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ABSTRACT: Rett syndrome (RTT), associated with mutations in methyl-CpG-binding protein 2 (Mecp2), is linked to diverse neurological symptoms
such as seizures, motor disabilities, and cognitive impairments. An altered GABAergic system has been proposed as one of many underlying pathologies

of progressive neurodegeneration in several RTT studies. This study for the first time investigated the temporal- and location-specific alterations in the
expression of Y-amino butyric acid (GABA) transporter 1 (GAT-1), vesicular GABA transporter (VGAT), and glutamic acid decarboxylase 67kD (GAD67)
in wild type (WT) and knockout (KO) mice in the Mecp2157%s mouse model of RT'T. Immunohistochemistry (IHC) co-labeling of GAT-1 with vGAT
identified GABAergic synapses that were quantitated for mid-sagittal sections in the frontal cortex (FC), hippocampal dentate gyrus (DG), and striatum
(Str). An age-dependent increase in the expression of synaptic GABA transporters, GAT-1, and vGAT, was observed in the FC and DG in WT brains.
Mecp2 KO mice showed a significant alteration in this temporal profile that was location-specific, only in the FC. GAD67-positive cell densities also

showed an age-dependent increase in the FC, but a decrease in the DG in WT mice. However, these densities were not significantly altered in the KO mice

in the regions examined in this study. Therefore, the significant location-specific downregulation of synaptic GABA transporters in Mecp2 KO brains with

unaltered densities of GAD67-positive interneurons may highlight the location-specific synaptic pathophysiology in this model of RTT.
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Introduction

Rett syndrome (RTT) is an X-chromosome linked neuro-
developmental disorder that afflicts one in 10,000-22,000
females.! Typical RTT symptoms include severe seizures,
autistic behavior, and impaired language and motor abili-
ties.2 More than 95% of RT'T is associated with mutations in
the genes encoding a transcription repressor: methyl-CpG-
binding protein 2 (MeCP2).23 The complex upstream and
downstream pathways of MeCP2 even involve microRNAs
and neurotrophic factors such as miR-132 and BDNF,* and
the potential roles of MeCP2 include modulating the neu-
roplasticity in diverse neuropsychiatric diseases including
RTT.S® Recent studies on Mecp2 mutant mice have
reported developmental alterations specific to GABAergic
interneurons.”” MeCP2-deficient GABAergic neurons show

significant deficits in their presynaptic function and y-amino
butyric acid (GABA) immunoreactivity,® highlighting the
critical role of Mecp2 in GABA synthesis in GABA-releas-
ing neurons. However, how Mecp2 deficiency affects GABA
recycling system, especially the synaptic transporters associ-
ated with GABA, has remained relatively unexamined.
GABA is a major inhibitory neurotransmitter in the ner-
vous system, and the fundamental pathophysiology of RTT
has been frequently attributed to an impaired GABAergic
system.®? MeCP2 mutation is known to alter the function of
glutamic acid decarboxylase (GAD) enzyme, which converts
glutamate into GABA, which suggests a failing de novo GABA
synthesis pathway in RTT.%1%!! However, the synaptic physi-
ology of the GABAergic system heavily depends on the neu-
rotransmitter reuptake of GABA that significantly contributes
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to the GABA availability for synaptic vesicle packaging before
their release.!? Thus, this study addresses two important ques-
tions: (1) does Mecp2 deficiency impair the GABA recycling
system in addition to the GABA synthesis pathway as shown
in past studies in a location-specific manner? and (2) do the
same Mecp2 knockout (KO) brains have altered densities of
GABAergic interneurons associated with such changes?

GABA transporters (GAT-1, GAT-2, GAT-3, and
BGT-1) are the transmembrane proteins that perform the
GABA reuptake function in GABAergic interneurons.
GAT-1, expressed in both neurons and astrocytes and
primarily located at the presynaptic terminals, is the major
GABA reuptake transporter in the synaptic cleft.!3 Vesicular
GABA transporter (vVGAT) is directly related to the packag-
ing of GABA into vesicles before its synaptic release. Thus,
investigating the expression level of GAT-1 and vGAT may
reveal how the MeCP2 mutation alters the GABA recycling
system in RT'T, specifically answering the two questions
addressed above.

Materials and Methods

Experimental paradigm. All experimental procedures
were conducted in compliance with protocols approved by
Johns Hopkins University Animal Care and Use Committee.
Mecp2m1-18irdy mice (2, 7, and 14 weeks old; Jackson Labo-
ratory, Bar Harbor, Maine, USA) crossbred on a C57BL/6
background were used. Mecp21-1574y mice were generated
from congenic mutant strain with a targeted insertion of
LoxP site in exon 3 and 4. Three advancing ages of postnatal
2, 7, and 14 week old wild type (WT) and KO mice brains
were examined to compare how the components of the
GABA recycling and synthesis system are altered through
the progression of RTT. A total of 23 mice were included
in this study. The sample size per genotype and age were as
follows: postnatal 2 (total n = 7), 7 (total n = 8), and 14 (total
n = 8) weeks (Fig. 1B; Suppl. Table 1). Genotyping was done
using tail-clipping samples collected between P4 and P7,
processed using PCR protocols provided by Jackson Labo-
ratories.!!> After being anesthetized with ether at the ages
of 2, 7, and 14 weeks, all animals underwent transcardiac
perfusion with ice-cold phosphate buffered saline (pH = 7.4)
and the brains were harvested, post-fixed in methacarn fixa-
tive, and kept frozen. Series of sagittal sections (25 pm) were
obtained using a rotary microtome and one free floating
section per genotype per brain was mounted on each slide

for further staining. This study examined the frontal cor-

tex (FC), where the loss of MeCP2 has been shown to elicit

16 compared to

typical RTT behavioral symptoms in mice,
the dentate gyrus (DG) and striatum (Str).
Immunohistochemistry (IHC). Each superfrost slide
contained three sagittal sections (lateral = 1.92 mm), one
from each genotype (WT and KO), to provide internal con-
trol for variations between IHC runs. The slides underwent

heat-induced antigen retrieval, and a 0.2% gelatin block was

used to reduce nonspecific binding. Series of consecutive,
sagittally cut sections were then incubated over-night with
primary antibodies [rabbit anti-GAT-1 (1:500, Invitrogen)
followed by mouse anti-vGAT (1:1000, Synaptic Systems);
and mouse anti-GAD67 (1:1000, Chemicon International)
followed by rabbit anti-MeCP2 (1:250, Santa Cruz)]. All sec-
tions were counterstained with nuclear stain Hoechst (1:2000,
Invitrogen).

Imaging acquisition. All images were acquired with
Axiovision Software 4.6 and Apotome” (Carl Zeiss, Jena,
Germany). Images from the three regions of interest (ROI)
(FC, DG, and Str), were obtained (the locations are depicted
in Figure 1A2). Z-stack images of 1 \m step size for entire
section for each ROI were acquired and a fused image was
stored for further analysis.

Image analysis. All Z-stack images were analyzed with
Axiovision software. The contrast and brightness of all images
were adjusted similarly, and the total counts of puncta were col-
lectedunder high magnification using Axiovision analysis module
(40x). Every acquired image (see ROI traced in Figure 1A2) was
quantitated at six random sites for FC and Str (data not included
for Str) and the averages of total counts were reported. DG was
quantitated at nine random sampling sites (three hilus + three
granule cell layer and three inner molecular layer; square area
20 % 20 um each), and the averages of total counts were reported.
GAD67 and MeCP2 positivity was determined under 20 X mag-
nification, and GAD67-positive cell-density was calculated as the
total counts of GAD67-positive cells divided by the pixel area of
each region quantitated (see ROISs traced in Figures 4A and 5A)
and the densities were reported. All counts were conducted
blinded to the genotype and age. GAT-1 and vGAT counts and
GAT-1/vGAT colocalization counts were done for each sam-
pling site within the ROL.

Lipofuscin. Slides underwent same protocol as GAT-1/
vGAT ITHC runs except that no primary antibodies were
added in the protocol. Lipofuscin deposits auto fluoresced
under microscopic examination. The lipofuscin deposits were
evaluated in the FC of all 14 weeks old WT and KO mice
(n = 8). Autofluorescent lipofuscin deposits were quantified,
using particle analysis in Image ] (NIH, Bethesda), and the
total counts were reported. Image signal thresholds were simi-
larly adjusted to eliminate background.

Data analysis. All statistical analyses were performed
with SPSS 21 (IBM). The mean IHC counts, area, and den-
sity were compared using one-way ANOVA with Bonferroni
post-hoc tests and the comparisons with P-values < 0.05 were
considered statistically significant.

Results

Significant location-specific impairment of GAT-1
and vGAT at temporally advancing ages (the FC vs. DG).
The counts of colocalized (Fig. 2A, yellow arrow) and
non-colocalized GAT-1 (white arrow head) and vGAT (white
arrow) puncta were quantitated in the FC layers 2-3 under
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Figure 1. (A1) and (2) ROls are outlined in Bregma and CV stain, respectively (FC: frontal cortex, DG: dentate gyrus, Str: Striatum). (B) A general timeline

of this study.

high magnification. WT mice showed a robust age-dependent
increase in the both the counts of GAT-1/vGAT colocal-
ized and non-colocalized GAT-1 puncta between the ages of
two and seven weeks (Fig. 2B-D, black brackets, P = 0.023
and P = 0.038). KO mice had significantly lower counts of
GAT-1/vGAT colocalization at FC compared to W'T mice
(all P < 0.05) at all ages except KO mice at 14 weeks, which
was only a trend (Fig. 2B, red brackets). Additionally, KO
mice had significantly lower counts of GAT-1 puncta in FC
when compared to WT mice (all P < 0.05; Figure 2C, red
bracket). Also, KO mice showed a significant decrease in
the counts of GAT-1 puncta between the ages of 7-14 weeks
(P=0.046). For the counts of vGAT puncta, KO mice showed
significantly lower counts compared to W'T' mice at all ages
examined (Fig. 2D, P = 0.049 for 14 weeks KO vs. WT).
However, KO mice, in spite of lower counts, still retained
the age-dependent trend of increasing expression of all three
types of puncta over time in the FC.

The counts of colocalized and non-colocalized GAT-1
and vGAT puncta were also quantitated in the DG (Fig. 3A).
WT mice showed an age-dependent increase of colocalized
puncta both at 7 and 14 weeks compared to that of 2 weeks in
the DG (P =0.032 and 0.008) similar to the FC. In the DG,
KO mice had higher counts of GAT-1/vGAT colocalization
at two weeks compared to WT mice (P = 0.032; Figure 3B,
red bracket). At 14 weeks, KO mice showed a significant
age-dependent decrease in counts of GAT-1 and vGAT com-
pared to the seven week group of KOs (P = 0.005 and 0.021,
respectively, Figure 3C and 3D, black brackets). Unlike the
FC, no other between-genotype comparison was statistically
significant for any of the parameters quantitated.

Location-specific developmental profiles of GAD67-
positive cell densities. Total number of GAD67-positive
cells was counted in the defined region of the FC and DG
(Figs. 4A and 5A). Similar to previous findings in both
human RTT patients!” and RTT mouse model,'® a significant
reduction in the FC area in MeCP2 KO brains was observed.
All GAD67-positive cells showed robust MeCP2 expression
in the nuclei of WT mice as previous described,® which was
not seen in KOs (positive control). At 14 weeks, KO mice had
significantly smaller area of cortices compared to W'T mice
(Fig. 4C, P=0.001). In the FC, an age-dependent increase of
GADG67-positive cell densities was detected in both genotypes,
although none of them was statistically significant (Fig. 4D).
In contrast to the significant impairments in synaptic expres-
sion of GAT-1 and vGAT reported above, GAD67-positive
cell densities were not significantly altered with age in KO
mice compared to WT mice.

Unlike the severe cortical atrophy detected in KOs, hip-
pocampal DG areas were not significantly different between
genotypes. DG areas in KO mice at 14 weeks were signifi-
cantly lower than KO mice at 7 weeks (P = 0.036; Fig. 5B).
In contrast to the age-dependent increase in GAD67-positive
cellsin the FC, an age-dependent decrease of GAD67-positive
cell densities was detected in the DG of the same W'T mice,
although none of them was statistically significant (Fig. 5C).

Early cortical atrophy in KO brains may be associated
with significantly increased lipofuscin deposits. The counts
of lipofuscin deposits were quantitated in the FC of WT and
KO mice at the age of 14 weeks. KO mice showed significantly
higher counts of lipofuscin deposits compared to the WT
(P=0.035; Suppl. Figure 1B).
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Figure 2. (A) GAT-1 and vGAT puncta located in the FC are shown under high magnification (scale bar = 10 um). (B), (C), and (D) The mean counts
of GAT-1-vGAT colocalization, GAT-1, and vGAT puncta in the FC were compared according to ages and genotypes.
Notes: # KOs of all ages but excluding 14 weeks KO in B. *a statistical significance of P < 0.05.

Discussion

Recent studies have shown that Mecp2 expression levels are
50% higher in GABAergic than non-GABAergic neurons,®
and Mecp2 mutations selectively affect the GABAergic sys-
tem at specific anatomical locations like the thalamus and
brainstem.”" In addition, a reduced presynaptic GABA quan-
tal release was reported when Mecp2 was specifically knocked
out (ie, Viaat-Cre mice) in a subset of forebrain GABAergic
neurons.® In this study, we investigated the age- and
location-specific changes in the expression level of GAT-1,
vGAT, and GAD67 in Mecp2 KO (Mecp2'?-154%) brains
and found significant location-specific alterations. GAT-1 and
vGAT had significantly lower expression, and therefore lower
colocalization of the two synaptic transporters in the frontal
cortices of Mecp2 KO brains compared to the age-matched
WT mice. This impairment was not detected in the DG or
Str (data not shown), where the expression levels were similar
to age-matched W'T mice. An age-dependent increase in the

densities of GAD67-positive cells was observed in the frontal
cortices of both genotypes in early development that has been
previously reported,?® from ages of two to seven weeks. How-
ever, the opposite trend was observed in the hippocampal DG
where an age-dependent decrease in the densities of GAD67-
positive cells was observed similar to previous reports.?! Addi-
tionally, at 14 weeks, Mecp2 mutant brains had higher counts
of lipofuscin deposits compared to WT in the FC layer 2-3,
which may indicate an accelerated aging that may correlate to
the early mortality detected in the KO mice.

Developmental profile of maturation of GABAergic
system cortex vs. hippocampus. The development and matu-
ration of GABAergic system continues to post-adolescence,?>3
and the pre- and post-natal GABAergic development is still an
active field of research. During development, the GABAergic
interneurons proliferate, migrate, and undergo robust func-
tional maturations.?’ In rodents, this maturation has been
documented as a reduced number of overall hippocampal
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Figure 3. (A) GAT-1 and vGAT puncta located at hippocampal DG are shown under high magnification (scale bar = 10 um). (B), (C), and (D) The mean
counts of GAT-1-vGAT colocalization, and GAT-1 and vVGAT puncta in the hippocampal DG were compared according to ages and genotypes.
Notes: # GAT-1-vGAT colocalization of two weeks KO. *a statistical significance of P < 0.05.

interneurons that include parvalbumin-, calbindin-, and
calretinin-positive interneurons as well as GAD67-positive
interneurons with aging.?"?* Our study has similar findings in
that the GAD67-positive cell-density declined with aging in
DG of both WT and KO mice. This study found a common
trend of increasing densities of GAD67-positive cells in the
FC with aging in contrast to the hippocampus. Hence, the
developmental profile of GAD67 expression in GABAer-
gic interneurons was found to be age- and location-specific,
and the Mecp2 deficiency did not significantly alter the
age-dependent development of GAD67 expressing interneu-
rons in this study.

GABAergic synapses vs. GABA reuptake dynamics.

The mechanism of how Mecp2 mutation affects each

molecular player of GABAergic synaptic transmission is not
clearly understood. Nonetheless, the functional alterations
of GABAergic system can occur by multiple mechanisms.
Our IHC data showed that GAD67-positive cell densities
were not significantly altered in either FC or DG in this
model between KO and WT mice. In addition, the find-
ings of this study suggest that the GABA reuptake path-
way is significantly altered in the FC and fairly preserved
in the DG and Str. Therefore, Mecp2 mutation altered the
expression of synaptic transporters GAT-1 and vGAT in
a location-specific manner. In the FC, the counts of each
GAT-1 and vGAT puncta and their colocalization are sig-
nificantly decreased at all ages examined in Mecp2 KO
mice brains compared to WT. On the other hand, in the

JOURNAL OF CENTRAL NERVOUS SYSTEM DISEASE 2014:6 l 25


http://www.la-press.com

Kang et al

A\

Cc

14 wks frontal cortex layer 2—-3

20,000+

15,000

10,000+

Mean area frontal cortex

GADG67/Hoechst

WT

KO

Mean GADG67 positive cell density

GAD67/

/Hoechst

Frontal cortex layer 2—-3

B 2wks
r 7 wks
[] 14 wks

5,000+

1

0.0077

0.006- T

o

0.0057 J

0.0047

0.003+

0.002+

0.001+

KO

Figure 4. (A) The outlined area denote the FC at 14 weeks that was used for the calculation of GAD67-positive cell densities (scale bar = 500 um). The
left vertical line was drawn with respect to anterior of lateral ventricle. (B) GAD67 and MeCP2 co-labeling in the FC at 14 weeks (scale bar = 50 um). (C)
Mean area of FC inside the outlined region in Figure 4 A. (D) Mean GADG67-positive cell densities calculated as the total counts of GAD67-positive cells in

the defined regions divided by their pixel squared area.

DG, counts of GAT-1 and vGAT puncta were similar to
WT mice at 2 and 7 weeks of age and only significantly
decreased at 14 weeks of age in the same KO mice. The
findings of the age- and location-specific alterations of
synaptic GABA transporters reported here may highlight
the: (1) differential effects of the same mutation in the
location-specific development of GABAergic circuits in
KOs, (2) the synaptic pathology of the mutation for the
model. GAT-1 is the major GABA reuptake transporter at
GABAergic synapses, and is primarily expressed at the pre-
synaptic membrane,?>2¢ but also in astrocytes. The location-
specific modulation of astrocytes on neuronal function has
also recently been shown to be age- and location-specific.?’
The significantly lower expression level of GAT-1/vGAT
colocalization in the FC of Mecp2 KO mice indicates

a compromised GABA transporter system, implying
a dysfunctional GABA recycling system associated with
the Mecp2 deficiency in the model. Whether the Mecp2
deficiency directly affects the expressions and functions of
synaptic transporters is not known. However, similar densi-
ties of GAD67-positive interneurons in the frontal cortices
of WT and KO mice may highlight the pathophysiology to
be synaptic in this model of RTT. Furthermore, the data
suggest that future investigations quantitating the protein
expression levels of these transporters in the model will have
to be location-specific. GABAergic synapses are crucial for
the integration of immature neural circuitries in early devel-
opment.?? Thus, alterations in the GABA reuptake dynam-
ics may have significant implications for understanding
neurodevelopmental disorders such as RTT.

26 l JOURNAL OF CENTRAL NERVOUS SYSTEM DISEASE 2014:6


http://www.la-press.com

A\

Alterations of the GABA recycling system in Mecp2 KO mouse brains

Hippocampal dentate Gyrus

2 wks

7 wks

14 wks

Mean area DG

Mean GADG67 positive cell density O

- X m2wks
7 wks

1,500+ 14 wks

1,000

500+

1

0.0034

0.002-

0.001+

0.000-

WT KO

Figure 5. (A) The outlined area denote the hippocampal DG upper blade that was used for the calculation of GAD67-positive cell densities (scale
bar=1000 um). (B) Mean area of hippocampal DG inside the outlined region in Figure 5A. (C) Mean GADG67-positive cell densities in DG.

Accelerated degenerative changes associated with
aging in KO. Lipofuscin, an intra-lysosomal substance with
cross-linked protein residues and lipids, is a hallmark of cel-
lular degeneration and aging.?® The increased numbers of
lipofuscin deposits were detected in the FC of Mecp2 KO
brains compared to that of age-matched W' brains at 14
weeks of age. This suggests that Mecp2 mutation may result
in an acceleration of degenerative brain changes with aging.
Similar increase in the lipofuscin deposits have been reported
in RTT patients.?? However, the pathological significance of
these deposits and their relation to clinical phenotypes in the
animal model and RTT requires further investigation.
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Supplementary Data
Supplementary Figure 1. (A) The left column shows
FC sections of WT and KO mice brains at 14 weeks that

had GAT-1 and vGAT staining (20 X ) (scale bar = 50 um).
The right column shows an unstained autofluorescence of the
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tissue from same mouse. (B) Lipofuscin deposits were counted
using random sampling (P = 0.035).

Supplementary Table 1. The sample size and the main
characteristics of mice studied for each age and genotype.
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