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Background: Developmental hypothyroidism impairs learning and memory in offspring, which depend on extensive neuronal cir-
cuits in the entorhinal cortex, together with the hippocampus and neocortex. The entorhinal-dentate gyrus pathway is the main en-
trance of memory circuits. We investigated whether developmental hypothyroidism impaired the morphological development of the 
entorhinal-dentate gyrus pathway.
Methods: We examined the structure and function of the entorhinal-dentate gyrus pathway in response to developmental hypothy-
roidism induced using 2-mercapto-1-methylimidazole.
Results: 1,1´-Dioctadecyl-3,3,3´,3´-tetramethylindocarbocyanine perchlorate tract tracing indicated that entorhinal axons showed 
delayed growth in reaching the outer molecular layer of the dentate gyrus at postnatal days 2 and 4 in hypothyroid conditions. The 
proportion of fibers in the outer molecular layer was significantly smaller in the hypothyroid group than in the euthyroid group at 
postnatal day 4. At postnatal day 10, the pathway showed a layer-specific distribution in the outer molecular layer, similar to the eu-
thyroid group. However, the projected area of entorhinal axons was smaller in the hypothyroid group than in the euthyroid group. An 
electrophysiological examination showed that hypothyroidism impaired the long-term potentiation of the perforant and the cornu 
ammonis 3–cornu ammonis 1 pathways. Many repulsive axon guidance molecules were involved in the formation of the entorhinal-
dentate gyrus pathway. The hypothyroid group had higher levels of erythropoietin-producing hepatocyte ligand A3 and semaphorin 
3A than the euthyroid group.
Conclusion: We demonstrated that developmental hypothyroidism might influence the development of the entorhinal-dentate gyrus 
pathway, contributing to impaired long-term potentiation. These findings improve our understanding of neural mechanisms for 
memory function.
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INTRODUCTION

In the past few decades, the developmental thyroid hormones, 
thyroxine and triiodothyronine, have been recognized as essen-
tial for neurodevelopment. A multi-center cohort study carried 
out by our group reported that hypothyroidism occurred in ap-
proximately 7.5% of pregnant women in China [1]. According 
to large population studies, the consequences of maternal hypo-
thyroidism on offspring include low birth weight, a high rate of 
preterm birth, pregnancy loss, and impaired neurocognitive de-
velopment (such as learning and memory) [2]. During normal 
neurological development, thyroid hormones act on the pro-
cesses of neuronal proliferation and differentiation, cell migra-
tion, formation of layers, axonal and dendritic growth, synapse 
formation, and myelination [3,4].

Memory is stored in networks of brain neurons and through 
activity-dependent changes in the strength of synapses, accord-
ing to Hebb’s postulate. Long-term potentiation (LTP) is a rela-
tively long-lived increase in the synaptic strength of fiber path-
ways. Giese et al. [5] generated a knock-in mouse model that 
lacked LTP, whose memory was thus strongly impaired. More-
over, researchers have observed LTP during learning, such as 
fear conditioning and one-trial inhibitory avoidance learning 
[6,7]. Furthermore, studies of cellular and molecular mecha-
nisms have revealed extensive links between LTP and memory 
[8-10]. Many investigators now regard LTP as the neurophysio-
logical model for learning and memory processes.

Animal studies have revealed that the hippocampus of off-
spring is particularly vulnerable to thyroid hormone deficiency 
during development, which contributes to learning and memory 
impairment [11-13]. Our research group has previously reported 
that maternal thyroid hormone deficiency led to LTP damage of 
the cornu ammonis 3 (CA3)-CA1 pathway in rat pups [14]. Gil-
bert and Paczkowski [15] also reported that LTP was impaired, 
as shown by reductions in the field excitatory postsynaptic po-
tentials (fEPSP) slope, in the perforant pathway in pups treated 
with propylthiouracil, which depleted thyroid hormone by 
blocking hormone synthesis. Further research revealed dose-de-
pendent impairment of LTP in the perforant pathway following 
maternal thyroid hormone insufficiency [11].

Memory function depends on the extensive neuronal circuits 
of the entorhinal cortex, together with the hippocampus and neo-
cortex [16,17]. Information flow through the neuronal circuits 
contributes to hippocampal-dependent memory. The entorhinal-
hippocampal circuit has been recognized as the classical memory 
circuit, being important for the formation and retrieval of declara-

tive memories [18]. The granule cells of the dentate gyrus receive 
projections from the entorhinal cortex via the perforant pathway 
and send fibers to the CA3 region. CA3 neurons project Schaffer 
collaterals to the CA1 neurons (Fig. 1A) [19,20]. The dentate gy-
rus acts as the main entrance of the hippocampus, where the 
transmission of entorhinal information occurs [21]. Meanwhile, 
the dentate gyrus is involved in spatial pattern separation, and the 
CA1 and CA3 regions are involved in temporal pattern separa-
tion. This pattern separation has been suggested to decrease the 

Fig. 1. Representative images of the entorhinal-hippocampal path-
way. (A) Schematic drawing of the development of the entorhinal-
hippocampal pathway. (B) Brain slices containing the maximum 
cross-sectional areas of the hippocampus were chosen for the elec-
trophysiological experiments. (C, D) Microelectrode array covering 
the perforant pathway (C) or CA3-CA1 pathway (D). One micro-
electrode was selected as the stimulation site (red circle), which can 
induce the best synaptic responses in the recording site (green cir-
cle). CA, cornu ammonis; DG, dentate gyrus; EC, entorhinal cortex.
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similarity among short-term memory representations and en-
hance the uniqueness of each representation, which is crucial for 
the hippocampus to establish long-term memory [22]. 

Thyroid hormone deficiency has deleterious effects on the de-
velopment of hippocampal structures, such as a reduction in 
neuron number, impaired growth of axons, impaired dendritic 
arborization, and disrupted cell migration [23-25]. Hypothy-
roidism also influences the expression of various growth factors 
that are important to the regulation of axon elongation and guid-
ance in the hippocampus [26,27]. The above-mentioned mecha-
nisms and regulations are indispensable for the correct construc-
tion of neuronal circuits. Pathfinding by developing entorhinal 
axons towards the dentate gyrus is an essential step in establish-
ing the entorhinal-dentate gyrus pathway. Several axon guid-
ance molecules participate in pathfinding development, includ-
ing attractive and repulsive axon guidance molecules. Both the 
perforant pathway and the CA3-CA1 pathway belong to the en-
torhinal-hippocampal circuit. The entorhinal-dentate gyrus 
pathway acts as the main entrance of entorhino hippocampal 
circuits. We speculated that the action of thyroid hormones on 
the morphological development of the entorhinal-dentate gyrus 
pathway would contribute to LTP alterations that ultimately lead 
to learning and memory impairment.

METHODS

Animals and treatments
Sixty nulliparous female Wistar rats weighing 180 to 200 g 
were housed in a temperature-controlled animal facility with a 
reversed 12:12-hour light/dark cycle. All rats were fed normal 
rat chow. All animals and experimental procedures were ap-
proved by the Animal Care and Use Committee at the China 
Medical University (Permit#: TZ2020009), which complies 
with the National Institute of Health Guide for the Care and Use 
of Laboratory Animals. The day of visualization of spermatozoa 
in vaginal smears was taken as embryonic (E) day 0. The day of 
birth was designated as postnatal (P) day 0. The pregnant rats 
were divided randomly into euthyroid (n=30 dams) and hypo-
thyroid (n=30 dams) groups. To induce developmental hypo-
thyroidism, a thyrotoxicant (2-mercapto-1-methylimidazole 
[MMI]; 0.025% w/v; 301507, Sigma, St. Louis, MO, USA), 
was given to pregnant rats in their drinking water from E6 and 
continued until the rats were sacrificed.

Assays for serum thyroid hormones
Dams were euthanized using sodium pentobarbital (50 mg/kg, 

delivered intraperitoneally) at four time points (E17, P2, P4, and 
P10), and blood samples were obtained by cardiac puncture. 
Pups were euthanized (sodium pentobarbital, 20 mg/kg, deliv-
ered intraperitoneally) and decapitated at P10, and trunk blood 
was collected. Blood samples were stored at –80°C and used to 
measure thyroid hormone levels. Total thyroxine (TT4), total tri-
iodothyronine (TT3), and thyroid-stimulating hormone (TSH) 
levels were measured using chemiluminescence (Immulite 
1000, Diagnostic Products Corporation, Los Angeles, CA, 
USA). The intra- and inter-assay coefficients of variation for 
TSH were 1.23%–3.38% and 1.57%–4.93%, respectively; for 
TT4, they were 1.26%–3.20% and 3.58%–6.67%, respectively; 
and for TT3, they were 1.31%–3.34% and 3.63%–5.57%, re-
spectively.

Tract tracing
Pups at P2, P4, and P10 were euthanized (sodium pentobarbital, 
20 mg/kg, delivered intraperitoneally) and their whole brains 
were fixed in 4% paraformaldehyde in 0.1 mmol/L phosphate-
buffered saline (PBS, pH 7.2) for 1 to 2 days at room tempera-
ture. A lipophilic dye (1,1´-dioctadecyl-3,3,3´,3´-tetramethylin-
docarbocyanine perchlorate [DiI]; 468495; Sigma), was used to 
label the entorhinal-dentate gyrus pathway. Under a stereoscop-
ic microscope (SZX7, OLYMPUS, Tokyo, Japan), signal crys-
tals of DiI were injected into the entorhinal cortex using an acu-
puncture pin, as described previously [28]. The brain was stored 
in the dark at room temperature for 2 to 3 weeks. Thereafter, the 
brain was rinsed with PBS, embedded in 4% low-melting-point 
agarose, and sectioned horizontally using a vibratome (MA752, 
Campden Instruments, Loughborough, UK) at an 80-μm thick-
ness. Sections were counterstained with Hoechst (B2883, Sig-
ma) and observed with an epifluorescence microscope (BX-51, 
OLYMPUS). Image quantification analysis was performed us-
ing Image Pro Plus version 5.1 software (Media cybernetics, 
Rockville, MD, USA). The outer molecular layer of the dentate 
gyrus was outlined manually. At P2 and P4, the proportion of fi-
bers in the outer molecular layer referred to the ratio of the area 
of DiI-labeled fibers to the total area of the outer molecular lay-
er. At P10, the projected area in the outer molecular layer was 
represented by the DiI-labeled area. Each section was measured 
in triplicate.

LTP induction
Pups at P10 were euthanized by decapitation as described previ-
ously. The whole brain was rapidly dissected from the skulls 
and immersed in ice-cold oxygenated (95% oxygen and 5% 
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carbon dioxide mixed gas) artificial cerebrospinal fluid (ACSF) 
containing NaCl (7.25 g/L), KCl (0.22 g/L), NaHCO3 (0.22 g/
L), MgSO4 (0.12 g/L), KH2PO4 (0.17 g/L), CaCl2 (0.11 g/L), 
and dextrose (1.8 g/L), at a pH of 7.4 to 7.8. Then, the cerebel-
lum, the frontal lobe, and the ventral-lateral areas (30° off the 
horizontal axis) were removed and perfused with 45°C low 
melting-temperature agarose. Brain slices (300 μm) containing 
the maximum cross-sectional areas of the hippocampus were 
cut using a vibratome (Fig. 1B) and incubated for 1 to 1.5 hours 
in ACSF at room temperature. 

A 64-channel multi-electrode dish system (MED64, Panason-
ic Alpha-Med Sciences, Osaka, Japan) was used in this study. 
Procedures for the preparation of the multi-electrode dish probe 
were performed according to standard methods [29,30]. After 
incubation, the slice was positioned on the MED64 probe (an 
array of 64 square planar microelectrodes arranged in an 8×8 
pattern) and most of the 64 microelectrodes were located within 
the hippocampus. According to photomicrographs of brain slic-
es acquired under microscopy, one of the 64 available planar 
microelectrodes was selected to stimulate the perforant pathway 
(Fig. 1C) or the CA3-CA1 pathway (Fig. 1D). The evoked fEP-
SPs were amplified, digitized and recorded from the recording 
channels.

After selection of sites in the angular bundle or CA3 for stim-
ulation, an input/output (I/O) curve was constructed from the 
fEPSP responses following a series of stimulations at ascending 
intensities (starting with 5 μA and increasing stepwise by 5 μA). 
A series of stimulations were delivered until the maximal fEPSP 
amplitude and slope were reached.

For the induction of LTP, the intensity of the test stimulus was 
determined using the I/O function and fixed at the intensity that 
produced 30% of the maximal fEPSP slope. A range of pulses 
was administered every 30 seconds for 10 minutes to record the 
baseline fEPSP. LTP was induced using high-frequency stimula-
tion (HFS), consisting of a range of two pulses (at an interval of 
2 seconds) at the pulse intensity that evoked 30% of the maxi-
mal fEPSP slope. The signal was recorded for 1 hour, and LTP 
values were expressed as percentages of the pre-stimulation 
baseline.

Quantitative real-time reverse transcription polymerase 
chain reaction analysis
At P2, P4, and P10, neonatal brains were perfused with physio-
logical saline through the left ventricle and then removed. The 
hippocampi were dissected on ice and stored in liquid nitrogen. 
Total RNA was extracted from the hippocampi of pups from 

different litters using the Trizol reagent (15596026, Invitrogen, 
Waltham, MA, USA). RNA was reverse-transcribed into cDNA 
using a PrimeScript RT reagent kit (RR036A, Takara, Shiga, Ja-
pan). Transcripts were quantified using a SYBR Premix Ex Taq 
II kit (RR420A, Takara) according to the manufacturer’s in-
structions. Polymerase chain reaction (PCR) was performed in a 
total volume of 20 μL using a LightCycler 480 Instrument 
(Roche Applied Science, Mannheim, Germany). The primers 
for the selected genes used in real-time PCR are listed in Sup-
plemental Table S1, including Ntn1 (encoding netrin 1 [Ntn1]), 
Efna3 (encoding erythropoietin-producing hepatocyte ligand 
A3, also known as ephrin A3 [Efna3]), Sema3a (encoding 
semaphorin 3A [Sema3a]), and Rgma (encoding repulsive guid-
ance molecule BMP co-receptor A [Rgma]).

Western blotting
The hippocampi of pups were dissected and collected at P2, P4, 
and P10. The tissues were homogenized in 100 μL of lysis buf-
fer containing 10 μL of phosphatase inhibitors and 1 μL of pro-
tease inhibitors. The homogenate was centrifuged at 10,000 ×g 
for 10 minutes at 4°C. The supernatant was taken for protein de-
termination. The protein concentration was determined using a 
bicinchoninic acid assay. Protein (100 μg) was boiled for 3 min-
utes and separated on 10% sodium dodecyl sulfate-polyacryl-
amide gels followed by transfer onto polyvinylidene difluoride 
membranes. After blocking with PBS including 0.1% Tween-20 
and bovine serum albumin for 1 hour at room temperature, the 
membrane was incubated overnight with primary antibodies 
recognizing ephrin A3 (1:1,000, ab64814, Abcam, Cambridge, 
UK) or semaphorin 3A (1:1,000, ab23393, Abcam). Subse-
quently, the membrane was incubated with horseradish peroxi-
dase-conjugated secondary antibody (1:5,000, SAB370119, 
Sigma). Immune complexes were visualized using a chemilumi-
nescence Western blotting detection system (ALPHAVIEW, 
Proteinsimple Inc., San Jose, CA, USA).

Statistical analyses
Data are presented as the mean±standard deviation. All analy-
ses were performed using SPSS version 17.0 (SPSS Inc., Chica-
go, IL, USA). Data that conformed to a normal distribution 
were analyzed using the Student t test, and data that did not 
conform to a normal distribution were analyzed using the rank-
sum test. In cases of heterogeneous variances, the Welch test 
was used. A P<0.05 was considered statistically significant.
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RESULTS

Developmental hypothyroidism caused by MMI
After treatment with 0.025% MMI in drinking water from E6 
onwards until the date of sacrifice (E17, P2, P4, and P10), the 
levels serum thyroid hormones (TT3 and TT4) of the dams de-
creased significantly at all time points (P<0.001). Meanwhile, 
the serum TSH level of the dams significantly increased com-
pared with that in the euthyroid dams (P<0.001) (Table 1). Dur-
ing the early postnatal period (P10), the pups from MMI-treated 
pregnant rats demonstrated a significant increase in TSH and 
suppression of thyroid hormones (TT3 and TT4) compared with 
the levels in the control group (P<0.001) (Table 1). Thus, the 
animal model of developmental hypothyroidism was success-
fully established at the prenatal stage (E17). There were no sig-
nificant differences in body weight between the groups of dams 
during the prenatal and postnatal stages (Table 2). Developmen-
tal exposure to MMI resulted in postnatal growth retardation of 
the pups. The mean body weight of the hypothyroid group pups 
was lower than that of the euthyroid group pups (P<0.001) (Ta-
ble 3). The differences in postnatal weights between the two 
groups became larger with time, displaying a 28.2% reduction 

at P2, a 42.0% reduction at P4, and a 39.7% reduction at P10.

Developmental hypothyroidism impaired the development 
of the entorhinal-dentate gyrus pathway
To visualize the development of the entorhinal-dentate gyrus 
pathway under developmental hypothyroidism, we used DiI 
tract tracing to label fibers. At P2, the entorhinal fibers traversed 
into the angular bundle and branched into two main axonal pro-
jections. One ran superficially along the alveus (alvear path), 
and the other, the perforant pathway, was orientated in the stra-
tum lacunosum moleculare of CA1. This phenomenon appeared 
in pups of both the euthyroid and hypothyroid groups (Fig. 2).

Implantation of DiI in the euthyroid pups yielded the typical 
layer-specific innervations of the entorhinal-dentate gyrus path-
way. The DiI-labeled entorhinal axons innervated the stratum 
lacunosum moleculare, and at P2, a few axons started to cross 
the hippocampal fissure and distribute into the molecular layer 
of the dentate gyrus (Fig. 3A, arrows). From P4 onward, the fi-
ber bundle that appeared in the molecular layer became distinct 
(Fig. 3C). At P10, the entorhinal-dentate gyrus projection dis-
played a layer-specific distribution in the outer molecular layer 
of the dentate gyrus (Fig. 3E).

Table 1. Serum Thyroid Hormone Levels in Dams and Pups

Animal Stage
Euthyroid group Hypothyroid group

TSH,  mIU/L TT4, μg/dL TT3, ng/dL TSH,  mIU/L TT4, μg/dL TT3, ng/dL

Dams E17 0.35±0.14 2.81±0.34 60.36±9.92 4.77±2.01a 1.15±0.31a 25.81±8.07a

P2 0.20±0.12 2.40±0.73 68.28±11.92 8.97±2.49a 1.35±0.92a 18.56±3.42a

P4 0.26±0.70 1.88±0.34 68.00±15.78 8.84±1.13a 1.09±0.30a 15.98±2.01a

P10 0.45±0.07 1.66±0.40 53.26±1.72 11.77±1.78a 0.62±0.08a 12.36±3.62a

Pups P10 0.23±0.17 2.28±0.50 28.66±6.83 5.15±2.25a 0.56±0.10a 11.96±2.62a

Values are expressed as mean±standard deviation (n=5 dams in each group; n=10 pups from 5 dams in each group).
TSH, thyroid-stimulating hormone; TT4, total thyroxine; TT3, total triiodothyronine; E, embryonic; P, postnatal day.
aP<0.01, compared with the euthyroid group.

Table 2. Prenatal and Postnatal Body Weight in Dams

Stage Euthyroid group, g Hypothyroid group, g

E17 324.72±18.17 331.78±10.77

P2 286.44±10.66 278.12±10.08

P4 284.32±12.77 279.76±5.96

P10 290.76±8.82 280.92±12.48

Values are expressed as mean±standard deviation (n=5 dams in each 
group).
E, embryonic day; P, postnatal day.

Table 3. Postnatal Body Weight in Pups

Stage Euthyroid group, g Hypothyroid group, g

P2 7.44±0.82 5.34±0.84a

P4 11.81±1.42 6.85±0.77a

P10 18.80±1.00 11.33±1.32a

Values are expressed as mean±standard deviation (n=10 pups from 5 
dams in each group). 
P, postnatal day.
aP<0.01, compared with the euthyroid group.
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In the pups of the hypothyroid group, entorhinal afferents ulti-
mately reached their terminal field in the outer molecular layer. 
However, entorhinal axons showed delayed growth in reaching 
their appropriate target. At P2, few axons were distributed into 
the molecular layer (Fig. 3B). At P4, entorhinal axons were so 
sparse that no laminar distribution was identified in the molecu-
lar layer (Fig. 3D). The edge of entorhinal axons appeared to be 
further away from the granule layer than that of the euthyroid 
group. With further development (P10), the entorhinal-dentate 
gyrus pathway showed a layer-specific distribution in the outer 
molecular layer of the dentate gyrus, similar to the euthyroid 
group (Fig. 3F).

At P2, there was no statistically significant difference in the 
proportion of fibers in the outer molecular layer between the eu-
thyroid and hypothyroid groups (Fig. 4A). This difference be-
came prominent as fiber development proceeded. The proportion 
of fibers in the outer molecular layer of the hypothyroid group 
was significantly smaller than that of the euthyroid group 
(P<0.001) (Fig. 4B). We then studied the projected area into 
which the entorhinal fibers arrived in the outer molecular layer 
(Fig. 3E arrows). The DiI-labeled area was crescent-shaped, with 
an irregular boundary. The area in pups of the hypothyroid group 
was smaller than that of the euthyroid group (P=0.027) (Fig. 
4C); however, there was no statistically significant difference in 
the maximum width of the projected area between the two 
groups.

Developmental hypothyroidism impaired LTP of the 
perforant pathway and CA3-CA1 pathway
After HFS was applied to the perforant pathway, LTP induction 

was recorded. Both groups displayed increases in the fEPSP 
slope and amplitude (Fig. 5E, F). There was a non-significant 
difference in the fEPSP slope between the euthyroid slices and 
hypothyroid slices (euthyroid: 170.11%±43.55% of baseline; 
hypothyroid, 140.51%±19.80% of baseline, P=0.150) (Fig. 
5A). However, the fEPSP amplitude of the hypothyroid slices 
was lower than that of the euthyroid slices (euthyroid: 
160.77%±31.06% of baseline; hypothyroid: 133.29%±12.29% 
of baseline, P=0.036) (Fig. 5B).

Upon HFS, LTP was generated in the CA3-CA1 pathway 
from the euthyroid slices. In the hypothyroid group, both the 
fEPSP slope and the fEPSP amplitude were lower than those in 
the euthyroid group (fEPSP slope: 219.76%±69.30% of base-
line in the euthyroid, 146.75%±32.65% of baseline in the hy-

Fig. 3. Distribution of entorhinal axons in the dentate gyrus at (A, B) 
P2, (C, D) P4, and (E, F) P10. Photomicrographs of brain sections 
during the layer-specific distribution from (A, C, E) the euthyroid 
group and (B, D, F) the hypothyroid group. Euthyroid pup axons 
stared to distribute into the outer molecular layer (OML) at P2 (A, 
arrow), and displayed a layer-specific distribution in the OML at 
P10 (E, arrow). Hypothyroid pup axons reached the OML, as in eu-
thyroid pups, but showed delayed development. Sections (n=10–
12) were from different pups (n=4–6 pups from 4–6 dams) at P2, 
P4, and P10. Scale bar, 50 μm. DG, dentate gyrus; GL, granule lay-
er; ML, molecular layer; SLE, stratum lacunosum moleculare; P, 
postnatal day. 

Fig. 2. Tracing the entorhinal-hippocampal pathway of (A) the eu-
thyroid group and (B) the hypothyroid group at P2. DiI-labeled en-
torhinal fibers branched into the alvear path and the perforant path-
way, which both appear in the euthyroid group and the hypothyroid 
group. Sections (n=10–12) were from different pups (n=4–6 pups 
from 4–6 dams) at P2. Scale bar, 200 μm. ab, angular bundle; AP, 
alvear path; CA, cornu ammonis; DG, dentate gyrus; EC, entorhinal 
cortex; PP, perforant pathway; SLE, stratum lacunosum moleculare; 
P, postnatal day.
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Fig. 4. The proportion of DiI-labeled fibers in the outer molecular layer (OML) at (A) P2, (B) P4, and (C) the projected area in the OML at P10. 
Slices (n=5–7) from different pups (n=5–7 pups from 5–7 dams) in each group. aP<0.001; bP=0.027, compared with the euthyroid group. 

Fig. 5. Long-term potentiation in the perforant pathway and CA3-CA1 pathway assessed as the percent change in the field excitatory post-
synaptic potential (fEPSP) slope and fEPSP amplitude (Amp) from baseline at P10. (A, B) For the perforant pathway, there was no signifi-
cant difference in the fEPSP slope; however, the fEPSP Amp of the hypothyroid pups was lower than that of the euthyroid pups. Slices 
(n=6–9) were from different pups (n=6–9 pups from 6–9 dams) at P10. (C, D) For the CA3-CA1 pathway, maternal hypothyroidism re-
duced both the fEPSP slope and the Amp in the pups. Slices (n=6–7) were from different pups (n=6–7 pups from 6–7 dams) at P10. (E, F) 
Inset: representative waveforms recorded in the perforant and CA3-CA1 pathways before high-frequency stimulation (HFS) and after HFS 
in the euthyroid and hypothyroid groups. CA, cornu ammonis. aP=0.036; bP=0.038; cP=0.008, compared with the euthyroid group.
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pothyroid group, P=0.038; fEPSP amplitude: 187.03%±

29.41% of baseline in the euthyroid group, 141.30%±19.73% 
of baseline in the hypothyroid group, P=0.008) (Fig. 5C, D).

Developmental hypothyroidism increased the expression 
of repulsive axon guidance molecules
We next studied the possible axon guidance molecules that 
cause delayed development of the entorhinal-dentate gyrus 
pathway. The attractive (netrin 1) or repulsive (ephrin A3, 
Sema3a, and Rgma) axon guidance molecules are involved in 
the formation of the entorhinal-dentate gyrus pathway and act 
as regulatory signals of entorhinal axons. Our results showed 
that the mRNA expression levels of Ntn1 and Rgma did not 
show statistically significant differences between the two groups 
(Fig. 6A, B).

Real-time PCR showed upregulation of Efna3 mRNA expres-
sion at P2 and P4 in the hypothyroid group (P2: P=0.012; P4: 
P=0.007) (Fig. 6C). Western blotting showed that the level of 
ephrin A3 protein was markedly higher in the hypothyroid 
group than in the euthyroid group at P2 and P4 (P2: P=0.029; 
P4: P=0.006) (Fig. 7A, B). There was no difference in the ex-
pression levels of ephrin A3 mRNA and protein between the 

two groups at P10.
The expression level of Sema3a mRNA increased slightly in 

the hypothyroid group at P2, but there was no statistically sig-
nificant difference compared with that in the euthyroid group 
(Fig. 6D). Sema3a mRNA expression was upregulated in the 
hypothyroid group compared with that in the euthyroid group 
only at P4 (P=0.046) (Fig. 6D). Western blotting displayed an 
enhancing effect of maternal hypothyroidism on Sema3a pro-
tein levels at P2 and P4 (P2: P=0.005; P4: P=0.012), but not at 
P10 (Fig. 7A, C).

DISCUSSION

The entorhinal-dentate gyrus pathway starts to develop as early 
as E16 [31]. To study the role of thyroid hormones in the ento-
rhinal-dentate gyrus pathway development, it is necessary to in-
hibit the maternal transport and fetal synthesis of thyroid hor-
mones at the early embryonic stage. The model of experimental 
hypothyroidism in our study was induced by a thyrotoxicant 
(MMI). Although significant changes in body weight were ob-
served in the pups, MMI did not alter the body weight of the 
dams during the gestational and lactation periods. Berbel et al. 

Fig. 6. Expression of (A) netrin 1 (Ntn1), (B) repulsive guidance molecule BMP co-receptor A (Rgma), (C) erythropoietin-producing hepa-
tocyte ligand A3 (Efna3), and (D) semaphorin 3A (Sema3a) mRNA in the hippocampus of the euthyroid and hypothyroid groups (n=6–8 
pups from 5–6 dams in each group). aP<0.05; bP<0.01, compared with the euthyroid group.
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[32] observed that all MMI-treated pregnant rats gave birth at 
term and the litter size was similar to that of the control rats.

A hypothyroid state could promote a series of hippocampal 
neuronal functional defects. The hippocampus is considered to 
be involved in neuronal networks that determine mnemonic, 
cognitive, and emotional functions. To construct and maintain 
the mnemonic network, intact fiber circuits are indispensable. 
The classic fiber circuit of the hippocampus from the entorhinal 
cortex to the dentate gyrus, to CA3, and then to CA1 contributes 
to the formation and retrieval of memories [19]. Physical lesions 
of the entorhinal cortex inputs to the hippocampus were found 
to lead to impaired episodic-memory processing, such as pattern 
completion and separation [18,22,33].

The present study is the first study designed to examine the 
entorhinal-dentate gyrus pathway in the pups of a rat model of 
developmental hypothyroidism. Axon tracing provided visual-
ization of the entorhinal-dentate gyrus pathway. DiI is the most 
frequently used carbocyanine dye, which emits red fluores-
cence. Since DiI is suitable for post-mortem neuronal tracing in 
fixed tissue, it is particularly useful for studying embryonic 
pathways [34]. DiI produces labeling by diffusing through the 
lipid membrane, and has performed well in many aspects in 

comparative studies. This dye has several potential advantages, 
including its slow fading, tracing length, nontoxicity, ease of 
use, and price [35,36]. However, DiI labels the pathway more 
slowly in fixed tissue than in living tissue and diffuses before 
reaching the axon terminal in long-distance labeling. Referring 
to Deng’s research on the entorhinal-dentate gyrus pathway, we 
found that an incubation time of 2 to 3 weeks was suitable be-
cause of the low rate of diffusion [31]. Our data indicated that 
the entorhinal-dentate gyrus pathway experienced delayed de-
velopment in reaching its destination in the hypothyroid group. 
In addition, the projected area of entorhinal axons that arrived at 
the outer molecular layer was significantly smaller in the hypo-
thyroid group than in the euthyroid group. It is possible that the 
difference in the projected area was affected by confounding 
factors, such as body weight, the volume of the dentate gyrus, 
and the ratio of the dentate gyrus volume to the brain volume 
under a state of hypothyroidism. However, our sample size was 
not adequate to determine these potential confounders. Berbel et 
al. [32] (1993) confirmed that the callosally projecting neurons 
of the auditory areas shifted to the infragranular layers in hypo-
thyroid rats. Subsequently, researchers examined the effects of 
thyroid hormones on the development of somatosensory thala-

Fig. 7. (A, B, C) Western blotting analysis of ephrin A3 and Sema3a proteins in the hippocampus of the euthyroid and hypothyroid groups 
(n=6 pups from 4–6 dams in each group). The bands (A) depicted representative findings for the euthyroid and hypothyroid groups. The bar 
graphs (B, C) showed the results of semiquantitative measurements of ephrin A3 and Sema3a. E, euthyroid; H, hypothyroid. aP<0.05; 
bP<0.01, compared with the euthyroid group.
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mocortical projections [37]. Anterograde tracing in hypothyroid 
offspring showed that although the thalamocortical axons 
reached their normal target, the numbers of terminal branches 
were reduced. These data underscore the relationship between 
altered neuronal circuits and the neurological diseases induced 
by developmental hypothyroidism.

At P10, the formation and distribution of the entorhinal-den-
tate gyrus pathway were similar between the hypothyroid and 
euthyroid groups. However, activity-dependent synaptic plastic-
ity (LTP) was impaired. LTP is an established biological sub-
strate for learning and memory, and a series of experiments 
showed the correlation between decreased LTP and impaired 
memory function [38]. As described previously, hypothyroidism 
impaired the LTP of pathways in the hippocampus. For the per-
forant pathway, the LTP slope was impaired in adult offspring 
following propylthiouracil treatment of rats [11,15]. However, 
augmentation of the LTP amplitude was observed, which could 
have been caused by structural changes in spine morphology in 
the neurons in hypothyroid animals and might reflect a compen-
sation for reduced synaptic input [39]. This could explain the 
differential effects on the LTP slope and amplitude in our study. 
For the CA3-CA1 pathway, congenital iodine deficiency and 
hypothyroidism caused a reduced LTP slope and amplitude [40]. 
Maternal subclinical hypothyroidism and clinical hypothyroid-
ism both led to LTP slope reduction in pups [14]. However, pre-
viously used experimental animals were almost all adult off-
spring. In the present study, we chose P10 to investigate synap-
tic transmission and plasticity, including the perforant and CA3-
CA1 pathways. The synaptic function of the hippocampus ex-
hibits developmental progression during the postnatal period. 
Intracellular recordings of previous studies revealed that the 
dentate gyrus and CA1 regions exhibited LTP at early P7-8 [41-
43]. Our data showed that developmental hypothyroidism re-
sulted in LTP impairment, including the slope and amplitude, 
which is consistent with impaired development of the entorhi-
nal-dentate gyrus pathway. 

Many diffusible and membrane-associated attractive or repul-
sive axon guidance molecules are involved in the neuroanatom-
ical formation of the entorhinal-dentate gyrus pathway. These 
molecules include netrin, semaphorins, Rgma, and ephrin tyro-
sine kinase receptors and their ligands [44,45]. In the develop-
ing hippocampus, the site-specific expression of molecules at 
the appropriate time suggests their roles in shaping the entorhi-
nal-dentate gyrus pathway. It has been shown that ephrin A3 
and Sema3a are localized in the granule cell layer of the dentate 
gyrus, where entorhinal axons could not invade [46,47]. The en-

torhinal axons could be specifically repelled by the two mole-
cules to allow the entorhinal-dentate gyrus pathway to enter the 
target area in the molecular layer of the dentate gyrus. In the 
present study, the levels of ephrin A3 and Sema3a were upregu-
lated in the hypothyroid group before the afferents reached the 
outer molecular layer of the dentate gyrus. Although specula-
tive, this would partially explain the impaired development of 
the entorhinal-dentate gyrus pathway. However, the mechanism 
by which developmental hypothyroidism upregulated the ex-
pression levels of the Efna3 and Sema3a genes is unclear. 
Meanwhile, there were no significant changes in the levels of 
those two molecules at P10 between the euthyroid and hypothy-
roid groups. We hypothesize that this could be caused by the re-
dundancy of these axon guidance molecules when the entorhi-
nal-dentate gyrus pathway is formed. In addition to axon guid-
ance molecules, other mechanisms could contribute to the im-
paired development of the entorhinal-dentate gyrus pathway re-
sulting from hypothyroidism. Thyroid hormones are required 
for neuron differentiation and synaptogenesis; for example, the 
pyramidal cells of the neocortex and hippocampus, and the Pur-
kinje cells of the cerebellum [48]. The stellate cells of the ento-
rhinal cortex, which send projections to the dentate gyrus, are 
possibly influenced by thyroid hormone deficiency. Another re-
lated mechanism is via Cajal-Retzius cells. Reelin, which is 
produced by Cajal-Retzius cells, is essential to establish the 
neocortical layers and is under thyroid hormone control [49]. 
Moreover, Cajal-Retzius cells in the hippocampus are pioneer 
neurons that guide the perforant pathway [50,51].

Our study had some limitations. Although we found that de-
velopmental hypothyroidism resulted in impaired structural de-
velopment and synaptic plasticity of the entorhinal-dentate gy-
rus pathway, we did not further investigate dendritic growth, 
dendritic morphology, and synaptic formation. Another limita-
tion was that we did not assess myelination impairment result-
ing from thyroid hormone deficiency, which might have influ-
enced the DiI tracing. Finally, we did not design another group 
with developmental hypothyroidism and added thyroid hor-
mone. This treatment group would have provided more data to 
determine the reverse effects of thyroid hormone.

We reported that developmental hypothyroidism resulted in 
impaired development of the entorhinal-dentate gyrus pathway 
of the offspring, which could contribute to the impaired LTP. 
Our findings offer potential insights into the functional defects 
of fiber pathway development, which might be a direction for 
future study.
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