with brain regions and neuron types most relevant to 
ASD. Human genetic studies have consistently identified 
a convergence of ASD risk genes in deep layer pyramidal 
neurons of the prefrontal cortex [2]. Two major types of 
pyramidal neurons, with divergent functions, are found 
intermingled in the deep cortical layer V (LV) of the 
medial prefrontal cortex (mPFC). Intratelencephalic neu-
rons, whose axons project only within the telencephalon, 
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Abstract
The relationship between autism spectrum disorder (ASD) and dendritic spine abnormalities is well known, but it is 
unclear whether the deficits relate to specific neuron types and brain regions most relevant to ASD. Recent genetic 
studies have identified a convergence of ASD risk genes in deep layer pyramidal neurons of the prefrontal cortex. 
Here, we use retrograde recombinant adeno-associated viruses to label specifically two major layer V pyramidal 
neuron types of the medial prefrontal cortex: the commissural neurons, which put the two cerebral hemispheres 
in direct communication, and the corticopontine neurons, which transmit information outside the cortex. We 
compare the basal dendritic spines on commissural and corticopontine neurons in WT and KO mice for the ASD 
risk gene Itgb3, which encodes for the cell adhesion molecule β3 integrin selectively enriched in layer V pyramidal 
neurons. Regardless of the genotype, corticopontine neurons had a higher ratio of stubby to mushroom spines 
than commissural neurons. β3 integrin affected selectively spine length in corticopontine neurons. Ablation of 
β3 integrin resulted in corticopontine neurons lacking long (> 2 μm) thin dendritic spines. These findings suggest 
that a deficiency in β3 integrin expression compromises specifically immature spines on corticopontine neurons, 
thereby reducing the cortical territory they can sample. Because corticopontine neurons receive extensive local and 
long-range excitatory inputs before relaying information outside the cortex, specific alterations in dendritic spines 
of corticopontine neurons may compromise the computational output of the full cortex, thereby contributing to 
ASD pathophysiology.
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including the contralateral cortex (commissural [COM] 
neurons) and pyramidal tract neurons, whose axons 
remain ipsilateral within the telencephalon and project to 
distant subcerebral regions, including the pons (cortico-
pontine [CP] neurons; Fig. 1A; [3]). While the dendritic 
arborization, neuromodulation and electrophysiological 
properties of COM and CP neurons have been exten-
sively investigated, technical difficulties in differentially 
labeling them have so far precluded a comparative anal-
ysis of their dendritic spines. Likewise, we do not know 
whether ASD risk genes affect dendritic spines on both 
types of neurons or only on one of them, thereby skewing 
how LV cortical circuits integrate synaptic inputs.

Here we used retrograde recombinant adeno-associ-
ated viruses (retro-rAAVs; [4] injected into the contra-
lateral cortex or pons to label unambiguously COM or 
CP neurons, respectively (Fig.  1B). This allowed us to 
address two questions: First, are density and morphology 
of basal dendritic spines different between COM and CP 
neurons? Second, are these spines abnormal in KO mice 
for the ASD risk gene β3 integrin (Itgb3)? We focused on 
Itgb3 KO mice because (i) the cell adhesion molecule β3 
integrin is enriched in human and mouse LV pyramidal 
neurons [5, 6], (ii) its association to ASD is supported by 
both single nucleotide polymorphisms and rare muta-
tions [7], (iii) Itgb3 KO mice exhibit autism-like behaviors 
[8] and (iv) members of the integrin family have previ-
ously been shown to be important for synaptic plasticity 
and dendritic spine dynamics [9, 10].

Regardless of the genotype, dendritic spine density 
was slightly but significantly higher in CP than in COM 
neurons (Fig.  1C and S1A). This prompted us to inves-
tigate whether there were differences in the distribu-
tion and density of specific spine subtypes. We therefore 
classified dendritic spines into three categories (thin, 
stubby and mushroom), according to morphological cri-
teria (Fig S1E). Compellingly, CP neurons had a higher 
ratio of stubby to mushroom spines than COM neurons 
(Fig. 1D), and this was mainly due to a higher density of 
stubby spines in CP neurons (Fig. 1E and S1C, D). Albeit 
more pronounced in Itgb3 KO mice, the differences 
between neuronal types were present also in WT mice, 
and were therefore unlikely due to β3 integrin. Notably, 
the change in the relative distribution between mush-
room and stubby spines (which do and do not have visible 
spine necks, respectively) was also evident in individual 
dendrites as a spine neck ‘kink’ in the transversal fluores-
cence profiles of straighten dendrites in COM but not CP 
neurons (Fig. 1C). No difference was instead detected in 
the relative percentage or density of thin spines between 
neuron types or genotypes (Fig. 1C, D and S1B).

The functional role of stubby spines is debated. While 
they have traditionally been seen as immature spines, 
recent studies indicate that a large proportion of stubby 

spines could be a form of potentiated mushroom spines 
with very short necks [11]. Regardless, our findings sug-
gest that the number of spines with short and large necks, 
thus having low diffusional coupling between spine 
head and parental dendrite, is higher in CP than COM 
neurons.

β3 integrin affected selectively spine length in CP but 
not COM neurons. Specifically, ablation of β3 integ-
rin shortened overall spine length in CP neurons, with 
the effect being largely due to a reduction in the length 
of thin spines (Fig.  1C, F, S2). Notably, CP KO neurons 
did not uniformly scale down the length of thin dendritic 
spines but were most deficient in thin spines longer than 
~ 2 μm (Fig. 1C, G, S2). Because length and head width of 
dendritic spines were highly heterogeneous, even within 
each dendritic spine subtype (Fig S2), we examined the 
distributions of the ratio between spine length and head 
width, which were found to be positively skewed. We 
therefore plotted histograms of the logarithm of the spine 
length to head width ratio, which revealed log-normal 
distributions of this morphological parameter across 
spine subtypes (Fig. 1H, S2). Parametric statistical analy-
ses of the transformed data confirmed the specific effect 
of β3 integrin on thin spines of CP neurons (Fig. 1H, S2).

Taken together, our findings suggest that a deficiency 
in the ASD risk gene β3 integrin compromises prefer-
entially immature thin spines on CP neurons. Because 
these are dynamic spines that explore the area sur-
rounding their parental dendrite before forming stable 
synaptic contacts [1], loss of β3 integrin may reduce the 
ability of CP neurons to do so, potentially altering their 
final choice for synaptic partners. Recent data indicate 
that β3 integrin may have an early, rather than late, func-
tion in dendritogenesis [12]. Likewise, this integrin is 
specifically required for the initiation of neuronal dif-
ferentiation in neuroblastoma N2a cells [13]. Thus, β3 
integrin could play a similar role in CP neurons by pro-
moting spine elongation, because it generates traction 
forces at adhesion contacts of thin spines, or by prevent-
ing spine retraction, because it contributes to the initial 
and dynamic contacts between synaptic partners. This 
is reminiscent of the role played by β1 integrin, which 
maintains immature spines of primary hippocampal neu-
rons in a highly dynamic state by interacting with the cell 
adhesion molecule telencephalin [14]. A limitation of our 
study is that we analyzed only dendritic spines on basal 
dendrites since retrograde labeling prevented us from 
determining whether apical dendrites in layers I-III origi-
nated exclusively from CP or COM neurons of LV. Long-
range excitatory inputs to basal dendrites in LV are biased 
towards CP or COM neurons: inputs from the contralat-
eral cortex and basolateral amygdala target preferentially 
CP neurons while those from the ventral hippocampus 
are biased towards COM neurons. Local connectivity is 
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Fig. 1  Corticopontine but not commissural layer V pyramidal neurons exhibit shorter thin dendritic spines in Itgb3 KO mice (A) Major outputs of LV mPFC 
pyramidal neurons include the pons for pyramidal tract neurons (corticopontine [CP] neurons; green) and the contralateral cortex for intratelencephalic 
neurons (commissural [COM] neurons; red). (B) The retrograde rAAV AAVrg-hSyn-EGFP was injected in the pons or contralateral mPFC to label CP or COM 
neurons, respectively. One CP (red) and one COM neuron (green) are shown in sagittal and horizontal views (images generated using the MouseLight 
interface; ID AA0261 and AA0656, https://www.janelia.org/project-team/mouselight/neuronbrowser). (C) Representative images and Imaris 3D render-
ing of basal dendrites from CP WT, CP Itgb3 KO, COM WT and COM Itgb3 KO LV pyramidal neurons. Arrows point to representative thin (T), mushroom 
(M) and stubby (S) spines. Loss of Itgb3 reduces spine length in CP neurons. Intensity profiles of the same dendrites after straightening reveal a ‘spine 
neck kink’ only in the COM WT and COM KO conditions, suggesting that COM neurons (WT and KO alike) exhibit spines with thinner spine necks than CP 
neurons (WT and KO alike). (D) Left: sample Imaris 3D rendering of thin, stubby and mushroom spines. Right: pie chart of spine type distribution (*p = 0.03; 
***p = 0.0003; Chi-square test; n = 482, 532, 476 and 317 spines for CP WT, CP Itgb3 KO, COM WT and COM Itgb3 KO, respectively). (E) Density of stubby 
spines (two-way ANOVA; genotype effect: F (1, 90) = 3.548, p = 0.0628; neuron type effect: F (1, 90) = 13.45, ***p = 0.0004; genotype x neuron type interac-
tion: F (1, 90) = 2.670, p = 0.1057; n = 27, 17, 31 and 19 dendritic stretches for CP WT, CP KO, COM WT and COM KO, respectively). (F) Violin plot for the length 
of thin spines (*p = 0.01, non-parametric Kruskal-Wallis ANOVA followed by Benjamini, Krieger and Yekutieli post-test, which corrects for multiple compari-
sons by controlling the false discovery rate; n = 245, 276, 242 and 157 thin spines for CP WT, CP Itgb3 KO, COM WT and COM Itgb3 KO, respectively). In each 
violin plot, the thick dotted line and the two thin dotted lines indicate the median and the quartiles, respectively. (G) Thin spines of CP Itgb3 KO neurons 
were ranked according to their length, resampled to match the number of thin spines of CP WT neurons and plotted against the ranked thin spines of CP 
WT neurons (straight line: CP WT vs. CP WT; open circles: CP Itgb3 KO vs. CP WT; line through open circles is a sigmoid fit; p = 0.01; Kolmogorov-Smirnov 
test; n = 245 and 276 thin spines for CP WT and CP Itgb3 KO, respectively; full data set in supplemental Fig. 2). (H) Histogram of the ratio between length 
and head width for thin spines of CP WT and CP Itgb3 KO neurons on a logarithmic scale (Log (length / width)) reveals a log-normal distribution for this 
morphological parameter (**p = 0.004 between CP WT and CP Itgb3 KO, parametric Brown-Forsythe and Welch ANOVA followed by Benjamini, Krieger 
and Yekutieli post-test; full data set in supplemental Fig. 2). Continuous lines are Gaussian fits with the indicated means (µ) and standard deviations (σ)
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also largely asymmetric, with COM neurons projecting 
mostly unidirectionally to CP neurons, which, in turn, 
convey information outside the cortex [3, 15]. Alterations 
in dendritic spines specific to CP neurons may therefore 
compromise the computational output of the full cortex, 
thereby contributing to ASD pathophysiology.
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Supplemental figures 

 

 

Supplemental Figure 1. Dendritic spine density. (A) Density of all dendritic spines (two-

way ANOVA; genotype effect: F (1, 90) = 0.3154, p = 0.5758; neuron type effect: F (1, 90) 

= 4.746, *p = 0.032; genotype x neuron type interaction: F (1, 90) = 1.685, p = 0.1976; n = 

27, 17, 31 and 19 dendritic stretches for CP WT, CP KO, COM WT and COM KO, 

respectively). (B) Density of thin spines (two-way ANOVA; genotype effect: F (1, 90) = 

0.02147, p = 0.8838; neuron type effect: F (1, 90) = 2.819, p = 0.0966; genotype x neuron 

type interaction: F (1, 90) = 1.766, p = 0.1872). (C) Density of stubby spines; same data as 

in panel (E) of Fig 1 (two-way ANOVA; genotype effect: F (1, 90) = 3.548, p = 0.0628; neuron 

type effect: F (1, 90) = 13.45, ***p = 0.0004; genotype x neuron type interaction: F (1, 90) = 

2.670, p = 0.1057). (D) Density of mushroom spines (two-way ANOVA; genotype effect: F 

(1, 90) = 0.1371, p = 0.7120; neuron type effect: F (1, 90) = 2.269, p = 0.1355; genotype x 

neuron type interaction: F (1, 90) = 0.7915, p = 0.3760). (E) Morphological criteria used for 

the classification of dendritic spines into stubby, thin and mushroom types. 
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Supplemental Figure 2. Length and head width of basal dendritic spines in 

corticopontine and commissural layer V pyramidal neurons from WT and Itgb3 KO 

mice. (A) Left, violin plot for the length of all dendritic spines (**p = 0.0043, ***p = 0.0004; 

non-parametric Kruskal-Wallis ANOVA followed by by Benjamini, Krieger and Yekutieli post-

test, which corrects for multiple comparisons by controlling the false discovery rate). In each 

violin plot, the thick dotted line and the two thin dotted lines indicate the median and the 

quartiles, respectively. Right, all dendritic spines of CP Itgb3 KO (top) or COM Itgb3 KO 
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neurons (bottom) were ranked according to their length, resampled to match the number of 

dendritic spines of CP WT (top) or COM WT neurons (bottom) and plotted against the ranked 

dendritic spines of CP WT (top) or COM WT neurons (bottom). Straight green line: CP WT 

vs. CP WT; green open circles: CP Itgb3 KO vs. CP WT; straight red line: COM WT vs. COM 

WT; red open circles: CP Itgb3 KO vs. CP WT; p = 0.007; Kolmogorov-Smirnov test; n = 

482, 532, 476 and 317 dendritic spines for CP WT, CP Itgb3 KO, COM WT and COM Itgb3 

KO, respectively. (B) Violin plot for the head width of all dendritic spines (***p = 0.0002; non-

parametric Kruskal-Wallis ANOVA followed by Benjamini, Krieger and Yekutieli post-test). 

(C) Histogram of the ratio between length and head width for all dendritic spines on a 

logarithmic scale (Log (length / width)). Continuous lines are Gaussian fits with the indicated 

means () and standard deviations (). (D-F) As in (A-C) but for thin spines. Left of panel 

(D), top right of panel (D) and left of panel (F) show the same data as panels (F-H) of Fig 1. 

(*p = 0.01 in left panel of (D), Kruskal-Wallis ANOVA followed by Benjamini, Krieger and 

Yekutieli post-test; p = 0.01 in top right panel of (D), Kolmogorov-Smirnov test; **p = 0.004 

in (F), Brown-Forsythe and Welch ANOVA followed by Benjamini, Krieger and Yekutieli post-

test; n = 245, 276, 242 and 157 thin spines for CP WT, CP Itgb3 KO, COM WT and COM 

Itgb3 KO, respectively). (G-I) As in (A-C) but for stubby spines (n = 98, 127, 70 and 48 stubby 

spines for CP WT, CP Itgb3 KO, COM WT and COM Itgb3 KO, respectively). (J-L) As in (A-

C) but for mushroom spines (n = 139, 129, 164 and 112 mushroom spines for CP WT, CP 

Itgb3 KO, COM WT and COM Itgb3 KO, respectively). 
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Materials and Methods 

Animals 

All experiments were performed in accordance with EU and Italian legislation. Itgb3 KO mice 

(B6;129S2-Itgb3tm1Hyn/J, Jackson Laboratory) were described previously (1-4) and were 

backcrossed to the C57BL/6j background >10 times at the time of experiments. 

Intracranial injections 

Neurons projecting subcortically to the pons (corticopontine; CP) and intracortically to the 

contralateral cortex (commissural; COM) were labeled with EGFP by injecting the retrograde 

recombinant adeno-associated virus (retro-rAAV) AAVrg-hSyn-EGFP (1 µL; 1:5 dilution, 

titer: 1.5 x 1013 vg/mL, Cat. No. 50465-AAVrg, Addgene; (5)) into the pontine nuclei (A-P/M-

L/D-V coordinates from Bregma: -4.16 / ±0.40 / 5.65 mm) and the contralateral prefrontal 

cortex (A-P/M-L/D-V coordinates from Bregma: 1.98 / + or -0.40 / 1.00 mm), respectively, at 

P28 (Fig 1B). 

Immunohistochemistry 

Ten to fifteen days post-infection, mice were intracardially perfused with 4% 

paraformaldehyde (PFA). The brain was postfixed for 6 hrs in 4% PFA at 4°C and 

cryoprotected in 30% sucrose; 50 µm-thick coronal sections of the prefrontal cortex were 

cut with a Sliding Microtome (HM 430, ThermoFisher scientific). Sections were 

permeabilized in 0.3% TritonX-100 for 30 min, blocked with 10% normal goat serum (NGS) 

for 1 hr and then incubated with a chicken anti-GFP primary antibody (1:1000; Cat. No. 

AB13970, Abcam) for 2 hrs and an Alexa Fluor488-conjugated anti-chicken secondary 

antibody (1:500; Cat. No. A11039, ThermoFisher scientific) for 1 hr. 

Confocal microscopy and image analysis 

Confocal stacks were acquired blind to the genotype with a Nikon Eclipse C1si using a 60x 

plan apochromat oil immersion objective (NA 1.40), 3x digital zoom, 0.96 μs pixel dwell time, 

0.07 μm pixel size, 1 AU pinhole, 0.2 μm between optical sections and 3x scan averaging. 

Intensity of the 488 nm laser was set to 10 - 15% to achieve saturation of the somata and 

the PMT gain to 7 for all images. 

We analyzed confocal images blind to the genotype using ImageJ. We filtered each stack 

using a Gaussian filter (radius: 0.5 pixels), Z-projected the maximal fluorescence intensities 

of in-focus stacks and applied the automatic ImageJ brightness/contrast. We analyzed 

dendritic spines in 17-31 regions of interests (ROIs), containing dendritic stretches of at least 
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10 µm long, from 3-4 different mice per condition. We excluded primary dendrites from the 

analysis and measured dendrite length across Z-stacks using the Neuroanatomy-SNT 

plugin of ImageJ (https://imagej.net/plugins/snt). In Fig 1C, intensity profiles were calculated 

after straightening the dendrites with the plugin Straighten 

(https://imagej.net/plugins/straighten) of ImageJ. The plugin SpineJ (6) of ImageJ was used 

to automatically identify dendritic spines and extract geometric information about the spines, 

namely length of the full spine (spine length), length of the spine neck (neck length) and 

width of the spine head (head width). For spine classification, we operationally defined (i) 

stubby spines as those with spine length <510 nm, (ii) mushroom spines as those with spine 

length >510 nm, head width >645 nm and neck length / spine length ratio <0.5, and (iii) thin 

spines as those with spine length >510 nm and either head width <645 nm or neck length / 

spine length ratio >0.5 (Fig S1E). 3D rendering was performed in Imaris 7.4 (Oxford 

Instruments). 

Statistical analysis 

Statistical differences were assessed using the Chi-square test, the Kolmogorov-Smirnov 

test, the two-way analysis of variance (ANOVA), the Kruskal-Wallis ANOVA or the Brown-

Forsythe and Welch ANOVA followed by the Benjamini, Krieger and Yekutieli post-test, as 

indicated (Prism 7; GraphPad Software). 
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