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«Fig. 1 Phylogenetic analysis of isolated BtCoVs. A phylogenetic
tree ‘was doastrucied by the maximum-likelibood method, using a
conserved 372-nt sequence from the RdRp genes of isolates of

BtCoV. Virus lincages detected in this study are marked with black

circles: The percentage of replicate trees in which the associated taxa

clustered in-the bootstrap test (1000 replicates) i shown next to the

branches. Phylogenetic analysis was performed osing MEGAS {17).
This model was selected by @ modelfit using MEGAS [17].
Coronaviral sequences used for comparison and théir GenBank
accession numbers were ¢ follows: human coronavirug 220E (HCoV
229E; NC_002645), human coropavirus NL63 (HCoV NL63;
NC_005831), human coronaviras OC43 (NC_005147), humas coro-
navirus HKU1 (NC_006577), SARS coronavirus (NC_004718),
canine coronavirus {AF_124986), feline infections pertmmﬁs virus
(FIPY; AY_994055), transmissible gzssimemuma virus. (TGEV:
NC_002306), porcine epidemic dinrthea vitus (PEDY; NC_00
3436), porcine hemagglutinating encep mimnyd;iis vinas (PHEV;
NC_007732), bovine coropavirus (NC_003045), murine hepititis
virts {(MHV; NC_001846), avian infectious bronehitis virs (IBV;
NC_001451),- turkey coronavirus isolate MGI0 (BUG9SE50), BiCoV
HKUZ (DQ249235), BiCoV HKU6 (DQ_249224), BiCoV HKU7
(DQ_249226), BiCoV HKUS (NC.010438), BiCoV HKU9-1
(EF.065513), BiCoV HKUY-3 (EF_{165515), bat SARS-CoV Rfl
(DQ_412042), BICoV/A9T0/2005 (DQ_648854), BiCoV/AS1S/2005
(DQ_648822), BIKY22/Chaerephon sp/Kenya/2006 (HQ728486),
BiCoV/Philippines/Dilliman1552G1/2008 (AB_539080) and BiCoV/
Philippines/Dilliman/1525G2/2008 (AB_539081)

protein was confirmed by CBB staining and WB using an
anti-6x His antibody (Fig. 2). As the recombinant N protein
was present in the pellet after centrifugation, this pellet was

resuspended in phosphate-buffered saline (PBS) containing

0.5 % Triton X-100. Tt was confirmed that the recombinant
protein was pure and showed a single band in WB using an
anti-6x His antibody (Fig. 2b). The secondary supernatant
(isolated after two rounds of centrifugation of the E. coli
cellsy was used as antigen to detect antibodies to BiCoV.
Bat serum samples that detected a 63-kDa band at a dilu-

tion of 1:1000 were considered positive (Fig. 2¢). Sera

from 10 Leschnault rousette bats (Rousetius leschnaultd),
which were obtained from a zoo in Japan, were used as
negative: controls: none showed bands at 63 kDa, As a

positive control, serum from coronavirus infécted Lescs

hnault rousette bat was used [14]. Table 1 displays the
prevalence of anti-BtCoV antibodies; 119/179 (66.5 %)
serum specimens had antibody against N protein. Total WB
positivity correlated with total RT-PCR  positivity
{p < 0.01, Fisher’s exact test).

Our surveys revealed that diverse populations of
BtCoVs are continuously circulating in bats in the Philip-

pines, Interestingly, CoVs. in two différent lineages were.

detected. in greater musky fruit bats (BtCoV/Philippines/
Diliman1525G2/2008 and BtCoV2265/Philippines/2010).
Because this bat species is endemic to the Philippines [18],
BtCoVs may have adapted to the local bat species and
developed a unique ecology. While the bat-CoV/Phi-
lippines/Diliman1525G2/2008 lineage was only present in
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Fig. 2 Expression and western blotting of the recombinant
BtCoV N protein. {2} CBB staining of the recombivant N protein.
BL21 (DE3)ycelis e:t{}ress;ia’g regombinant N protein were suspended
in: PBS containing | % Triten X-100; followed by sonication uand
centrifugation. Supernatants were collected (fane 1), and.the pellet
was resuspended in 0.8 96 Triton: X-100/PBS. After another round of
centrifugation, the secondary supernatant was cotlected (lane 2), Two
supernatant samples and the pellet (lane 3) were analyzed by SDS-
PAGE. The gel was stained with CBB, (b} Western blotting of the
recombinant’ N protein, Secondary supernatant (fane 2 in ;&} was
separdted by 8 % SDS-PAGE and detected by serum from a Coy-
negative bat (lane 1 diluted 1:1000), sérum from a BiCoV-infected
bat (lane’ 2, diluted 1:1000) [14], and HRP-conjugated anti-Gx His
antibody (lane 3, diluted 1:5000): Strips incubated with bat serd were
subsequently -detected using rabbit anti-bat IgG antibody (diluted
1:1000) as the secondary antibody, and HRP-conjugated anti-rabbit
TG antibody (diluted 1:2000) as the tertiary sntibody. () WB
analysis-of bat sera, Recombinant BtCoV N protein was detected by
bar serim specimens as described in Fig. 2b

lesser dog-faced fruit bats and greater musky fruit bats,

the BtCoV2265/Philippines/2010 lineage was detected in
various bat species, including both insectivorous and
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fragivorous bats. These observations imply that interspe-
cies jumping has occurted with BtCoVs in the Philippines.
Given the wide host range of mammalian coronaviruses, it
would not be surprising if BtCoVs crossed species barriers
between frugivorous and insectivorous bats as well as
barriers between different frugivorous bats. Besides SARS-
CoV, cross-species transmission events have been impli-
cated in the emergence of novel CoVs [19]. Recombination
commonly occurs among CoVs [20] and also seems 1o
happen in BtCoVs [21]. These two features could enable
novel BtCoVs to emerge, leading 1o diversity and com-
plexity among BtCoVs.

While numerous surveys to detect BtCoV RNA have
been conducted, serological studies 1o find anti-CoV anti-
bodies in bats are limited. It is possible that this lack of
information has made our understanding of BtCoVs
obscure. Only a few studies have investigated antibodies to.
SARS-related coronavirus in bats [4, 22, 23]. Our survey
revealed that antibodies to- BtCoV N protein were highly
prevalent in bat species (66.5 %). This observation also
supports the idea of continuous circulation of BtCoVs in
the Philippines and implies that repetitive infection enables
BtCoVs to circulate among bat colonies.

We previously reported two lineages of BiCoVs in the
Philippines. One was an alphacoronavirus and the other
was a betacoronavirus. In this study, we found two more
distinet lineages: a betacoronavirus related to another
previously described virus [14] and a novel alphacorona-
virus, Our genetic and serological surveys suggest the
widespread distribution and diversity of BiCoVs in the
Philippines.
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SUMMARY. FliC, the flagellin antigen of Salmonella Enteritidis, was tested as a vaccine candidate for protective effect against a
homologous challenge in chickens, After immunization with recombinant FIiC (+FliC) or administration of phosphate-buffered
saline (PBS) at 56 days old, the chickens were challenged with 10 colony-forming units of Safmonella Enteriudis at 76 days old.
The vaccinated birds showed significanty decreased bacterial counts in the liver and cecal contents compared to those administered
PBS ar 7 days postchallenge, but the protection was partial. The replication experiment also showed a similar result. In both
experiments, vaccination induced an increased level of serum anti-rFliC IgG, which was also reactive to the native flagella. The
intestinal IgA level was slightly higher in the vaccinated birds than in the control. However, neither the proliferative response nor
interferon-y secretion of splenic cells upon stimulation with rFliC was induced. Therefore, the effect of rFliC as a vaccine is limited,
and further improvement is needed.

RESUMEN. Eficacia de la proteina recombinante soluble FliC de Salmonells enterica serovar Enteritidis como un candidato
potencial para una vacuna contra el desafio homoélogo en pollos.

El antigeno de flagelina FliC de Salmoneila Enteritidis, se puso a prueba como un candidato para vacuna en su efecto protector
frente a un desafio homélogo en pollos. Después de la inmunizacién con FliC recombinante (¢FIiC) o la administracién de solucidn
amoriguada de fosfaros {PBS) a los 56 dias de edad, los pollos fueron desafiados con 107 unidades formadoras de colonias de
Salmonella Enceritidis a los 76 dias de edad. Las aves vacunadas mostraron una disminucién significativa de los conteos bacterianos
en el higado y en los contenidos cecales en comparacién con las aves a las que se les administré PBS a los siere dias después del
desafio, pero la proteccién fue parcial. El experimento de replicacién también mostré un resultado similar. En ambos experimentos,
la vacunacién indujo un aumento de IgG anti-rFliC en el suero, que era también reactiva a los flagelos nativos. El nivel de IgA
intestinal fue ligeramente mayor en las aves vacunadas en comparacién con las aves del grupo control. Sin embargo, ni la respuesta
proliferativa, ni la secrecién de y-interferdn por las células del bazo en respuesta a la estimulacién con rFliC fue inducida. Por lo
tz2nto, el efecto de la proteina rFliC como una vacuna es limitada, y se requiere de un perfeccionamiento posterior.

Key words: Salmonella enterica serovar Enteriridis, flagellin, vaccine

Abbreviations: BSA = bovine serum albumin; CFU = colony-forming units; DHL-rif plate(s) = desoxycholate-hydrogen sulfate-
lactose agar plate(s) supplemented with 100 pg/ml of rifampicin; HIB = heart infusion broth; IFN = interferon; IL = interleukin;
IPTG = isopropyl [-D-1-thiogalactopyranoside; LPS = lipopolysaccharide; OD = optical density; PBS = phosphate-buffered
saling; PBST = phospharte-buffered saline with Tween 20; PCR = polymerase chain reaction; rFliC = recombinant FliC;

SE = Salmonella Enteritis; SI = stimulation index

Salmonella enterica has been recognized as a major cause of food-
borne illness in humans worldwide. The incidence of Salmonella
infection has increased substantially for decades, with increased cases
of Salmonella enterica serovar Enteritidis (Salmonellze Enteritidis)
infection due to the consumption of contaminated hen eggs (10).
Although a decreased incidence has been reported recently (6,17),
major outbreaks still occur in the United Kingdom (13) and the
United States (11), causing it ro remain relevant to public health.
Poultry is the most important source of food-borne salmonellosis in
humans; therefore, it is the primary target for the control of
Salmonellz at the production stage of the food chain. Vaccination of
poultry is one promising strategy to mitigate Salmonella infection in
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Agriculture and Technology, Fuchu, Tokyo 183-8538, Japan.

DPPresent address: Research Instinute for Animal Science in Biochemistry
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252-0132, Japan.
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poultry and, in turn, humans as well. Live and killed Salmonella
vaccines for poultry have been available worldwide. Because
potential reversal to virulence through horizontal gene transfer
remains a concern for live attenuated vaccines (2), only killed
vaccines for laying hens and breeder flocks are available in Japan.
However, killed vaccines generally conmin not only effective
immunogenic antigens but also minor antigens, and may rerain
potentially adverse components, such as bacterial lipopolysaccharide
(LPS) (1). Given the accumulation of LPS, multivalent preparations
from whole-cell bacterins of a number of different serovars cannot be
reasonable. Therefore, the development of different types of
vaccines, such as a component vaccine that consists of only effective
antigens with no or a minimal amount of LPS and would be more
suitable for multivalent preparations than would whole-cell
bacterins, has great value.

Flagella have been considered to be effective antigens to stimulate
immune responses because they are exposed to the bacterial surface
and easily recognized by the host immune system. Among the
flagellar antigens, the FliC protein is assembled into the filament and
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FliC as a vaccine candidate against Salmonella

has been considered to contribute not only 1o motility bur also
pathogenicity and host innate recognition (5,24). The present study
is an evaluation of the efficacy of the FliC as a prototype component
vaccine against Salmonellz in poultry based on the concept that FliC
conmains the serovar-specific g, m antigenic region and can be used for a
potential multivalent vaccine in combination with FliC from different
Salmonella serovars or other immunogenic antigens in the future.

MATERIALS AND METHODS

Bacieria and growth conditions. Salmonellz Enteritidis phage type 4
strain HY-1 was made resistant to rifampicin through selective pressure
for ease of recovery and used in this study (21). To prepare the bacterial
suspension and inocula, the organisms were grown on a desoxycholate-
hydrogen sulfate-lactose agar plate supplemented with 100 pg/ml of
rifampicin (DHL-rif plate), and one or two isolated colonies were
transferred to a heart infusion broth (HIB; Eiken Chemical, Tokyo, Japan)
and incubated at 37 C for 5-6 hr with shaking until a density of 10° colony-
forming units (CFU)/ml was obtained, as determined by optical density at
600 nm (ODggo). The bacterial concentration was adjusted by serial
diludon with PBS, and the actual inoculation dose was determined
retrospectively by colony counts of serial 10-fold dilutions that were spread
on DHL-if plates.

Cloning and expression of fiC. The bacterial genomic DNA was
extracted with the use of the Qiagen DNeasy Blood & Tissue Kit (Qiagen,
Duesseldorf, Germany) according to the manufacturer’s instructions. The
DNA sequence of the Salfmonella Enteritidis fliC (NCBI Reference
Sequence: AY649709.1) was obtained by polzngcrase chain reaction
(PCR) with the use of an Expand High-Fidelity" US PCR System (Roche
Applied Science, Mannheim, Germany). The fiC DNA was amplified
with the primer pair of FliC-F (5'-CATATGGCACAAGTCATTAA-
TACA-3') and FliC-R (5'-CTCGAGACGCAGTAAAGAGAGGA-3");
the product lacked the start and stop codons of full-length FliC and
instead contained the recognition sites of the restriction enzymes Neel and
Xhol, respectively (underlined). This allowed the directional cloning of the
PCR fragment into the expression vector. The PCR product was cloned
into the pGEM-T Easy Vector (Promega, Madison, W1), and the plasmid
was transformed into One Shot TOP10 competent Escherichia colf
(Invicrogen, Carlsbad, CA). The transformed cells were recovered by
blue-white selection. The plasmid DNA from the selected clones was
sequenced. Digestion of the pGEM-T Easy plasmid with Neel and Xhol
resulted in restriction fragments of ffiC, which was subdoned into the
expression vector pET29b (Novagen, Milwaukee, WI). This inducible
vector system allows the expression of recombinant proteins with a six
histidine tag at the C-terminus under the presence of isopropyl B-D-1-
thiogalactopyranoside (IPTG). The plasmid was transformed into E. coli
BL21 (DE3) competent cells and grown on LB agar containing 100 pg/ml
kanamycin. The recombinant FIiC (rFliC) protein was expressed in the
soluble fraction under the presence of IPTG and purificd under native
conditions by affinity chromatography on a Ni-NTA His-Bind Resin
(Takara Bio Inc., Shiga, Japan). The purified protein was pooled and
dialyzed in Spectra/Por 4 Regenerated Cellulose Dialysis Membranes
(Spectrum Laboratories, Inc., Rancho Dominguez, CA). The protein
concentration was determined by the DC Protein Assay (Bio-Rad) based
on the Lowry method (14). The purified proteins were confirmed to be
tFliC by western bloming with the use of antipolyhistidine mouse
monodonal andbody (Sigma, St. Louis, MO) followed by horseradish
peroxidase-conjugated anti-mouse IgG rabbit sera (BD Transduction
Laboratories, Lexington, KY). Reaction was visualized by the peroxidase
substrate (Sigma). On the other hand, crude flagellin was separated
acoording to Okamura ef 2/. (18) and used as the native antigen.

Preparation of component vaccine. The concentration of rFliC was
adjusted to 370 pg/m! with PBS, and the volume was mixed well with
the same volume of complete Freund adjuvant. The vaccination dose
was 100 pg in 0.4 ml/bird.

Experimental animals. In the present study, 46-day-old chicks of
white leghorn laying hens (Lohman, Julia), none of which had been
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vaccinated against Salmonella, were obtained from a local commercial
layer farm. The birds were reared in individual wire cages with a
nonmedicated layer ration and water supplied a4 libitum in an isolation
building. The birds were confirmed to be Salmonella free by examining
fresh cecal droppings as described below. All of the animal experiments
in this study followed the institurional guidelines for the care and use of
laboratory animals and were approved by the Animal Research
Committee, Kitasato University School of Veterinary Medicine, Japan.

Efficacy of vaccination with rFliC. Thirty healthy 46-day-old
chicks were divided into two groups, administered intramuscularly with
either adjuvant-mixed FHC or PBS (= = 15/group) in their legs.
Immunization was performed at 56 days of age. The spleen and
intestinal mucus were collected from five hens of each group at 19 days
postimmunization for immunological assays. The remaining hens were
challenged orally with 10° CFU of Salmonellz Enteritidis at 20 days
postimmunization and five hens of each group were necropsied at 7
and 14 days postchallenge. The liver, spleen, and cecal contents were
examined for Salmonella. Sera were also collected at 0, 6, 13, 19, 27,
and 34 days postimmunization for antibody measurement. The
seplication experiment was alse performed in a similar manner:
Immunization at 46 days of age, collection of the spleen and intestinal
mucus at 21 days postimmunization, challenge at 22 days postimmu-
nization, necropsy at 6 and 13 days postchallenge, and collection of
sera weekly postimmunization.

Recovery of bacteria from cecal droppings and tissue samples. The
cecal droppings after challenge and the liver, spleen, and cecal contents
at necropsies were taken aseptically and used for enumeration of
Salmonella according to the previous study (20,21). Briefly, the samples
were homogenized with a ninefold volume of Hajna tetrathionate broth
(Eiken, Tokyo) for the cecal contents and HIB for the liver and spleen.
Serial tenfold dilutions from the homogenates were then spread on
DHL-rif plates, and colony counts (detection limit of 400 CFU/g) were
recorded after incubation at 37 C for 24 hr (the direct cultures), The
homogenates that had been negative for Selmonella in the direct culwre
were also enriched in two phases. The positive samples detected at the
primary and secondary enrichment phases were estimated as 100 and 10
CFUlg, respectively.

Measurement of antibody levels in sera and intestimal mucus,
Serum IgG and intestinal IgA antibodies against FliC were measured by
the enzyme-linked immunosorbent assay according to previous studies
(21,23). For both assays, each well of 96-well microtiter plates
(Sumitomo Bakelite Co., Led., Tokyo, Japan) was coated overnight at
4 C with 50 pl of 10 pg/ml rFliC in a carbonate-bicarbonate buffer. Sera
were diluted 10-fold with 0.5% bovine serum albumin-phosphate-
buffered saline with Tween 20 (BSA-PBST) applied to the plates at
50 pliwell. For intestinal IgA, mucus from the intestinal lumen was
collected in Hanks’ balanced salt solution (Sigma) containing 10 mM
phenylmethanesulfonylfluoride, 0.01% sodium azide, and 1% BSA and
mixed well. After centrifugation at 5000 X g for 30 min at 4 C,
supernatants were 10-fold diluted in BSA-PBST and used instead of
sera. Rabbit anti-chicken 1gG antibody conjugated with horseradish
peroxidase (Sigma) or goat anti-chicken IgA antibody conjugated with
horseradish peroxidase (Bethyl Laboratories, Monigomery, TX), a
peroxidase substrate (Sigma), and 2N H,SO4 (50 pl/well) was used
for the reaction, and the ODysy values were measured. Each assay was
performed in duplicate.

Reactivity of vaccine-induced antibody to native flagella and
fFliC, Sera collected at 19 days postimmunization (1 day before
challenge) and 7 days postchallenge were used for western blot analysis
to confirm the reactivity to native flagella and rFliC. Native flagella and
tFliC were applied 1o SDS-PAGE and blotted onto a nitrocellulose
membrane Hybond C Extra (GE Healthcare, UK Ltd., Buckingham-
shire, United Kingdom). The sera and the rabbit anti-chicken IgG
antibody conjugated with horseradish peroxidase (Sigma) diluted at
1:1000 were used and the reaction was visualized by the peroxidase
substrate (Sigma).

Splenic cell proliferation assay and measurement of interferon
(IFN)-7. The splenic cells were isolated and used for a cell proliferation
assay according to Okamura ef 2l (18). The splenic cells were seeded
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Fig. 1. Bacterial counts from liver, spleen, and cecal contents after challenge in Experiments 1 (A) and 2 (B). » = 5 birds/group. Asterisks

indicate significant differences between groups (P < 0.01).

into 96-well tissue culture plates at 1.25 X 10° cells/well and stimulated
with rFliC (20 pg/ml), concanavalin A (12.5 mg/ml, Sigma) as positive
control, or PBS as negative control for 48 hr at 41.5 C and 5% CO,.
Cell proliferation was then determined at ODysq with the use of a cell-
counting kit (Dojindo Molecular Technologies, Inc., Kumamoto,
Japan). Each sample was analyzed in duplicate, and the stimulation
index (SI) was calculated with the use of the following formula: SI =
mean OD of mitogen- or antigen-stimulated proliferation/mean OD of
nonstimulated proliferation. Furthermore, supernatants from the rFliC-
stimulated cells were collected, filtered chrough a 0.45-um membrane,
and used for the measurement of IFN-y with the use of Chicken IFN-y
Cytoset (Biosource International, Inc., Camarillo, CA) according to the
manufacturer’s instructions.

Statistical analyses, Data of CFU enumeration, antibody levels, IFN-
¥ levels, and SI values for splenic cell proliferation were compared
between vaccinated and unvaccinated chickens by the unpaired Student
stest. P values of less than 0.05 were considered significant.

RESULTS

In the fisst experiment, the vaccinated birds showed significantdy
(P < 0.01) decreased bacterial counts in the liver and cecal contents
(<10* CFU/g) compared to those administered PBS at 7 days
postchallenge (Fig. 1A). The replication experiment also showed
significantly decreased levels of bacteria in the cecal contents at 6 days
postchalienge (P < 0.05) and in the liver at 13 days postchallenge
(P < 0.01; Fig. 1B).

On the other hand, vaccination with rFliC successfully induced an
increased level of serum and-FliC IgG in both experiments (the
representative data shown in Fig. 2A). A vaccine-induced antibody
was reactive not only to rFliC, but also to the native flagella

(Fig. 2B). The intestinal IgA level was slighdy higher in the
vaccinated birds than in the control ones (Fig. 2C). However,
neither the proliferative response (Fig. 3A) nor IFN-y secretion
(Fig. 3B) of splenic cells upon stimulation with rFliC was induced.

DISCUSSION

We have previously reported that immunization with Sa/monella
Enteritidis bacterin induces specific cell proliferation, high level
production of nitric oxide, increased number of TCRYS™ cells, and
production of IFN-y and interleukin (IL) -2 in splenic cells upon ex
vivo stimulation with flagella and IL-1, -2, -6, and -8 and IFN-y
production in vive (18,19). In these studies, a challenge trial could
not be performed; thus, we were encouraged to evaluare the potential
of flagella as an effective vaccine against Salmonella Enteritidis
infection in poultry. Another study showed that immunization with
SEp9, which was the g, m antigenic region of FliC for Sa/monella
Enteriridis, more effectively reduced the bacterial counts in the cecal
contents even at 3 wk postchallenge (25). In this regard, the vaccine
efficacy of fFliC in the present study is limited. The inconsistency
between these results might be due to differences in the bacrerial
strains, chicken lines, and/or other factors, such as experimental
design. rFliC consists of the g, m antigen and the other regions,
which was not included in SEp9 and might also potentially affect
our result. On the other hand, the inconsistency in the bacterial
counts from the tissue samples and cecal contents at necropsies
between trials in the current study might be a consequence of the
small number of challenged birds evaluated.

The limited success of rFliC vaccine might be due to the
insufficient induction of the host cellular immune responses as
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Fig. 2. Antibody responses by rFliC vaccine in the second
experiment. {(A) Anti-FliC serum IgG response induced by vaccination.
n = 15 birds/group (7, 14, and 21 days postimmunization), 10 birds/
group (28 days postimmunization), or 5 birds/group (35 days
postimmunization). Arrow indicares the date of challenge (22 days
postimmunization). (B) Reactivity of vaccine-induced antibody to rFliC
and native flagella. B.C., before challenge; A.C., after challenge; n:
native flagella; r: rFliC. (C) And-cFliC IgA in the intestinal mucus
induced by vaccination. Samples were taken just before challenge.
Asterisks indicate significant differences between groups (*P < 0.05,
*p < 0.01).

evidenced by low proliferation and IFN-y production by stimulated
splenic cells. To maximize such responses, the use of novel adjuvants
(7) or an effective liposome (8,12), combination with heterologous
immunopotent proteins, such as teranus toxoid (4,22), and/or
improvement to the DNA vaccine platform (15} should be
considered in the future. In addirion, because flagellin has been
found ro have the good adjuvant activity (16), combination with
other immunogenic antigens from homologous bacteria, such as
porins (9), can also be the promising approach. More recently, Bobat
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Fig. 3. Cellular responses by rFliC vaccine in the second
experiment. (A) Proliferative response of splenic cells upon ex vive
stimulation with concanavalin A (Con A) or rFliC. Splenic cells were
collected from control and vaccinated birds at 21 days postimmuniza-
tion. # = 5 birds/group. SI means the stimulation index, which is
calculated with the use of the following formula: SI = mean OD of
mitogen- or antigen-stimulated proliferation/mean OD of nonstimu-
lated proliferation. (B) Concentration of IFN-y in the supernatants from
the rFliC-stimulated cells. » = five birds/group.

et al. (3) showed that, in mice, some subunit vaccines such as one
using soluble recombinant FliC may induce Th2 responses during
primary immunization but can develop the protective Thi
immunity during subsequent infection with Salmonella enterica
serovar Typhimurium. We should evaluate the necessity of designing
Th1-inducing vaccines for Safmonella control also in poultry.
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Fetal and Neonatal Goiter in Cynomolgus Monkeys
Following Administration of the Antithyroid Drug
Thiamazole at High Doses to Dams During Pregnancy
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Abstract: To evaluate morphologic alterations in the thyroid gland in the second generation in cynomolgus monkeys,
pregnant dams were exposed to high doses of thiamazole. in Experiment A, dams received thiamazole intragastrically
via a nasogastric catheter from gestation day (GD) 50 to GD 150 or on the day before delivery. Initially, the dose level
was 20 mg/kg/day (10 mg/kg twice daily); however, the dose level was subsequently decreased to 5 mg/kg/day (2.5 mg/
kg twice daily), since deteriorated general conditions were observed in two dams. Six out of seven neonates died on
the day of birth. The cause of neonatal death was tracheal compression and suffocation from goiter. The transplacental
exposure to thiamazole affected the fetal thyroid glands and induced goiter in all nconates. The surviving neonate was
necropsied 767 days afier discontinuation of thiamazole exposure and showed reversibility of the induced changes. In
Experiment B, dams were intragastrically administered thiamazole at 5 mg/kg/day (2.5 mg/kg twice daily) for treatment
periods from GDs 51 to 70, 71 t0 90, 91 to 110, 111 to 130 and 131 to 150. All fetuses showed enlarged thyroid glands but
were viable. Histopathologically, hypertrophy and/or hyperplastic appearance of the follicular epithelium of the thyroid
gland was observed at the end of each treatment period. The most active appearance of the follicular epithelium, consist-
ing of crowded pedunculated structure, was demonstrated at end of the treatment period from GD 131 to 150. This is
the first report on the morphology of fetal and neonatal goiter in the cynomolgus monkey. (DOL: 10.1293/t0x.24.215; ]

Toxicol Pathol 2011; 24: 215-222)
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Introduction

Thiamazole, an antithyroid drug known as a synonym
for methimazole, is a member of the thioamide group. It has

been used for more than half a century to treat hyperthy-.

roidism caused by Graves’ disease!, a condition in which
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the overactive thyroid gland produces excessive amounts
of thyroid hormones. Thiamazole inhibits thyroid hormone
synthesis stages, including the addition of iodine to thyro-
globulin by the enzyme thyroperoxidase, which is essential
to the synthesis of thyroxine. Thiamazole has been the drug
of choice for treatment of hyperthyroidism during pregnan-
cy and needs to be effectively managed and used to pre-
vent maternal, fetal and neonatal complications. A literature
review showed that infants born to mothers whose condi-
tions had been managed with antithyroid drugs developed
goiter!-5. However, there has been no report on the histo-
pathology of goiter in nonhuman primate fetuses and neo-
nates following administration of antithyroid drugs to dams.
In the present study, we repeatedly administered relatively
high doses of thiamazole to pregnant cynomolgus monkeys
in the second and third trimesters of pregnancy to examine
thyroidal morphological disorders in fetuses and neonates.
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Materials and Methods

Animals and housing conditions

Adult female cynomolgus monkeys (Macaca fascicu-
laris, age 3 to 8 years, body weight 2.6-5.4 kg, purpose
bred) from China maintained in the primate facility of
Drug Safety Research Laboratories, Shin Nippon Biomedi-
cal Laboratories, Ltd. (SNBL DSR), were used. Dams and
offspring (after weaning) were individually provided with
approximately 108 g (approximately 12 g x 9 pieces) and
72 g (approximately 12 g x 6 pieces), respectively, of solid
food (Teklad Global Certified 25% Protein Primate Diet,
Harlan Sprague Dawley, Inc., Madison, WI, USA) once
daily between 14:30 and 16:00. Any remaining food was re-
moved between 08:30 and 10:00 on the following day. Water
conforming to the water quality standards required by the
Japanese Waterworks Law was available ad libitum from
an automatic supply (Edstrom Industries, Inc., Waterford,
WI, USA). Stainless steel animal cages (Taiyo Stainless Co.,
Ltd., Kagoshima, Japan) conforming to USDA standards
[690 mm (D) x 610 mm (W) x 750 mm (H)] were used. The
number of animals per cage was one. Males and females
were housed in pairs during the mating period. The animal
rooms were maintained at a temperature of 23 °C to 29 °C
and humidity of 35% to 75%, with artificial lightning for 12
hours/day (06:00 to 18:00). The use of animals in this study
was approved by the Institutional Animal Care and Use
Committee of SNBL DSR, and the study was performed in
accordance with the ethics criteria contained in the bylaws
of the committee.

Mating and pregnancy diagnosis

Females that showed regular menstrual cycles were
mated with males of proven fertility for three days between
the 11th and 15th days of the menstrual cycle. When copula-
tion was confirmed visually, the median day of the mating
period was designated as gestation day 0 (GD 0). On pre-
sumed GD 18, pregnancy was diagnosed by ultrasonogra-
phy (SSD-4000, Hitachi-Aloka Medical, Ltd., Tokyo, Japan)
under sedation from an intramuscular injection of 10 mg/
kg of ketamine hydrochloride (Fuji Chemical Industry Co.,
Ltd., Saitama, Japan). Animal numbers were allotted in the
order in which it was possible to confirm pregnancy (Ex-
periment A or B). Thereafter, pregnant animals underwent
treatment with one of the dosing regimens stated below.

Treatment of dams

Experiment A: Ten dams received thiamazole (Sigma-
Aldrich Co., Ltd., Tokyo, Japan) intragastrically via a naso-
gastric catheter from GD 50 to GD 150 or on the day before
delivery. Initially, the dose level was 20 mg/kg/day (10 mg/
kg twice daily); however, the dose level was subsequently
decreased to 5 mg/kg/day (2.5 mg/kg twice daily), since de-
teriorated general conditions were observed in two dams.
Thiamazole was administered twice a day, and the second
administration was 6 hours after the first. All dams were
observed four times a day during the treatment period and

once a day during the nontreatment period and were to be
allowed to deliver naturally.

Experiment B: Two dams per group were adminis-
tered thiamazole (Sigma-Aldrich) at 5 mg/kg/day (2.5 mg/
kg twice daily) intragastrically via a nasogastric catheter for
one of five different treatment periods. Thiamazole was ad-
ministered twice a day, and the second administration was 6
hours after the first. Two or three animals were allocated to
Groups 1,2, 3, 4 and 5 as nontreated controls. The treatment
periods for Groups 1, 2, 3, 4 and 5 were GDs 51 to 70, 71
to 90, 91 to 110, 111 to 130 and 131 to 150, respectively. All
dams were observed four times a day during the treatment
period and once a day during the nontreatment period. Ce-
sarean section (CS) was performed on the day following the
end of the relevant treatment period, and the treated fetuses
were removed from the uterus.

Observations and examinations of second generation
All neonates were examined for viability, sex, body
weight and external findings at birth. The offspring of Dam
No. 7 in Experiment A was necropsied 767 days after birth.
The thyroid glands collected from fetuses in Experiment B
were weighed, and absolute and relative weights were cal-
culated from the relevant fetal body weight. The fetal and
neonatal thyroid glands from Experiments A and B were
fixed in 10% neutral buffered formalin for histopathologi-
cal examination. The specimens were embedded in paraf-
fin, sectioned and stained routinely with Hematoxylin-Eosin
(HE) stain. Slide specimens were examined microscopical-
ly. Neonates No.3 and No.7 in Experiment A and all treated
fetuses and one nontreated fetus from each group in Experi-
ment B were available for histopathological examination.

Examination of morphological parameters in the
thyroid gland in Experiment B

Images of the thyroid were analyzed with analysis (Soft
Imaging System GmbH, Muenster, Germany) software to
determine the height of the follicular epithelium. The outer
circumferences of the follicle and the lumen included in a
one square millimeter section of each specimen were mea-
sured. The average radius and diameter of each were then
calculated. The height of the follicular epithelium was cal-
culated by subtracting the lumen radius from the follicu-
lar radius. Pairwise comparisons were performed for each
parameter by t-test based on a one-way ANOVA model. A
value of p<0.05 was considered statistically significant.

Results

Experiment A

Clinical signs in dams and the viability outcomes for
fetuses and neonates are shown in Table 1. Two dams (Nos.
1 and 2) showed convulsion, prone position, external geni-
tal bleeding and/or low food consumption, and one of these
dams (No. 1) then died on GD 70 and the other dam (No.
2) aborted its fetus. Therefore, the dose level of thiamazole
was decreased from 20 mg/kg/day (10 mg/kg twice daily) to
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Fig. 1. Gross and histopathological findings in neonates in Experiment A. la: External appearance around the neck. 1b: Gross ap-
pearance of the thyroid gland. Ie: Cut surface of the thyroid gland. 1d: Thyroid gland reached the membranous wall of the
trachea, HE stain. le: Follicles consisted of a flattened epithelium containing colloid, HE stain.

5 mg/kg/day (2.5 mg/kg twice daily). After the decrease in
dose level, one other dam (No. 4) showed low body weight,
low food consumption and emaciation; however, this dam
was able to maintain its pregnancy until the end of the
third trimester, and no abnormalities in clinical signs were
observed in the other seven dams (Nos. 3 and 5 to 10). At
around the end of the gestation period, fetal death (No. 6)
was detected by ultrasonography on GD 170, and six other
dams (Nos. 3, 4, 5, 7. 9 and 10) were able to deliver natu-
rally. However, five out of the six neonates (Nos. 3, 4, 5,
9 and 10) died on the day of birth, and only one neonate
(No. 7) survived. All fetuses and neonates that had been vi-
able at the end of the third trimester showed swollen throat
and presented palpable thyroid glands. Gross examination
of this fetus and these neonates showed enlarged thyroid
glands reaching the membranous wall of the trachea. His-
topathologically, the thyroid showed colloid storage and a
flattened follicular epithelium. Neither cellular atypia nor
mitotic figures were seen (Figs. la-e). The offspring (No.
7) necropsied 767 days after birth showed no macroscopic
abnormalities in the thyroid gland. Histopathologically, de-

position of brown pigment and proliferation of connective
tissue were observed in this animal; however, no abnormal
changes were observed in the follicular epithelium. Abso-
lute and relative thyroid gland weights in this offspring were
1.42 g and 0.81 g/kg (body weight at necropsy: 1.76 kg), re-
spectively.

Experiment B

The results of Experiment B are shown in Tables 2 and
3. No abortion or fetal death occurred during any thiam-
azole treatment period. All fetuses removed from uteri
by cesarean section were viable. There was no difference
in body weight between the control fetuses and the treat-
ed fetuses. All treated fetuses from Groups | to 5 showed
enlarged thyroid glands (Fig. 2a—e). Absolute and relative
thyroid weights in the treated fetuses were higher than those
in the control fetuses. The follicular diameters, lumen di-
ameters and the heights of the follicular epithelium were
significantly higher in treated fetuses than control fetuses.
Although the height of the follicular epithelium did not show
any apparent increase, the follicular diameter and lumen di-
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Table 1. Experimental Designs and Results of Experiment A

Fetal and Neonatal Goiter in Cynomolgus Monkeys

Thiamazole? Dam Neonate Bod ioht E al
20mg/ke Smg/kg enimal GD  Clinical signsofdams  Delivery status  animal a‘: byir:‘;fzg) Viability Sex ﬁzfiﬁ;“ .
Treated period (days) No. No. & e

20 - 1 - Prone position (GD69), exter- Abortion (GD70) 1 NE Dead NE NE

nal genital bleeding (GD70),
dam death (GD70)

33 - 2 - Convuision (GD69-71), prone  Abortion (GD83) 2 NE Dead NE NE

position (GD69), low food
consumption (GD70~)

7 108 3 165 No abnormal changes Neonatal death 3 245 Dead M Swelling,

throat

7 111 4 168 Low body weight, low food  Neonatal death 4 249 Dead M  Swelling,

consumption, emaciation throat

3 127 5 180 No abnormal changes Neonatal death 5 320 Dead F  Swelling,

throat

2 118 6 - No abnormal changes Fetal death 6 NE Dead F  Swelling,

(GD170) throat

- 118 7 168 No abnormal changes No abnormal 7 331 Alive F  Swelling,

changes throat

- 40 8 - No abnormal changes Abortion (GD90) 8 NE Dead NE NE

- 120 170 No abnormal changes Neonatal death 9 302 Dead F  Swelling,

throat

- 92 10 142 No abnormal changes Neonatal death 10 197 Dead M Swelling,

throat

» Dose 20 mg/kg/day — 5 mg/kg/day. Thiamazole was administered on GD 50 to 150 or on the day before delivery. The dose level was de-
creased to 5 mg/kg/day, since deteriorated general conditions were observed in two dams (Animal Nos. | and 2). GD: Gestation day. NE: Not

examined. M: Male. F: Female.

ameter tended to increase as gestation progressed.

The histopathological appearances of the thyroid
glands from each group are shown in Figs. 3a to 3e’. Mitotic
figures were sporadically observed in the follicular epithe-
lium in treated fetuses from all groups. Hypertrophy and/
or hyperplasia of the thyroid follicular epithelium were dif-
fusely observed in treated fetuses from all groups. Follicular
size was distinctly larger in the treated fetuses than in the
control fetuses, with narrowed lumens. The follicular cells
were more columnar than normal. Control thyroid glands
examined at GD 72 and GD 91 consisted of a number of
small follicles thought to be immature. Projections into the
follicular lumen as a result of proliferation of the follicular
epithelium were observed at GD 91. Large follicles lined by
a low cuboidal follicular epithelium were observed at GD
131. The follicular epithelium showed an active appearance
with proliferated papillary projections into the follicular lu-
men and pedunculated structure at GD 151.

Discussion

Experiment A, thiamazole was administered at rela-
tively high doses for an antithyroid drug to pregnant cyno-
molgus monkeys during pregnancy to investigate morpho-
logic changes in fetuses and neonates. In Experiment B,
morphologic changes in the fetal thyroid glands during the

second and third trimesters were investigated sequentially
with five different treatment periods to examine the effect
of thiamazole. It has been reported that the drug induced hy-
pertrophy of the follicular epithelium in the thyroid glands
of common marmosets (Callithrix jacchus)s. However, there
has been no report of histopathological changes in nonhu-
man primate fetuses and neonates until now. The thyroid
glands from fetuses exposed to thiamazole during the sec-
ond and third trimesters of pregnancy were compared mor-
phologically with those from control fetuses.

The thyroid gland is one of the organs most suscep-
tible to various intrinsic and extrinsic factors’, and the hypo-
thalamus-pituitary-thyroid axis and its hormonal feedback
system involving TSH, triiodothyronine (T3) and thyroxine
(T4) is well established.

Thiamazole, an antithyroid drug, is a member of the
thioamide group. Thiamazole (1-methy-1 H-imidazole-2-thi-
ol), whose chemical formula is C,H¢N,S and whose molecu-
lar mass is 114.17 g/mol has been used for more than half
a century to treat hyperthyroidism caused by Graves’ dis-
ease!, a condition in which the overactive thyroid gland pro-
duces excessive amounts of thyroid hormones. The working
mechanism of thiamazole is based on inhibition of the addi-
tion of iodine to thyroglobulin by the enzyme thyroperoxi-
dase, an essential step in the synthesis of T3 and T4.

It has been reported that thionamide compounds are
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Fig. 2. Gross appearance of changes in the thyroid glands of fetuses in Experiment B with 5 different treatment periods. All fetuses in
thiamazole exposure Groups | to 5 showed swollen throats. 2a: Treatment period GD 51 to 70: fetuses removed on Day 71. 2b:
Treatment period was GD 71 to 90; fetuses removed on Day 92. 2¢: Treatment period GD 91 to 110; fetuses removed on Day
111. 2d: Treatment period GD 111 to 130: fetuses removed on Day 131, 2¢: Treatment period GD 131 to 150; fetuses removed
on Day 151.

Table 2. Experimental Designs and Results of Experiment B

. . Organ weight (Thyroid)
Group .Dam Dose  Dosing days  CS* Neonate Viability Sex Fetal weight —
animal No.  (mg/kg) (GD) day  animal No. y ¢ (2) Absolute Relative
weight (mg)  weight (mg/g)
Control-1 - 72 Control-1 F 33.1 13.0 0.39
Control-2 ) - 72 Control-2 M 22.3 5.4 0.24
! 101 5 51-70 71 101 F 33.8 135.0 3.99
102 71 102 F 324 180.0 5.56
Control-3 - 91 Control-3 M 84.2 18.0 0.21
Control-4 ) - 91 Control-4 M rird 276 0.36
2 201 s 150 91 201 M 61.0 185.4 3.04
202 92 202 M 89.7 531.8 5.93
Control-5 - 110 Control-5 M 165.0 64.0 0.39
Control-6 - E 110 Control-6 M 157.5 483 0.31
3 Control-7 - 111 Control-7 Alive M 150.5 303 0.20
301 5 91110 110 301 F 170.0 360.0 212
302 ) 11 302 M 162.0 316.0 1.95
Control-8 - 131 Control-8 M 228.5 56.0 0.25
Control-9 . - 131 Control-9 M 273.2 123.2 0.45
4 401 5 11-130 131 401 F 256.3 840.0 3.28
402 131 402 M 260.5 341.0 1.31
Control-10 - 151 Control-10 M 3074 50.0 0.16
Control-11 . - 155 Control-11 F 363.0 147.0 0.40
5 501 % ST 501 M 3324 560.0 1.68
502 151 502 B 3639 533.5 1.47

GD: Gestation day. M: Male. F: Female. *: Caesarcan section.

among the most potent inhibitors of thyroid hormones and  levels and the resultant increase in circulating TSH stimu-
that they have induced hyperplasia of the thyroid gland in  lates enlargement of the thyroid gland.

experimental animals®. This effect occurs when the admin- The cynomolgus monkey, a widely used nonhuman
istration of the drug reduces thyroid hormones to subnormal ~ primate model, has similar reproductive physiology. endo-
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Table 3. Morphological Parameters in the Thyroid Gland in Experiment B

Group 1 2 3 4 5

Dose (mg/kg) - 5 - 5 - 5 - 5 - 5
Dosing days (GD) - 51-70 - 71-90 - 91-110 - 111-130 - 131-150
Follicular diameter (um) 3609 89.53* 44.25 11571 69.35 123.45* 96.85 156.16* 6590 164.13*
Lumen diameter (um) 2729 56.15* 3547 83.49* 5475 86.17* 7799 123.96* 4736  128.19*
Height of follicular epithelium (um) 440  16.69* 439  16.11* 730  18.64* 943  16.10* 927 1797

GD: Gestation day. Values are expressed as averages. *: Significantly different from the control (P<0.05).

crinology and development to the human®19. The human
gestation period is around 40 weeks, while that of the cyno-
molgus monkey is around 160 days!0. Organogenesis occurs
during the first trimester in both the cynomolgus monkey
and the human, between GDs 21 and 50 and GDs 18 and
60, respectively®!9, It has been reported that the develop-
ment of the human thyroid gland begins from GD 21, and
that the human thyroid gland is well developed by GD 70
in the first trimester and begins concentrating iodide and
producing thyroid hormones at this time!!. Compounds with
a molecular weight greater than 1000 Da do not cross the
placenta easily, whereas those of less than 600 Da, including
thiamazole, freely cross the placenta2-4.12-14_ In the present
study, an excessive dosage of thiamazole affected the fetal
thyroid glands through the placenta, inducing goiter in fe-
tuses or neonates.

Fetal, neonatal or maternal death or abortion occurred
in Experiment A. It was considered that the cause of death
was respiratory impairment following severe compression
of the trachea by an enlarged thyroid gland, as has been re-
ported in humans!.2, Compression of the cervical region by
an excessively enlarged thyroid gland is considered poten-
tially lethal to neonates.

One offspring (No. 7), which showed a swollen throat
at birth, was necropsied on Day 767. Although no abnormal
changes were observed macroscopically, its absolute thyroid
gland weight was above the range of the control background
data (unpublished data) of our laboratories. This organ
weight result in this animal showed that even at the age of
two years, thyroid gland weights had not returned to normal,
a finding similar to that reported in rats!5, Moreover, there
were no abnormal changes in the follicular cells. Histopath-
ological changes observed in the interstitium of the thyroid
gland were considered traces of goiter at birth. Regression
of goiter induced in fetuses was observed when antithyroid
compounds including propylthiouracil (PTU) were with-
drawn, enabling reversibility of the induced changes2.!5.16,

In Experiment B, there were no nonviable outcomes
for fetuses or abnormalities in fetal body weight. All treated

fetuses from each group that underwent treatment for one of
five periods showed goiter. The detection of fetal goiter dur-
ing pregnancy in a mother on antithyroid drug therapy by
ultrasonography is an indication of fetal hypothyroidism!-3.

High absolute and relative thyroid organ weights were
noted in treated fetuses in all groups when compared with
control fetuses. These high organ weights were considered
to be due to the increase in size of the follicle and the col-
loid, since both the follicular and lumen diameters increased
as gestation progressed.

Although the mean height of the follicular epithelium
in the treated groups did not show any apparent increase
in morphometry examinations, both diffuse hyperplasia
and hypertrophy of the thyroid follicular epithelium were
observed in the histopathological examination. In Group 4
(GD 111 to 130 treatment period), around the midpoint of
the third trimester, an inactive appearance of the follicular
epithelium was seen. This was considered to indicate that
the susceptibility to thiamazole in this group was not as
great as in the other groups. In contrast to those from Group
4 (GD 111 to 130 treatment period), the fetal thyroids from
Group 5 (GD 131 to 150 treatment period) demonstrated the
most characteristic appearance of thiamazole treatment-
related changes. The follicular epithelium appeared active,
consisting of papillary projections into the follicular lumens
that had become pedunculated. This observation suggests
that administration of thiamazole to dams just before deliv-
ery strongly induces histopathological changes in the fol-
licular epithelium of the thyroid gland in the fetal cynomol-
gus monkey. Although TSH and thyroid hormones were not
assessed in the present study, the morphologic features of
the thyroid glands from treated fetuses were consistent with
enhanced resorption of colloid through TSH stimulation!”.

In conclusion, this is the first report on macroscopic
and histopathological investigations of goiter in cynomolgus
monkey fetuses and neonates when dams received relatively
high doses of thiamazole during the second and third tri-
mesters of pregnancy.

Fig. 3. Histologic appearance of changes in the thyroid glands of fetuses in Experiment B with 5 different treatment periods, HE stain. 3a: In-
duced change in the thyroid gland at GD 71. 32’: Control thyroid gland at GD 72. 3b: Induced change in the thyroid gland at GD 91. 3b*
Control thyroid gland at GD 91. 3¢: Induced change in the thyroid gland at GD 111. 3¢: Control change in the thyroid gland at GD 111.
3d: Induced change in the thyroid gland at GD 131. 3d”: Control thyroid gland at GD 131. 3e: Induced change in the thyroid gland at GD

151. 3¢ Control thyroid gland at GD 151.
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Differentiation of Neural Cells in the Fetal
Cerebral Cortex of Cynomolgus Monkeys
(Macaca fascicularis)

Yujiro Toyoshima,"” Satoshi Sekiguchi,’ Takayuki Negishi,’ Shinichiro Nakamura,® Toshio Thara,® Yoshiyuki Ishii,!
Shigeru Kyuwa,' Yasuhiro Yoshikawa,"* and Kimimasa Takahashi?

Proliferation and programmed cell death are important in the formation of morphologic structures and functional actiyity dur-
ing CNS development. We used immunchistochemical and TUNEL methods to examine the proliferation and differentiation of -
neural cells in, distribution of apoptotic cells in, and microglial cell involvement in the removal of apoptotic cells from the fetal
cerebral cortex of cynomolgus monkeys. At embryonic day (E) 50 and E80, the neuroepithelium contained many mitotic cells. Cells
staining for PCNA (a nuclear marker of proliferating cells) were prominent in the proliferative zone, whereas cells positive for
NeuN (a neuron-specific marker) were absent. GFAP staining for glial cells was positive in the neuroepithelium and radial glial
fibers. Ibal-positive cells (that is, macrophages and microglia) were distributed throughout all regions at all time points but ac-
cumulated especially in the ventricular zone at E80. Apoptotic morphology (at E80) and TUNEL-positive cells (that is, containing
DNA fragmentation; at E50 and E80) were observed also. At E120 and E150, most PCNA-positive cells were in the ventricular zone,
and NeuN-positive cells were prominent in all layers except layer I-II at E120. GFAP immunoreactivity was detected mainly in cells
with fine processes in the white matter. Neither apoptosis nor TUNEL-pesitive cells were detected at either E120 or E150. These
results suggest that proliferation, migration, and neural cell death occur during midgestation (that is, E50 to E80) in fetal brain of

cynomolgus macaques, whereas differentiation and maturation of neural cells occur after midgestation (ES0).

Abbreviations: E, embryonic day; GW, gestational week; PCD, programmed cell death.

The proliferation and programmed cell death (PCD) of neural
cells during development of the CNS are important in the for-
mation of morphologic structures and functional activity of the
brain.*?% In normal corticogenesis, neuronal and glial precursors
proliferate in the neuroepithelium covering the ventricle, and
postmitotic neuronal precursors migrate to the cortical plate as
their final destination. During this process, radial glial cells guide
migrating cells. Neuronal precursors that have completed migra-
tion differentiate into mature neurons to form cerebral cortical
layers.® During cortical developmental processes, PCD—mainly
apoptosis—emerges. PCD reportedly occurs during corticogen-
esis at early to mid-pregnancy in humans'4%3' but between em-
bryogenesis and the postnatal period in rodents.?* In addition,
microglia infiltration emerges to remove cells that have under-
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gone PCD.!%% Some reports, however, suggest that the distribu-
tion of microglia is not always correlated with PCD.>? Therefore,
microglial involvement in PCD has not been confirmed during
fetal brain development. Moreover, PCD has often been described
during cerebral development in humans and rodents, but few
reporis have examined PCD in monkeys."

In the current study, we investigated the proliferation, dif-
ferentiation, and distribution of apoptosis of neural cells in the
fetal brain, especially the cerebral cortex, cynomolgus monkey
at different developmental stages using histopathologic analy-
sis, immunohistochemistry, and TUNEL method. In addition,
we investigated the involvement of microglial infiltration in the
removal of apoptotic cells from the fetal monkey brain.

Materials and Methods

Animals. Four pregnant cynomolgus monkeys (Macaca fascicu-
laris) at gestational days 50, 80, 120, and 150 (1 = 1 at each stage)
were purchased from and maintained at Shin Nippon Biochemi-
cal Laboratories (Kagoshima City, Japan). Serologically normal
monkeys that were imported from China and had passed quar-
antine were used in the present study. Animal breeding, mat-
ing, and operations were performed at Shin Nippon Biochemical
Laboratories. In particular, female monkeys with normal men-
strual cycles each were caged for 3 d with a healthy male monkey
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during the time of expected ovulation. After an observer con-
firmed copulation or intravaginal sperm, the second of the 3
mating days was defined as gestational day 0. All monkeys were
housed according to ILAR guidelines in individual stainless steel
cages (69 x 61 X 75 cm) at 26 + 2 °C and 50% + 10% humidity, on
a 12:12-h light:dark cycle, and with 15 fresh-air changes hourly.”
Each monkey received about 108 g of food pellets once daily and
had free access to drinking water.

After normal pregnancies were confirmed by ultrasonogra-
phy, fetuses were obtained by Caesarean surgery, were confirmed
alive, were euthanized by pentobarbital through the umbilical
vein, and underwent autopsy. Dams received ampicillin (Meiji
Seika Pharma, Tokyo, Japan) and buprenorphine hydrochloride
(Otsuka Pharmaceutical, Tokyo, Japan) intramuscularly for 3 d
postoperatively, and the surgical site was disinfected daily for
1 wk after surgery. In the current study, fetal cerebra at embryonic
day (E) E50, E80, E120, and E150 were fixed in 4% paraformal-
dehyde or Bouin solution and embedded in paraffin. Coronal
sections (E80, E120, and E150) of the occipital lobe and sagittal
sections (E50) of the whole brain were sliced at 2 um and stained
with hematoxylin and eosin for histopathologic examination.

This study was performed according to guidelines for animal
experiments at Shin Nippon Biomedical Laboratories. All proce-
dures and protocols were approved by the Animal Care and Use
Committee of the Graduate School of Agricultural and Life Sci-
ences, the University of Tokyo.

Immunohistochemistry. Inmunostaining was performed by
the labeled streptavidin-biotin method for rabbit polyclonal an-
tibodies™ and by the polymer-based method for mouse monoclo-
nal antibodies.” Deparaffinized sections were treated with 0.3%
H,0, in methanol for 30 min to block endogenous peroxidase
activity in the tissue. After being washed in PBS, sections were
autoclaved for 10 min at 121 °C to enhance immunoreactivity. The
sections were incubated with Block Ace (DS pharma Biomedical,
Osaka, Japan) for 1 h at room temperature, to prevent nonspecific
binding of immunoglobulin. Tissue sections then were incubated
overnight with primary antibodies against PCNA (proliferating
cell nuclear antigen), a marker for cells in early G1 phase and S
phase of the cell cycle (1:200; Dako, Glostrup, Denmark); NeuN,
a marker of mature neurons (1:200; Chemicon International, Tem-
ecula, CA); GFAP (glial fibrillary acidic protein) a marker for neu-
roepithelium, radial glial fibers, and astroglia (1:1000; Dako); and
Iba 1 (ionized calcium binding adapter molecule 1), a marker of
macrophage and micloglia (1:1000; Wako, Osaka, Japan). For rab-
bit polyclonal antibodies, sections were incubated with biotinylat-
ed goat antirabbit IgG (1:500; Dako) for 30 min at 37 °C, followed
by incubation with horseradish-peroxidase~conjugated strepta-
vidin (1:500; Dako) for 30 min at room temperature. For mouse
monoclonal antibodies, sections were incubated with EnVision+
(Dako) for 30 min at room temperature. Immunoreactivity was
visualized by treating sections with 3, 3-diaminobenzidine tetra-
oxide (Dojin Kagaku, Kumamoto, Japan). Sections were counter-
stained with hematoxylin or 0.1% methyl green.

Detection of apoptosis. Apoptosis was detected by TUNEL
analysis (Apop Tag Peroxidase In Situ Apoptosis Detection Kit,
Chemicon)" and immunohistochemistry using a rabbit polyclonal
antibody against cleaved caspase 3 (1:50; Chemicon). TUNEL
analysis was performed according to the manufacturer’s protocol
with minor modifications; for example, sections were pretreated
with 1 pg/mL proteinase K (Wako) in PBS for 10 min at room
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temperature. Negative control sections were incubated with PBS
as a substitute for terminal deoxynucleotidyl transferase. Caspase
3 immunohistochemistry was done as described earlier, except
that Tris-buffered saline was substituted for PBS and a polymer-
based detection method (EnVision+, Dako) was used.

Cell counts. TUNEL-, PCNA-, and NeulN-positive cells in each
section at E50, E80, E120, and E150 were counted cells under light
microscopy at 400x magnification. For E50 and E80, we focused
on 3 layers: the cortical plate (including the marginal zone); inter-
mediate zone; and proliferative zone (comprising the ventricular
and subventricular zones). For E120 and E150, we evaluated 5
layers (namely, layers I-I, IT, IV, V, and VI). After 5 random fields
(1000 cells each) from each section were captured by usinga CCD
camera (Q Capture Pro; Nippon Roper, Tokyo, Japan), the num-
ber of positive cells per 1000 cells was computed by using Scion
Image (Scion Corporation, Frederick, MD).

Results

Differentiation of neural cells at E50 and E80. Histologically, the
cerebral wall included 5 areas: the ventricular zone, subventricu-
lar zone, intermediate zone, cortical plate, and marginal zone. At
E80, the proliferative zone, which comprises the ventricular and
subventricular zones, was slightly smaller and intermediate zone
and cortical plate were larger than those of E50 (Figure 1). Mitoses
were observed in the neuroepithelium at E50 and E80 (Figure 2 A
and B). Apoptosis characterized by nuclear fragmentation, pyk-
nosis, and phagocytosis of the apoptotic body by macrophages
was observed mainly in proliferative zone at E80 (Figure 2 C
through E).

By immunohistochemistry at E50 and E80, PCNA-positive cells

were detected mainly in proliferative zone (Figure 3 A and B).
PCNA-positive cell counts were 771.5 and 618 per 1000 cells at
E50 and E80, respectively. However, few PCNA-positive cells
were found in intermediate zone and cortical plate (Table 1).
GFAP immunoreactivity was detected in the neuroepithelium
of the proliferative zone (Figure 3 C and D). Radial glial fibers
elongating vertically from the proliferative zone to cortical plate
were strongly positive (Figure 3 E). Ibal immunoreactivity was
detected in all layers, particularly at E80, when many positive
cells were localized in proliferative zone (Figure 3 F). In addi-
tion, some positive cells phagocytized cellular debris (Figure 2
F). NeuN immunoreactivity was not detected at either E50 or ES0
(data not shown).

TUNEL-positive cells at E50 and E80 were sparsely distrib-
uted in each layer (Figure 2 G), except for the cortical plate at
E50, when positive cells were not detected. Overall there were
very few TUNEL-positive cells (0.6 to 2.1 per 1000 cells; Table 1).
Caspase 3 immunoreactivity was not detected.

Differentiation of neural cells at E120 and E150. Histologically,
the cerebral cortex at E120 and E150 consisted of 6 layers (Figure 4
A and B). No cells at either time point showed characteristics of
apoptosis.

Immunohistochemically, PCNA-positive cells were detected
mainly in the ventricular zone, with a few PCNA-positive cells
in the white matter and cerebral cortex at E120 and E150. PC-
NA-positive cell counts in ventricular zone were 833.1 and 658.3
per 1000 cells at E120 and E150, respectively (Table 2). NeuN
immunoreactivity was detected in layers Il through VI at E120
and in all layers at E150 (Figure 4 C and D; Table 3). Moreover,
NeuN-positive cells at E120 had scant cytoplasm (Figure 4 C
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Figure 1. Cerebral wall at (A) ES0 and (B) E80. The cerebral wall con-
sisted of the marginal zone (MZ), cortical plate (CP), intermediate zone
(1Z), subventricular zone (SVZ), and ventricular zone (VZ). Hematoxy-
lin and eosin stain; bar, 50 pm.

inset), whereas at E150, some cells had abundant cytoplasm with
processes resembling those of mature neurons (Figure 4 D inset).
Radial glial fibers that were positive for GFAP were not present
(Figure 4 E), the white matter contained many GFAP-positive
cells with multiple processes (Figure 4 F) at E120 and E150. Ibal
immunoreactivity was present in each layer at E120 and E150.
There were no TUNEL- or caspase 3-positive cells in any section
at E120 or E150.

Discussion

This study investigated the proliferation, differentiation, and
distribution of apoptosis of neural cells and the involvement of
microglia in removal of apoptotic cells in the fetal cynomolgus
monkey brain, especially the cerebral cortex, at different devel-
opmental stages. Because few studies have addressed the precise
neural development of the cynomolgus monkey fetal brain, we
mainly compared our results with those in rodents, humans, and
rhesus monkeys (Macaca mulatta).

Proliferation and the migration of neural cells are known to be
important in CNS development.® In our study, we noted a high
frequency of mitoses in the ventricular zone at both E50 and E80.
Using immunohistochemistry with PCNA to detect the prolif-
erative activity of neural cells, we noted many positively stained
cells in the proliferative and ventricular zones from E50 to E150.
This finding of many mitotic cells in the ventricular zone is con-
sistent with previous reports.”?* Moreover, the production of
cortical neurons in the monkey visual area has been reported to
start at E40 and finishes by E100.” Therefore, we speculate that
cortical neurons actively proliferate between E50 and E80 and
that this division and proliferation is complete by E120. Other
reports show that numbers of PCNA-positive cells are signifi-
cantly reduced when cell migration is active,”* and these cited
results are inconsistent with our finding that proliferative activity
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Normal brain development in cynomolgus monkeys

Table 1. Number of PCNA- and TUNEL-positive cells per 1000 cells in
each layer of the cerebral wall at E50 and E80

ES50 E80
PCNA  TUNEL PCNA TUNEL
Cortical plate 0 0 0.2 0.7
Intermediate zone 0.2 0.6 0.6 1.6
Proliferative zone 771.5 1.2 618 21

Table 2. Number of PCNA- and TUNEL-positive cells per 1000 cells in
each layer of the cerebrum at E120 and E150

E120 E150
PCNA TUNEL PCNA TUNEL
Layers I through VI 10.4 0 10.3 0
White matter 779 0 425 0
Ventricular zone 833.1 0 658.3 0

Table 3. Number of NeuN-positive cells per 1000 cells in each layer of
the cerebral cortex at E120 and E150

Layer E120 E150
I-11 25.1 894.7
1l 674.3 946.5
v 673.6 947.7
v 557.2 929.5
Vi 681.4 952.4

NeuN-positive cells were not detected at ES0 and E80.

in the ventricular zone is maintained at a high level after E120.
Whereas the previous studies addressed the human fetal brain,
we used the cynomolgus monkey fetus, and differences observed
may reflect species-associated differences between humans and
macaques in neural cell development during the final stage of
CNS maturation.

We noted few PCNA-positive cells in the intermediate zone and
cortical plate at E50 and E80. PCNA-positive cells increased in the
cerebral cortex and medulla at E120 and E150, but frequencies
were lower than those in the ventricular zone. Humans display a
few PCNA-positive cells in intermediate zone.” In addition, the
presence of PCNA-positive cells in the intermediate zone has sug-
gested their role in the glial system."” In the rat developing brain,
most microglial precursors show high proliferative activity,® and
the proliferating cells in the cortical plate are thought to be glio-
blasts or angioblasts.” In light of these previous and our current
findings, we speculate that PCNA-positive cells at E50 and E80 in
areas other than the proliferative zone might be glial cells.

Apoptosis plays an important role in the developing CNS.>/
In human cerebral development, apoptosis is induced mainly
in the proliferative zone during early pregnancy (11 gestational
weeks [GW]),* increases in all regions of the telencephalon and
from marginal zone to ventricular zone except for cortical plate
during the second trimester of pregnancy,**' and is detected in
the cerebral cortex during late pregnancy.®** In proliferative zone
at E80 in the present study, we observed chromatin condensation
and nuclear fragmentation, which are well-known morphologic
characteristics of apoptosis. We noted only a few TUNEL-positive
cells in each layer at ES0 and E80 and no TUNEL-positive cells at
all after E120. Moreover, there was little difference in temporal
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