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Abstract

Congenital hypothyroidism (CH) can lead to irreversible central nervous system (CNS) damage.
However, the pathogenesis of the developmental brain disorders caused by CH has not been
completely elucidated. ARPC5 and CRMP2 are closely associated with neurite outgrowth in brain
development. Thus, the aim of the present study was to determine whether CRMP2B and ARPC5
expression is altered in the developing cerebral cortex of rats with CH. Control rats and rats with
hypothyroidism were sacrificed at birth and at |5 days postpartum. We performed qRT-PCR to
detect differences in the crmp2B and arpc5 mRNA expression in the right half of the frontal cortex
of these rats. Western blotting was then used to detect differences in CRMP2B and ARPC5
protein expression. Furthermore, immunohistochemical analysis was performed on the left half of
the frontal cortex to detect abnormal localization of CRMP2B and ARPCS5. Results showed in-
creased expression of the nuclear short isoform of CRMP2B and decreased expression of
full-length CRMP2B and ARPCS in cortical neurons of rats with hypothyroidism. These findings
demonstrate that reduced levels of thyroid hormones can inhibit the expression of full-length
CRMP2B and ARPC5 and promote nuclear transformation of the short isoform of CRMP2B.
CRMP2B and ARPC5 may participate in CNS injury mediated by hypothyroidism by inducing
neurite outgrowth inhibition and cytoskeletal protein disorganization.
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Introduction

Congenital hypothyroidism (CH) is a common
children endocrine disease. CH is a condition of thy-
roid hormone deficiency present at birth. Approxi-
mately 1 in 4000 newborn infants has a severe defi-
ciency of thyroid function, while even more have mild
or partial degrees. Around the world, the most com-
mon cause of congenital hypothyroidism is iodine
deficiency [1], but in most of the developed world and
areas of adequate environmental iodine, cases are due
to a defect of development of the thyroid gland itself.

CH has a significant long-term impact on the behav-
ior, locomotor ability, speech, hearing and cognition
of children [2]. Delay in restoring normal thyroid
status in the neonate can lead to irreversible central
nerve system damage. Even with prompt thyroid
supplementation following the diagnosis of neonatal
hypothyroidism, subtle abnormalities of language,
visuospatial impairments and lower IQ can still occur
later in childhood [3]. To date, the pathogenesis of
developmental brain disorders caused by CH has not
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been completely elucidated.

In a previous study, we used two-dimensional
gel electrophoresis to perform an individual compar-
ative proteome analysis of the cerebral cortex from 10
neonatal rats with CH and 10 healthy neonatal rats
[4]. We identified alterations in the expression of
seven different proteins, raising the possibility that
these proteins may be valuable to clarify brain dys-
function caused by CH. Of these seven proteins, we
focused on the actin-related protein 2/3 complex
subunit 5 (ARPC5) and collapsin response mediator
protein-2B (CRMP2B) because they are closely asso-
ciated with neurite outgrowth in brain development
[5-8]. To date, the spatiotemporal expression and the
function of CRMP2B and ARPC5 have not been stud-
ied in the developing brain of animal models of hy-
pothyroidism. We therefore sought to investigate
whether these proteins might be involved in the
pathogenesis of CH.

Materials and methods

Animals and sampling

All animals were obtained from the Experi-
mental Animal Centre of the Academy of Military
Medical Sciences of China. The study was approved
by the Ethics Review Committee of Animal Research
of Logistics University of Chinese People’s Armed
Police Force. Ten pregnant Wistar rats were randomly
divided equally into experimental and control groups.
Each pregnant rat from the experimental group was
intragastrically administered 2.5ml of 1% propylthio-
uracil daily from embryonic day 15 (E15) until post-
natal day 15 (P15) [9]. The control group was intra-
gastrically administered 2.5 ml of normal saline daily
from E15 until P15. Neonates were weighed prior to
sacrifice at birth (P1) and at P15. Blood samples were
collected and serum levels of the thyroid hormones,
free thyroxine (FT3) and free triiodothyronine (FT4),
and thyroid-stimulating hormone (TSH) were deter-
mined by radioimmunoassay (performed by the Ra-
diology Institute of Tianjin Medical University). The
right half of the frontal cortex was isolated immedi-
ately and frozen in liquid nitrogen. The left half of the
frontal cortex was fixed with 4% formalin and em-
bedded in paraffin. Each subgroup comprised 8 neo-
natal rats (n = 8).

Quantitative reverse-transcription polymerase
chain reaction (qQRT-PCR)

Total RNA was isolated from the cerebral cortex
of neonate rats with Trizol reagent (Invitrogen) and
the DNA was degraded by RNase-Free DNasel (Fer-
mentas). The RNA was subjected to reverse tran-
scription to synthesize cDNA using the PrimeScript™

RT reagent (Perfect Real Time) kit (Takara Biotech-
nology Co., Ltd. Dalian, China). The cDNA samples
(100 ng) were prepared for qRT-PCR using a SYBR
Premix Ex Taq™ (Perfect Real Time) kit (Takara Bio-
technology Co., Ltd. Dalian, China). The crmp2 pri-
mer sequences were 5'-CAC CAA TGG CAC TGA
GGA GC-3' (sense) and 5'-CCC ACG GAG ATA CGA
CC-3' (antisense), and yielded an amplicon of 150 bp.
The arpchb primer sequences were 5'-AAG TTC GTG
GAC GAG GAG G-3' (sense) and 5'-GTA GGG CAG
CGG TCA TGT TTC-3' (antisense), resulting in a
product of 100 bp. The ubiquitin C (internal control)
primer sequences were 5'- TCG TAC CTT TCT CAC
CAC AGT ATC TAG -3 (sense) and 5- GAA AAC
TAA GAC ACC TCC CCA TCA -3’ (antisense), and
yielded an amplicon of 82 bp. The qRT-PCR amplifi-
cations were carried out using a Roche LightCycler.
All reactions were performed in triplicate and in-
cluded negative control reactions lacking cDNA.

Western blotting

Samples of rat cerebral cortex (100 mg) were
homogenized on ice in 1 ml of lysis buffer (7 M Car-
bamide, 2 M thiourea, 20 mM Tris-HCl, 4% CHAPS,
60 mM DTT and 1% cocktail protease inhibitors). The
homogenates were frozen and thawed three times,
underwent shaking for 1 h, and were then centrifuged
at 14,000 x g for 30 min at 4°C. An equal volume of
supernatant from ten rats from the same group were
combined and centrifuged at 26,000 x g for 1 h at 4°C.
Proteins were extracted from the supernatant and
quantified using a BCA Protein Assay kit (Beijing
Biomed Co., Ltd., China). Proteins (100 nug) were run
on a precast 10% polyacrylamide gel and transferred
to a PVDF membrane (Millipore) at 15 V for 25 min
using a Trans-Blot SD Transfer Cell (Bio-Rad).
Non-specific staining was blocked by incubating the
membranes in 5% nonfat milk in TBST for 2 h while
rotating at room temperature. Membranes were then
incubated sequentially with primary (overnight at 4
°C) and secondary antibodies (2 h at room tempera-
ture). The following primary antibodies were used:
anti-CRMP2B (1:500 dilution; kindly provided by Dr
Miao Jun from the Institute of Orthopaedics, Tianjin
Hospital, Tianjin, China. The peptide sequence used
to generate specific antisera was
$S4LEDGTLHVTEGS*5,  targeting the CRMP2B
C-terminal region); anti-ARPC2 (1:2,000; Abcam); and
anti-GAPDH (1:5,000; Abmart). The appropriate sec-
ondary antibodies (Abmart) were used at a dilution of
1:5,000. Target proteins were visualized on the mem-
branes using enhanced chemiluminescence (Immobi-
lon™ Western Chemiluminescent HRP Substrate,
Millipore Corporation, USA) and photographed using
a Kodak Medical X-ray processor. Data were acquired
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with SynGene 3.07.03 analysis software.

Immunohistochemistry

Immunohistochemical detection of CRMP2B and
ARPC5 was performed with formalin-fixed paraf-
fin-embedded frontal cortex specimens. Sections (5
pum) were deparaffinized with xylene and rehydrated
with graded alcohol solutions. Endogenous peroxi-
dase activity was quenched by boiling the sections in
10 mM citrate buffer (pH 6.0) for 3 min, followed by
cooling at room temperature for more than 20 min.
Sections were incubated with anti-CRMP2B antibody
(1:200), or anti-ARPC5 antibody (1:200), overnight at
4°C. Sections were then incubated with the appropri-
ate horseradish peroxidase (HRP)-conjugated sec-
ondary antibody (PV6001, Zhongshan Goldenbridge
Biotechnology Co, Ltd, Beijing, China) for 30 min at
37°C and the color was developed with 3,
3'-diaminobenzidine for 1 to 2 min. The negative con-
trol involved the omission of primary antibody. All
slides were analyzed by two independent observers.

Evaluation of immunohistochemical staining

Cortical layer III and IV with high numbers of
CRMP2B- or ARPC5-positive cells were identified at
low magnification (x10 ocular and x10 objective) as
“hot spots”. We selected ten hot spots per section to
observe at higher magnification (x10 ocular and x40
objective, high power field). Using a grid in the ocular
lens (Olympus 100%), and counted all neurons and
positively stained cells in every high power field. The
mean percentage of positively stained cells was used
to evaluate the expression of the protein in a section.
The fraction of CRMP2B- or ARPC5-positive cells was
scored as 0 (0% positive cells), 1 (1%-25% positive
cells), 2 (26%-50% positive cells), 3 (50%-75% positive
cells) or 4 (>75% positive cells). The intensity of
CRMP2B or ARPC5 immunostaining was scored as 0
(negative), 1 (weak), 2 (intermediate) or 3 (strong).
The intensity score (0-3) was multiplied by the frac-
tion score (0-4) and a final score was assigned 0 (neg-
ative, -), 1-4 (weak expression, +), 5-8 (moderate ex-
pression, ++), and 9-12 (strong expression, +++).
Dendritic elongation was measured by ocular mi-
crometer.

Statistical analysis

Fluorescent data obtained from qRT-PCR were
processed using the LinRegPCR method to obtain the
relative quantity of target mRNA [10-12]. Differences
in CRMP2 and ARPC5 gene and protein expression
between groups were assessed by analysis of variance
(ANOVA). To assess CRMP2 and ARPC5 staining
intensity, we used the nonparametric Mann-Whitney
test for the comparison of two groups. Statistical
analyses were performed using SPSS version 13.0. In
all cases, p < 0.05 was considered significant.

Results

Phenotype of rats with hypothyroidism

The mortality rate of rats with hypothyroidism
(50%) was higher than that of the control group. Rats
with hypothyroidism grew slowly, were small and
had short tails. They opened their eyes late; their hair
grew slowly and was sparse, and they were weaned
late. Their balance was poor and they reacted slowly
to stimuli. The body weight of rats with hypothy-
roidism was lower than that of control rats at both P1
and P15 (tp1 = -8.074, tp15 = -7.891, P < 0.01). Serum FT3
and FT, levels were also lower in rats with hypothy-
roidism compared with control rats at both P1 and
P15 (tp1 = -5.386, tp15s = -6.624, P < 0.01 and tp1 = -7.618,
tp15=-12.806, P < 0.01, respectively). The level of serum
TSH rats at P1 and P15 with hypothyroidism was
higher than that of control rats at the same stage (tp1 =
-9.789, tp15 =-11.448, p < 0.01) (Table 1).

Differential expression of crmp2 and arpc5
mRNA in the frontal cortex of rats with hy-
pothyroidism compared with healthy rats

There was no statistically significant difference
in crmp2 and arpc5 mRNA expression levels between
rats with hypothyroidism and control rats at P1 (Permp2
= 0.96, Parpes = 0.268). Both crmp2 and arpc5 mRNA
expression levels were upregulated in the frontal
cortex of control rats and rats with hypothyroidism at
P15 (Permp2 < 0.001, P arpes < 0.001). The mRNA expres-
sion levels of crmp2 and arpc5 were lower in the
frontal cortex of hypothyroidism rats compared with
healthy rats at P15 (Permp2 = 0.008, P arpes < 0.001) (Fig.
la and 1b).

Table I. Body weight (BW) and serum FT3, FT4and TSH levels in each group (n = 8, mean * standard deviation).

Group BW(g) FTs(pmol/L) FT4(pmol/L) TSH(IU/mL)

Control P1 5.54+0.14 0.26+0.05 4.8241.10 0.48+0.10
P15 24.66+2.68 1.40+0.31 88.31+20.10 0.70+0.12

Hypothyroid P1 4.82+0.24* 0.15+0.04* 2.03+0.37* 0.90+0.09*
P15 14.33£3.15* 0.63+0.20* 6.53+2.03* 1.27+0.11*

*P < 0.01 vs control group.
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Fig. 1. (a) Differential expression of crmp2 mRNA in the frontal cortex of normal rats and rats with hypothyroidism. (b) Differential
expression of arbc5 mRNA in the frontal cortex of normal rats and rats with hypothyroidism. *P<0.05 compared with control.

Differential expression of CRMP2 and ARPC5
protein in the frontal cortex of rats with hy-
pothyroidism compared with healthy rats

No statistically significant difference between
the protein expression level of full-length CRMP2B
(64 kDa) was observed between rats with hypothy-
roidism and normal rats at P1 (P = 0.319). In control
rats, full-length CRMP2B protein expression was
higher at P15 than at P1 (P < 0.001). In rats with hy-
pothyroidism, there was no difference between
full-length CRMP2B expression at P1 and P15 (P =
0.342). Full-length CRMP2B protein expression was
higher in the frontal cortex of control rats than in hy-
pothyroidism rats at P15 (P = 0.004) (Fig. 2a and 2c-i).

CRMP2B (62 kDa) was not detected in normal
rats and hypothyroidism rats at P1. No statistically
significant difference between the protein expression
level of CRMP2B (62 kDa) was observed between rats
with hypothyroidism and normal rats at P15 (P =
0.733).

No difference in the level of expression of the
short CRMP2B (58 kDa) isoform was detected at P1 in
the frontal cortex of hypothyroidism rats compared
with control rats (P = 0.319). Short CRMP2B expres-
sion was lower in the frontal cortex of control rats
than in hypothyroidism rats at P15 (P < 0.001). The
expression of short CRMP2B was upregulated at P15
compared with P1 rats with hypothyroidism (P <
0.001), but was downregulated at P15 compared with
P1 control rats (P = 0.017) (Fig. 2a and 2c-ii).

There was no statistically significant difference
between the level of expression of ARPC5 in the
frontal cortex of hypothyroidism rats compared with
healthy rats at P1 (P = 0.538). In both groups of rats,
ARPC5 protein expression was higher at P15 than at

P1 (Peontrot < 0.001, Pcu < 0.001). The expression of
ARPC5 was decreased in the frontal cortex of hypo-
thyroidism rats compared with control rats at P15 (P <
0.001) (Fig. 2b and 2c-iii).

Abnormal localization of CRMP2 and ARPC5
in the frontal cortex of rats with hypothyroid-
ism compared with control rats

CRMP2B staining was scattered throughout the
frontal cortex of P1 rats. CRMP2B was predominantly
distributed in neurites and the cytoplasm of neurons.
No difference was observed between the intensity of
CRMP2B staining in control rats and rats with hypo-
thyroidism at this stage (Z = -0.968, P = 0.333) (Table
2). CRMP2B was expressed diffusely throughout the
six layers of frontal cortex of P15 rats, and was ex-
pressed in the nucleus and cytoplasm of neurons, as
well as in neurites. Cortical layer III and IV were
emphatically studied. The intensity of CRMP2B
staining was stronger in control rats than in rats with
hypothyroidism at P15 (Z = -2.031, P = 0.042) (Table
3). However, the number of CRMP2B-positive nuclei
was greater in rats with hypothyroidism compared
with control rats at this stage (¢ = 19.359, P < 0.001)
(Table 6). Diminished dendpritic branching and elon-
gation was observed in neurons with intense nuclear
CRMP2B staining (t=-7.364, P<0.001) (Fig.3).

ARPC5 was expressed diffusely throughout the
six layers of the frontal cortex and was predominantly
found in neurites. Cortical layer III and IV were em-
phatically studied. No difference was found in the
intensity of ARPC5 staining in rats with hypothy-
roidism compared with control rats at P1 (Z = -0.522,
P=0.602) (Table 4). The intensity of ARPC5 staining
was lower in rats with hypothyroidism than in control
rats at P15 (Z = -2.450, P=0.014) (Table 5 and Fig. 4).
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Fig. 2. Western blotting results: (a) Differential expression of CRMP2B protein in the frontal cortex of normal rats and rats with hy-
pothyroidism. (b) Differential expression of ARPC5 protein in the frontal cortex of normal rats and rats with hypothyroidism. (c) The
quantification of the bands shown in Fig2a and Fig2b. i: quantification of full-length CRMP2B(64 kDa) protein expression; ii: quantification
of CRMP2B (58 kDa) protein expression; iii: quantification of ARPC5 protein expression. *P<0.05 compared with control.
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Table 2. Variations in CRMP2B expression at Pl in the cortical
layer lll and IV of control rats and hypothyroidism rats.

Table 5. Variations in ARPC5 expression at P15 in the cortical
layer lll and IV of control rats and hypothyroidism rats.

Group n Intensity of staining V4 p

+ ++ o+
Control 8 3 5 0 —0.968 0.333
Hypothyroid 8 5 3 0

Table 3. Variations in CRMP2B expression at P15 in the cortical
layer lll and IV of control rats and hypothyroidism rats.

Group n Intensity of staining z P

+ ++ +++
Control 8 0 1 7 —2450 0.014
Hypothyroid 8 1 5 2

Group n Intensity of staining V4 p

+ ++ +++
Control 8 0 1 7 —2.031 0.042
Hypothyroid 8 1 4 3

Table 4. Variations in ARPC5 expression at Pl in the cortical
layer 1ll and IV of control rats and hypothyroidism rats.

Table 6. Comparison of the number of CRMP2B-positive nuclei
at P15 in the cortical layer lll and IV of control rats and hypo-
thyroidism rats (mean =+ standard deviation).

Group n Number t P
Control 8 11.925+3.547 19.359  <0.001
Hypothyroid 8 29.050+4.326

Group n Intensity of staining V4 p

+ ++ o+
Control 8 2 6 0 —0.522 0.602
Hypothyroid 8 3 5 0

f
“53"5"

"-ﬂ"t:‘ 3 &t -

Fig. 3. Representative immunohistochemical staining for CRMP2B protein expression in the cortical layer Il and IV of control rats and
hypothyroidism rats during development, 400%. (a): PI control, CRMP2B staining was scattered and predominantly distributed in neurites
and the cytoplasm of neurons (= red). (b): Pl hypothyroidism, the distribution and cellular location were similar to Pl control group. (c):
P15 control, majority of CRMP2B staining cells are cytoplasmic staining cells with longer neurite (= red). (d): P15 hypothyroidism.
majority of CRMP2B staining cells are nuclear staining cells with shorter neurite(= red).
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Fig. 4. Representative immunohistochemical staining for ARPCS5 protein expression in the cortical layer Ill and IV of control rats and
hypothyroidism rats during development, 400x. (a): P| control. ARPC5 was diffusely expressed and predominantly found in neurites (=
red). (b):P| hypothyroidism. The distribution and cellular location were similar to Pl control group. (c): P15 control. ARPC5 was found
in neurites. The intensity of ARPC5 staining was higher in control rats (= red). (d): P15 hypothyroidism. ARPC5 was found in neurites.
The intensity of ARPC5 staining was lower in hypothyroid rats (= red).

Discussion

Investigators frequently make reference to a
“critical period” in which appropriate thyroid hor-
mone levels are essential for normal brain develop-
ment. In humans, this period is generally considered
to begin late in gestation and to extend through 1-2
years of age. The equivalent period in rats is thought
to occur in the first 10-12 days postpartum [10]. Pro-
liferation of axons and dendrites, synapse formation,
gliogenesis, and myelination occurs during this criti-
cal period in the cerebrum [11]. Because CRMP2 and
ARPC5 are involved in neuronal outgrowth and
synapse formation [5-8], we chose to study CRMP2
and ARPCS at the two key time points at which these
processes occur: at birth (P1) and 15 days postpartum
(P15). The phenotypic features of rats exposed to
propylthiouracil in utero was consistent with those
observed in congenital hypothyroidism, thus vali-
dating this animal model of hypothyroidism.

CRMP2 was originally identified as a signaling
molecule required for growth cone collapse of dorsal
root ganglion neurons in response to semaphorin-3A

[12]. The overexpression of CRMP2 in neurons in-
duces the formation of multiple axons, and the ex-
pression of a dominant-negative form of CRMP2 or
the knockdown of CRMP2 suppresses axon formation
[13]. Together, these findings suggest that CRMP2 has
a positive effect on axonal extension and plays a cru-
cial role in axon-dendrite specification and axon re-
generation. Various isoforms of CRMP2 have been
identified, including CRMP2A and CRMP2B. There
are also three isoforms of CRMP2B which differ in
their molecular weight (58, 62 and 64 kDa) [14, 15].
Full-length CRMP2B (64 kDa) is restricted to the cy-
toplasm of neurons, where it co-localizes with actin.
The co-localization of these two proteins suggests that
CRMP2B might mediate actin reorganization through
either direct or indirect interaction. In addition,
full-length CRMP2B can regulate axonal growth in
cortical neurons. The length of primary axons in
neurons expressing full-length CRMP2B was longer
(1.6-fold) than that of nontransfected neuronal cells,
which expressed endogenous CRMP2B. CRMP2B (62
kDa) is located in the cytoplasm of neurons. Chung et
al reported the expression level of CRMP2B (62 kDa)
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was decreased with the brain ischemic duration in-
creased. CRMP2B (62 kDa) may be an important can-
didate controlling ischemic stroke [16]. In the present
study, there was no statistically significant difference
in CRMP2B (62 kDa) protein expression level between
rats with hypothyroidism and control rats, thus we
did not attach more attention to it. Short CRMP2B (58
kDa) is expressed in both the nucleus and cytoplasm
of neurons, but does not co-localize with actin [17].
Thus, short CRMP2B is unlikely to play a role in actin
reorganization. However, the function of short nu-
clear CRMP2B has not been extensively studied.

To be imported into the nucleus, proteins need to
be actively transported through the nuclear pore by
importins. This process is dependent on the interac-
tion of importins with a nuclear localization signal
(NLS) in the protein being transported [18]. The NLS
motif in CRMP2B comprises residues Arg#!-Lys*”2. In
full-length CRMP2B, an intrinsically unstructured
and bulky C-terminal region (residues 489-572) is
located near the NLS motif. Thus, in the full-length
protein, the NLS motif might be buried within the
bulky C-terminal region and be inaccessible for nu-
clear targeting. However, the short CRMP2B isoform
is devoid of a part of this unstructured C-terminal
region and, thus, the NLS motif may be exposed, ex-
plaining why only the short CRMP2B isoform is lo-
cated in the nucleus. The molecules and mechanisms
that promote or inhibit translocation of the short
CRMP2B isoform into the nucleus have not yet been
identified.

In the present study, we showed that the ex-
pression of the full-length and short isoforms of
CRMP2B is developmentally regulated in the rat
frontal cortex. A particularly intriguing finding of this
study is that both mRNA and protein levels of the
full-length isoform of CRMP2B are downregulated in
the developing frontal cortex of rats with hypothy-
roidism compared with healthy rats. In contrast, the
expression of the short isoform of CRMP2B is upreg-
ulated in the developing cerebral cortex of rats with
hypothyroidism compared with normal rats. Zhang et
al confirmed that the decrease of intact CRMP-2 oc-
curs with a concurrent increase of the short CRMP-2
fragment due to calpain-2 proteolysis, in vitro and in
vivo, and that the calpain-mediated CRMP-2 prote-
olysis following traumatic brain injury (TBI) may be
associated with neuronal cell injury and neurite
damage [19].We also found that dendritic branching
and elongation was reduced in neurons with intense
nuclear CRMP2B staining (that is, in neurons with
increased short CRMP2B). The latter result is in ac-
cord with previous reports that full-length CRMP2B
induces neurite outgrowth and the appearance of

polygonal cells, while short CRMP2B constructs in-
hibit neurite elongation and produce round cells [17].
Furthermore, it is well established that short CRMP2B
inhibits neurite formation and axonal growth and that
this inhibition is dependent on the nuclear localiza-
tion of short CRMP2B. Therefore, we postulate that a
proteolytic process might modify CRMP2B following
irreversible central nervous system (CNS) injuries
caused by hypothyroidism. Such a process could ac-
count for the increase we observed in short CRMP2B
in rats with hypothyroidism, and higher levels of
short CRMP2B may in turn have been responsible for
the inhibition of dendritic branching and elongation
observed in the same rats.

Taken together, our data indicate that, during
the “critical period” of normal brain development, the
full length isoform of CRMP2B is dominantly ex-
pressed and the nuclear short isoform of CRMP2B is
gradually down-regulated. The full length isoform of
CRMP2B exerts positive effects on neurite formation
and axonal extension. In contrast, the dominant ex-
pression of the nuclear short isoform of CRMP2B
during brain development of animals with hypothy-
roidism is likely to have a negative effect on neurite
formation and elongation. Our results also indicate
that reduced levels of thyroid hormones can inhibit
the expression of full-length CRMP2B and promote
the nuclear translocation of the short isoform of
CRMP2B. Thus, the abnormalities observed in the
behavior, locomotor ability, speech, hearing and cog-
nition of children with CH may be closely associated
with reduced neuronal outgrowth and abnormal
synapse formation in the brain.

In response to extracellular signals, the Arp2/3
complex nucleates actin filaments to regulate their
assembly. The Arp2/3 complex consists of Arp2,
Arp3, ARPC1, ARPC2, ARPC3, ARPC4, and ARPCS5.
Arp2 and Arp3 are believed to form the actin nuclea-
tion site. ARPC2 and 4 form the structural core of the
complex and also bind to pre-existing actin filaments,
while ARPC1, 3, and 5 are involved in coupling acti-
vator binding to complex activation [20]. In the crystal
structure of the Arp2/3 complex, ARPC5 protrudes
from the surface of the complex and interacts with
Arp2, ARPC1, and ARPC4 [21]. No specific function
has been ascribed to the smallest member of the com-
plex, ARPC5. ARPC5 might form part of an interac-
tion surface that spans several subunits, and the
Arp2/3 complex, together with actin filaments, might
be altered by ARPC5. The Arp2/3 complex is essential
for formation of invadopodia and lamellipodia [22,
23]. Here, we demonstrated that the spatiotemporal
expression of ARPC5 is developmentally regulated.
The expression of ARPC5 was lower in the frontal

http://www.biolsci.org
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cortex of P15 rats with hypothyroidism, suggesting
that ARPC5 may be a target gene of thyroid hor-
mones. The lower ARPC5 expression at P15 may con-
tribute to deformation of growth cone filopodia and
lamellipodia by interfering with actin activation and
reorganization.

Axon elongation is a fundamental step for for-
mation of complex neuronal network. Growth cones
guide axons to their targets in response to guidance
cues, and are located at the tip of the process and
consist of filopodia and lamellipodia. The actin cyto-
skeleton is crucial for determining the shape of
growth cone filopodia and lamellipodia. Growth cone
collapse is a very important process in the directional
elongation of axons and is associated with a net loss of
actin filaments at the leading edge of growth cones.
CRMP2B mediates axonal guidance by collapsing
growth cones during development and this activity is
correlated with the reorganization of cytoskeletal
proteins [24]. ARPC5 provides an interaction surface
for reorganization of cytoskeletal proteins. Thus, in
rats with hypothyroidism, the reduced expression of
APRCS5 and full-length CRMP2B in neurites, together
with the increased expression of short CRMP2B in the
nucleus, may have contributed to dysfunction of the
growth cone by inducing disorganization of cytoskel-
etal proteins.

In conclusion, to our knowledge, the present
study is the first to demonstrate increased expression
of the nuclear short isoform of CRMP2B and de-
creased expression of the full-length isoforms of
CRMP2B and ARPCS5 in cortical neurons of rats with
hypothyroidism. The changes in the levels of these
proteins likely induced inhibition of neurite out-
growth, growth cone dysfunction, and cytoskeletal
protein disorganization. Our studies provide new
insights into the pathogenesis of brain injury caused
by hypothyroidism. Considerably more work needs
to be done, including investigating the association
between CRMP2B and ARPC5, and exploring the
mechanism by which reduced serum levels of thyroid
hormones induce translocation of short CRMP2 into
the nucleus of neurons. This study was an important
first step in determining the role of CRMP2B and
ARPC5 in mediating the CNS injury caused by hy-
pothyroidism.

Highlights

1. Reduced levels of thyroid hormones promote
the nuclear translocation of short CRMP2B.

2. Reduced levels of thyroid hormones inhibit
the expression of full-length CRMP2B.

3. Reduced levels of thyroid hormones inhibit
the expression of ARPCS.
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