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Abstract

Adult hippocampal neurogenesis is modulated by perturbations in thyroid hormone status;
however the role of specific thyroid hormone receptors (TRs) in this process is not completely
understood. We show here that loss of the TRf gene results in a significant increase in the
proliferation of adult hippocampal progenitors, without any change in immature neuron number or
in the neuronal and glial differentiation of progenitors. Using the mitotic marker 5’-bromo-2-
deoxyuridine (BrdU) or the endogenous cell cycle marker, proliferating cell nuclear antigen
(PCNA), we find a significant increase in the number of BrdU- and PCNA-immunopositive cells
within the subgranular zone (SGZ) of the dentate gyrus subfield in TR3—/- mice. Further, we find
that TRB—/— mice exhibit a significant increase in the numbers of NeuroD-positive cells within the
SGZ, suggesting that the increased numbers of proliferating progenitors translate into enhanced
numbers of neuroblasts. Interestingly, the number of BrdU-positive cells that persist 4 weeks post-
BrdU injection is unaltered in TRB—/— mice, indicating that the enhanced proliferation does not
result in increased hippocampal neurogenesis. This is also supported by evidence of no change in
the numbers of cells expressing markers of immature neurons such as doublecortin or
polysialylated neural cell adhesion molecule. Furthermore, no change is observed in the neuronal
or glial differentiation of BrdU-positive cells in the TRB—/- mice. Taken together, our results
provide novel evidence for a role of TR in modulating hippocampal progenitor cell division, and
implicate this receptor in the effects of thyroid hormone on adult hippocampal neurogenesis.
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Thyroid hormone plays a key role in neuronal development, modulating progenitor cell
division, cell cycle exit, migration, fate choice and neuronal maturation [1]. While early-
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onset hypothyroidism during critical periods of neurodevelopment can result in permanent
mental retardation, the effects of adult-onset hypothyroidism on brain function are relatively
subtle [2, 3]. Recent studies indicate that thyroid hormone perturbations regulate adult
hippocampal neurogenesis, with a decrease in progenitor proliferation, survival and neuronal
differentiation reported in adult-onset hypothyroid animals [4-6]. This decline in
hippocampal neurogenesis has been implicated in the cognitive and behavioral dysfunction
associated with adult-onset hypothyroidism [6]. Thyroid hormone receptors (TRs) TRa and
TR consist of distinct isoforms (TRal, TRa2, TRB1 and TRB2), that mediate the cellular
effects of thyroid hormone [7]. While the TRal receptor has been recently implicated in the
regulation of post-mitotic hippocampal progenitor survival and differentiation [8], the role
of the TRp isoforms in modulating adult hippocampal neurogenesis is at present unknown.

The TRp gene is implicated in many of the actions of thyroid hormone within the central
nervous system [9]. The expression of the TRP gene is observed relatively later in brain
development, with levels of expression increasing across postnatal development. The TRp1
and TRPB2 isoforms are identical other than in their N-terminal domains, and differ in their
expression patterns [9]. The TRB1 isoform is widely expressed in the brain [10], whereas a
more restricted pattern of expression, in particular within the hypothalamus and pituitary
[11-13], is reported for the TRB2 isoform. Previous studies indicate that both the TRpB1 and
TRp2 isoforms are expressed within the hippocampal neurogenic niche in the adult brain [4].
The major aim of this study was to address the role of the TR gene in the regulation of
distinct aspects of adult hippocampal neurogenesis, using TRp—/— mice.

Adult male wild type and TRB-/- mice, generated as previously described [14] were used in
all experiments in accordance with the guidelines set by the European Community Council
Directives (86/609/EEC) and were approved by the regional Swedish and the TIFR
Institutional Animal Ethics committees. Animals were maintained on a 12 hour light/ dark
cycle with access to food and water ad libitum. We followed two distinct BrdU labeling
paradigms to address effects on proliferation (Paradigm 1) and survival/differentiation
(Paradigm 2). Paradigm 1: To examine proliferation of adult hippocampal progenitors, TR}
—/- mice and littermate wild type controls received a single intraperitoneal (i.p.) injection of
the mitotic marker 5-bromo-2’-deoxyuridine (BrdU, 150 mg/kg body weight; Sigma, USA)
and were sacrificed 2 hours later (n = 5/group). Paradigm 2: To assess the survival and
neuronal differentiation of hippocampal progenitors, TR—/- mice and wild type controls
received BrdU (150 mg/kg body weight, once daily for 3 days) and were sacrificed 28 days
later (n = 3-5/group). Mice were sacrificed by transcardial perfusion with 4%
paraformaldehyde (PFA), and brains were postfixed and cryoprotected in 30% sucrose-PFA.
Serial coronal sections (30 um) through the rostro-caudal extent of the hippocampus were
generated using a freezing microtome (Leica, Germany) and sections were processed for
BrdU immunohistochemistry as described previously [4]. In brief, following DNA
denaturation and acid hydrolysis, sections were incubated overnight with mouse anti-BrdU
antibody (1:500, Boehringer Mannheim, USA) followed by exposure to the secondary
antibody (biotinylated anti-mouse 1gG, 1:500, Vector Laboratories, USA). For
immunohistochemical and immunofluorescent detection of endogenous markers of
proliferation (proliferating cell nuclear antigen, PCNA), immature neurons (doublecortin -
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DCX, polysialylated neural cell adhesion molecule - PSA-NCAM, TUC-4) and the
neurogenic transcription factor (NeuroD), tissue sections were exposed to specific primary
antibodies: (1) mouse anti-PCNA (1:250, Accurate Biochemicals, USA) (2) goat anti-DCX
(1:250, Santa Cruz Biotechnology, USA) (3) mouse anti-PSA-NCAM (1:500; kind gift from
Prof. T. Seki, Juntendo University, Japan; [15]) (4) rabbit anti-TUC-4 (1:250, Chemicon,
USA) (5) goat anti-NeuroD (1:250, Santa-Cruz Biotechnology). Following washes, sections
were incubated with the following secondary antibodies: (1) Alexa 488-conjugated donkey
anti-mouse (1:250, Molecular Probes, USA) (2) biotinylated anti-goat 1gG (1:250, Vector
Laboratories) (3) Alexa 488-conjugated donkey anti-rabbit (1:250, Molecular Probes) at
room temperature for 3 hours. An avidin-biotin complex (Vector Laboratories) was used for
signal amplification of biotinylated secondary antibodies, followed by visualization using
diaminobenzidine (Sigma). Sections were mounted in DPX or Vectashield (\VVector
Laboratories) and viewed using a Zeiss Axioskop (Germany) or Nikon Eclipse 90i (Japan)
fluorescence microscope. Using sections from animals treated as per Paradigm 1 (Fig 1A),
we sought to address whether specific classes of proliferating hippocampal progenitors are
altered in TRB-/- mice, using triple immunofluorescence labeling. We performed studies to
detect colocalization of BrdU and GFAP (glial fibrillary acidic protein) a marker observed in
quiescent hippocampal stem cells, and for BrdU with DCX, a marker observed in
proliferating neuroblasts. Sections were incubated with a cocktail of primary antibodies:
mouse anti-BrdU (1:500, Boehringer Mannheim) with goat anti-DCX (1:250, Santacruz)
and rabbit anti-GFAP (1:500, Chemicon) followed by incubation with a cocktail of
secondary antibodies: biotinylated anti-mouse 1gG (1:250, Vector), Alexa 555-conjugated
anti-goat (1:250, Molecular Probes), and Cy5 conjugated anti-rabbit (1:250, Molecular
Probes). Using sections from animals treated as per Paradigm 2 (Fig 1D), we carried out
triple immunofluorescence labeling to detect the neuronal or glial differentiation of BrdU-
positive progenitors. Sections were incubated with a cocktail of primary antibodies: rat anti-
BrdU (1:500, Accurate Biochemicals) with mouse anti-NeuN (1:1000, Chemicon) and rabbit
anti-GFAP (1:500, Chemicon) followed by incubation with a cocktail of secondary
antibodies: biotinylated anti-rat 1gG (1:500, Chemicon), Alexa 555-conjugated anti-mouse
(1:250, Molecular Probes), and Cy5 conjugated anti-rabbit (1:250, Molecular Probes).
Signal amplification for BrdU in triple immunofluorescence experiments was performed by
incubation with Alexa 488-conjugated streptavidin (1:500, Molecular Probes). To detect
colocalization of BrdU with DCX or GFAP and with NeuN or GFAP, confocal Z-plane (1
um steps) sectioning was carried out using a Zeiss LSM Exciter confocal microscope
(Germany).

All cell counting analysis was performed on coded sections by an experimenter blind to the
study code. Quantitation of BrdU-positive cell number in hippocampal sections was carried
out using a previously described modified, unbiased stereology protocol [16]. In brief, every
6th hippocampal section was processed for BrdU quantitation (12 sections/animal) and the
total number of BrdU-positive cells in the subgranular zone (SGZ)/ granule cell layer (GCL)
was estimated by multiplying the total number of BrdU cells counted from every 6th section
by the section periodicity (6). Quantitation of DCX, PSA-NCAM, TUC-4 and NeuroD-
positive cells was performed in the SGZ (n = 4 sections/animal) and results were expressed
as the number of immuno-positive cells per section. To address effects on dendritic
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complexity, the DCX-positive cells were categorized based on their morphological status as
DCX-positive cells (1) with or (2) without tertiary dendrites [17]. To examine BrdU/
GFAP/DCX (n =5 per group) or BrdU/NeuN/GFAP (n = 3 per group) colocalization, the
percentage of BrdU-positive cells that were also labeled with specific markers was
determined using confocal microscopy. In each animal, 20 - 30 BrdU-positive cells were
analyzed for colocalization using Z-plane sectioning with 1 pm steps on a Zeiss LSM
Exciter confocal microscope. Results were subjected to statistical analysis using the program
Prism (Graphpad, USA). Experiments were analyzed for differences between groups using
the unpaired Student’s t-test, with significance determined at p < 0.05.

In order to assess the role of TR in the regulation of adult hippocampal neurogenesis, we
first addressed the effect of loss of TR on adult hippocampal progenitor proliferation
(Paradigm 1, Fig 1A). BrdU is incorporated in the S-phase of the cell cycle by proliferative
progenitors, and can be detected by BrdU immunohistochemistry in the form of BrdU-
immunopositive cell clusters at the border of the GCL and the hilus within the SGZ.
Quantitative analysis revealed a significant increase in the number of BrdU-positive cells
within the SGZ in TRB-/- mice compared to wild type animals (Fig 1B). This increase in
the proliferation of hippocampal progenitors was also confirmed by immunohistochemistry
for the endogenous proliferation marker PCNA, with a significant increase in the number of
PCNA immunopositive cells in TRB-/- mice as compared to wild type animals (Fig 1C). In
order to examine whether the loss of TRp influences the turnover of a specific subset of
proliferating hippocampal progenitors, we performed triple immunofluorescence to detect
whether the relative distribution of the numbers of BrdU/GFAP double positive progenitors
(quiescent hippocampal stem cells) or BrdU/DCX double positive progenitors (cycling
neuroblasts) was altered in TRB-/- mice. No significant difference in the percentage of
BrdU-positive progenitors that colocalized with GFAP (Wild type =7 % = 0.9, TRp-/- =
6.25% = 1.1; n = 5 per group, results are the mean = SEM) or with DCX (Wild type = 21.3
% + 0.8, TRP—/- =23.5% £ 1.5; n = 5 per group, results are the mean + SEM) was observed
in the TRPB-/- mice. These results indicate that the enhanced proliferation observed in
animals that lack TR} is unlikely to be a consequence of increased proliferation in a
particular subset of dividing hippocampal progenitors.

To assess the survival of the hippocampal progenitors, animals were sacrificed 28 days after
BrdU administration (Paradigm 2, Fig 1D). Surviving BrdU-positive cells were seen
dispersed in the SGZ, and had an ovoid morphology (Fig 1E). We observed that despite the
increased number of BrdU-positive progenitors in the SGZ of TRB—/— mice 2 hours after
BrdU administration, the number of BrdU-positive cells that persist 4 weeks later was
unaltered in TRB—/- mice (Fig 1E). BrdU-positive cells in both wild type and TRpB-/- mice
showed normal neuronal differentiation, with no significant difference in the percentage of
BrdU-positive progenitors that colocalized with the mature neuronal marker NeuN or the
glial marker GFAP (BrdU/NeuN: Wild type = 64.3% * 3.2, TR—/- =70.7% * 2.4; BrdU/
GFAP: Wild type = 18.2% + 2.8, TRB—/— = 12.7% = 0.3; n = 3 per group, results are the
mean + SEM, p>0.05, Student’s t-test, Fig 1F).

In order to address whether the increased number of BrdU-positive proliferating progenitors
persist to become neuroblasts, we examined the numbers of NeuroD-positive cells within the
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SGZ. The transcription factor NeuroD is intrinsically involved in cell fate specification and
is essential for the neuronal differentiation of progenitors in the adult hippocampus [18]. We
observed a significant increase in the number of NeuroD-immunopositive cells in the SGZ
of TRP—/- mice as compared to wild type animals (Fig 2).

To determine whether the enhanced proliferation and NeuroD-positive cell number
translates into increased hippocampal neurogenesis, we examined the numbers of DCX-
positive immature neurons within the neurogenic niche of TR—/— mice (Fig 3). The number
of DCX positive cells in the SGZ of TRB-/- animals was not significantly different from
wild type controls (Fig 3B). However, there was a trend (p = 0.09) towards an increase in
the number of DCX-immunopositive cells in TRB-/- mice. Given that there was no change
in the numbers of BrdU-positive cells 28 days after mitotic marker administration, we
wanted to further test whether the increased progenitor proliferation and neuroblast number
eventually gives rise to more immature neurons. We next examined two more immature
neuron markers, PSA-NCAM and TUC-4 in the TRB—/- mice. There was no significant
difference in numbers of PSA-NCAM or TUC-4 immunopositive cells in the neurogenic
niche of TRB—/- mice as compared to wild type controls (PSA-NCAM: Wild type = 149.84
+17.3, TRP-/- = 210.4 + 33.9; TUC-4: Wild type =58.4 + 2.7, TRp-/- =635+ 7.2;n=5
per group, results are the mean £ SEM, p>0.05, Student’s t-test). Taken together these
results indicate that loss of the TR gene results in enhanced progenitor proliferation, which
translates into increased neuroblast number but does not result in enhanced immature neuron
formation. To test whether TR—/- mice exhibit altered dendritic complexity of newborn
neurons we determined the numbers of DCX positive cells that exhibit the presence of
complex tertiary dendrites [17] (Fig 3C). We observed no significant difference in the
percentage of DCX-positive cells with tertiary dendrites in TR3—/- mice as compared to
wild type controls (Fig 3C).

The present study reveals a novel role for the thyroid receptor TR in the regulation of adult
hippocampal progenitor proliferation. This increased proliferation observed in TRp—/- mice,
which lack both TRB1 and TRB2 isoforms, also translated into increased numbers of
NeuroD-positive neuroblasts. Expression of both TRB1 and TRB2 isoforms has been
previously shown within the adult hippocampal dentate gyrus subfield [4, 10]. However, at
present we cannot distinguish between the contributions of the TRp isoforms to the effects
on progenitor turnover. TRB—/— mice have been previously reported to exhibit both normal
hippocampal morphology and hippocampal-dependent spatial learning [14], leading to the
suggestion that any neurological deficits in these mutant mice are likely to be subtle and not
involve any major change in development. Our results provide the first evidence of such
subtle modifications within the adult hippocampal neurogenic niche, with increased
proliferation and neuroblast number being observed in TR—/- mice.

Prior evidence indicates that adult-onset hypothyroidism results in a decline in hippocampal
progenitor proliferation [6]. TRB—/— mice exhibit increased progenitor cell division,
suggesting that TRp isoforms may normally exert an inhibitory tone on progenitor turnover.
Our results implicate the TRp isoforms in mediating the effects of thyroid hormone on
hippocampal progenitor proliferation. It is possible to speculate that an unliganded TRj
aporeceptor inhibits progenitor cell turnover. The evidence that adult hypothyroid animals
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exhibit decreased progenitor cell division [6], which can be rescued by thyroid hormone
replacement, suggests that ligand replacement may alleviate unliganded TR repressive
effects on progenitor turnover.

Our results indicate that the effects of TRp isoforms on adult hippocampal neurogenesis
appear to be predominantly on progenitor cell division and neuroblast formation, with no
change in immature neuron formation in the TRB—/— mice. This suggests that the enhanced
numbers of NeuroD-positive progenitors in TR3—/— mice do not translate into the formation
of more immature neurons. This motivates future studies to address whether loss of TRf
isoforms influences postmitotic neuroblast survival in the hippocampal neurogenic niche. At
present, our results do not allow us to rule out an effect of the TRp isoforms on later stages
of hippocampal neurogenesis, as it is possible that these effects may be masked in the
mutant mice through compensatory effects of thyroid hormone via the TRal receptor.

At present the mechanism that underlies the influence of TR on adult hippocampal
progenitor mitosis is unclear. While most of the data within the nervous system has
implicated the TRp gene in the maturation aspects of neurodevelopment [19, 20], some
insights can be gained into the contribution of TR isoforms to cell division based on studies
in hepatocarcinoma and breast cancer cells [21]. TRB1 acts as a metastasis suppressor gene,
through suppression of the response of these cancer cells to mitogens such as EGF and IGF-
I. TRB1 reduces the proliferative effects of these mitogens by decreasing receptor expression
and by suppressing downstream activation of the ERK and PI3K pathways [21]. It is
tempting to speculate that TRB1 may modulate the proliferation of adult hippocampal
progenitors in a similar manner, since EGF is also known to exert strong mitogenic effects
in the hippocampal neurogenic niche [22, 23]. While at present the mechanism via which
TRp modulates hippocampal progenitor proliferation is unclear, a point to note is that the
TRB-/- mice exhibit elevated levels of T3, T4 and TSH that could contribute indirectly to
influencing proliferative rates of hippocamal progenitors in the TR mutants.

In conclusion, our results provide the first evidence of a role for TR in the regulation of
adult hippocampal progenitor proliferation and neuroblast formation, suggesting that this
receptor may contribute to the decline in proliferation reported in adult-onset
hypothyroidism. Our results motivate future enquiry into the TRp isoform responsive target
genes that contribute to the modulation of adult hippocampal progenitor cell cycle.
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Figure 1. Effect of theloss of TR on the proliferation, survival and differentiation of adult
hippocampal progenitors.

Shown are schematic representations of the BrdU labeling paradigms to assess effects on
proliferation (Paradigm 1, A) and survival/differentiation (Paradigm 2, D) in TRB-/- mice
and littermate wild type controls (S-time point for sacrifice). Representative
photomicrographs of BrdU-positive cells in the dentate gyrus of Wild type and TRB—/- mice
in the proliferation (B) and survival (E) paradigms are shown. Representative
photomicrographs of PCNA-positive cells (C) in the dentate gyrus of Wild type and TRB-/-
mice are shown. At the 2 hour post-BrdU treatment time point, TRB—/— mice exhibited a
significant increase in both BrdU-positive (B) and PCNA-positive (C) hippocampal
progenitors in the subgranular zone (SGZ)/ granule cells layer (GCL) as compared to wild
type animals. TRB—/— mice sacrificed 28 days after the BrdU administration showed no
change in the numbers of BrdU-positive progenitors in the SGZ/GCL (E). Shown are
representative images of BrdU-, NeuN- and GFAP-positive cells in the dentate gyrus along
with merged confocal z-stack images, with arrows indicating a BrdU-positive cell
colocalizing with NeuN or GFAP (F). The results are expressed as the mean £ SEM BrdU or
PCNA positive cells (n = 5/group). *p<0.05 as compared to Wild type (Student’s t-test).
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Figure 2. Effect of theloss of TRB on the number of NeuroD-positive cellsin the dentate gyrus.
Shown are representative photomicrographs of NeuroD-positive cells within the dentate

gyrus of wild type and TRB—/— mice. TRB—/— mice exhibited a significant increase in the
number of NeuroD-positive cells/section within the subgranular zone (SGZ)/ granular cell
layer (GCL) as compared to Wild type controls. The results are expressed as the mean +
SEM NeuroD-positive cells/section (n = 5/group). *p<0.05 as compared to Wild type
(Student’s t-test).

Neurosci Lett. Author manuscript; available in PMC 2014 September 27.



syduiosnuel Joyiny sispun4 DN adoun3 ‘

syduosnuelA Joyiny sispun4 DA @doing ‘

Kapoor et al. Page 11

A

8300 W Wild type

8250 O TRB-/- .

= Without

3200 4? i ﬁ‘:’:

) endarites
7150 With tertiary
5 100 dendrites

a)

= 50

S 9 -

2 SGZ/GCL

Figure 3. Effect of theloss of TRB on DCX-positiveimmatur e neuron number and the
mor phological maturation of DCX-positiveimmature neuronsin the dentate gyrus.

Shown are representative photomicrographs (A) of DCX-positive cells in the dentate gyrus
subfield of Wild type and TRB—/- mice. Quantitative analysis of DCX-positive cells/section
in the subgranular zone (SGZ)/ granular cell layer (GCL) revealed no change in TRp-/-
mice as compared to Wild type controls (B). Pie charts demonstrate that the percentage of
DCX-positive cells with (grey) or without (black) tertiary dendrites was not altered in TRp—/
— mice as compared to the Wild type controls (C). Shown are representative
photomicrographs of DCX-positive cells with and without tertiary dendrites (C). The results
are expressed as the mean + SEM DCX-positive cells/section (n = 5/group). p>0.05 as
compared to Wild type (Student’s t-test).
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