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Abstract

Cognitive dysfunction occurs frequently in multiple sclerosis
(MS). Research suggests that hippocampal lesions and GABAergic
neurotransmitter changes contribute to cognitive dysfunction. In the
present study, we aim to determine the cellular changes in GABAer-
gic expression in MS hippocampus related to inflammation and de-
myelination. To this end, the presence and inflammatory activity of
demyelinating lesions was determined by immunohistochemistry in
human postmortem hippocampal tissue of 15 MS patients and 9 con-
trol subjects. Subsequently, GABAergic cells were visualized using
parvalbumin (PV) and glutamate acid decarboxylase 67 (GAD67)
markers. Fluorescent colabeling was performed of GAD67 with neu-
ronal nuclei, PV, astrocytic glial fibrillary acidic protein, or vesicu-
lar GABA transporter. We observed increased GADG67-positive
(GAD67") neuron and synapse numbers in the CA1 of MS patients
with active hippocampal lesions, not due to neurogenesis. The num-
ber and size of PV-positive neurons remained unchanged. GAD67™
astrocytes were more numerous in hippocampal white matter than
grey matter lesions. Additionally, in MS patients with active hippo-
campal lesions GAD67" astrocyte surface area was increased. Dis-
turbed cognition was most prevalent in MS patients with active
hippocampal lesions. Summarizing, increased GAD67 immunoreac-
tivity occurs in neurons and astrocytes and relates to hippocampal
inflammation and possibly disturbed cognition in MS.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory and
demyelinating disease of the central nervous system (CNS),
and is the most common disabling neurological disease in
young adults (1). Besides the well-known motor and sensory
impairments, it has become clear that about half of the MS
patients suffer from cognitive dysfunction (2-5). The cause of
cognitive impairment in MS is currently unknown, but an in-
creasing number of studies suggest that hippocampal pathol-
ogy is importantly involved.

The hippocampus plays a key role in cognitive function-
ing and is involved in various cognitive domains (6), of which
memory is the most prominent. Demyelinating lesions within
the hippocampus of MS patients have been shown in postmor-
tem tissue (7-10) as well as in vivo using magnetic resonance
imaging (MRI) techniques (11, 12). Moreover, hippocampal
lesion number was related to visuo-spatial memory function-
ing in vivo (12). Especially the cornu ammonis 1 (CA1l) region
of the hippocampus is essential for spatial and nonspatial
memory (13, 14). A significant decrease in CA1 volume of the
hippocampus of MS patients has been observed and was asso-
ciated with cognitive dysfunction (15). Finally, neurotransmit-
ter systems are also known to be involved in the interplay of
learning and memory processes in the hippocampus (16-20),
including y-aminobutyric acid (GABA) (21, 22). GABA is the
major inhibitory neurotransmitter in the mammalian CNS and
is synthesized from glutamate by the enzyme glutamic acid
decarboxylase (GAD). Two isoforms of GAD, that is, GAD65
and GAD67, have been identified. Within the hippocampus,
most GABAergic neurons contain relatively high levels of
GADG67, which is present in neuronal terminals and cell bodies
(23). GADG67 is known to have trophic effects after neuronal
injury and in development but also in the adult brain shapes
neuronal circuits during neurogenesis (24, 25). In addition,
GABAergic neurons are well known for their abilities to syn-
chronize neuronal networks, which is important for cognitive
processing (26). In particular, functional parvalbumin (PV)
neurons, a subtype of GABAergic neurons, in the hippocam-
pus seem important for certain hippocampus-dependent mem-
ory tasks in rodents (27, 28).

In addition to neurons, astrocytes play an active role in
regulating neurotransmission processes, for example, by the
uptake of glutamate, its conversion into glutamine and/or
GABA, and the release of glutamate and GABA into the
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extracellular space (29-31). Human astrocytes were shown to
express GAD67 (30), and recently it was shown that an in-
crease in astrocytic GABA release in the hippocampus inter-
fered with neurotransmission resulting in poor memory
performance in a mouse model of Alzheimer disease (32).

Although overall increased hippocampal mRNA
GADG67 levels have been reported in MS (7), cell specific con-
tributions, the relation with hallmarks of MS pathology (i.e.
demyelination and inflammation) and whether these changes
relate to cognitive features of patients are unclear so far.
Therefore, the present study investigated neuronal, synaptic
and astrocytic immunoreactivity for GAD67, and neuronal PV
immunoreactivity in hippocampal MS (chronic) active and in-
active lesions, normal appearing white matter (NAWM) and
normal appearing grey matter (NAGM) compared with non-
neurological controls.

MATERIALS AND METHODS

Human Subjects

Informed consent was given by the donors for brain au-
topsy and use of brain tissue for research purposes. Use of tis-
sue in combination with the clinical information for scientific
research was in compliance with the local ethical and legal
guidelines.

Postmortem human hippocampal tissue was obtained
from the Netherlands Brain Bank ([NBB] Amsterdam, The
Netherlands) or from the Department of Pathology (VU Uni-
versity Medical Center in Amsterdam, The Netherlands).
Formalin-fixed, paraffin-embedded hippocampal tissue sec-
tions were included from 15 clinically diagnosed and neuropa-
thologically verified MS patients (age range: 43—76 years) and
9 control subjects (age range: 50-92 years) without neurologi-
cal or psychiatric disease. Subjective cognitive dysfunction of
a number of these MS patients has been identified, as it was
reported in their medical record by their general practitioner
or neurologist. Four out of 5 (80%) MS patients with active
hippocampal lesions had a history of cognitive deficits, also
specifically reporting memory problems. Two out of 6 (33%)
MS patients with chronic inactive hippocampal lesions had a
history of cognitive deficits and 1 out of 4 (25%) MS patients
without hippocampal lesions reported cognitive deficits. Fi-
nally, none of the control subjects reported cognitive prob-
lems. All relevant clinicopathological data of the MS patients
and nonneurological control subjects are provided in Table 1.

Categorization of MS Hippocampi Based on
Lesion Status

For immunohistochemical analysis, we have divided
our study subjects into 4 categories: Control subjects, MS
patients without hippocampal lesions, MS patients with only
inactive hippocampal lesions and MS patients with active hip-
pocampal lesions. Categorization of MS hippocampi was
based on: (i) myelin basic protein (MBP) immunoreactivity to
visualize (de)myelination and identify the presence of lesions,
and (ii) in case of demyelination, MHC-II immunoreactivity
to determine the inflammatory status of the lesions (inactive
or active). Both white matter (WM) and grey matter (GM)

regions within the human hippocampus were evaluated which
included: The alveus, stratum lacunosum, and the CA1, CA2,
and CA3 including the stratum oriens, stratum pyramidalis,
and stratum radiatum, respectively.

Three types of demyelination patterns were observed
throughout the hippocampus: Pure WM lesions (WML), pure
GM lesions (GML) and mixed lesions (i.e. if the same lesion
comprised both hippocampal GM and WM,; Fig. 1A, F). In case
of a mixed lesion, the GM part of the lesion was considered a
GML and the WM part was considered a WML. The inflamma-
tory activity status of demyelinated lesions was determined by
the presence of major histocompatibility class II-positive
(MHC-IT'") monocytes/macrophages or microglia in the border
or center of a lesion (Fig. 1B, G). Active, chronic active and
inactive WML were defined as described previously (33, 34), in
which active lesions show foamy monocytes/macrophages in
the center of lesions (Fig. 1C), chronic active lesions show
foamy monocytes/macrophages at the border of lesions
(Fig. 1D), while inactive lesions are almost devoid
of activated immune cells but do show ramified microglia
(Fig. 1H, I) (33-35). GML were considered active or chronic ac-
tive when MHC-II" foamy macrophages were present within
the neighboring demyelinated WM part of the lesion in case of a
mixed lesion or by the presence of MHC-II" microglia in a pure
GML (Fig. 1E). Inactive GML present with few MHC-II"
microglia (Fig. 1J). The category of MS patients referred to in
the remainder of the manuscript as having active lesions include
hippocampi with active or chronic active lesions.

Immunohistochemical Detection of MBP,
MHC-II, PV and GAD67

After rapid autopsy (mean postmortem delay [PMD]:
7.5 hours), tissue blocks were fixed in 4% formalin for 30 days
and embedded in paraffin. Of 29 paraffin-embedded tissue
blocks, 5-um sections were cut and mounted on positively
charged glass slides (Menzel-Glaser SuperFrost plus, Braun-
schweig, Germany), and dried overnight at 37°C. Upon use,
sections were heated in a stove for 30 minutes at 56°C, before
they were deparaffinized in xylene, and rehydrated through a
series of 100%, 96%, and 70% ethanol and distilled water. For
subsequent antigen retrieval, sections were rinsed in 0.01 M
citrate buffer (pH 6.0) or in 0.01 M Tris buffer (pH 9.0) con-
taining | mM EDTA (Tris-EDTA) and subsequently heated in
a steamer for 30 minutes at 90-99°C in the same buffers. After
antigen retrieval, the sections were allowed to regain room
temperature (RT), rinsed in Tris-buffered saline (TBS), and in-
cubated for 20 minutes in TBS containing 0.3% H,O, and
0.1% sodiumazide. After rinsing with TBS, nonspecific bind-
ing sites were blocked with 5% nonfat dried milk (Campina)
in TBS containing 0.5% Triton (TBS-T; blocking solution) for
30 minutes at RT. Subsequently, sections were incubated over-
night at 4°C with the following primary antibodies: MBP,
MHC-II, PV, or glutamic acid decarboxylase 67 (GAD67; see
Table 2 for details on primary antibodies), diluted in blocking
solution. The next day, sections were washed in TBS and incu-
bated for 2 hours at RT in corresponding biotinylated IgGs in
blocking solution (1:400; Jackson Immunoresearch Laborato-
ries, Westgrove, PA; see Table 2 for details on secondary
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TABLE 1. Clinicopathological Data of MS Patients and Control Subjects

Case Gender Age PMD (h) DD MS Type Demyelination Cognitively COD
(Lesion Type) Impaired
MS
1 M 43 8:30 17 SP Yes (active) Yes Pneumonia
2 F 66 6:00 23 SP Yes (active) Yes Unknown
3 F 60 10:40 7 PP Yes (active) Yes Euthanasia*
4 M 54 8:15 12 PP Yes (active) Yes Euthanasia*
5 F 50 7:35 17 SP Yes (active) Unknown Euthanasia*
6 F 62 6:45 25 Unknown Yes (inactive) Unknown Unknown
7 M 63 7:05 28 SP Yes (inactive) Yes Cardiac arrest after rupture of abdominal aorta
8 M 49 8:00 26 PP Yes (inactive) Unknown Pneumonia by MS
9 M 66 7:30 26 PP Yes (inactive) Yes Ileus
10 M 61 9:15 31 SP Yes (inactive) Unknown Euthanasia*
11 F 57 8:40 27 Unknown Yes (inactive) Unknown Respiratory insufficiency by (uro)sepsis
12 F 76 9:45 20 PP No Unknown Unknown
13 M 50 9:30 24 PP No Unknown Unknown
14 M 51 11:00 20 Unknown No Yes Unknown
15 M 56 9:50 14 PP No Unknown Cachexia and exhaustion by end stage MS
Control
1 M 84 7:05 No Exacerbation of COPD
2 M 56 9:15 Unknown Myocardial infarction
3 F 62 7:55 No Euthanasia*
4 F 92 7:00 No Acute death, probably pulmonary emboly
5 F 50 4:10 No Metastasized large cell bronchocarcinoma
6 F 62 7:20 Unknown Metastases
7 M 82 5:10 Unknown Pneumonia/cardiovascular accidents
8 M 78 Unknown Unknown Cardiac arrest after rupture of abdominal aorta
9 F 84 6:55 No Myelo dysplasia

PMD, postmortem delay; DD, disease duration; COD, cause of death; SP, secondary progressive; PP, primary progressive.
*#All subjects that underwent euthanasia were mentally competent to make such a decision.

antibodies), followed by horseradish peroxide (HRP)-labeled
avidin-biotin complex ([ABC] 1:400; Vector Laboratories,
Burlingame, CA) in TBS for 1 hour at RT. To detect GAD67
immunoreactivity, an amplification step was included at this
stage, and thus sections were subsequently rinsed with TBS
and incubated in biotinylated tyramide (1:800, kindly pro-
vided by Dr. Inga Huitinga, Netherlands Institute for Neuro-
science, Amsterdam) and 0.01% peroxide in TBS-T for
30 minutes, followed by rinsing with TBS and another incuba-
tion with ABC (1:800) in TBS-T for 1 hour. Detection of all
antigens was visualized using 3, 3-diaminobenzidine ([DAB]
Sigma, St. Louis, MO) as a chromogen and counterstaining
was performed with hematoxylin. After dehydration in graded
ethanol solutions, the sections were cleared in xylene and cov-
erslipped in Entellan (Merck, Darmstadt, Germany). Negative
controls were performed by omitting the primary antibody,
resulting in no immunohistochemical signal (data not shown).

Immunohistochemical Double Labeling of
GAD67 and Doublecortin
A light microscopical double labeling was performed

to determine colocalization between neurogenesis marker
doublecortin (DCX) and GAD67-positive (GAD671) in MS

482

patients with active hippocampal lesions. The section pretreat-
ment was performed as described above, including deparaffini-
zation, antigen retrieval and blocking. Primary antibodies to
GAD67 and DCX (Table 2) were added to the sections simulta-
neously in blocking solution and incubated overnight at 4°C.
The next day, sections were washed in TBS and incubated for
2 hours at RT in biotinylated goat anti guinea pig IgGs (1:400;
Vector) in blocking solution, followed by ABC incubation
(1:400) in TBS for 1 hour at RT and DCX was visualized using
DAB as a chromogen. Then sections were incubated with Imm-
PRESS anti rabbit (Vector) for 30 minutes, followed by washes
in phosphate buffered saline and for visualization of GAD67,
the sections were incubated with liquid permanent red (LPR
1:107; DAKO, Amsterdam, The Netherlands) as a chromogen
for 30 minutes. Finally, the sections were counterstained with
hematoxylin and air-dried overnight. The next day sections were
dipped in xylene and coverslipped in Entellan.

Immunofluorescent Double Labeling of GAD67
with NeuN, PV, vGAT or GFAP

A fluorescent double labeling was performed to deter-
mine colocalization of GAD67 with glial fibrillary acidic pro-
tein (GFAP) in astrocytes and of GAD67 with PV in
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FIGURE 1. Histopathological features of active and inactive hippocampal MS lesions. MS lesions were recognized by the loss of
myelin basic protein (MBP) immunoreactivity in hippocampal white matter (WM) and/or grey matter (GM) areas (A, F). Active
and inactive lesions were distinguished based on the presence, density and morphology of MHC-II* monocytes/macrophages in
the center or at the border of a demyelinated hippocampal lesion (B, G). An active WML characterized by activated amoeboid-
shaped MHC-II™ cells in the center of a demyelinated lesion (C). An active WM lesion (WML) characterized by activated MHC-II"
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TABLE 2. Primary and Secondary Antibodies Used for Antigen Labeling

Antigen Antigen Species Final Source Primary Antibody, Secondary Antibody Source Secondary Antibody,
Retrieval Dilution Article Number Article Number

Human MBP Tris-EDTA  Mouse 1:100 Boehringer, 1118099 Biotinylated donkey anti mouse IgG  Jackson, 715-065-151

Human MHC-II  Citrate Mouse 1:100 Gift, Clone LN3 Biotinylated donkey anti mouse IgG  Jackson, 715-065-151

Human PV Tris-EDTA  Mouse 1:300 Sigma, P3088 Biotinylated donkey anti mouse IgG  Jackson, 715-065-151

Human GAD67 Tris-EDTA  Rabbit 1:400 Anaspec, 53501 Biotinylated goat anti rabbit IgG Jackson, 111-065-144

Pig GFAP Tris-EDTA  Mouse 1:300 Sigma, G3893 Alexa Fluor-594 labeled Molecular Probes, R37115

donkey anti mouse IgG

Murine DCX Tris-EDTA  Guinea pig  1:3000 Chemicon, AB5910 Biotinylated goat anti guinea IgG Vector, BA7000

Mouse NeuN Tris-EDTA  Mouse 1:400 Chemicon, MAB377 Biotinylated donkey anti mouse IgG  Jackson, 715-065-151

Rat vGAT Tris-EDTA  Chicken 1:100 Synaptic Systems, 131 006  Alexa Fluor-488 labeled Jackson, 703-545-155

donkey anti chicken IgG

interneurons or with neuronal neuronal nuclei (NeuN) or with
vesicular synaptic GABA transporter vesicular GABA trans-
porter (vVGAT). The deparaffinization process, pretreatment
and blocking procedures were as described in a previous sec-
tion. Then, antibodies to GAD67 and GFAP (Table 2) were di-
luted in blocking solution and simultaneously incubated
overnight at 4°C. The next day, after rinsing in TBS, the sec-
tions were incubated with Alexa Fluor-594 labeled donkey
anti mouse IgGs (1:400, Molecular Probes, Eugene, OR) and
with biotinylated donkey anti rabbit IgGs (1:400, Jackson
Immunoresearch Laboratories) diluted in blocking solution for
2 hours at RT. Subsequently, the sections were rinsed in TBS
and incubated with ABC (1:800) in TBS for 1 hour at RT and
finally followed by incubation with biotinylated tyramide
(1:800, gift Dr. Inga Huitinga, NIN, Amsterdam) in
TBS + 0.005% H,0, for 20 minutes, washed in TBS and incu-
bated with streptavidin-labeled Alexa Fluor-488 (1:400, Mo-
lecular Probes). Fluorescent images were obtained with a
confocal microscope (Leica Microsystems, Wetzlar, Ger-
many) at 63 x magnification.

For double labeling of GAD67 with PV or NeuN, sec-
tions were incubated overnight at 4°C with the PV or NeuN
antibody in blocking solution. The next day, after washes
with TBS, sections were incubated with biotinylated donkey
anti mouse IgGs (1:400, Jackson Immunoresearch Laborato-
ries), diluted in blocking solution for 2 hours at RT, followed
by rinses in TBS and incubation with ABC (1:800) in block-
ing solutions for 1hour at RT for PV staining and with
streptavidin with conjugated HRP (1:800, Jackson Immunor-
esearch Laboratories) for 2hours at RT for NeuN staining.
Finally, sections were rinsed in TBS and incubated with

Alexa Fluor-488-labeled tyramide for PV staining while in-
cubated with Alexa Fluor-594-labeled tyramide for NeuN
staining (both 1:800, Perkin Elmer, Waltham, MA) diluted
in TBS +0.005% H,O, for 10 minutes at RT. Afterwards
the sections were heated in a steamer for 40 minutes at 90—
99°C in Tris-EDTA to remove any of the bound antibodies,
but leaving the precipitate of the fluorescently labeled tyra-
mide at PV or NeuN antigen binding sites. For double label-
ing of GAD67 with VvGAT, sections were incubated
overnight at 4°C with VGAT and the next day after washes
with TBS incubated with Alexa Fluor-488 labeled donkey
anti chicken IgG (1:200, Jackson Immunoresearch Laborato-
ries) for 2hours at RT. Subsequently, GAD67 antibody
(1:800) diluted in blocking solution was added to the sec-
tions overnight at 4°C for all 3 double stainings (GAD67
with vGAT, NeuN, or PV). After washes in TBS, the sec-
tions were incubated with biotinylated donkey anti rabbit
IgGs (1:400) diluted in blocking solution, for 2 hours at RT.
Subsequently, sections were rinsed with TBS and incubated
with ABC (1:800) in blocking solution for 1 hour at RT and
followed by rinses in TBS and incubation with biotinylated
tyramide (1:800) in TBS + 0.005% H,O, for 10 minutes at
RT. Then, after rinsing, sections were incubated with Alexa
Fluor-594-labeled streptavidin (1:400; Molecular Probes) in
case of double labeling with GFAP and vGAT or with Alexa
Fluor-488-labeled streptavidin (1:400; Molecular Probes) in
case of double labeling with PV and NeuN, for 2 hours at
RT. Finally, after a last step of rinsing in TBS, fluorescently
stained sections were coverslipped with DABCO (Sigma).
Fluorescent images were obtained using a confocal micro-
scope (Leica Microsystems) at 63 x magnification.

FIGURE 1. Continued

cells at the border of the demyelinated lesion (D). An active purely GM lesion (GML) characterized by activated MHC-II" cells at
the border of the demyelinated lesion (E). An inactive WML characterized by less densely packed MHC-II* cells with a ramified
morphology, in the center and border of the demyelinated lesions (H, I). An inactive GML characterized by few MHC-II" cells
with a ramified morphology in center (J) or border (not shown), of the demyelinated lesion. The square frames marked with [C],
[D], and [E] in panels A and B refer to the high-magnification images in panels C, D, and E, respectively. The square frames
marked with [H], [I], and [J] in panels F and G refer to the high-magnification images in panels H, 1, and ), respectively. The
dashed lines indicate the border between hippocampal WM and GM in panels A, B, F, and G. AV, alveus; Str, stratum. Scale bar
in A=1mm and also applies to B, F, G; scale bar in E=50 um and also applies to C, D, H-J.
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Semiquantitative Analysis of PV" and GAD67 ™"
Interneurons

PV-positive (PV™) and GAD67" neurons were counted
in the CA1 region, since this region is critically involved in
spatial and nonspatial memory (13, 14). Furthermore, in hip-
pocampal tissue used in this study, the CAl exhibited the
highest frequency of lesions, compared with other CA regions,
which is in line with previous studies (15, 30). Within the CA1
area, the stratum oriens, stratum pyramidalis and stratum radi-
atum were evaluated all together for each control subject and
MS patient. Unbiased manual counting of the GAD67" and
PV neurons was performed on stitched digital images of the
entire CA1 region of the hippocampus present in one section
per staining. The counting area of the CA1 in control subjects
and MS patients without hippocampal lesions was 1.40—
4.80mm” (absolute PV number counted: Range: 1-38, me-
dian: 12; for GAD67" range: 2—64, median: 25.50). In MS
patients with active or inactive hippocampal lesions the count-
ing area was 0.90-4.20mm?” for CA1 NAGM (absolute PV ™"
number counted: Range: 3—44, median: 19; absolute GAD67"
number counted: Range: 6-237, median: 78) and the counting
area of CAl lesions was 0.2-3.3 mm?” (absolute PV number
counted: Range: 1-53, median: 8; absolute GAD67 " number
counted: Range: 0-127, median: 67.50). GAD67" and PV™"
neurons were only counted when a nucleus was clearly visible
and when they showed a neuronal morphology. Final results
were expressed as cell number per mm?. All images were
acquired using an Olympus-VANOX-T microscope (Tokyo,
Japan) at 10x magnification. Cell counting and area determi-
nation were performed using CellF Olympus Soft Imaging
Software (Tokyo, Japan). Additionally, the size of PV inter-
neurons was measured at 20x magnification of all counted
PV neurons. Images were acquired and analyzed using a
Leica Ctr 5000 microscope and appurtenant software (Leica
Microsystems). Subsequently, ImageJ was used to determine
the cell surface area in pm” as a measure of PV neuron size.
All neuron surface measurements were averaged per subject.

Semiquantitative Analysis of the GAD67*
Synapses

GADG7 also stains inhibitory synapses. These were
quantified in the CAl region of the hippocampus as the
number of GAD67" synapses per mm?”. For imaging, Ste-
reo Investigator software (MBF Bioscience, Williston,
VT) was used that was connected to a Leica DMR micro-
scope (Leica Microsystems). The CAl region, including
the stratum oriens, stratum pyramidalis, and stratum radia-
tum, was manually outlined at 2.5 x magnification. The
outlined region of interest (ROI) was the same as for the
quantification of GAD67" and PV neuron densities. Sub-
sequently, automatic random systematic sampling
was performed at 100x magnification using an oil lens,
resulting in ~20 images within the ROI of every section.
Imagel (version 1.52a, https://imagej.net/Fiji) was used to
segment synapses from the images, GAD67" structures
were only considered as synapses when small punctae had
a size between 0.25 and 3pm2 (see review [36]) (37).
Blood vessels, cell bodies, and nuclei were manually

outlined in every image and subtracted from the image
area before the synaptic density per mm? was calculated.

Semiquantitative Analysis of GAD67 "
Astrocytes

GAD67" astrocytes were counted either in NAGM of
hippocampal (CA1l, CA2, and CA3) regions in the stratum
pyramidalis and in NAWM regions including the stratum lacu-
nosum and the alveus of control subjects and MS patients
without hippocampal lesions. The same WM and GM areas
were analyzed in MS patients with active or inactive hippo-
campal lesions, but just within lesions. Semiquantification of
GAD67" astrocytes was performed by manually counting the
number of GAD67" cells with a clearly visible cell nucleus
and astrocytic morphology within ROIs. In each section, 4 dif-
ferent ROIs were identified. Two ROIs comprised only hippo-
campal WM, while 2 other ROIs were positioned on
hippocampal GM. Counting areas were varying from 0.1 to
0.4mm?”. Final results were expressed as cell number per
mm?. Images were acquired and analyzed as described above.

Semiquantitative Analysis of the GAD67*
Astrocyte Surface Area

In addition to the number of GAD67 " astrocytes in the
hippocampus, we measured the surface area of astrocytic
GADG67 immunoreactivity in hippocampal WM, including the
stratum lacunosum and the alveus. WML in MS patients with
inactive or active lesions was compared with WM of MS
patients without lesions and of control subjects. The level of
GAD67 immunoreactivity in astrocytes was not determined in
hippocampal GM, since GM barely showed GAD67" astro-
cytes. Thus, 2 ROIs were positioned at the WM regions of the
hippocampus, that is, one at the alveus and one at the stratum
lacunosum, corresponding to the WM ROI’s used for the
GADG67" astrocyte count. In each ROI 2 images were taken at
20x magnification. All images were acquired and analyzed
using a Leica Ctr 5000 microscope and appurtenant software
(Leica Microsystems). GAD67 immunoreactivity was mea-
sured above a fixed threshold applied to all images to distin-
guish specific staining from background using Nuance
spectral imaging software (Nuance version 3.0.2, Caliper Kife
Sciences, Inc, a Perkin Elmer Company, Hopkinton, MA).
The results were calculated as the percentage of area contain-
ing GAD67 immunoreactivity over the total area analyzed.

Statistical Analysis

Statistical analyses were carried out with SPSS package
version 20.0 (Statistical Product and Service Solutions, Chi-
cago, IL). Normal distribution of the data was tested using the
Shapiro-Wilk procedure. When data were normally distrib-
uted, differences between control subjects, MS patients with-
out hippocampal lesions, MS patients with active
hippocampal lesions or MS patients with inactive hippocam-
pal lesions were compared using one-way ANOVA, followed
by Tukey’s post hoc analysis. When data were not normally
distributed, a Kruskal-Wallis test was performed followed by
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FIGURE 2. Semiquantitative analysis of GAD67" neurons within hippocampal CA1. GAD67" neurons were also NeuN™ (A-C).
GAD67" neuronal immunoreactivity was present in the CAT of control subjects (D), in inactive (E) or active (F) MS lesions in the
CA1 of MS patients, in the CA1 of MS patients without lesions (G) and in CA1 normal appearing grey matter (NAGM)
surrounding MS inactive (H) or active (I) MS lesions. Semiquantitative analysis of GAD67" neuron density showed that this was
not different between control subjects and MS patients without hippocampal lesions (J). A significant increase in the density of
GADG67" neurons was found within lesions and surrounding NAGM of MS patients with active hippocampal lesions compared
with hippocampal NAGM of control subjects (J). GAD67" neuron density was significantly higher in NAGM surrounding lesions
in MS patients with active hippocampal lesions compared with MS patients with inactive hippocampal lesions or without
hippocampal lesions (J). Data in graphs represent individual patient data-points and mean + SEM. Scale bar in €=10 pm and
applies to A, B; scale bar in =50 um and also applies to D-H. *p < 0.05, **p < 0.01.

a Mann-Whitney U post hoc analysis. Differences in GAD67 "
astrocytes cell counts within subject WM and GM were ana-
lyzed for control subjects, MS patients without and with hip-
pocampal demyelination using the Wilcoxon Signed Rank
Test. GAD67 " astrocyte surface area was not normally dis-
tributed and was therefore subjected to a square root transfor-
mation. Following this transformation, normality of
distribution was confirmed, followed by one-way ANOVA
and Tukey’s post hoc analysis. Although information on the
cognitive status of MS patients and controls was scarce, all
GADG67 scores were compared between cognitively intact and
cognitively disturbed individuals using the Student’s z-test. In
addition, all GADG67 scores were correlated with the cognitive
status of patients and controls, age, gender, PMD and disease
duration, using a Pearson’s correlation coefficient when data
were normally distributed and a Spearman’s correlation coef-
ficient when data were not normally distributed. p val-
ues < 0.050 were considered significant.

RESULTS

Lesion Characterization

As indicated in Figure 1, areas of hippocampal demye-
lination were identified by loss of MBP immunoreactivity in
GM and WM areas of the hippocampus. No demyelination
was observed in the 9 control subjects (not shown). Of the 15
MS patients, 4 patients did not show demyelination in the hip-
pocampal tissue block obtained. The other 11 MS patients
showed demyelinated hippocampal areas, which were subse-
quently examined for the presence of MHC-II" cells to deter-
mine the lesion inflammatory activity status (Fig. 1). Of these,
5 patients had lesions that were classified as active or chronic
active lesions. Finally, the remaining 6 MS patients were
classified as having inactive lesions. Per patient, the
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immunohistochemical semiquantification was performed on
active or inactive lesions and the NAGM around the lesions.

Semiquantitative Analysis of PV* and GAD67*
Interneurons

Double-labeling experiments showed GAD67" neurons
were also immunopositive for NeuN, indicating that GAD67 in-
deed labels inhibitory neurons (Fig. 2A—C). An increase in
GADG67" neuron density was observed within lesions in the
CA1 of MS patients with active hippocampal lesions and in sur-
rounding NAGM compared with the CA1 of control subjects
(ANOVA, F =5.526, p=0.002; Tukey HSD, p = 0.032; Tukey
HSD, p=0.002, respectively, Fig. 2D-I). Moreover, in this
group of MS patients the number of GAD67" neurons in the
NAGM surrounding CA1 lesions was also significantly higher
when compared with the CA1 of MS patients without hippocam-
pal lesions and to NAGM surrounding lesions in the CA1 of MS
patients that only have inactive hippocampal lesions (ANOVA,
F =5.526; p=0.002; Tukey HSD, p = 0.009 and p=0.037, re-
spectively; Fig. 2J). To identify whether the observed increase in
GADG67 neuron density was possibly due to neurogenesis, a
colabeling of DCX and GAD67" was performed. A very limited
amount of DCX™ cells was found and they did not overlap with
GAD67" neurons (data not shown).

PV neurons were also GAD67 " (Fig. 3A-C), confirm-
ing their identity as a subpopulation of GABAergic neurons.
The density of PV" neurons in the hippocampal CA1 region
did not differ between control subjects and MS patients irre-
spective of hippocampal demyelination and inflammation be-
ing present (ANOVA; F=0.535; p=0.750; Fig. 3D-J).
Similarly, the size of PV" neurons was not different between
groups (ANOVA; F =0.246; p =0.938; Fig. 3K). The number
of PV" and GAD67" neurons did not correlate with age, gen-
der, PMD, and disease duration of the patients.
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FIGURE 3. Semiquantitative analysis of PV* neurons within hippocampal CA1. PV* neurons were also GAD67" (A-C). The PV"
neuron density and size was not different between control subjects (D) and MS patients without hippocampal lesions (G), MS
patients with inactive lesions (E, H) and MS patients with active lesions (F, I). The PV neuron density was quantified (J). The
PV* neuron size was quantified (K). Data in graphs represent individual patient data-points and means + SEM. Scale bar in
C=10um and also applies to A, B; scale bar in I =50 pum and also applies to D-H.

Semiquantitative Analysis of GAD67* Synapses

GAD67™ punctae colocalized with vGAT, indicating
that these punctae are inhibitory presynapses (Fig. 4A-C).
GAD67" inhibitory synaptic terminal density was quantified
in the CA1 region of the hippocampus (Fig. 4D, E). A trend to-
wards a significant difference in synapse count between
groups was found (ANOVA, F =2.537, p=0.056). An in-
crease in density was observed in the CA1 of MS patients with
hippocampal inflammation within lesions and surrounding
NAGM compared with control subjects, MS patients without
hippocampal demyelination and MS patients with inactive
hippocampal lesions (Fig. 4F).

Semiquantitative Analysis of GAD67*
Astrocytes

We confirmed the astrocyte identity of the GAD67"
cells with astrocytic morphology based on a consistent overlap
in immunoreactivity of GAD67 and the astrocyte marker

GFAP (Fig. 5A—C). We observed the presence of GAD67 im-
munoreactivity in cells with an astrocytic morphology in all
subjects (Fig. 5SD-K). No significant differences were found in
GAD67" astrocyte density in hippocampal WM or GM be-
tween MS patients and control subjects (Kruskal-Wallis,
p=0.210 and p=0.450, respectively; Fig. 5L). However,
there were clearly more GAD67" astrocytes in hippocampal
WML than in GML of MS patients with active hippocampal
lesions and in MS patients with inactive hippocampal lesions
(Wilcoxon Signed Rank test, p=0.040; Wilcoxon Signed
Rank test, p = 0.030, respectively; Fig. SL).

Moreover, analysis of GAD67 " astrocyte surface area
showed a significant increase in MS patients with active hippo-
campal lesions compared with control subjects, MS patients
without hippocampal lesions and MS patients with inactive
lesions (ANOVA; F11.118; p < 0.001; Tukey HSD; p < 0.001;
p=0.002 and p=0.010, respectively; Fig. SM). The surface
area of GAD67 " astrocytes in WML did not correlate with age,
gender, PMD, and disease duration of the patients.

487



Kiljan et al

J Neuropathol Exp Neurol  Volume 78, Number 6, June 2019

A

Interneuron

ey
[ ]
o
3

=]
n

T
[

=

GADG7* synapses x10? / mm?
h
o

m
[ =]

GADB7* synapse density

- H--

_i._
4

A
I i

Control [\Io lesion

A'oq.ndlhsim‘ Wﬁ: h‘sion ko'.m}losbn Wu'mlhsion
Inactive lesion

Active Iesiur}

T
MS

FIGURE 4. Semiquantitative analysis of GAD67" inhibitory synapses within hippocampal CA1. Double-labeling experiments
showed that GAD67" punctae also expressed vGAT (A-C). GAD67" inhibitory synapses were outlined (yellow). Arrows show
representative GAD67" synapses (D). A binary image of the outlined synapses from panel D was used for synapse quantification
(E). A slight increase in synapse density in hippocampal CA1 was observed in MS patients with active lesions compared with
control subjects, MS patients without lesions, MS patients with inactive lesions (F); data in graphs represent individual patient
data-points and mean + SEM. Scale bar in €= 3 pm and also applies to A, B; scale bar in D = 5um.

DISCUSSION

The present study is the first to describe cell type spe-
cific (i.e. neuronal and astrocytic) alterations in GABAergic
expression patterns in MS hippocampus compared with con-
trol subjects. We also show that inflammation rather than de-
myelination relates to alterations in GAD67 " levels, since the
number of GAD67 " neurons is significantly increased specifi-
cally in the CA1l of MS patients with active hippocampal
lesions. Interestingly, the number of PV" neurons remains
unchanged in MS hippocampi compared with control hippo-
campi. In addition, we find GAD67" astrocytes to be signifi-
cantly more numerous in hippocampal WML than GML of
MS patients and that the GADG67 astrocyte surface area is sig-
nificantly increased in MS patients with active hippocampal
WML. Interestingly, this relates positively to cognitive distur-
bance in MS patients.

The increased number of GAD67" hippocampal neu-
rons and elevated GAD67 " astrocyte surface area are in line
with a previous study that documented increased GAD67
mRNA levels in demyelinated MS hippocampi (7), of which
we now identified the cell types able to produce GABA in MS
hippocampal lesions. Importantly, our data from active
versus inactive MS lesions suggest that inflammation, as de-
termined by MHC-II expression, result in enhanced GAD67

488

immunoreactivity as shown in active lesions, but clearly re-
duced when inflammation extinguishes as shown in inactive
lesions. Moreover, it suggests that inflammation rather than
demyelination, being present in both lesion types, may under-
lie the increase in GAD67 levels in the hippocampus. How-
ever, observations regarding GADG67 levels in the MS
hippocampus are in contrast to observations in the motor cor-
tex of MS patients where a decrease in GAD67 mRNA was
observed (38). Whether this difference in hippocampal versus
cortical expression of GAD67 mRNA is due to intrinsic differ-
ences within these brain regions, the immunological activity
in the tissue or the contribution of astrocytic GAD67 mRNA
in the hippocampus remains to be determined. The observed
increase in GAD67" neuron number is not due to neurogene-
sis since we did not observe a cellular colabeling of GAD67
and DCX, a marker for neurogenesis. We thus conclude that
this increase is the result of induced elevation of detectable
levels of GAD67" in pre-existing neurons. Moreover, this
could also explain our observation of slightly elevated synap-
tic density in hippocampi of MS patients with active lesions, a
result similar to the GAD67" neuron count. Overall, our data
indicate that inflammation may modulate GAD67" levels in
hippocampal interneurons and their inhibitory synapses. This
may have consequences for GABA levels in the hippocampus
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and consequently an increase in GABA could attenuate excit-
atory activity and/or toxicity.

Although less PV mRNA was observed in the motor
cortex of MS patients compared with control subjects (38), we
established that the number of PV' neurons remained
unchanged in hippocampal MS lesions compared with control
subjects. In addition, a decrease in PV neurites was reported
in the motor cortex of patients (38). This suggests that the
number of PV expressing neurons in the hippocampus may
not be altered, as we observed, but instead the number or com-
plexity of their neuronal processes may be reduced. In line
with this, it was reported in an animal model of MS that in-
flammation modifies dendritic integrity and synapse function-
ing, and induces synapse loss preceding loss of neurons (39).
In neuropsychiatric diseases, such as schizophrenia and de-
pression, loss of (PV') interneurons and disruption of
GABAergic circuits has been described (40, 41). Although de-
generation of interneurons likely causes cognitive deficits, dis-
ruption of GABAergic circuits may also be caused by altered
functioning of interneurons related to synaptic GABAergic
neurotransmission rather than degeneration of these cells (42).

Immune cells are known to produce inflammatory cyto-
kines and growth factors, for example, brain-derived neurotro-
phic factor (BDNF) and interleukin (IL)-1P. Several studies
have shown that via the secretion of cytokines and growth fac-
tors immune cells are able to affect excitatory and inhibitory
neurotransmission. For example, cerebrospinal fluid-derived
IL-1B from MS patients with MRI detectable inflammatory
brain lesions can inhibit GABAergic neurotransmission in
mouse brain slices (43). It has also been shown that IL-1f3 can
induce synaptic hyperexcitability (44) and glutamate excito-
toxicity (45, 46). Alternatively, BDNF can promote the ex-
pression of GADG67 in primary hippocampal neurons (47). In
line with this, transgenic mice with a decreased level of so-
matic GAD67 showed a reduced neuronal inhibitory efficacy
and an altered neuronal excitation and inhibition balance (48).
Such changes in the environment of, for example, the hippo-
campus may interfere with the balance of neuronal excitation
and inhibition, which may be of clinical relevance. A tight bal-
ance between excitatory and inhibitory inputs within neuronal
microcircuits has been hypothesized to be relevant for effi-
cient information processing and cognitive functioning (49).
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We observed that changes in the hippocampal GAD67
expression were not solely of neuronal nature since astrocytes
also showed altered GAD67 immunoreactivity. Although the
number of GAD67* astrocytes was not changed in MS hippo-
campal lesions versus control subjects, we did observe signifi-
cantly more GAD67 " astrocytes in WML than in GML of MS
patients with active or inactive hippocampal lesions. This may
be due to inflammation having been present in inactive lesions
or still being present in active WML, which is generally more
pronounced in those WML than in active or inactive GML
(reviewed in [50]; Fig. 1B, G).

In contrast to GAD67 " astrocyte number, GAD67" as-
trocyte surface area was clearly increased in MS active hippo-
campal WML compared with inactive WML, to nonlesion
WM and to control subject WM. Previous studies indicate that
GABA secretion by astrocytes can in a paracrine way have an
anti-inflammatory effect on astrocytes and surrounding micro-
glia (30). Thus, the increase in GAD67 in astrocytes solely in
lesions with ongoing inflammation may point towards an anti-
inflammatory role of astrocytes in the WML.

The proportion of MS patients reporting cognitive defi-
cits was higher in patients with inflamed hippocampal lesions
compared with MS patients without hippocampal lesions or
with chronic inactive lesions. Notably, patients with active
hippocampal lesions also showed increased GAD67 immuno-
reactivity in astrocytes and neurons. Previous research in a
model of Alzheimer disease found that increased astrocytic
GABA release contributed to impaired memory performance
(32). Whether similar mechanisms may also occur in MS is
unknown. Further studies are therefore warranted to perform
more extensively neuropsychological testing in MS patients to
determine disturbances in various cognitive domains, includ-
ing memory function. This could be related to either in vivo
magnetic resonance spectroscopy or positron emission tomog-
raphy for GABA (47, 51), or neuronal and astrocytic GABA
immunoreactivity at postmortem to determine the role of
GABA in those processes.

Overall, we conclude that GAD67 immunoreactivity is in-
creased in neurons and astrocytes in and around hippocampal
lesions in MS, especially in hippocampi with active lesions. The
increased GADG67 immunoreactivity likely depends more on
hippocampal inflammation rather than demyelination. We pro-
pose that increased GAD67 may result in enhanced GABA lev-
els, which may hamper hippocampal function and, in the end,
could possibly contribute to disturbed cognition in MS.
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