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Parvalbumin-positive (PV+) interneurons play a pivotal role in or-
chestrating windows of experience-dependent brain plasticity during
development. Critical period closure is marked by the condensation
of a perineuronal net (PNN) tightly enwrapping subsets of PV+ neu-
rons, both acting as a molecular brake on plasticity and maintaining
mature PV+ cell signaling. As much of the molecular organization of
PNNs exists at length scales near or below the diffraction limit of
light microscopy, we developed a superresolution imaging and
analysis platform to visualize the structural organization of PNNs
and the synaptic inputs perforating them in primary visual cortex.
We identified a structural trajectory of PNN maturation featuring a
range of net structures, which was accompanied by an increase in
Synaptotagmin-2 (Syt2) signals on PV+ cells suggestive of increased
inhibitory input between PV+ neurons. The same structural trajec-
tory was followed by PNNs both during normal development and
under conditions of critical period delay by total sensory depriva-
tion or critical period acceleration by deletion of MeCP2, the causative
gene for Rett syndrome, despite shifted maturation levels under
these perturbations. Notably, superresolution imaging further
revealed a decrease in Syt2 signals alongside an increase in vesicular
glutamate transporter-2 signals on PV+ cells in MeCP2-deficient
animals, suggesting weaker recurrent inhibitory input between
PV+ neurons and stronger thalamocortical excitatory inputs onto
PV+ cells. These results imply a latent imbalanced circuit signature
that might promote cortical silencing in Rett syndrome before the
functional regression of vision.

parvalbumin interneuron | critical period | visual cortex |
dark rearing | MeCP2

Individual brain regions are highly malleable in response to
environmental stimuli during early windows of development,
termed critical periods. These critical periods are staggered in
time across the brain, with primary sensory areas of the neocortex
maturing earlier than those performing higher-order integration
such as language (1). At a cellular level, subsets of interneurons
expressing the calcium-binding protein parvalbumin (PV) play an
essential role in timing critical period plasticity (2, 3). These PV-
positive (PV+) cells are themselves first to respond to sensory
deprivation (2), and their highly interconnected networks further
synchronize high-frequency gamma oscillations that are correlated
with active cognition, learning, and memory (4). Defects in PV+
circuits, gamma oscillations, and critical period timing have been
implicated in numerous mental disorders (5, 6).

Maturation of these PV+ cells is accompanied by the con-
densation of an extracellular matrix—the perineuronal net (PNN),
which forms a mesh-like structure perforated by synapses, sur-
rounding the somata and proximal neurites of these cells (7-9).
The condensed PNN is thought to act as a molecular brake on
synaptic plasticity as critical periods close (10, 11), and cleavage
of PNN components can partially reopen plasticity in adulthood
(12, 13). Abnormal PNNs are a hallmark of cognitive disability,
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ranging from accelerated accumulation in certain neurodevelopmental
disorders (14, 15) to their dissolution in schizophrenia (16).
Various physiological roles have been suggested for PNNs in-
cluding receptor stabilization (17), molecular signaling (18, 19),
and protection against oxidative stress (20, 21). Recently, it has
been proposed that PNNs might act as a synaptic “punch card”
for long-term memory (22), a hypothesis that remains to be ex-
perimentally tested. Despite the physiological importance of the
PNNs, our understanding of their structural development and
function remains limited, due in part to the challenges associated
with imaging the nanoscale organization of the brain extracel-
lular matrices and their relation to synapses.

Here, we combined stochastic optical reconstruction micros-
copy (STORM) (23) with serial-section reconstruction (24, 25) to
facilitate large-volume, 3D superresolution fluorescence imaging.
We applied this approach to examine both the structural orga-
nization of PNNs and their penetrating synaptic inputs onto PV+
cells in mouse primary visual cortex with nanometer-scale reso-
lution. Our superresolution data revealed a structural trajectory
of PNN maturation that is followed both during normal development
and under physiologically and medically relevant perturbations,
despite the associated shifts in critical period timing by these
perturbations. Furthermore, our superresolution images also un-
covered a defect in inhibitory synaptic connectivity between PV+
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neurons in mice lacking MeCP2, the causative gene for Rett syn-
drome, an autism-like neurodevelopmental disorder (26, 27).

Results

Structural Characterization of PNNs with Serial-Section STORM Imaging.
To visualize PV+ interneurons and their surrounding PNNs in
mouse primary visual cortex (V1), we imaged four molecular
markers in each sample simultaneously: (i) an antibody against PV
to recognize PV+ cells; (ii) Wisteria floribunda agglutinin (WFA), a
plant lectin which specifically binds to chondroitin sulfate proteo-
glycans, major components of the PNN (28); (iii) wheat germ ag-
glutinin (WGA), a lectin marker used for serial-section alignment
(25); and (iv) antibodies against synaptic markers, including an
excitatory synapse marker—vesicular glutamate transporter-2
(VGLUT2)—a transmembrane protein which loads glutamate
into excitatory synaptic vesicles and primarily localizes to thalamic
inputs to the cortex in adult mice (29), or an inhibitory synapse
marker—Synaptotagmin-2 (Syt2)—a calcium sensor that is involved
in synaptic vesicle release and localizes to presynaptic inhibitory
terminals of cortical PV+ cells (30, 31).

After labeling each tissue sample and embedding it in epoxy-
based resin, we collected ~300 serial sections (each 70 nm in
thickness) through thalamorecipient layer 4 of V1 and imaged
them on a serial-section STORM platform that we developed
previously (25) but substantially improved here (SI Appendix,
Materials and Methods). STORM is a single-molecule-based
superresolution imaging method, which achieves subdiffraction-
limit image resolution by stochastic activation and precise locali-
zation of individual photoswitchable fluorescent molecules (23).
The combination of serial ultrathin sectioning with STORM allows
large-volume superresolution reconstruction of tissue samples
without resolution deterioration due to tissue-induced aberration
(25). Here, by using stronger lasers, a faster camera, and improved
automation in image acquisition, we increased the imaging speed
of the serial-section STORM platform by 10-fold, allowing regions
spanning ~100 x 100 x 20 pm in volume (~300 serial sections) and
containing multiple PV+ cells to be routinely imaged and recon-
structed within a day (Fig. 14 and SI Appendix, Materials and Methods
and Fig. S1 A and B). This improvement made it feasible to image
many neurons across multiple developmental time points and distinct
perturbation conditions.

Our superresolution reconstructions resolved structural fea-
tures of WFA-labeled PNNs substantially more clearly than
diffraction-limited imaging (Fig. 14). As PNNs are 3D, shell-like
structures that wrap around the PV+ cell bodies and proximal
neurites, we performed a Behrmann equal-area cylindrical surface
projection (similar to a world-map projection) for each WFA+
PV+ soma (Fig. 1B and SI Appendix, Materials and Methods and
Figs. S1 C-E and S2). In this transformation, the WFA signal was
first fit to a sphere and transformed into spherical coordinates (0,
o, r). Next, the angular coordinates (8, @) were projected onto a
cylindrical coordinate system (0, z’) using a Behrmann equal-areal
projection, while the radial coordinate value () was maintained as a
third orthogonal dimension (Z') of the Behrmann projection (SI
Appendix, Materials and Methods). To more accurately represent the
nonspherical surface of the cell, a 2D spline of the WFA surface
signal was then fit to the WFA signal in the initial Behrmann
projection and subtracted from the WFA signal in the Z’ dimension
to give the local height above or below the surface (SI Appendix,
Materials and Methods). This modified Behrmann projection thus
created a flattened surface which allowed us to present the ob-
served PNN and synaptic signals in two dimensions with better
clarity than in 3D Cartesian coordinates.

Structural Organization of PNNs at Different Developmental Stages.
First, we imaged PV+ cells in layer 4 of adult mouse V1 at
postnatal day 90 (P90) (Fig. 1C; n = 44 cells). As most of the
PV+ cells were observed to be WFA+ and most of the WFA+
cells were also observed to be PV+ (SI Appendix, Materials and
Methods), we focused our analysis on WFA+ PV+ cells. We
observed a wide range of WFA signal strengths across different

7072 | www.pnas.org/cgi/doi/10.1073/pnas. 1817222116

A

Cartesian

WFA/Syt2/PV

Behrmann
Lo

D . E 10—
z S =
205 : & sl
= .. a e
- &
8 O,-.'.:.' § 0 i ..
50 100 0 50 100
" E WFA surface intensity (AU)
= K0 0 120
SE 6\ 61\ WFA intensity
224 4
Sgo 2 /
£
el
g,8 0 \ / 0
250 5
15t prlnC|paI 18t principal
component component

Fig. 1. Structural characterization of the PNN with serial-section super-
resolution STORM imaging. (A) Representative maximume-intensity projection
STORM image through 6 pm of tissue centered around layer 4 of the mouse
primary visual cortex, V1 (magenta, WFA; green, Syt2; blue, PV). (Scale bar,
10 pm.) (A, Inset) Comparison of conventional (Bottom) and STORM (Top)
images of a single 70-nm section in the boxed region. (Scale bar, 2 pm.)
(B) Behrmann equal-area cylindrical surface projection of the PNN ensheath-
ing a PV+ cell and inhibitory synapses perforating the PNN. (B, Top) Schematic
of the projection method (S/ Appendix, Materials and Methods). (B, Bottom)
Behrmann equal-area cylindrical surface projection of WFA (magenta) and
Syt2 (green) signals of a 500-nm-thick region centered around the radial peak
of the WFA signal surrounding a PV+ cell. (C) Three representative examples
of WFA+ PV+ cells with increasing WFA intensities from wild-type P90 mice.
(C, Left) Maximum-intensity projection STORM images of WFA in Cartesian
coordinates. (C, Right) Behrmann equal-area cylindrical surface projections
through a 500-nm-thick region centered around the radial peak of the WFA
signal. (D) Bivariate plots of the contiguity of the WFA signal (Left) and the
hole size in the PNN (Right) versus WFA surface intensity. Each dot represents
a single imaged cell. WFA surface intensity is defined as the mean intensity of
the WFA signal across the entire cell surface for each cell. Contiguity is defined
as the fraction of the WFA signal in the largest connected component for each
cell. Hole size is defined as the mean effective radius of the holes in the PNN
for each cell. (E) Principal component analysis for structural metrics of PNNs
around WFA+ PV+ cells in P90 animals. Metrics of the PNN structure, including
WEFA surface intensity, contiguity, and hole size, as defined here, as well as
five other metrics as defined in S/ Appendix, Fig. S3, are used in the principal
component analysis. (E, Left) The first two components of the principal
component analysis are plotted for individual P90 cells (blue dots) and fit to a
quadratic function (red line). (E, Right) Same as Left, but with dots color-coded
according to the WFA surface intensity for each cell.

cells, spanning more than one order of magnitude in intensity.
The morphology of PNNs varied widely, from a sparse, discon-
nected pattern to an entirely contiguous net structure. Increases
in the average WFA signal intensity across the entire cell surface
(including both WFA-positive and WFA-negative regions on the
cell surface), hereafter termed the WFA surface intensity, resulted
from both a higher mean intensity within WFA+ regions as well as
an increased fraction of surface area that was WFA+ (SI Appendix,
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Fig. S34). We found the contiguity of the PNN structure correlated
strongly with the WFA surface intensity (Spearman correlation
coefficient, p = 0.94; Fig. 1D) and, consequently, cells with stronger
WFA surface intensity also had smaller, more uniform “holes”
within the PNN, with a mean hole size that was inversely correlated
with the WFA surface intensity (Spearman correlation coefficient,
p = —0.97; Fig. 1D). The cell body shape, on the other hand, was not
correlated with the WFA surface intensity (SI Appendix, Fig. S2).
To collectively consider the PNN continuity and hole size, as
well as several other structural aspects of PNNs (SI Appendix,
Fig. S34), we performed a principal component analysis of all
these metrics for individual WFA+ PV+ cells (Fig. 1E). The first
principal component showed positive correlation with WFA
surface intensity, contiguity, and inverse hole size (SI Appendir,
Fig. S3B), reflecting the maturation level of the PNNs. Thus, this
first principal component could be considered a “pseudotime” axis,
and the relation between the first and second principal components
represented a structural trajectory of PNN maturation (Fig. 1E).
This description of PNN structural variation in adult wild-type
animals set a baseline for comparison across different develop-
mental stages and different sensory or genetic perturbations.
We next examined layer 4 of V1 in younger wild-type animals
at P30, which is the height of the critical period for plasticity of
visual acuity (2, 3) (Fig. 24; n = 33 cells). As expected for less
mature PNNs, overall WFA signals surrounding PV+ cells were
weaker than in adult P90 animals (Fig. 2B). The younger PNNs
still displayed a wide range of surface intensities, contiguity, and
hole sizes, partially overlapping those observed at P90 (Fig. 2B
and ST Appendix, Fig. S44). Notably, principal component analysis
of the P30 cells fell along the same trajectory as those at P90, but
with lower values overall along the first principal component (Fig.
2C), consistent with the notion that this structural trajectory
identifies a pseudotime representation of PNN maturation.

Structural Organization of PNNs Under Perturbations That Shift Critical
Period Timing. We then considered two different conditions known
to shift onset timing of the critical period. The first was full sen-
sory deprivation: Mice raised in total darkness from birth delay
the onset of visual plasticity until introduced into a standard light/
dark cycle regardless of age (2, 32, 33). We imaged layer 4 in V1
tissues collected from dark-reared (DR) mice at P90 compared with
the age-matched, normally raised adults described above (Fig. 34;
n = 50 cells). The density of PNN-enwrapped PV+ cells (WFA+
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Fig. 2. Structural trajectory of PNN maturation. (A) PNN images of three
representative examples of WFA+ PV+ cells in wild-type mice at P30. (A, Left)
Maximum-intensity projection STORM images of WFA in Cartesian coordinates.
(A, Right) Behrmann equal-area cylindrical surface projections. (B) Probability
distributions of WFA surface intensity (Left) and PNN contiguity (Right) at P90
(blue) and P30 (red). (C) Principal component analysis for structural metrics of
PNNs around WFA+ PV+ cells in P30 animals. The first two principal compo-
nents are plotted (blue dots) for individual P30 cells together with the quadratic
fit function obtained for P90 cells (red line; reproduced from Fig. 1E). The
median value of the P90 data is also shown for reference (yellow circle).
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PV+ cells) was slightly decreased compared with age-matched
controls, consistent with previous findings that PNNs are slightly
less abundant in layer 4 of DR animals (13).

Of these cells, DR samples showed on average moderately less
developed PNNs as measured by WFA surface intensity, conti-
guity, and mean hole size (Fig. 3B and SI Appendix, Fig. S4B).
Notably, principal component analysis of the data from DR ani-
mals once again fell along the same trajectory as that derived from
normally raised animals, with only a moderately lower degree of
maturation on average (Fig. 3C). This suggests that the mor-
phology of those PNNs that do form in the dark did not deviate
substantially from that of normally raised animals, except for the
moderately lower PNN intensity. Consistent with this, the WFA
signal of DR samples further displayed a nearly identical radial
profile to that of normally raised animals (SI Appendix, Fig. S4D).

The second perturbation that we examined was deletion of the
MeCP2 gene. In contrast to dark rearing, the absence of the
MeCP2 gene in male mice accelerates PV+ neuron development
(34), leading to a precocious critical period entry accompanied
by earlier appearance of PNNs (15). Heterozygous female pa-
tients carrying a mosaic loss-of-MeCP2 function are diagnosed
with Rett syndrome (26) and display alterations in visually evoked
potentials and acuity in parallel with other regressive symptoms
(27, 35). Here, we examined the more rapidly regressing homo-
zygous MeCP2 knockout males (MeCP2™) at P30 before the onset
of cortical symptoms (34). PNNs enwrapping PV+ cells appeared
substantially more mature in V1 of these MeCP2-deficient animals,
exhibiting a higher average WFA intensity, greater contiguity, and
smaller hole sizes compared with age-matched wild-type controls
(Fig. 3 D and E and SI Appendix, Fig. S4C; n = 34 cells). Once
again, principal component analysis of the data from MeCP2
mutants fell along the same trajectory as wild-type animals but
exhibited an overall shift toward a more mature distribution at P30
as compared to age-matched wild-type animals (Fig. 3F). The radial
profile of the WFA signal in MeCP27 cells was also identical to
that of age-matched wild-type mice (SI Appendix, Fig. S4D).

Synaptic Contacts Perforating the PNN: Normal Development and
Critical Period Perturbation. First, we examined inhibitory synap-
tic connections onto PNN-enwrapped PV+ cells using Syt2, an
established marker specific to PV+ inhibitory axon terminals in
the multiple regions of the cortex including V1 (30, 31). Syt2+
boutons were observed to contact the surface of PV+ cells,
marking the reciprocal inhibitory contacts between PV+ cells (Fig.
44 and SI Appendix, Fig. S54). These Syt2+ puncta resided pri-
marily within the holes of the PNN and partially overlapped, at
the edges, with WFA signals (Fig. 44, Top and SI Appendix, Fig.
S5 A4 and B). The mean surface intensity of Syt2 across the surface
of PV+ cells increased with age (Fig. 4B), and was positively
correlated with WFA surface intensity across development with a
nonlinear scaling power of a = 0.65, namely Isy; Iywpa’® (81
Appendix, Fig. S5C). Using this scaling relationship, we normal-
ized Syt2 signals to the degree of PNN maturation for each in-
dividual cell, facilitating comparison across conditions (Fig. 4B).
Examining across development, the WFA-normalized Syt2 surface
intensity (Isyo/Iwra”®’) did not differ significantly between P30
and P90 mice (Fig. 4B). Interestingly, as WFA surface intensity
increased, the fraction of Syt2 signals overlapping with the WFA
signal at the bouton edge also increased (SI Appendix, Fig. SSD),
suggesting that a larger portion of the inhibitory boutons may be
physically pinned by the PNNs as the animal aged.

In DR animals, a similar correlation between the Syt2 surface
intensity and the WFA surface intensity was observed, and the
WFA-normalized Syt2 surface intensity was statistically indistin-
guishable from that of age-matched, normally raised animals (Fig.
4B and SI Appendix, Fig. S5 A and C). However, this trend was
violated in the MeCP2™ mice compared with age-matched con-
trols. As the MeCP2™ mice exhibited more mature PNNs bearing
stronger WFA surface intensity (Fig. 3 £ and F) and the Syt2
surface intensity was positively correlated with the WFA surface
intensity (SI Appendix, Fig. S5C), one may predict a stronger Syt2

PNAS | April 2,2019 | vol. 116 | no. 14 | 7073

NEUROSCIENCE

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental

D

mWT P90 * DR P90 mWT P30 -MeCP2-Y P30
DRP90  =WT P90 fit VrVnLdng mMeCP2Y P30 =WT P90 fit ® WT P30
20.6 g i 20.5 8 median
3 Sge 3 St6
o 2 25
60.4 .2%34 EOA g §4
So02 SE2 / So2 gl SEZ O\
B il Reg 7 e, &80 ,
T o= R [ 2
0 100 05 0 5 0 100 0 5 0 5
_WFA §urface 15?principal _WFA §urface 18t principal
intensity (AU) component intensity (AU) component

Fig. 3. Maturation of PNNs is shifted along a stereotypic trajectory in dark-
reared or MeCP2-deficient mice. (A) PNN images of three representative ex-
amples of WFA+ PV+ cells in DR animals at P90. (A, Left) Maximum-intensity
projection STORM images of WFA in Cartesian coordinates. (4, Right) Behr-
mann equal-area cylindrical surface projections. (B) Probability distribution of
WEFA surface intensity for the DR samples at P90 (yellow) in comparison with
the age-matched control samples (blue). (C) Principal component analysis for
structural metrics of PNNs around WFA+ PV+ cells from DR animals at P90.
Data are plotted for individual cells (blue dots) in DR animals together with
the quadratic fit function obtained from normally raised control P90 animals
(red line; reproduced from Fig. 1E). The median value of the control P90 data
is also shown for reference (yellow circle). (D-F) Same as A-C but for the MeCP2-
deficient mice at P30, instead of the DR mice at P90, in comparison with age-
matched wild-type control. In F, the quadratic fit function obtained from
wild-type P90 animals is shown (red line, reproduced from Fig. 1E) and the
median value of the wild-type P30 data is shown for reference (yellow circle).

surface intensity for MeCP2" samples compared with wild-type
age-matched samples. Instead, these mutant animals had weaker
Syt2 surface intensity and smaller physical sizes of the Syt2 clusters
on their PV+ cells (Fig. 4B and SI Appendix, Fig. S5 A, C, E, and F).
Accordingly, WFA-normalized Syt2 surface intensity showed an
even more pronounced decrease in MeCP2” mice (Fig. 4B).
These findings thus revealed an unexpected defect in PV-PV
synaptic contacts in this animal model of accelerated critical
period timing (15).

For comparison, we also studied the relationship between
PNNs and excitatory synaptic inputs onto the same PV+ cells by
examining VGLUT2, a known marker of thalamic presynaptic
afferent terminals. VGLUT?2 staining is strongest in layer 4 of the
cortex (29), and VGLUT2+ boutons have been shown to contact
PV+ neurons there (36). Indeed, in our samples, VGLUT2+
boutons were observed at the surface of PNN-enwrapped PV+
cells, again with contacts found primarily in the holes of the net
(Fig. 44, Bottom and SI Appendix, Fig. S6 A and B). In line with
previous observations of more abundant inhibitory inputs com-
pared with VGLUT2+ inputs onto PV+ somata (36), we ob-
served more Syt2+ puncta than VGLUT2+ puncta at the surface
of PV+ cells (SI Appendix, Fig. S6C). In contrast to the Syt2 signal,
the mean VGLUT?2 surface intensity onto PV+ cells decreased with
age and was not correlated with WFA surface intensity (Fig. 4C and
SI Appendix, Fig. S6 A and D). At WFA+ PV+ cells examined from
MeCP2” animals, VGLUT? surface intensity was even higher than
on age-matched wild-type cells, and again was not correlated with
WFA intensity (Fig. 4C and SI Appendix, Fig. S6 A and D).
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The opposite age dependence of VGLUT2 and Syt2 signals
suggests that PNN+ PV+ cells potentially shift toward stronger
inhibitory input onto their cell somata as they mature. On the
other hand, despite precocious PNN maturation in the MeCP2”
animals, their PNN+ PV+ neurons have weaker Syt2 and stronger
VGLUT?2 surface intensities on their somata, potentially suggesting
weaker inhibitory inputs and stronger excitatory inputs than in age-
matched wild-type animals.

Morphological Defects of Syt2 Distribution in MeCP2-Deficient
Animals. Returning to 3D Cartesian coordinates, we further ob-
served a defect in the morphology of the Syt2 signal in MeCP2"
animals. Wild-type P90, P30, and DR P90 samples all exhibited
large continuous Syt2+ fibers connecting many axonal boutons
surrounding the PV+ cells (Fig. 54), indicating that Syt2 is dis-
tributed both in synaptic boutons and in the interbouton axonal
regions. In contrast, MeCP2” P30 samples displayed primarily
isolated Syt2+ boutons with interbouton regions along axons
devoid of Syt2 signal (Fig. 54). As a result, analyses of the Syt2
clusters yielded substantially smaller cluster sizes (centered at
107! pm’, the expected size for one or two axonal boutons) and a
drastically reduced fraction of Syt2 signal in the largest connected
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Fig. 4. Synaptic contacts perforating the PNN onto PV+ cells during normal
development and in dark-reared or MeCP2-deficient mice. (A) Behrmann
equal-area cylindrical surface projections of two-color STORM images of
WFA (magenta) and synaptic proteins (green; Syt2 for Top and VGLUT2 for
Bottom) in wild-type P90 animals. Only a representative portion of each cell
is shown in each image. (Scale bar, 2 pm.) A scale bar is included for these
small-area Behrmann projections, as the nonlinear distortion is relatively
small over such a small area. (B) Box and whiskers plots for Syt2 surface in-
tensity on individual WFA+ PV+ cells in animals across developmental and
perturbation conditions: wild-type P90, WT P30, DR P90, and MeCP27 P30.
Syt2 surface intensity is defined as the mean intensity of the Syt2 signal
across the entire cell surface for each cell. (B, Left) Absolute Syt2 surface
intensities. (B, Right) WFA-normalized Syt2 surface intensities (Isyt/hwra’®).
Red lines denote median values; notches denote a 95% confidence interval
around the median; boxes denote the first and third quartiles of the data;
whiskers denote the expected 99% values assuming a normal distribution;
outliers are shown as red crosses; and those above a cutoff threshold are
shown as a dashed line. Statistical significance is determined by a two-sided
Kolmogorov-Smirnov test. n.s., P> 0.05; *P < 0.05, **P < 0.01, ***P < 0.001.
(C) Same as B, Left but for the VGLUT2 surface intensity instead of the Syt2
surface intensity. VGLUT2 surface intensity is defined as the mean intensity
of the VGLUT2 signal across the entire cell surface for each cell.
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component for the MeCP2-deficient animals compared with wild
type (Fig. 5 B and C).

The above observations were not just limited to regions locally
surrounding WFA+ PV+ cells. Across the entire imaged region
of layer 4, we observed continuous distribution of Syt2 along the
axonal shafts in wild-type P90, P30, and DR P90 samples (SI Ap-
pendix, Fig. S7). In MeCP2"¥ P30 samples, such continuous distribu-
tion was disrupted in the entire imaged region of layer 4, which again
exhibited largely isolated Syt2+ boutons (SI Appendix, Fig. S7).

In contrast to Syt2, VGLUT?2 formed largely discrete boutons
surrounding WFA+ PV+ cells across all imaged conditions (S7
Appendix, Fig. S84). While VGLUT?2 clusters were less abundant
at P90 than at P30 (SI Appendix, Fig. S84), the distribution of
VGLUT?2 cluster sizes did not change substantially across con-
ditions, including the MeCP2" samples (SI Appendix, Fig. S8B).

Discussion
Here, we extended our serial-section STORM imaging platform
to allow substantially (~10-fold) faster volumetric superresolution
imaging. This in turn enabled quantitative characterization of the
structural organization of the PNNs and perforating somatic synaptic
contacts onto many PV+ cells, at multiple developmental stages, and
under a variety of conditions of sensory and genetic perturbations.
We observed a wide range of PNN structures surrounding PV+
cells even within adult wild-type animals, ranging from a sparse,
disconnected pattern to a dense and completely interconnected
network that fully enmeshed the cell body and proximal dendrites.
Notably, a range of immature net structures was still visible at P90,
an age that is well past the critical period for plasticity in mouse
V1. Likewise, the synaptic signal strengths also showed substantial
cell-to-cell variability at P90, and the inhibitory synaptic signal was
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Fig. 5. Morphology of the Syt2 signal surrounding PV+ cells is altered in
MeCP2 mice. (A) Maximum-intensity projection STORM images of the Syt2
signal around representative WFA+ PV+ cells in animals across four conditions:
WT P90 (first row), WT P30 (third row), DR P90 (second row), and MeCP2™” P30
(fourth row). The images are presented in Cartesian coordinates. To reduce the
background in the Syt2 maximum-intensity projections through thick volumes
of tissue (5 pm), small clusters <70 nm? in volume were removed. (B) Distribu-
tions of Syt2 cluster sizes for WT P90 (blue), WT P30 (red), DR P90 (yellow), and
MeCP2" P30 (purple) samples for the regions surrounding each WFA+ PV+ cell.
Data are plotted as the mean across imaged regions, with the SEM shown as
shaded regions (n = 17 to 22 regions for each condition). (C) Fraction of Syt2
signals within each region that is in the largest connected component for WT
P90, WT P30, DR P90, and MeCP2"Y P30 samples. The graph shows the mean
across the imaged regions, and the error bars are the SEM (n = 17 to 22 regions
for each condition).
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positively correlated with the maturational level of the PNN at the
single-cell level. As the condensed PNN acts as a brake on plas-
ticity (2, 11, 13), the presence of immature PNNs and synaptic
signals around some PV+ cells in the adult animals may reflect a
route for continued plasticity later in life, albeit at lower levels
than during the critical period.

The maturation of PNNs involves an increased molecular
structuring of chondroitin sulfate proteoglycans, yielding mor-
phological changes that can be regulated bidirectionally by genes
and experience. Our superresolution imaging identified a struc-
tural trajectory in the principal-component space for this PNN
development, and the PNN maturation was correlated with Syt2
signals in recurrent inhibitory connections between PV+ cells.
Total visual deprivation from birth produced moderately less
developed PNNs, while PNN formation was accelerated in mice
depleted of MeCP2, the causative gene for Rett syndrome (26,
27). Remarkably, despite changes in the overall maturation level,
neither perturbation derailed the stereotypical structural trajec-
tory of PNN assembly observed in the principal-component
space. Thus, our results suggest a robust structural evolution
pathway for PNN maturation: The sensory and genetic pertur-
bations investigated do not lead to substantial deviation from this
pathway but rather affect the rate or timing of maturation.

In contrast to the positive correlation observed between the
PNN signal and the Syt2 signal (indicative of recurrent PV-to-PV
inhibitory inputs), the VGLUT2+ signal onto PV+ cells (likely
representing excitatory thalamocortical input) did not correlate
with PNN maturation. Moreover, unlike the observed increase in
Syt2 surface intensity on PV+ cells with age, the VGLUT?2 sur-
face intensity on PV+ cells decreased with age instead. Although
our current analysis did not consider the contribution of corti-
cocortical excitatory inputs or inputs from other modulatory
sources impinging on PV+ cells, our comparison of thalamocortical
excitatory inputs to PV+ cells and reciprocal PV-PV inhibitory
inputs suggests a shift in excitatory—inhibitory (E-I) balance onto
PV+ somata that could yield weaker PV activation and hence
overall lower inhibitory output from these cells, and thus greater
surrounding cortical network activity as the animal matures. Future
studies are needed to explore the relative contributions of excit-
atory intracortical, thalamocortical, or neuromodulatory inputs
to PV cells during prolonged periods of sensory deprivation.

Unlike normal development, the absence of MeCP2 caused a
shift in E-I balance that appears to favor PV+ cell activation.
Specifically, we observed weaker Syt2 surface intensity and stronger
VGLUT?2 surface intensity on PV+ cells, suggesting weaker re-
current inhibitory input between PV+ cells and stronger excitatory
thalamocortical input onto PV+ cells in MeCP2-deficient animals.
Misregulation of synaptic inputs onto PV+ cells has recently also
been observed in layer II of somatosensory and motor cortices of
MeCP2-deficient mice, including increased intracortical excitatory
synapses marked by VGLUT1 and decreased inhibitory synapses
marked by vesicular GABA transporter (VGAT) onto the dendrites
(but not somata) of PV+ cells (37). Despite differences in specific
synaptic markers and brain regions studied, both this study and
our study support a shift in balance toward greater PV+ cell acti-
vation and hence stronger inhibitory output from MeCP2-deficient
PV+ networks onto nearby excitatory pyramidal cells. This en-
hanced PV+ cell activation likely contributes to the gradual
dampening of global cortical network activity seen in this mouse
model of Rett syndrome (34, 38, 39), as well as the hypermature
PV+ axonal plexus reported previously for such a model (15, 34).

Our observation of weaker recurrent Syt2+ contacts specifi-
cally between PV+ cells in MeCP2-deficient animals may underlie
their larger spontaneous inhibitory currents and diminished evoked
inhibitory current amplitude and synaptic depression during trains
of action potentials in V1 (15). Indeed, Syt2 deletion or mutation
has been reported to reduce evoked synaptic response and synaptic
depression as well as increase the frequency of spontaneous events
at a variety of fast synapses (40, 41). We further observed substantial
loss of Syt2 in the interbouton regions of axons in MeCP2-deficient
animals, potentially implicating impaired molecular localization or

PNAS | April 2,2019 | vol. 116 | no. 14 | 7075

NEUROSCIENCE

BIOPHYSICS AND
COMPUTATIONAL BIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1817222116/-/DCSupplemental

transport in PV+ cells. Notably, these Syt2 defects on PV+ cells were
observed at a stage just before loss of visual function (34, 35), sug-
gesting a potential early circuit signature for Rett syndrome to be
verified in heterozygous female mice and patients.

We envision that the volumetric superresolution imaging plat-
form reported here, which allows molecular imaging with nanometer-
scale resolution across large tissue volumes, can be applied to track
the pathogenesis of a variety of mental illnesses linked to disrup-
tions in neuronal networks and the extracellular matrix (5, 6, 42, 43)
and, more broadly, to elucidate the structural changes of the brain
both during normal development and in disease.

Materials and Methods

Tissue sections containing primary visual cortex were fixed, stained with
antibodies and lectins, and then embedded in epoxy resin. Arrays of ultrathin
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sections of the embedded tissue were imaged using a custom-built, auto-
mated STORM microscope. Three-dimensional images were reconstructed
from serial ultrathin sections and used for further analysis. Additional de-
tailed descriptions including experimental models, sample preparation,
superresolution imaging, volumetric image reconstruction, and data analysis
can be found in S/ Appendix, Materials and Methods.

Animal work was performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee at Harvard University and in
compliance with all ethical regulations.
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