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ABSTRACT

Cytomegalic neurons, characterized by increased size and a hyperactive mechanistic target of rapamycin complex 1 (mTORC1), are patho-
gnomonic for tuberous sclerosis complex (TSC). To model these neurons, we recently generated a murine Tscl conditional knockout
model in which Tscl deletion in late embryonic radial glia results in neuronal hypertrophy of a subset of isocortical pyramidal neurons. In
the current study, we compared the cellular pathology of these cytomegalic neurons to those of the enlarged neurons in human cortical
tubers. Neurons from the mice showed unique features, such as cytoplasmic vacuoles associated with Golgi complexes and the ectopic for-
mation of perineuronal nets (PNNs), a feature of inhibitory neurons, rarely present in excitatory cortical neurons. The membranes of these
vacuoles were enriched for the plasma membrane proteins CD44, KCC2, and Na+/K+ ATPase, suggesting deficits in Golgi membrane
trafficking. These aberrant features in the mouse appeared only after the onset of seizures, probably due to the prolonged seizure activity in
the context of constitutive mTORCI activation. Similar PNNs and cytoplasmic vacuoles were present in the cytomegalic neurons of human

cortical tubers. Our findings reveal novel pathological features of Golgi complexes and PNNs in the cytomegalic neurons in TSC.
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INTRODUCTION

Tuberous sclerosis complex (TSC) is a genetic disorder due
to mutations in TSCI or TSC2 genes, which lead to uncon-
trolled hyperactivity of the mechanistic target of rapamycin
(mTOR). Multiple systems are involved in the disease and
patients often suffer from severe, intractable seizures, cognitive
decline, and autistic behavior."”* Brain abnormalities include
canonical focal lesions such as cortical tubers, subependymal
glial nodules, and subependymal giant cell astrocytomas
(SEGA), as well as recently described widespread, diffuse
alterations in the form of microtubers and sentinel giant
cells.>™ The characteristic morphological features of cortical
tubers are dysmorphic, cytomegalic neurons and giant cells,
both of large size due to a constitutively active mTOR cascade
leading to increased protein synthesis.® Several murine models
based on the conditional or inducible deletion of Tscl or
Tsc2 recapitulate TSC, including the appearance of enlarged
neurons.” > The emergence of enlarged neurons is also char-

acteristic of mTOR activation by upstream activators such as
PI3K and PTEN."* ™'

Recently, we described a novel murine model of Tscl dele-
tion under the mGFAP-Cre promoter.'” The Cre-based
recombination occurred in early neuronal precursors (starting
from E17 in radial glia), and in adult mice the majority of
astrocytes and some neurons were recombinant. One striking
feature was the appearance of highly enlarged pyramidal neu-
rons in the isocortex (named “cytomegalic pyramidal neurons”
or “CPNs”), about half of them reaching more than 40 pum in
diameter by 3.5 months (M) of age. CPNs had high levels of
phosphorylated-S6-ribosomal protein (pS6), a reliable marker
of mTOR activity. All CPNs were glutamatergic principal neu-
rons, expressing AMPA and NMDA receptors, and showed
increased glutamatergic synaptic
increased propensity to seizure-like activity.

Here, we present a detailed analysis of CPNs after the onset
of seizures and describe novel pathological features, including

transmission and an
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cytoplasmic vacuoles that retained plasma membrane proteins,
including ion transporters, and the presence of perineuronal nets
(PNNs) around the CPNs. The cytomegalic neurons in the cort-
ical tubers of human TSC also have these abnormal features.

METHODS

Mouse strains
Tsc P (Tsc1 tm1Djl / I)(https:/ /www.jax.org/strain/005680),
mGFAP-Cre (B6.Cg-Tg(Gfap-cre)73.12Mvs/J (http://jaxmice jax.
org/strain/012886), and Ai9 (B6.Cg-Gt(ROSA)2650r™*(CACHTe
malo)Hze /1 (https:/ /www.jax.org/strain/007909)  mice  were
obtained from The Jackson Laboratory. The breeding strategy
with mGFAP-Cre, TSCI"%* and Ai9 was recently presented,
giving us the TscImGfap-CreCKO: Ai9+mice (known as
TscICKO)."” All mouse experimental procedures were reviewed
and approved by the Columbia University Medical Center Institu-
tional Animal Care and Use Committee.

Human tissue

Specimens including cortical tubers (n=16) were obtained
from TSC patients with medically refractory epilepsy who
were undergoing epilepsy surgical resection. The mean age of
the 16 patients was 9.8 £ 1.5 years (range: 2.5-23 years), with 9
females and 7 males. The epileptogenicity of the resected
tubers and perituberal tissue was established during invasive
subdural intracranial monitoring of patients, as previously
described."® All patient protocols were approved by the Insti-
tutional Review Board of Columbia University Medical
Center.

All investigations were carried out following the rules of the
Declaration of Helsinki of 1975. Human brain tissues from
patient brain biopsies, which were diagnosed based on
accepted neuropathological criteria, were obtained from the
Department of Pathology and Cell Biology of Columbia Uni-
versity. All surgeries were performed with the consent of the
patients, and studies from biopsy tissues are provided without
any patient identifying information. The Institutional Review
Board of Columbia University has determined that clinicopa-
thologic studies on de-identified tissue samples are exempt
from Human Subject Research according to Exemption 45
CFR 46.104(d).

Histology and immunohistochemistry

Mice were anaesthetized with isoflurane before intracardiac
perfusion with cold phosphate buffered saline (PBS) followed
by cold 4% paraformaldehyde (PFA). Brains were removed
and kept in the fixative for 12-16h at 4°C. Forty micrometer
coronal sections were prepared with a vibratome (Leica
VT1000S) and stored in cryoprotectant solution at —20°C
before use.

Surgical specimens were fixed in PFA for 14-18h at 4°C.
Forty micrometer sections were prepared with a vibratome
(Leica VT1000S) and stored in cryoprotectant solution at
—20°C. Standard procedure Nissl staining with Cresyl violet
was used for routine analysis of tissue. Some samples were
embedded in paraffin and 4 um sections were stained with
hematoxylin and eosin.

Primary antibodies used in the study are presented in
Table 1. Secondary antibodies included: anti-mouse Alexa
Fluor 488, 594, 647; anti-rabbit Alexa Fluor 488, 594, 647;
anti-rat Alexa Fluor 488 and 594; all from goat or donkey
(1:300, ThermoFisher Scientific, Waltham, MA, United
States).

For immunofluorescence, after blocking with 10% normal
goat (or donkey) serum (30 min) at room temperature free-
floating sections were incubated overnight in a mixture of pri-
mary antibodies raised in different species (4°C). For visual-
ization, Alexa Fluor-conjugated secondary antibodies were
applied for 1h at room temperature. For nuclear staining, Flu-
orescent Nissl reagent (NeuroTrace 640/660 deep-red, 1:150,
Molecular Probes, Eugene, OR, United States) or DAPI
(Sug/mL; D9542, Sigma-Aldrich, St Louis, MO, United
States) was added to secondary antibodies. Paraffin sections
and vibratome sections were treated with Antigen Unmasking
Solution (# H-3300, Vector Laboratories, Burlingame, CA,
United States) according to manufacturer’s recommendations
before blocking with serum. Blocking serum, primary, secon-
dary antibodies were applied in 0.2% Triton X-100 in PBS.
Sections for fluorescent microscopy were mounted on slides
in Vectashield (Vector Laboratories). To control for the spe-
cificity of immunostaining, primary antibodies were omitted
and substituted with appropriate normal serum. Slides were
viewed using a Nikon AIR MP confocal microscope. 3D
reconstructions were generated from stacks of images with
confocal microscope software NIS-Elements.

Electron microscopy

For regular transmission electron microscopy (EM) mice were
anaesthetized with isoflurane before intracardiac perfusion
with cold PBS followed by cold 2% glutaraldehyde + 2% PFA.
Brains were kept in fixative for 12-16 h at 4°C and small pieces
of upper neocortices were cut, and after washing were post-
fixed in 2% osmium tetroxide in 0.2 PBS for 2 h at 4°C, dehy-
drated and embedded in Epon-Araldite (Electron Microscopy
Sciences, Hatfield, PA, United States). Vibratome slices for
EM were additionally fixed in 2.5% glutaraldehyde in PBS (2 h
at 4°C), postfixed in 2% osmium tetroxide in 0.2 PBS (2h at
4°C), dehydrated, and flat-embedded in Epon-Araldite on
ACLAR Embedding Film (Ted Pella, Inc, Redding, CA,
United States). Areas of interest were identified under the
light microscope, cut from sections, and glued onto resin
blocks. Ultrathin sections were cut with a Reichert Ultracut E,
stained with uranyl acetate and lead citrate, and examined
with a JEOL 1200 electron microscope.

Quantification of cell numbers
Numbers of neurons of interest were calculated in at least 5
coronal sections from one brain at different rostro-caudal lev-
els; 5-6 mice were used for each measured variable.

Statistical analysis

Data are expressed as mean+ SEM. Continuous parameters
were analyzed with the Student t-test or with one-way
ANOVA. P < .05 was considered significant.
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Table 1. Antibodies used in this study.

CD44 Rat monoclonal
ERGIC-53 Mouse monoclonal
K+-/Cl- Cotransporter Rabbit polyclonal
(KCC2)

K+/Cl- Cotransporter Mouse monoclonal
(KCC2)

MAP2 Rabbit polyclonal
Na+/K+-ATPase al Rabbit polyclonal

Pan-neuronal Mouse monoclonal

neurofilament marker (SMI 311)

NeuN Mouse monoclonal
Phospho-S6 Rabbit monoclonal
ribosomal protein (Ser 235/236)

TGN46 Rabbit polyclonal
TGN38 Rabbit polyclonal
Calreticulin Rabbit polyclonal
GRP78 BiP Rabbit polyclonal
EAAL Rabbit polyclonal
Ubiquitin Rabbit polyclonal

RESULTS

In the TscI1 CKO mice, we examined CPNs with immunohisto-
chemistry and EM and observed a number of unusual features.
The abnormalities were observed only in mice with seizures at
the age of 3 M and older, ie, when CPNs have reached a large
size and are easily differentiated from normal-sized neurons. A
Nissl stain of a non-mutant mouse isocortex compared to that
of the TscICKO mouse reveals the enlarged neurons in the
mutant (Figure 1A, A, and B). Note that in the TscICKO
mouse there are normal-sized neurons, some of which are
non-recombinant, but others of which are recombinant, as
determined by the staining with pS6 (Figure 1B).

Formation of vacuoles in the cytoplasm is a characteristic
CPN abnormality subsequent to seizures

One of the notable pathologic findings in the mouse CPNs
was the presence of cytoplasmic vacuoles. Because they were
single membrane-bound vacuoles, we chose to use antibodies
to several plasma membrane proteins to identify some of their
constituents. We found 3 membrane proteins associated with
the vacuoles: CD44, a receptor for hyaluronan and other
matrix molecules that is found in astrocytes in the human
CNS' and in astrocytes and cerebellar granule cells but not
cortical neurons in the adult mouse CNS**?*'; KCC2, a
potassium-chloride cotransporter controlling intracellular CI™
concentration that is widely expressed in the plasma
membrane of cortical neurons (Figure 3A, Al, and A’); and
Na+/K+ ATPase a-1, a plasma membrane ion pump critical
for neuronal excitability (Figure 3B and C).

The CD44 immunoreactivity in CPNs showed 2 different
patterns. In some CPNs, CD44 outlined the plasma mem-
brane, including dendritic spines and the thin spine-like pro-
trusions from the perikaryon (Figure 2A and B), whereas in
other CPNs, CD44 showed weak or no staining of the plasma

Calbiochem, San Diego, CA #217594 1:200

Santa Cruz Biotechnology, Santa sc-365158 1:100
Cruz,

CA

EMD Millipore Corp.Temecula, CA #07-432 1:500

Millipore MABNSS 1:200

Millipore ABS5622 1:500

Millipore #06-520 1:300

Covance, Emeryville, CA SMI-311R 1:500

Millipore MAB377 1:100

Cell Signaling Technology, Inc, Bos- #4857 1:200
ton, MA

ThermoFisher Scientific, Fair Lawn, PAS-23068 1:200
NJ

Novus Biologicals,Centennial, CO NBP1- 1:100

03495SS

Cell Signaling #12238 1:200

Abcam Ab21685 1:500

ThermoFisher Scientific PAS-29013 1:250

Millipore AB1690 1:500

membrane but a prominent staining of cytoplasmic, vacuole-
like profiles, producing in some neurons a honeycomb-like
pattern (Figure 2C and D). The vacuole membranes in many
CPNs were also positive for KCC2 (Figure 3A). In CPNs
with vacuoles that were immunopositive for KCC2, ~30% of
the vacuoles (37 of 96) were also stained for CD44. Immunor-
eactivity for Na+4-/K+4 ATPase a-1 was present in vacuole
membranes (Figure 3B) and in small cytoplasmic foci in some
neurons, where it was colocalized with CD44 (Figure 3C and
C1). Note that some of the vacuoles looked empty
(Figure 2C” and D) where the antibody reacted only with the
peripheral membrane, while others looked partly or com-
pletely full of the immunostain (Figure 2C’" and 3A and B).
There are two reasons for this variability of the staining. First,
the images through a Z stack of the confocal pictures often
showed a “filled” vacuole at one level and an “empty” vacuole
at another level (see Supplementary Data movies showing ani-
mations through the Z stacks). Second, as seen below in the
EM studies, some vacuoles were filled with cytoplasmic pro-
trusions, the membranes of which are continuous with the
vacuolar membrane, while others are empty. Notably, the
soluble reporter used for the identification of recombinant
neurons, tdTomato, was not observed inside the vacuoles,
demonstrating a membrane barrier between cytoplasm and
the interior of the vacuoles (not shown).

Under the EM (Figure 4), the vacuoles in the CPNs were
separated from the cytoplasm by a single membrane
(Figure 4B1, B2, C1’, C1”, and D1). Thin cytoplasmic protru-
sions containing common organelles, such as mitochondria,
vesicles, and ribosomes, all of which displayed a normal ultra-
structure, projected into the vacuoles. These “intra-vacuolar”
cytoplasmic inclusions were outlined by single membranes
and occupied either much of a vacuole (Figure 4C and D) or
only part of a vacuole (Figure 4B). Such ultrastructure
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pS6/NF/DAPI

Figure 1. Aberrant features of cytomegalic pyramidal neurons (CPNs). (A, A’) Neocortex in Tsc1 CKO mice (A’) differ from control (A) by
the presence of CPNs (arrows, only some marked) that predominated in upper cortical layers. Nissl staining of vibratome sections of 6M
mice. (B) CPNs are characterized by large size and high levels of neurofilaments (NF) and pS6 (note yellow color of large neurons
indicating a mixture of green (NF) and red (pS6). Note that many neurons of normal size express pS6 (some are marked with arrows). (C)
Two typical patterns of CD44 expression in CPNs: (1) CD44 accumulates in plasma membrane including cell bodies and processes (arrow
in C’) and (2) CD44 is found predominantly in the membranes of intracytoplasmic vacuoles (arrowheads in C’). Immunostains on 3M
Tsc1 CKO mice. Confocal microscopy. Scale bars: A, A’= 110 pm, B =85 um, C =45 pm.

explains why at the level of confocal microscopy, some
vacuoles looked partly empty whereas others appeared to con-
tain immunopositive material, such as CD44 (Figure 2A and
B) or KCC2 and Na+/K+ ATPase (Figure 3A and B). We
noted that small vacuole-like profiles were often observed in
close proximity to Golgi complexes with distended cisterns
(Figure 4E and F).

To assess the origin of these vacuoles, we examined immu-
noreactivity for several proteins that might be related to their
formation. We did not find evidence that p62 or ubiquitin,
markers of products targeted to autophagy, (although not fully
specific for autophagy), were associated with the vacuoles.
Furthermore, no vacuole was enclosed by a double membrane
typical for autophagic vacuoles.”” Thus, it seems unlikely that
the vesicles are autophagic vacuoles.

Markers of endoplasmic reticulum (ER), calreticulin and
Bip, did not show colocalization with vacuoles. EEAl, an
endosomal marker, was observed as small dot-like puncta in
the cytoplasm and did not aggregate in the walls or content of
vacuoles. Of note, distended cisterns of ER were not observed
by EM in the vicinity of or in contact with the vacuoles.

Proteins of the Golgi complex, ERGIC (marker of ER-
Golgi compartment) and TGN38 (marker of the trans-Golgi
network), were not found in the walls of vacuoles (Figure SE
and F), but were colocalized with CD44 and/or KCC2 in
small profiles of Golgi (Figure SA-D).

Note in Figure SD’ (part of Figure SD that represents only
a few optical slices), there is a small vacuole with a peripheral
localization of KCC2 in the wall (in green), and a Golgi
marker (in red) and CD44 (in blue) in the central part. An
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CD44/NF/pS6

CD44 CD44

Figure 2. Two characteristic types of CD44 localization in CPNs. (A) CD44 accumulates in the plasma membrane, including thin
processes from the perikaryon (A’, arrows) and dendritic spines (B, arrows). (C) CD44 is found predominantly in the membranes and
content of intracytoplasmic vacuoles. Note that vacuoles in the neuron in (C) are of similar size and differ in the intravacuole volume
occupied by immunopositive material. (D) One optical section through a CPN filled with vacuoles [V] of different sizes. Note that large
vacuoles are devoid of immunostained content. N-nucleus. 3M TscI CKO mice. Confocal microscopy. Scale bars: A= 50 um, B = 15 pm,

C=20um, D =45 um.

additional movie file shows animation that progresses through
the Z-stack of this image in more detail (Supplementary File
S1 and Supplementary Legends File). Vacuoles in some neu-
rons contained CD44+ material (Figure SE and its boxed
area in Figure SE’). An additional movie file showing anima-
tion that progresses through the Z-stack of Figure SE’ is pre-
detail (Supplementary File S2 and
Supplementary Legends File). Some vacuoles contained small
foci of Golgi material (TGN38) and others contained larger
sized ovals of KCC2 (Figure SF and its boxed area in
Figure SF’). An additional movie file shows animation that
progresses through the Z-stack of Figure SF’ in more detail
(Supplementary File S3 and Supplementary Legends File.

sented in more

CPNs are abnormally surrounded by PNNs
Many CPNs were surrounded by PNN, a specific organiza-
tion of perineuronal extracellular matrix identified with Wiste-
ria floribunda agglutinin (WFA) (Figure 6A). We also found
WEA staining in the cytoplasmic vacuoles; in some vacuoles,
WFA was colocalized with KCC2 (Figure 6B). WFA was

observed in Golgi in a “trans” position in contact with ERGIC
in the “cis” position (Figure SB). These nets are a typical fea-
ture of inhibitory but not of excitatory neurons in the isocor-
tex”> The non-recombinant pyramidal neurons and the
normal-sized recombinant pyramidal neurons did not have
PNNs.

Cytomegalic neurons in human cortical tubers contain
vacuoles and PNNs similar to those in mice

Cytomegalic neurons were easily identified in cortical tubers
by their large size, the appearance of large Nissl bodies, and a
nucleus with prominent nucleolus. They displayed high immu-
noreactivity for neuronal markers such as neurofilaments
(NF) (Figure 7A and D), MAP2, and pS6 (not shown). Some
of the cytomegalic neurons were surrounded by PNNs
(Figure 7A). None of the small neurons with PNNs, which
are likely parvalbumin inhibitory neurons (n=121), reached
the size of cytomegalic neurons.

In the cytomegalic neurons that contained cytoplasmic
vacuoles (Figure 7B), the vacuoles were immunoreactive for
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KCC2/DAPI

Na/K ATPase/CD44/MAP2

Figure 3. Expression of plasma membrane proteins KCC2 and Na+/K+ ATPase in intraneuronal vacuoles in CPNs. (A) The vacuoles
immunostained for KCC2 were found in one of two neighboring CPNs (both are marked with asterisks in A’). (A1) Enlarged boxed area in
(A) showing a MAP2+/KCC2+ dendrite passing near to and along the CPN. Note that these CPNs (asterisks) do not have KCC2
staining at their plasma membranes, in contrast to the neighboring normal sized neurons (arrows). (B) CPNs with vacuoles
immunopositive for Na+/K+ ATPase. Note in (B1) and (B2) that the vacuoles in the neurons shown in (B) are also immunopositive for
CD44 (vacuoles are yellow due to the combination of green and red colors). (C) Small foci that may correspond to Golgi are double
stained for CD44 and Na/K ATPase (indicated by the yellow color). (C1) Enlarged boxed area in (C) shows small yellow foci
corresponding to colocalized CD44 and Na/K ATPase. 3 M Tsc1 CKO mice. Confocal microscopy. Scale bars: A =25 um, B =65 um,

C=3S um.

KCC2 and Na+/K+ ATPase, similar to those in the
Tsc1CKO mice, but not CD44 (Figure 7C and D). We used
several markers of the Golgi complex and, (as in TscI1CKO
mice), did not observe staining of vacuole membranes. Similar
also to mice, KCC2 was colocalized with TGN46 (a marker of
the “trans” Golgi compartment) in small profiles of Golgi
(Figure 7E and E1). An additional movie file shows animation
that progresses through the Z-stack shown in 7E1 (Supple-
mentary File $4 and Supplementary Legends File). Ultrastruc-
turally, the vacuoles in cytomegalic neurons appeared similar
in composition and morphology to those in the TscICKO
mice, including the protrusions of membrane bound cyto-
plasm into the vacuoles (Figure 8). We did not notice other
pathological ultrastructural changes in neurons with vacuoles.

DISCUSSION

In the TscICKO mice, CPNs differ in many ways from the
non-recombinant and normal-sized recombinant neurons.
Some differences are primarily quantitative, such as cellular

hypertrophy or an increase in the number of processes and
dendritic spines. These appear early, in 1 M mice, and are
present in mice with and without seizures.'” Other differences,
such as the appearance of vacuoles, are qualitative and repre-
sent pathological alterations. They were observed only in mice
with seizures, usually at 3M of age and older. We consider
that the first changes are cell-autonomous and direct results of
Tscl deletion, whereas the second changes are network-
dependent and triggered synergistically by seizures and Tscl
deletion.

Possible origins of cytoplasmic vacuoles
One of the notable abnormal features of CPNs was the
appearance of cytoplasmic vacuoles. We consider that these
vacuoles may originate from Golgi cisterns. First, as seen with
EM, many cisterns of Golgi were distended and small vacuoles
filled with invaginated pieces of cytoplasm were located in
direct contact with the Golgi. Second, all three markers identi-
fied in vacuoles (CD44, KCC2, and Na+/K+-ATPase) were
colocalized with Golgi markers in small cytoplasmic foci.
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Figure 4. Ultrastructure of neurons with vacuoles in TscI CKO mice. (A) Semi-thin section stained with toluidine blue. Cytomegalic
pyramidal neurons (CPNs) (arrows) contain vacuoles while other neurons do not. (B) A neuron with vacuoles [V] has many axo-somatic
synapses (arrows in B1 and B2) (V-vacuole, arrows indicate active synaptic zones). (C) A neuron with two large vacuoles (the upper is
boxed and shown enlarged in C1, C1’, and C1”). The vacuole is filled with thin cytoplasmic “processes”, many containing mitochondria
with normal ultrastructure. Arrow in (C1”) indicates the point at which this process is continuous with the perivacuolar cytoplasm. (D)
Large vacuoles (V1 and V2) filled with thin cytoplasmic protrusions, many of which contain mitochondria (D1, enlarged boxed area in D).
(E, F) Small profiles of vacuoles [V] in close contacts with Golgi (G). 3 M (A, B) and 4 M (C-F) TscICKO mice. Scale bars: A= 85 um,

B=8um, C,D=40um, E, F=1Sum.

This might be the beginning of vacuolar growth although
they may represent small Golgi fragments. Third, we did
not find evidence by immunohistochemistry and EM
that vacuoles originate from ER or are related to autophagy.
A schematic presentation of the proposed structural recon-
struction of Golgi with the appearance of vacuoles is presented
in Figure 9.

We do not exclude other possible membrane systems from
which these vacuoles may originate. These include auto-
phagosomes and lysosomes, both single membrane-bound
structures within cells, although the vacuoles do not appear to

contain cellular debris. They do contain what seem to be iso-
lated membrane-bound pieces of cytoplasm that we interpret
to be parts of the cytoplasmic projections into the vacuoles
because the organelles appear normal and some of these iso-
lated pieces are connected by thin cytoplasmic bridges to the
adjacent neuronal cytoplasm.

The lack of plasma membrane staining with KCC2 in some
of the vacuolated neurons seems consonant with reports of
seizures being associated with a lack of plasma membrane
KCC2.2** Indeed, KCC2 downregulation itself can cause
seizures.”® This lack of plasma membrane KCC2 could result
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ERGIC/CD44/DAPI

ERGIC/WFA/NeuN

ERGIC/

N38/CD44

Figure S. Colocalization of CD44, Wisteria floribunda agglutinin (WFA), and KCC2 with markers of Golgi complex ERGIC (cis side) (A,
B) and TGN38 (trans side) (C, D). (A, B) Note that CD44 and WFA take a trans Golgi position near ERGIC located on the cis side. In
(C) and (D) note that TGN38 is partly colocalized with KCC2 (indicated by the yellow color). The small vacuole indicated with the arrow
in (D) where the vacuole wall is composed of KCC2 and partly of TGN38, whereas CD44 is found in the central part of the vacuole. For a
3D reconstruction of this image along the Z axis (Supplementary File S1 and Supplementary Legends File). (E) Three cytomegalic
pyramidal neurons (CPNs) (arrows), two of which contain KCC2+ vacuoles. The boxed area in E is shown enlarged in (E’) and see in in
the Z axis animation (Supplementary File S2 and Supplementary Legends File). The colocalization of KCC2 and TGN 38 is indicated by
the yellow color. (F) A CPN with vacuoles. In (F’) (a single optical section of the boxed area) the vacuoles marked with arrows contain
small foci of KCC2+ and TGN38-+ material (see animation along the Z axis in Supplementary File S3 and Supplementary Legends File).
All are from 3 M Tsc1CKO mice. Confocal microscopy. Scale bars: A= 35 um, B=55um, C=25um, D=15um, D’ = 8 um, E=25 pm,

F=1S5um.

from internalization of the surface protein, as has been found
in seizures, after which the recycling vesicles can fuse with
lysosomes or Golgi, although the vacuoles did not react with
EEAL, an endosomal marker. Alternatively, the lack of plasma
membrane KCC2 could result from a failure of membrane
proteins to traffic to the plasma membrane in the first place.
The presence of vacuoles in the CPNs and the absence or
weak staining of vacuolar membrane proteins in the cell
plasma membrane suggests a problem with membrane traffick-
ing. The activation of mTORCI resulting from a loss of Tscl
or Tsc2 leads to an inhibition of movement of membranes
from the Golgi to the plasma membrane,””**
malities in microtubule protein transport, although this has

not been analyzed in neurons. ER to Golgi trafficking may be
9

caused by abnor-

2
enhanced, however.

We found vacuoles of varying sizes in CPNs, suggesting an
enlargement over time. A possible reason for the enlargement
of vacuoles is the retention of proteins responsible for trans-
membrane ion transport (like KCC2 and Na+/K+-ATPase),
which may lead to a redistribution of ions and their accumula-
tion that creates a flux of osmotically-driven water and the
consequent enlargement of vacuoles. The vacuoles appeared
only in mice older than 3M, following the development of
seizures, and as noted above, seizures in combination with
mTOR activation may be the inciting factor in the develop-
ment of the vacuoles.

Cytoplasmic vacuoles are also present in the so-called
“ballooned” cells or “giant cells” in tubers,” cells that have
characteristics of undifferentiated or partially differentiated
neuroectodermal cells.*”*' These vacuolated giant cells appear
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/PV/DAPI

PV/DAPI

Figure 6. Unusual features of CPNs visualized with Wisteria floribunda agglutinin (WFA). (A) WFA is found on the plasma membranes of
CPNs (arrows, only some marked) in addition to the normal expression on inhibitory neurons (arrowheads indicate parvalbumin [PV]
immunopositive inhibitory neurons). (B) Intraneuronal vacuoles are stained with WFA. (B1) Enlarged boxed area in (B) shows CPN
double stained for WFA and KCC2. Note that only some of the WFA immunopositive structures (in yellow) are KCC2+. (B2) A single
optical section of the neuron shown in (D). 1.3 M Tsc1CKO mice. Confocal microscopy. Scale bars: A =175 um, B = 145 um.

in a nestin-Cre murine model of TSC,” and marker studies and
EM suggest that the vacuoles represent derivatives of the lyso-
somal system. In contrast, in the TscICKO mouse, we report
the vacuoles in neurons. We do not know at this point
whether the molecular pathways and pathology underlying
giant cell and neuronal vacuolations have any common
mechanisms.

In addition to a problem in membrane trafficking and possi-
ble osmotic accumulation that enlarges vacuole size, could the
presence of vacuoles in CPNs denote a condition that may
lead to cell death? In non-neuronal cells, cytoplasmic vacuoli-
zation is often accompanied by cell death. Hence, the vacuoles
we observed in CPNs may represent a sign of neuronal
degeneration.*>

CD44 is only found in mouse CPNs

The presence of CD44 in plasma membranes and in the
cytoplasm is not typical for normal cortical neurons;

although we found it in mouse CPNs, we did not find it in
any normal-sized neurons, neither recombinant nor non-
recombinant. It was not present in any neurons in human
tubers and the neighboring cortex, including the cytomegalic
neurons. CD44 has been reported in giant cells and in astro-
cytes in TSC.>* It is thus likely that the upregulation of
CD44, found at the transcriptional level* in human TSC,
occurs in giant cells and astrocytes but not in neurons. The
widespread expression of CD44 in neurons in the mouse
TSC model may represent a species peculiarity of this

pathology.

KCC2 is decreased in TSC and cortical dysplasias
A decrease in KCC2 in neuronal plasma membranes in TSC
and mTOR-related cortical dysplasia is well documented.**>*
37 The mechanisms responsible for such decrease are elusive,
however. Here we propose a novel explanation based on
abnormal intracellular trafficking and the retention of KCC2
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Figure 7. Abnormal features of cytomegalic neurons in cortical tubers in human tuberous sclerosis complex. (A) PNNs around cytomegalic
neurons (arrows). Small neurons with perineuronal nets with high levels of Wisteria floribunda agglutinin (arrowhead) are probably
inhibitory neurons. A cytomegalic neuron without a PNN is marked with an asterisk. (B) Two cytomegalic neurons with vacuoles (arrows).
Hematoxylin and eosin-stained section. (C) Vacuoles immunolabeled with KCC2 (boxed area and arrows in C) in cytomegalic neurons.
(C1) A single optical section of the enlarged boxed area in (C). (C1’) Shows immunolabelling for KCC2 alone. Note that neurons with
KCC2+ vacuoles have very weak KCC?2 staining of the plasma membrane. (D) Na+/K+ ATPase in the vacuoles in cytomegalic neurons.
(D1) Shows the enlarged boxed area in (D). (E) A cytomegalic neuron with diffusely distributed KCC2-immunopositive material, some
profiles of which are colocalized with the Golgi marker, TGN46. Nissl in blue. (E1) Shows the enlarged boxed area in (E). Areas in yellow
correspond to the colocalization of KCC2 and TNG46 (see animation along the Z-axis in Supplementary File S4 and Supplemental
Legends File). Confocal microscopy. Scale bars: A =40 pum, B =55 um, C =65 um, D = 60 um, E=20 um.

in vacuoles associated with the Golgi complex. The nature of
abnormal membrane trafficking from Golgi to the plasma
membrane is an important subject for future investigation.

The PNNs are an abnormal pathology

Another pathological change was the appearance of PNNs
around CPNs. This change was observed in the mouse TSC

model and in the cytomegalic neurons in human cortical
tubers. It is possible that, similar to what has been described
in the CA2 hippocampal area,”® PNNs around pyramidal neu-
rons in the cortex predispose to seizures. This aberrant local-
ization of PNNs around excitatory neurons in mice and
humans is a novel feature of neuronal changes in TSC
pathology.
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Figure 8. Ultrastructure of a cytomegalic neuron with vacuoles in a human cortical tuber. (A) Semi-thin section stained with toluidine blue.
The neuron with vacuoles is marked with an arrow. (B) A cytomegalic neuron with several vacuoles [V]. The vacuoles contain different
amounts of cytoplasmic inclusions and the ultrastructural organization of vacuoles is similar to that in the TscI CKO mice. (B1) Shows an
enlarged central part of the neuron shown in (B). (B2) Shows the enlarged upper boxed area in (B1). (B3) Shows the enlarged lower
boxed area in (B1). Scale bars: A =95 um, B=8 ym, B =15 um.

Figure 9. Schematic presentation of the possible development of vacuoles from the Golgi. From left to right: normal Golgi with
surrounding mitochondria (brown); vacuole emanating from the Golgi, containing membrane molecules (like KCC2 and Na+/K+
ATPase pumps, shown in purple); larger vacuoles encircling cytoplasmic organelles (shown as enclosed mitochondria); gradual increase in
vacuolar size due to the functioning of the ion pumps.

In conclusion: (1) Cytomegalic neurons in both a mouse  ficking of membrane molecules from the Golgi to the plasma
TSC model and in human TSC have abnormal, cytoplasmic ~ membrane. (2) Cytomegalic neurons in both a mouse TSC
vacuoles that are likely a result of the failure of the normal traf-  model and in human TSC are abnormally surrounded by PNNs.
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