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Stimulated Emission Depletion (STED) Microscopy Reveals
Nanoscale Defects in the Developmental Trajectory of
Dendritic Spine Morphogenesis in a Mouse Model of Fragile
X Syndrome
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Dendritic spines are basic units of neuronal information processing and their structure is closely reflected in their function. Defects in
synaptic development are common in neurodevelopmental disorders, making detailed knowledge of age-dependent changes in spine
morphology essential for understanding disease mechanisms. However, little is known about the functionally important fine-
morphological structures, such as spine necks, due to the limited spatial resolution of conventional light microscopy. Using stimulated
emission depletion microscopy (STED), we examined spine morphology at the nanoscale during normal development in mice, and tested
the hypothesis that it is impaired in a mouse model of fragile X syndrome (FXS). In contrast to common belief, we find that, in normal
development, spine heads become smaller, while their necks become wider and shorter, indicating that synapse compartmentalization
decreases substantially with age. In the mouse model of FXS, this developmental trajectory is largely intact, with only subtle differences
that are dependent on age and brain region. Together, our findings challenge current dogmas of both normal spine development as well
as spine dysgenesis in FXS, highlighting the importance of super-resolution imaging approaches for elucidating structure–function
relationships of dendritic spines.
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Introduction
Spines are small protrusions of the postsynaptic membrane of
dendrites that mediate most excitatory synaptic transmission in
the cerebral cortex. Their density and morphology are closely
linked to synaptic function (Yuste, 2011). Spine morphology thus

has been used as a proxy for synaptic efficacy. Altered spine mor-
phology is a hallmark of many neurodevelopmental disorders
(NDDs), such as intellectual disability and autism spectrum dis-
order, which are commonly referred to as “synaptopathies” (Li et
al., 2003; Brose et al., 2010; Penzes et al., 2011).

An understanding of spine dysgenesis associated with
NDDs requires a detailed description of normal spine devel-
opment. In the neocortex and hippocampus, the preeminent
model of spine development states that spines develop from
immature prototypic spines, called “filopodia,” with a long
and thin morphology, into more mature “mushroom” spines
featuring large heads and narrow necks (for review, see Yuste
and Bonhoeffer, 2004).

Fragile X syndrome (FXS), an archetypal example of an NDD,
is traditionally associated with an increase in long and thin spines,
suggesting a delay in synapse maturation. However, recent stud-
ies often fail to replicate this reported phenotype (for review, see
He and Portera-Cailliau, 2013). To date, studies examining spine
dysgenesis in FXS as well as normal spine development, have used
diffraction-limited microscopy techniques, such as confocal and
two-photon microscopy, which at best have a spatial resolution
of 250 and 400 nm in brain slices, respectively. However, several
parameters of spine morphology, such as head width, neck
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length, and neck width, which are crucial determinants of syn-
apse function, are often smaller than the resolution of these tech-
niques (Harris et al., 1992).

Stimulated emission depletion (STED) microscopy over-
comes this problem because it provides a much higher spatial
resolution (�50 nm), permitting accurate and reliable measure-
ments of these key morphological parameters (Hell and Wich-
mann, 1994; Nägerl et al., 2008; Bethge et al., 2013).

Using STED microscopy, we examined the developmental trajec-
tory of spine morphogenesis in normal mice and tested the hypoth-
esis that it is altered in a mouse model of FXS (Fmr1KO; Mientjes et
al., 2006). To this end, we quantified the morphological parameters
of dendritic spines at postnatal day (P) 14 and P37, which is the
period in brain development when spine turnover decreases and
synaptic circuits become fully established (Holtmaat et al., 2005).

Contrary to previous findings, we observed that spine heads
become smaller and spine necks shorter and wider over this im-
portant developmental period. The aggregate effect of these mor-

phological changes is consistent with a substantial increase in
electrochemical coupling between spine and dendritic shaft. Sur-
prisingly, the developmental trajectory of spine morphogenesis
in Fmr1KO mice largely recapitulates that of wildtype mice, ex-
cept for age-dependent and brain region-dependent alterations,
which are only detectable at the nanoscale.

Materials and Methods
Transgenic animals. All experiments were performed in accordance with
the European directive on the protection of animals used for scientific
purposes (2010/63/EU).

All experiments were performed using the second-generation
Fmr1KO mouse model (Mientjes et al., 2006). Double transgenic mice
were obtained from cross breeding Fmr1 heterozygous (Fmr1 �/�) fe-
male with Thy1-YFP-H homozygous (Thy-1YFP-H �/�; Feng et al.,
2000) male mice. The resulting progeny express yellow fluorescent pro-
tein (YFP) in a subpopulation of principal neurons in the hippocampus
as well as in layer (L) 5 of cortex (Feng et al., 2000; Porrero et al., 2010; all

Figure 1. During development, spine heads become smaller and spine necks become shorter and wider. A, E, Dendritic segments from CA1 (A) and L5 pyramidal cells (E) examined at P14 and P37.
B–D, F–H, Kolmogorov–Smirnov tests of the cumulative frequency distributions show that for both CA1 (B–D) and L5 pyramidal cells (F–H ), the distribution profiles of spine head widths ( p �
0.001 for CA1; p � 0.02 for L5), neck lengths ( p � 0.01) and neck widths ( p � 0.001) significantly differ between the two ages. Here, whether the P value is considered significant or not is corrected
for using the false discovery rate method, which controls false positives during multiple comparisons. Using two-way ANOVA with post hoc Bonferroni multiple comparisons, mean differences in
these parameters also show age and brain region-specific differences in the magnitude of the effects. I, For head width, age effect: F(1,10) � 49.94, p � 0.0001; region effect: F(1,10) � 31.16, p �
0.0002; age � region interaction: F(1,10) � 8.79, p � 0.01. J, For neck length, age effect: F(1,10) � 12.25, p � 0.006; region effect: F(1,10) � 40.14, p � 0.0001. K, For neck width, age-specific effect
(F(1,10) � 14.61, p � 0.003) only in CA1 ( p � 0.01). Shaded areas around lines show interanimal variability. In bar graphs, data are represented as mean � SEM, where n � number of animals.
Scale bar, 1 �m. *p � 0.05; **p � 0.01.
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on a C57BL/6J background). Only male mice that were either Fmr1�/y

(wildtype) or Fmr1 � /y (Fmr1KO) with respect to the Fmr1 allele were
used for these experiments, and were killed at P14 and P37. Tissue prep-
aration, imaging, and all analysis were all performed blind to genotype.

Tissue preparation and immunohistochemistry. Mice were killed with a
lethal dose of sodium pentobarbital (200 mg/kg, i.p.; Centravet) and
perfused transcardially with saline followed by 4% (w/v) paraformalde-
hyde in 0.1 M phosphate buffer, pH 7.4. Brains were removed, postfixed
in 4% paraformaldehyde for 6 – 8 h, and then sectioned in the coronal
plane on a vibratome at 40 –50 �m. The endogenous expression of YFP
signal was enhanced on selected brain sections containing the dorsal
hippocampus and posterior medial barrel subfield as follows: free-floating
sections blocked and permeabilized with a blocking buffer containing 5%
normal goat serum and 0.5% TX-100; incubated with the rabbit anti-GFP
(1:1000; Invitrogen) for 24 h; and visualized using the photostable Atto
647N-conjugated goat anti-rabbit secondary antibody (1:500; Sigma-
Aldrich). The sections were mounted on coverslips using Mowiol.

STED microscopy. Images were obtained using a commercial STED
microscope (Leica TCS SP5 STED, Leica Microsystems). The STED
module (Leica Microsystems) used a pulsed diode laser to excite fluores-
cence at 635 nm and a TiSaphire-based pulsed laser for fluorescence
quenching at 775 nm (Mai Tai, Spectra-Physics).

Image acquisition. Image stacks of well isolated apical dendritic seg-
ments of CA1 pyramidal cells within the stratum radiatum and apical
oblique dendrites of L5 cells within upper L5 and the L4/5 boundary
were imaged at an imaging depth of �15 �m. The image stacks were
Nyquist sampled using an HCX Plan Apo CS STED X100 lens (nu-
merical aperture, 1.4; oil immersion) and acquired with a pixel size of
�20 nm, a z-step size of 250 nm, and at a scan speed of 200 Hz using
six line averages. All image stacks were deconvolved using the STED
deconvolution module of Huygens 4.2 (Scientific Volume Imaging).

Image analysis. Measurements of spine morphological parameters
were done using ImageJ (National Institutes of Health). Neck length

Figure 2. Absence of correlation between spine morphological parameters. A–F, Spine
morphological parameters do not appear to strongly covary with each other in CA1 or L5 at
either P14 (A–C) or P37 (D–F ). At P14, there are no correlations between spine head width and
neck width (A: for CA1, R 2 � 0.01; for L5, R 2 � 0.02) or between spine head width and neck
length (C: for CA1 and L5, R 2 � 0.00). Similarly, no correlations are observed between these
parameters at P37 either (D: head width vs neck width for CA1, R 2 � 0.06; for L5, R 2 � 0.00; F:
head width vs neck length for CA1, R 2 � 0.00; for L5, R 2 � 0.03). A weak negative correlation
is observed between spine neck length and neck width in both brain regions at both ages [B: at
P14, for CA1, R 2 � 0.21 ( p � 0.001); for L5, R 2 � 0.18 ( p � 0.001); E: at P37, for CA1, R 2 �
0.15 ( p � 0.001); for L5, R 2 � 0.20 ( p � 0.001)], suggesting that longer necks are likely to be
narrower and vice versa. In scatter plots, the red symbols represent data from CA1 and gray
symbols represent data from L5.

Table 1. Summary of spine morphological parameters

Morphology parameter

P14 P37

Wildtype Fmr1KO Wildtype Fmr1KO

CA1
Head width

Range 244 –1367 nm 152–1534 nm 165–918 nm 175–1122 nm
Mean � SD per animal 598 � 15 nm 586 � 49 nm 393 � 47 nm 447 � 21 nm
95% CI on mean 584 – 612 nm 543– 629 nm 340 – 446 nm 423– 471 nm
Median � SD per animal 577 � 28 nm 556 � 63 nm 360 � 45 nm 415 � 28 nm

Neck length
Range 81–2307 nm 61–2080 nm 61–1164 nm 62–1064 nm
Mean � SD per animal 482 � 51 nm 481 � 52 nm 316 � 21 nm 264 � 45 nm
95% CI on mean 432–532 nm 435–527 nm 292–340 nm 212–315 nm
Median � SD per animal 416 � 72 nm 376 � 53 nm 239 � 24 nm 211 � 24 nm

Neck width
Range 66 –258 nm 60 –265 nm 84 – 465 nm 81–353 nm
Mean � SD per animal 128 � 4 nm 132 � 13 nm 165 � 6 nm 150 � 4 nm
95% CI on mean 124 –132 nm 121–144 nm 159 –172 nm 144 –158 nm
Median � SD per animal 118 � 2 nm 124 � 15 nm 151 � 8 nm 141 � 12 nm

L5
Head width

Range 217–1556 nm 142–1376 nm 201–1560 nm 185–1238 nm
Mean � SD per animal 652 � 51 nm 619 � 39 nm 568 � 28 nm 554 � 39 nm
95% CI on mean 602–701 nm 588 – 650 nm 536 –599 nm 510 –598 nm
Median � SD per animal 593 � 53 nm 590 � 25 nm 532 � 41 nm 535 � 34 nm

Neck length
Range 62–2514 nm 81–3192 nm 61–2351 nm 82–2553 nm
Mean � SD per animal 681 � 86 nm 688 � 89 nm 587 � 91 nm 523 � 61 nm
95% CI on mean 597–765 nm 617–760 nm 484 – 690 nm 454 –592 nm
Median � SD per animal 617 � 80 nm 577 � 143 nm 481 � 124 nm 439 � 78 nm

Neck width
Range 67–300 nm 65–383 nm 70 –318 nm 72–369 nm
Mean � SD per animal 130 � 21 nm 119 � 12 nm 146 � 12 nm 141 � 20 nm
95% CI on mean 110 –150 nm 110 –129 nm 133–160 nm 119 –164 nm
Median � SD per animal 124 � 20 nm 111 � 10 nm 134 � 8 nm 130 � 21 nm
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was measured from the origin of spine at the dendritic shaft to the
base of spine head. Head width was defined as the widest diameter of
the head perpendicular to the spine length. Neck width was defined as
the narrowest neck width, and was the full width half maximum of the
Lorentzian curve fitted to this line profile. Protrusions that appeared
to be “filopodia” (�5% of total protrusions) or “stubby,” where a
distinct neck region could not be discerned (�13% of total protru-
sions), were not included in the neck analysis. For wildtype mice at
P14, for CA1 366 spines and for L5 266 spines from 4 animals were
analyzed. At P37, for CA1 258 spines and for L5 293 spines from 3
animals were analyzed. For Fmr1KO mice at P14, for CA1 400 spines
and for L5 376 spines analyzed from 5 and 6 animals, respectively. At
P37, for CA1 237 spines and for L5 264 spines analyzed from 3 ani-
mals. For all, spines on 3–5 dendrites per animal were analyzed where
each dendrite was acquired from a different cell.

Statistical analysis. The distributions of spine morphological parame-
ters were compared using the nonparametric Kolmogorov–Smirnov test
with the false discovery rate method to correct for multiple comparisons.
For multiple comparisons between ages and brain regions with genotype,
a two-way ANOVA with post hoc Bonferroni’s multiple comparisons was
used. Covariance between spine morphology parameters was tested us-
ing correlation and linear regression analyses, yielding the coefficient of
determination (R 2).

Results
Spine heads become smaller and necks become shorter and
wider with age
To elucidate brain region-dependent changes during normal de-
velopment, we imaged spines on apical dendrites from CA1 and

Figure 3. Loss of FMRP affects spine morphology at the nanoscale in an age and brain region-specific manner. A, E, I, M, Dendritic segments from CA1 and L5 pyramidal cells from wildtype and
Fmr1KO mice at P14 (A, I ) and P37 (E, M ) show age and brain region-specific spine morphology changes. B, At P14, the cumulative frequency distributions of spine head widths in CA1 significantly
differ between genotypes (Kolmogorov–Smirnov test: p � 0.007). C, D, No differences are observed for spine neck lengths (C) and widths (D). F–H, At P37, the distribution profiles of spine head
widths (F ), neck lengths (G), and neck widths (H ) in CA1 are all significantly different between genotypes (Kolmogorov–Smirnov test: for head width, p � 0.03; for neck length, p � 0.02; for neck
width, p � 0.04). J–P, For L5 cells, only the distribution profile of spine neck widths is significantly different at P14 (L; Kolmogorov–Smirnov test: P value � 0.004) between genotypes (J–P). Here,
whether the P value is considered significant or not is corrected for using the false discovery rate method, which controls false positives during multiple comparisons. Shaded areas show the
interanimal variability. Scale bar, 1 �m. *p � 0.05; **p � 0.01.
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L5 pyramidal cells (Fig. 1; Table 1). For
both regions, cumulative frequency distri-
butions show that there are more spines
with smaller heads (Fig. 1B,F), and
shorter and wider necks at P37 than at P14
(Fig. 1C,D,G,H). These developmental
changes can be seen at the level of animal
means and are more pronounced in CA1
than in L5 pyramidal cells (Fig. 1I–K).
Moreover, spines on L5 pyramidal cells
have a wider head and longer neck com-
pared with spines on CA1 pyramidal cells
at P37 (Fig. 1 I, J).

Next, we examined whether there
were any correlations between morpho-
logical parameters in our dataset. We
found no strong correlations among any
of the parameters examined in both
brain regions and at both ages (Fig. 2),
indicating that spine morphology
covers a broad continuum of uncorre-
lated shapes and sizes; thus questioning
the usefulness of simple categoriza-
tion schemes commonly used in the
literature.

Spine morphogenesis is largely intact in
Fmr1KO mice, displaying only subtle
deviations depending on age and brain
region
We next tested the hypothesis that fragile
X mental retardation protein (FMRP), the
protein lost in FXS, regulates spine mor-
phology in an age-dependent and region-
dependent manner (Fig. 3; Table 1). In
CA1 at P14 (Fig. 3A–D), the cumulative
frequency distributions for Fmr1KO mice
show fewer spines with wider heads
(�800 nm) compared with wildtype
mice, but no changes in neck lengths or
widths between genotypes. In CA1 at P37
(Fig. 3E–H), Fmr1KO mice have more
spines with large heads and shorter and
narrower necks compared with wildtype
mice. In contrast, the morphology of
spines on L5 pyramidal cells is largely un-
affected by the loss of FMRP (Fig. 3I–P).
Only the distribution profiles of neck
widths are significantly different at P14
with more spines having narrower necks
in Fmr1KO mice (Fig. 3L), a phenotype
that is not seen at P37 (Fig. 3P). While
there are subtle changes in spine mor-
phology associated with the loss of FMRP
that depend on age and brain region, the
overall developmental trajectory of
spine morphogenesis is maintained
(Fig. 4). No differences are observed in
spine densities (mean spine density/10
�m � SEM in wildtype vs Fmr1KO
mice: at P14 in CA1, 12.23 � 1.54 vs
10.98 � 1.35; in L5, 10.99 � 1.02 vs

Figure 4. The developmental trajectory of spine morphogenesis is essentially maintained in the absence of FMRP. A–F, For
both CA1 and L5, the cumulative frequency distributions of spine head width (A, D), neck length (B, E), and neck width (C, F ) all
significantly differ between P14 and P37 in Fmr1KO mice (Kolmogorov–Smirnov test: in CA1, for all p � 0.0001; in L5, for head
width, p � 0.009; for neck length, p � 0.006; for neck width, p � 0.0001). Here, whether the P value is considered significant or
not is corrected for using the false discovery rate method, which controls false positives during multiple comparisons. Using
two-way ANOVA with post hoc Bonferroni multiple comparisons, mean differences in these parameters also show that the Fmr1KO
mice mimic the developmental changes that occur in wildtype mice. For both regions, there is only a significant age effect of the
morphological parameters. G–I, In CA1, for head width (G): F(1,11) � 73.39, p � 0.0001; for neck length (H ): F(1,11) � 61.06, p �
0.0001; for neck width (I ): F(1,11) � 32.62, p � 0.0001. J–L, In L5, for head width (J ): F(1,12) � 12.28, p � 0.004; for neck length
(K ): F(1,12) � 8.64, p � 0.01; and for neck width (L): F(1,12) � 5.03, p � 0.04. Shaded areas around lines show interanimal
variability. In bar graphs, data are represented as mean � SEM, where n � number of animals. *p � 0.05; **p � 0.01.
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10.84 � 0.38; at P37 in CA1, 10.94 � 1.43 vs 12.55 � 1.46; in
L5, 13.26 � 0.80 vs 13.48 � 0.88).

Synapse compartmentalization decreases with age in normal
and Fmr1KO mice
We explored how changes in spine morphology might influence
synapse compartmentalization, i.e., the ability of spines to pro-
cess electrochemical signals in isolation from the parent dendrite,
which depends strongly on spine morphology (Tonnesen et al.,
2014). To predict the impact of developmental changes in spine
morphology on diffusional coupling, we calculated a morpholog-
ical “compartmentalization factor,” defined as VL/A, where V is
the head volume, L is the neck length, and A is the cross-sectional
area of the spine neck. VL/A corresponds to the time constant � of
molecular equilibration after a step change in concentration for a
simple compartmental model of diffusion (� � VL/DA, where D
is diffusion coefficient of a given molecule, which was kept con-
stant here; Alvarez and Sabatini, 2007).

Our data indicate that the compartmentalization factor sub-
stantially decreases during normal development both in CA1 and
L5 pyramidal cells (Fig. 5A,D). The compartmentalization factor
is smaller at P14 in CA1 compared with L5 spines and also de-
creases more in CA1 during development (Fig. 5G), indicating
that synapse compartmentalization is developmentally regulated
in a brain region-dependent manner.

Next, we compared the compartmentalization factor between
Fmr1KO and wildtype mice in both brain regions and at both
ages. At P14, spines on CA1 pyramidal cells have slightly smaller
compartmentalization factors in Fmr1KO mice than in wildtype

mice (Fig. 5B), corresponding to their smaller head sizes. How-
ever, at P37 this difference is reversed as spines in Fmr1KO
mice have slightly larger compartmentalization factors,
matching their larger heads and narrower necks, compared with
wildtype mice (Fig. 5C). By contrast, no significant genotypic
differences are seen for the compartmentalization factor in L5 at
either developmental time point (Fig. 5E–G).

Together, the changes in compartmentalization factor during
normal development are substantial, whereas the effects associ-
ated with the loss of FMRP are very subtle in CA1 and undetect-
able in L5.

Discussion
We analyzed spine morphogenesis in normal mice and in a
mouse model of FXS using STED microscopy, yielding precise
and quantitative measurements of key spine morphological pa-
rameters. Our findings challenge the current dogma of normal
spine development and how it is affected in FXS. Notably, we
observed marked developmental changes in spine morphology
indicative of a substantial drop in synapse compartmentalization
with age. Surprisingly, in Fmr1KO mice this developmental tra-
jectory is largely maintained, with only subtle age-dependent and
brain region-dependent deviations.

Normal development of spine morphology
Spine morphology is intimately related to synapse function, as
spine head size correlates with synaptic strength (Nusser et al.,
1998; Matsuzaki et al., 2001) and undergoes changes during syn-
aptic plasticity (Lang et al., 2004; Matsuzaki et al., 2004; Nägerl et

Figure 5. The developmental spine morphology changes predict decreased biochemical compartmentalization with age, while loss of FMRP subtly influences this in an age and brain region-
specific manner. A, D, During normal development, cumulative frequency distributions of compartmentalization factor significantly differ between ages for spines on both CA1 (A) and L5 (D)
pyramidal cells (Kolmogorov–Smirnov test: p � 0.0001). The compartmentalization factor decreases with age, thus predicting decreased biochemical compartmentalization. B, C, In CA1, there are
age-specific changes to the distribution of compartmentalization factor with loss of FMRP (Kolmogorov–Smirnov test: P14, p � 0.04; P37, p � 0.05) predicting decreased biochemical compart-
mentalization at P14 (B), but increased biochemical compartmentalization at P37 (C). E, F, Conversely, loss of FMRP does not affect the distributions of compartmentalization factor for spines on L5
pyramidal cells. Here, whether the P value is considered significant or not is corrected for using the false discovery rate method, which controls false positives during multiple comparisons. G, Using
two-way ANOVA with post hoc Bonferroni multiple comparisons, mean differences in compartmentalization factor show age and brain region-specific differences in the magnitude of the effects
during development, but not between the genotypes. For wildtype mice, age effect: F(1,10) � 16.37, p � 0.002; region effect: F(1,10) � 20.55, p � 0.001 with no significant interaction. For Fmr1KO
mice, age effect: F(1,13) � 27.40, p � 0.0002; region effect: F(1,13) � 22.76, p � 0.0004 with no significant interaction. In bar graphs, data are represented as mean � SEM, where n � number
of animals. *p � 0.05; **p � 0.01.
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al., 2004; Oh et al., 2013). In addition, recent studies show that
spine necks exert a strong influence on electrochemical compart-
mentalization of dendritic spines (Harnett et al., 2012; Tonnesen
et al., 2014).

Our STED analysis shows that spines become smaller and
spine necks grow wider during the period of development when
spine turnover decreases and synaptic circuits become estab-
lished. These changes suggest a more complicated developmental
program for spinogenesis than the commonly held belief that
larger, more distinct (“mushroom-like”) spines develop from
thin and amorphously shaped (“filopodial”) structures in parallel
to their functional maturation.

These marked structural changes in dendritic spine mor-
phology are indicative of a substantial increase with age in
electrochemical coupling between spines and dendrites. The
relative autonomy of spines in younger animals might be nec-
essary for discriminating synapses based on varying synaptic
efficacies, facilitating competitive mechanisms that refine syn-
aptic connectivity during development. By contrast, once syn-
apse selection has occurred, more permissive spine– dendrite
crosstalk might be advantageous to allow for more cooperative
and complex interactions between neighboring synapses, pos-
sibly boosting the computational power of dendrites in the
mature brain. Our finding that spines become smaller and lose
some of their neck definition during development is consis-
tent with previous electron microscopy work (Harris et al.,
1992), which reported more “thin” spines (i.e., spines with
smaller heads) with smaller postsynaptic densities and shorter
necks in the adult (P40 –P70) compared with young (P14) rat
hippocampal brain tissue.

Spines are traditionally classified into discrete morphological
categories based on their appearance in electron micrographs
(Peters and Kaiserman-Abramof, 1970; Harris et al., 1992). How-
ever, it has become clear that simple classification schemes (e.g.,
thin, stubby, mushroom, or filopodial spines) widely used in the
literature do not accurately reflect the broad continuum of spine
shapes and sizes that have been quantitatively described in more
recent work based on electron (Benavides-Piccione et al., 2002;
Arellano et al., 2007) or STED microscopy in live brain tissue
sections (Tonnesen et al., 2014). In agreement with these previ-
ous studies, we did not find any strong correlations among the
morphological parameters, raising questions about the common
practice of assigning spines to distinct morphological categories.

Spine phenotype in the absence of FMRP
Our second main finding is that the developmental trajectory of
spine morphology is largely intact in Fmr1KO mice, with only
subtle changes that depend on age and brain region. In fact, at
P14 in CA1, the morphological changes are indicative of a slightly
reduced state of synapse compartmentalization, while at P37 the
morphological effects on compartmentalization are counterbal-
anced as spines have larger heads, but also narrower and shorter
necks. Nevertheless, the spine morphological changes at P37 sug-
gest a subtle functional immaturity of spines in Fmr1KO mice as
the changes predict a synapse compartmentalization slightly
higher than that in wildtype mice.

Given that the changes in spine morphology in Fmr1KO mice
are relatively subtle, it is unlikely that they provide a satisfactory
explanation for the functional deficits associated with FXS. How-
ever, as dendritic integration across thousands of synapses is
complex and highly nonlinear, it is possible that even subtle
changes in synaptic compartmentalization could affect neural
circuit function. Moreover, we cannot exclude the possibility that

the loss of FMRP leads to defects in the specificity of synaptic
connections or affects dynamic aspects of the structure–function
relationship of synapses, such as activity-dependent structural
plasticity. In support of this possibility, studies have reported a
change in spine turnover in Fmr1KO mice (Cruz-Martin, 2010;
Pan et al., 2010).

Our data clearly contrast with the classical view of an in-
creased proportion of long, thin, and tortuous spines in FXS as
first described by Rudelli et al. (1985). While some studies do
recapitulate this spine phenotype, others do not (for review, see
He and Portera-Cailliau, 2013). In particular our findings seem at
odds with several studies that found an increase in spine length in
Fmr1KO mice (Comery et al., 1997; Nimchinsky et al., 2001;
Galvez and Greenough, 2005). Direct comparison between stud-
ies is difficult due to differences in methodology, age (Galvez and
Greenough, 2005), brain region (Comery et al., 1997), and statis-
tical analyses (Nimchinsky et al., 2001). Nonetheless, our find-
ings and those of other laboratories, highlight that the effects of
FMRP loss on spine morphology cannot be generalized between
ages, brain regions or cell types. For example, while Galvez and
Greenough (2005) found an increase in spine length for L5 pyra-
midal cells at P73–P76, no difference was observed at P25. Simi-
larly, no differences in spine length were seen at 1 month (Pan et
al., 2010) or at P21 (Nimchinsky et al., 2001). That said, in direct
contrast to our findings, Nimchinsky et al. (2001) found an in-
crease in spine length at P14. This difference between the two
studies could be explained by the fact that Nimchinsky et al.
(2001) sampled spines on both secondary apical and primary and
tertiary basal segments, while we sample from secondary apical
obliques located on the L4/5 boundary and upper L5. Finally,
similar to previous studies that found no differences in spine
density during the second and third postnatal weeks (Nimchin-
sky et al., 2001; Cruz-Martín et al., 2010), we also found no dif-
ferences in spine density between wildtype and Fmr1KO mice at
P14 or P37.

Spine dysgenesis is often thought to be a core neuropathology
associated with NDDs. In an increasing number of cases, the
rescue of spine morphology in animals by a given pharmacolog-
ical compound is being used as a criterion for clinical trials. Our
findings demonstrate that the morphological pathology associ-
ated with dendritic spines of cells lacking FMRP is more subtle
than current dogma suggests. Furthermore, they strongly caution
against generalizing between brain regions and developmental
stages. Finally, they highlight the need for super-resolution im-
aging to address the functional consequences of altered spine
morphology to better understand the neuropathology associated
with models of NDDs.
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