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Iron Deficiency and Iron Excess Differently
Affect Dendritic Architecture of Pyramidal
Neurons in the Hippocampus of Piglets
Vivian Perng,1 Chong Li,1 Carolyn R Klocke,2 Shya E Navazesh,1 Danna K Pinneles,1 Pamela J Lein,2 and
Peng Ji1

1Department of Nutrition, University of California, Davis, Davis, CA, USA; and 2Department of Molecular Biosciences, School of
Veterinary Medicine, University of California, Davis, Davis, CA, USA

ABSTRACT
Background: Both iron deficiency and overload may adversely affect neurodevelopment.

Objectives: The study assessed how changes in early-life iron status affect iron homeostasis and cytoarchitecture of

hippocampal neurons in a piglet model.

Methods: On postnatal day (PD) 1, 30 Hampshire × Yorkshire crossbreed piglets (n = 15/sex) were stratified by sex and

litter and randomly assigned to experimental groups receiving low (L-Fe), adequate (A-Fe), or high (H-Fe) levels of iron

supplement during the pre- (PD1–21) and postweaning periods (PD22–35). Pigs in the L-Fe, A-Fe, and H-Fe groups orally

received 0, 1, and 30 mg Fe · kg weight−1 · d−1 preweaning and were fed a diet containing 30, 125, and 1000 mg Fe/kg

postweaning, respectively. Heme indexes were analyzed weekly, and gene and protein expressions of iron regulatory

proteins in duodenal mucosa, liver, and hippocampus were analyzed through qRT-PCR and western blot, respectively, on

PD35. Hippocampal neurons stained using the Golgi-Cox method were traced and their dendritic arbors reconstructed

in 3-D using Neurolucida. Dendritic complexity was quantified using Sholl and branch order analyses.

Results: Pigs in the L-Fe group developed iron deficiency anemia (hemoglobin = 8.2 g/dL, hematocrit = 20.1%) on

PD35 and became stunted during week 5 with lower final body weight than H-Fe group pigs (6.6 compared with 9.6 kg,

P < 0.05). In comparison with A-Fe, H-Fe increased hippocampal ferritin expression by 38% and L-Fe decreased its

expression by 52% (P < 0.05), suggesting altered hippocampal iron stores. Pigs in the H-Fe group had greater dendritic

complexity in CA1/3 pyramidal neurons than L-Fe group pigs as shown by more dendritic intersections with Sholl rings

(P ≤ 0.04) and a greater number of dendrites (P ≤ 0.016).

Conclusions: In piglets, the developing hippocampus is susceptible to perturbations by dietary iron, with deficiency

and overload differentially affecting dendritic arborization. J Nutr 2020;0:1–10.

Keywords: iron overload, iron deficiency, hippocampal iron, dendritic arborization, piglet model

Introduction

Iron deficiency (ID) causes ∼50% of anemia globally (1).
Prevalence of iron deficiency anemia (IDA) is as high as 71%
in central and west Africa, but drops to <10% in high-income
regions (2). However, in many high-income countries, such as
the United States, infants and young children may receive excess
amounts of prophylactic iron through supplements or food
fortification (3). Therefore, in contrast to the pressing need
of iron supplementation in resource-constrained areas, concern
over the risk of dietary iron overexposure in early childhood is
growing in high-income countries (3, 4).

Iron is an essential element for several cellular processes that
are unique to the nervous system (5). ID during the neonatal
period is associated with long-term impairments in cognitive
performance that are not reversed or mitigated by iron repletion
later (6, 7). In preclinical studies, neonatal ID has been reported

to impair many aspects of neurodevelopment, such as brain
energy metabolism (8), dendritic arborization (9–11), synapse
function (12), myelination (13), and spatial cognition (14).
Brain regions with a high metabolic rate (e.g., hippocampus) are
at higher risk of abnormal development due to ID (8). Although
iron is indispensable for normal neuronal functions, excess
cellular labile iron may lead to oxidative damage. Nonanemic
infants who received an iron-fortified formula (12.7 mg/L) from
6 to 12 mo of age had poorer developmental outcomes at 10 y
of age than those who received a low-iron formula (2.3 mg/L)
(15). Neonatal high iron intake resulted in iron overload in
the substantia nigra and early onset of neurodegeneration in
rodents (16, 17).

The hippocampus has been extensively studied for its role in
spatial learning and memory and its development parallels the
period of rapid brain iron uptake (18). The 3 major anatomical
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subfields of the hippocampus, namely the dentate gyrus (DG),
Cornu Ammonis area (CA)3, and CA1, are connected via
excitatory fibers and form a trisynaptic circuit which serves
as the fundamental intrahippocampal pathway for information
processing. The processes of dendritic arborization and synapse
formation proceed rapidly after birth (19, 20) and the resulting
dendritic complexity directly determines the neuronal receptive
field, electrical properties, and computational capacity (21).
Indeed, the synaptic patterning that occurs during this period
is dependent upon the rate of dendritic growth (22) and is a key
determinant of cognitive function later in life.

A number of studies underscore the vulnerability of the
developing hippocampus to ID (8, 18). For example, early-life
ID and IDA were reported to reduce dendritic arborization
of hippocampal neurons in rodents (11, 23) and impair
hippocampus-mediated spatial cognition (15, 24, 25). Using a
piglet model, we recently showed that the developing hippocam-
pus is also susceptible to iron overload (26), which enhanced
hippocampal purine degradation, a pathway closely linked to
energy metabolism and redox cycling (26, 27). Nevertheless, the
effects of early-life high iron intake on the dendritic architecture
of hippocampal neurons are still unknown. Moreover, there
is a lack of research directly comparing the effects of ID and
iron overload on dendritic architecture. In the current study, we
developed a piglet model of ID, iron repletion, and iron overload
via manipulating oral iron supplementation during the suckling
period and dietary iron content after weaning. This model aims
to mimic ID and nutritionally relevant iron overload in human
infants and young children. Our objective is to understand the
regulation of iron homeostasis in the early postnatal period and
how perturbations of iron status during this period modulate
dendritic arborization in hippocampal neurons.

Methods
Animals and experimental design
The study was conducted using a randomized complete block design.
The procedures used for animal experiments were reviewed and
approved by the Institutional Animal Care and Use Committee of
University of California Davis (UCD) (protocol #21085). The pigs were
all provided by and housed at the Swine Research Center at UCD. On
postnatal day (PD) 1, 30 Hampshire × Yorkshire crossbreed piglets
(15 male and 15 female) from 5 different sows were stratified by
litter and sex and randomly assigned to 1 of 3 experimental groups
(n = 10/treatment, with equal numbers of male and female piglets).
Piglets assigned to low (L-Fe), adequate (A-Fe), and high (H-Fe) iron
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treatments received different doses of iron in the preweaning (PD1–
21) and postweaning (PD22–35) periods. Piglets in the L-, A-, and
H-Fe groups received oral iron supplementation at 0, 1, or 30 mg
· kg body weight (BW)−1 · d−1 once daily during the preweaning
period and a diet (Supplemental Table 1) containing <30, 125, or
1000 mg Fe/kg during the postweaning period, respectively. The oral
iron supplement was a food-grade ferrous sulfate drop containing 15 mg
Fe/mL (Silarx Pharmaceuticals). Pigs in the A-Fe group received a
30-fold diluted supplement, whereas pigs in H-Fe received the original
supplement without dilution. Both A-Fe and H-Fe group pigs were
administered iron supplement at 2 mL/kg BW preweaning. Pigs in the
L-Fe group were given 0.9% sterile saline solution orally preweaning
at 2 mL/kg so that all piglets were comparably handled. According
to the results of our preliminary study (data not shown) and swine
nutrient requirements (28), the A-Fe treatment provided adequate iron
to meet the requirements of piglets during the pre- and postweaning
periods and maintained a satisfactory hemoglobin (Hb) concentration
(>11 g/dL). Piglets in the study neither were castrated nor received an
iron injection. They were nursed by their sows in farrowing crates before
weaning. On PD22, the pigs were weaned and group-housed in nursery
pens (4.65 m2/pen) according to their treatment groups (n = 10/pen)
with ad libitum access to water and semisynthetic diets varying in iron
content according to their experimental group (Supplemental Table
1). The room temperature was set at 24.4◦C throughout the study.
On PD35, pigs were anesthetized via intramuscular injection of TKX
(a solution mixture containing 50 mg/mL of telazol, ketamine, and
xylazine; 4.4 mg/kg BW) and killed by intracardiac injection of an
overdose of pentobarbital sodium solution.

Sample and data collection
BWs of pigs were obtained every other day starting at PD1. Blood
samples were collected from the jugular vein on PD1 and weekly
thereafter to analyze hematocrit (Hct) and Hb as previously described
(26). Tissue samples from hippocampus and liver, and mucosal scraping
samples from the duodenum, were collected immediately after killing
and snap-frozen in liquid nitrogen.

Gene expression analysis by qPCR
Total RNA was extracted from ∼50-mg tissue samples using a TRIzol
and chloroform RNA extraction protocol as previously described
(29). The purity and integrity of the total RNA were determined
with NanoDrop (260/280 ≥2.0; 260/230 ≥1.9) and an Agilent 2100
Bioanalyzer (RNA integrity number ≥7), respectively. cDNA was
synthesized from 1 μg of RNA template using a high-capacity reverse
transcription kit containing RNase inhibitor (Applied Biosystem).
Subsequently, qPCR was carried out in a 20-μL reaction following the
PowerUp SYBR Green assay protocol (ThermoFisher Scientific) run by
QuantStudio 3 (Applied Biosystems). Primer sequences for target genes
were designed using the National Center for Biotechnology Information
BLAST tool and reported previously (26). The relative expression of
target genes compared to the housekeeping gene ribosomal protein L4
(RPL4) was determined using the comparative cycle threshold (2−��CT)
method (30).

Protein expression analysis by western blot
Protein extraction and western blot procedures were performed as
previously described (27). Briefly, protein was extracted using RIPA lysis
buffer containing a protease inhibitor cocktail (Sigma), then analyzed
for concentration using a micro bicinchonic acid assay (ThermoFisher
Scientific). Total protein (30 μg) was loaded onto a 10% TGX stain-
free polyacrylamide gel (Bio-Rad Laboratories) for electrophoresis,
then transferred to a nitrocellulose membrane using a semidry Trans-
Blot Turbo transfer system (Bio-Rad Laboratories). Gel was UV-light
activated, which enables stain-free detection of total protein, and
imaged using a ChemiDoc MP system (Bio-Rad Laboratories) for total
protein before and after transfer to confirm the high efficiency of
the transfer. Total protein in membrane served as the loading control
for each sample. The membrane was blocked (1 × Tris buffered
saline with 3% BSA) at room temperature for 1 h and then probed
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against the primary antibody [0.4 μg/mL, polyclonal rabbit anti-pig
and human ferritin heavy chain (FTH); Abcam] overnight at 4◦C. The
membranes were washed, then incubated in secondary antibody (1:2000
dilution, goat anti-rabbit IgG conjugated with Alexa Fluor 680; Jackson
ImmunoResearch Laboratories) solution in the dark for 1 h at room
temperature. Finally, the membranes were visualized at the red channel
wavelength (697 nm) using the ChemiDoc MP imaging system (Bio-
Rad), and relative expression of the target protein (FTH) in each tissue
sample was calculated as the ratio of signal intensities of target protein
to total protein.

Quantification of dendritic arborization
To visualize the dendritic arbors of individual hippocampal neurons,
hippocampi were stained using the Golgi-Cox method with modifica-
tions (29). Briefly, whole hippocampal tissue was isolated and put into
Golgi impregnation solution at room temperature. Golgi solution was
prepared by mixing 5% potassium dichromate solution, 5% mercuric
chloride solution, 5% potassium chromate solution, and ultrapure
water at a 5:5:4:10 ratio (by vol). After 2 wk of impregnation, the
tissues were moved to a tissue protectant solution comprised of 300 g
sucrose in 300 mL ethylene glycol and 500 mL 0.1 M phosphate
buffer (pH 7.2) topped to 1000 mL with ultrapure water. After 10 d
in the protectant solution at 4◦C, the hippocampus was sectioned into
100-μm coronal slices starting from the middle of the hippocampus
using a vibratome (Leica VT-1000S) set to a frequency of 60 Hz and
speed of 0.25–0.50 mm/s. Sections were placed onto gelatin-coated
microscope slides. The slides were developed with ammonium hydrox-
ide and 5% sodium thiosulfate, dehydrated, cleared, and mounted
with a coverslip. Brightfield images of CA1 and CA3 pyramidal
neurons and DG granule cells were taken in the Z plane at 20×
magnification in 0.3-μm steps with an Olympus IX-81 inverted spinning
disk confocal microscope using MetaMorph Advanced software version
7.1 (Molecular Devices). At least 5 neurons with complete staining of an
intact dendritic structure were selected from each hippocampal region
(CA1, CA3, and DG) by a single experimenter without knowledge
of the experimental group. In addition, granule cells were selected
and imaged from populations proximal to the molecular layer. Basal
dendrites (CA1 and CA3) or apical dendrites (DG) and soma from
all digital image files were manually traced using Neurolucida (version
2019.1.2, MBF Bioscience). The arbor complexity of basilar or apical
dendritic tree structures was quantified by 3-D Sholl analysis and
branch order analysis using Neurolucida Explorer (version 2019.2.1,
MBF Bioscience). Sholl analysis quantifies the number of intersections
between neuronal dendrites and soma-oriented concentric spheres that
increase in radii at 10-μm increments. The numbers of intersections at
individual radii (distance to soma) are reported. Branch order analysis
was performed using the centrifugal method that assigns the first branch
order to the dendritic segment between the root on the soma and the
first branching node (bifurcating point) and the last branch order to the
segment between the last branching node and the end of the dendrite.
Outcomes reported include number of primary dendrites, total number
of branching nodes and dendritic tips, number and total length of
dendritic segments at each branch order, and total length of all dendrites.

Statistical methods
Firstly, data were tested for normality and homogeneity of variance
using the UNIVARIATE procedure and Levene’s test in the GLM
procedure of SAS version 9.4 (SAS Institute), respectively. Owing
to unequal variances between treatment groups with the original
data, log2-transformed liver hepcidin (HAMP) expression was used in
subsequent ANOVA. The data were analyzed via ANOVA using the
MIXED procedure of SAS. The initial statistical model contained the
fixed effect of treatment and sex (block) and the random term of pig
nested within treatment. The effect of sex was not significant in any test
and therefore was removed from the model. A REPEATED statement
was used in the model for variables measured over time (e.g., growth and
hematological indexes). The covariance structure (compound symmetry,
first-order autoregression, and unstructured covariance structure) that
yielded the smallest value of Akaike’s information criterion was used in

FIGURE 1 Changes of BW in piglets fed H-Fe, A-Fe, and L-Fe
supplemented diet from PD1 to PD35. Values are least-squares
means + SEMs (n = 10 piglets/trt). Labeled means without a
common letter significantly differ (P ≤ 0.05). A-Fe, adequate iron; BW,
body weight; H-Fe, high iron; L-Fe, low iron; PD, postnatal day; Trt,
treatment; T × D, treatment × day.

the model. BW, Hb, and Hct obtained at PD1 were used as covariates
in the initial model for analysis of each variable. Nonsignificant
covariates were removed from the model in the final analysis. Data
from the Sholl and branch order analysis were analyzed as a 2-factor
(treatment × distance or treatment × branch order) ANOVA with order
or distance as a within-subject repeated measure. Piglet nested within
treatment was used as a random term. When a main effect or interaction
was significant, post hoc Student’s t tests using Fisher’s least significant
differences were used for pairwise comparisons. Statistical significance
was declared at P ≤ 0.05 and tendency toward significance at P ≤ 0.10.

Results
Growth and hematology

There was a significant interaction (treatment × day) effect on
BW of pigs (P < 0.001) (Figure 1). Pigs from all treatments
increased in BW during the first 4 wk after birth and there was
no significant difference between treatment groups. However,
pigs from the L-Fe group exhibited growth retardation such
that their BW reached a plateau at PD28, whereas pigs from
the other 2 groups continuously grew, especially those from
the H-Fe group, which had significantly greater BW than L-
Fe group pigs in postnatal week 5 (P < 0.05). Both Hb (P
< 0.001) (Table 1) and Hct (P = 0.006) (Table 1) were affected
by an interaction effect (treatment × day). In general, iron
dose-dependently increased Hb and Hct from PD14 and PD7,
respectively. In particular, H-Fe group pigs had higher Hb (P
< 0.05) than A-Fe and L-Fe group pigs on PD14 and PD21 and
L-Fe group pigs on PD28 and PD35. Pigs from the A-Fe group
had higher Hb than those from the L-Fe group on PD21 only
(P < 0.05). L-Fe group pigs became anemic from PD14, as the
concentration of Hb dropped below the cutoff of 11 g/dL (31).
Similarly, Hct was higher in H-Fe group pigs than in L-Fe group
pigs at PD7 (P < 0.05). The difference was significant between
all 3 groups thereafter (P < 0.05).

Gene expression of iron regulatory proteins in
duodenal mucosa

Iron treatment significantly (P < 0.05) (Figure 2A) affected
mRNA expression of divalent metal transporter 1 (DMT1),
ferroportin (FPN), cytochrome b reductase 1 (CYBRD1), and
transferrin receptor protein 1 (TFRC) in duodenal mucosa. Post
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TABLE 1 Weekly measurement of Hb and Hct in piglets fed
H-Fe, A-Fe, and L-Fe supplemented diet1

PD Trt Hb, g/dL Hct, %

7 H-Fe 13.1 ± 0.57 35.9 ± 0.91a

A-Fe 11.4 ± 0.60 31.2 ± 1.02ab

L-Fe 11.4 ± 0.57 28.1 ± 0.91b

14 H-Fe 15.5 ± 0.57a 39.9 ± 0.91a

A-Fe 11.3 ± 0.60b 31.7 ± 1.02b

L-Fe 10.5 ± 0.57b 28.1 ± 0.91c

21 H-Fe 18.1 ± 0.57a 43.5 ± 0.91a

A-Fe 14.3 ± 0.60b 33.6 ± 1.02b

L-Fe 10.8 ± 0.57c 23.6 ± 0.91c

28 H-Fe 16.5 ± 0.57a 38.3 ± 0.91a

A-Fe 13.6 ± 0.60ab 31.3 ± 1.02b

L-Fe 10.9 ± 0.57b 20.6 ± 0.91c

35 H-Fe 14.2 ± 0.57a 35.3 ± 0.91a

A-Fe 11.8 ± 0.60ab 30.8 ± 1.02b

L-Fe 8.2 ± 0.57b 20.1 ± 0.91c

P value
Trt <0.001 <0.001
Day <0.001 0.05
Trt × Day <0.001 0.006

1Values are least-squares means ± SEMs, n = 10 piglets. Labeled means at a time
without a common letter differ (P ≤ 0.05). A-Fe, adequate iron; Hb, hemoglobin; Hct,
hematocrit; H-Fe, high iron; L-Fe, low iron; PD, postnatal day; Trt, treatment.

hoc tests revealed that H-Fe iron decreased DMT1 and TFRC1
expression compared with the A-Fe and L-Fe groups (P < 0.01).
The mRNA expression of CYBRD1 was significantly higher in
L-Fe than that in H-Fe (P < 0.05). In comparison with the H-Fe
group, the A-Fe and L-Fe groups had increased (P < 0.05) or
tended to have increased FPN mRNA expression, respectively
(P < 0.1).

Gene expression of iron regulatory proteins in liver

Dietary iron content inversely regulated hepatic TFRC expres-
sion (P < 0.05) (Figure 2B), which was significantly different
in pairwise comparisons between all 3 groups. There was a
trend of treatment effect on mRNA expression of transferrin
(TF) (P < 0.1) (Figure 2B). H-Fe drastically increased hepatic
expression of HAMP compared with the other 2 groups (P
< 0.001) (Figure 2B), but hepatic HAMP expression was not
different between A-Fe and L-Fe. Iron treatment did not alter
expression of ferritin light chain (FTL) (Figure 2B).

Gene expression of iron regulatory proteins in
hippocampus

Iron treatment had a significant effect on mRNA expression of
TFRC and DMT1 in the hippocampus (P < 0.05) (Figure 2C). In
general, both genes were decreased with the increase of dietary
iron. In particular, expression of TFRC was significantly higher
in the L-Fe group than in the H-Fe (P < 0.001) and A-Fe groups
(P < 0.05), whereas DMT1 expression was significantly higher
in the L-Fe than in the H-Fe group (P < 0.05). There was
a lack of significant treatment effect on hippocampal HAMP
expression (Figure 2C). It should be noted that the mean cycle
threshold value of HAMP in hippocampus (∼31) of all pigs
was remarkably lower than that in liver (∼23). The expressions
of FTL and FPN in hippocampus were not affected by iron
treatment.

FIGURE 2 Gene expression in duodenal mucosa (A), liver (B), and
hippocampus (C) in piglets fed H-Fe, A-Fe, and L-Fe supplemented
diet at postnatal day 35. Values are means + SEMs (n = 9 or
10 piglets/treatment). Labeled means without a common letter
significantly differ (P ≤ 0.05). A-Fe, adequate iron; CP, ceruloplasmin;
CYBRD1, cytochrome b reductase 1; DMT1, divalent metal trans-
porter 1; FPN, ferroportin; FTL, ferritin light chain; HAMP, hepcidin; H-
Fe, high iron; L-Fe, low iron; TF, transferrin; TFRC, transferrin receptor
1.

Protein expression of FTH in hippocampus

Hippocampal FTH expression differed between each of the
groups, with it being highest in the H-Fe and lowest in the L-Fe
group (P < 0.05) (Figure 3A, B).

Hippocampal dendritic arbor complexity

Basal dendrites of pyramidal neurons in CA1/3 and apical
dendrites of granule cells in the DG were imaged, traced,
and reconstructed in 3D (see sample images in Figure 4A,
B). Sholl analysis revealed that the number of basal dendritic
intersections peaked at 90–120 μm from the soma in CA1
and CA3 pyramidal neurons in all groups (Figure 5A, B). The
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FIGURE 3 Protein expression of FTH in hippocampus of piglets fed H-Fe, A-Fe, and L-Fe supplemented diet at postnatal day 35 (A) and
representative immunoblot image of FTH and total protein (B). Values are least-squares means + SEMs, n = 8 piglets. Labeled means without
a common letter significantly differ (P ≤ 0.05). A-Fe, adequate iron; FTH, ferritin heavy chain; H-Fe, high iron; L-Fe, low iron.

iron treatment affected the number of dendritic intersections
in CA1 pyramidal neurons (P = 0.04) (Figure 5A). The
number of intersections with Sholl rings was greater in H-
Fe than in L-Fe (P = 0.042), but did not differ between A-
Fe and either of the other groups. In addition, H-Fe group
dendritic intersections peaked at ∼100 μm in CA1 neurons
in comparison with ∼90 μm for the A-Fe and L-Fe groups.

FIGURE 4 Minimum intensity projection image of a sampled Cornu
Ammonis area 1 pyramidal neuron (A) and dendritic structure traced
from the sampled neuron and color-coded for the branch orders (B).

Similar differences in dendritic morphology were observed in
CA3 neurons (Figure 5B). Neurons in the H-Fe group had a
greater number of intersections than those in the L-Fe group
(P < 0.05). The number of dendritic intersections peaked at
110 μm in the H-Fe and A-Fe groups and 100 μm in the L-Fe
group. The dendritic intersections of DG granule cells were not
affected by the treatment or the interaction between treatment
and distance (P ≥ 0.14) (Figure 5C).

Iron treatment significantly affected other morphological
parameters (numbers of primary dendrites, dendritic nodes, and
tips) of basal dendrites in CA1 pyramidal neurons (P ≤ 0.02)
(Table 2). Neurons in the A-Fe group had a greater number
of primary basal dendrites than those in the other 2 groups
(P < 0.05). In comparison with the L-Fe group, high dietary
iron significantly increased the nodes (branching points) of basal
dendrites in CA1 neurons (P < 0.05). Neurons in the H-Fe and
A-Fe groups had greater numbers of dendritic tips (terminal
dendrites) than those in the L-Fe group (P < 0.05). Only the
numbers of nodes and tips of basal dendrites were affected by
iron treatment in CA3 neurons (P ≤ 0.28). High dietary iron
significantly increased both measurements compared with the
L-Fe group (P < 0.05), but there was no significant difference
between the A-Fe group and the other 2 treatments.

Branch order analysis revealed a significant main effect of
treatment on dendrite number and total dendrite length in CA1
neurons (P ≤ 0.43) (Figure 6A, B). Regardless of branch order,
CA1 neurons in the L-Fe group had a significantly lower number
of dendrites than those in the A-Fe and H-Fe groups (P < 0.05)
(Figure 6A, Table 2), whereas the A-Fe group had a shorter total
dendrite length than the H-Fe group (P < 0.05) (Figure 6B).
The number of dendrites varied at each branch order, with
the largest number being observed in quaternary dendrites in
all treatment groups. Similarly, total dendrite length was the
longest in quaternary dendrites and the shortest in primary
dendrites. A significant interaction effect (PT×O ≤ 0.038) was
detected on dendrite number and total length in CA3 neurons
(Figure 7A, B). The H-Fe group had a greater number of
dendrites in branch orders 4–6 than the L-Fe group (P < 0.05)
(Figure 7A). Moreover, total length of dendrites in branch orders
4 and 6 was greater in the H-Fe group than in the L-Fe group

Iron overload and dendritic arborization in pigs 5
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FIGURE 5 Sholl analysis reveals the complexity of basal dendrites
of CA1 (A) and CA3 (B) pyramidal neurons and apical dendrites of DG
granule cells (C) in the hippocampus of piglets fed H-Fe, A-Fe, and
L-Fe supplemented diet at postnatal day 35. Values are least-squares
means + SEMs, n = 10 piglets (means of 5 neurons/piglet). A-Fe,
adequate iron; CA, Cornu Ammonis area; DG, dentate gyrus; Dist,
distance to soma; H-Fe, high iron; L-Fe, low iron; Trt, treatment; T × D,
treatment × distance interaction.

(P < 0.05) (Figure 7B). There was a trend that the fifth order of
dendrites were longer in the H-Fe group than in the L-Fe group
(P < 0.10). Neither of the dendritic features of DG granule
cells were affected by dietary iron treatment (Supplemental
Figure 1).

Discussion

The goal to develop a piglet model for iron deficiency, repletion,
and nutritionally relevant overload was achieved in the current
study. The concentrations of Hb and levels of Hct in the L-
Fe and A-Fe groups were comparable with those observed in
human infants and young children with IDA (Hb <11 g/dL)
or adequate iron status, respectively (31). A reference range of
either heme index defining iron overload in young children is not
available. However, in the current study, high iron intake further
increased both heme indexes compared with the A-Fe group,
with Hb being close to or above the upper level of the normal
range in US children (31). Moreover, hepatic iron content in
H-Fe group pigs was ∼4.9- and ∼7.1-fold higher than that in
A-Fe and L-Fe group pigs, respectively (data will be reported
elsewhere). This is consistent with findings from our previous
study, wherein iron over-supplementation led to remarkable
hepatic iron accumulation in suckling pigs (26). Overall, we
successfully induced iron deficiency, repletion, and overload in
young piglets via manipulating the dose of dietary iron intake.

The early postnatal period features a rapid growth rate.
Given the fact of inefficient placental iron transfer and low
milk iron concentration in sows, suckling piglets are particularly
susceptible to IDA (28). Poor growth is a well-characterized
clinical sign of severe IDA in both children and young pigs (28,
32). This is supported by the current study wherein the L-Fe
group pigs exhibited stunted weight gain in the last week of the
study. However, iron supplementation has yielded inconsistent
results with regard to its effect on growth in children, even
those with anemia (see review) (33). Several studies reported
an adverse effect of iron supplementation on linear growth of
nondeficient infants and young children (34–36). The effect
cannot be explained by enteric infection in ≥1 of the studies
(34), although surplus luminal iron presumably enhances
bacterial growth, including pathogens. Reduced duodenal villus
height and increased mucosal permeability and oxidative
damage were observed in weaned pigs fed a high-iron diet
(520 mg Fe/kg) compared with those that received a control iron
diet (120 mg Fe/kg) (37). Therefore, compromised intestinal
absorption from high iron intake could lead to a secondary
decrease in weight gain. Contrary to our hypothesis, BW gain of
H-Fe group pigs was not reduced with iron overload, but instead
was the greatest among the 3 groups after weaning. A study
with rodents suggested a potential mechanism by showing that
iron overload reduces adipose leptin production and increases
food intake (38). Studying how nutritionally relevant high iron
intake affects appetite and food intake in early life is warranted
in future research.

In order to evaluate iron homeostasis, mRNA and protein
expression of iron regulatory proteins (IRPs) were determined
in duodenal mucosa and liver, which are major sites of iron
absorption and storage, respectively. Iron transporters and
HAMP are strongly regulated by cellular iron status (Figure 2),
a negative feedback mechanism that maintains cellular iron
homeostasis (39–41). Both of the iron importers DMT1 and
TFRC contain iron response element (IRE) in the 3’ untrans-
lated region; the binding of IRE with IRPs enhances their mRNA
stability (41). Intracellular iron status negatively regulates
IRP–IRE binding and thus the mRNA level of both genes
(41). Duodenal ferric reductase (CYBRD1), DMT1, and FPN
(SLC40A1) contain hypoxia inducible factor (HIF) response
elements in their promoter regions and are transcriptionally
activated by HIF2α (42, 43), whose degradation is repressed
by iron deficiency and enhanced by iron replenishment (44,
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TABLE 2 Dendritic features of neurons from CA1, CA3, and DG subfields of hippocampus in piglets fed H-Fe, A-Fe, and L-Fe
supplemented diet on PD351

Subfield2 Feature H-Fe A-Fe L-Fe Pooled SEM P value

CA1 Primary dendrite, n 3.2b 3.7a 3.2b 0.13 0.02
Branching node, n 23.6a 21.9ab 18.9b 0.89 0.004

Dendritic tip, n 26.9a 25.5a 22.1b 0.91 0.003
Total length, μm 2665 2362 2319 101 0.056
Soma size, μm2 489 489 459 18.1 0.41

CA3 Primary dendrite, n 3.5 3.5 3.7 0.27 0.83
Branching node, n 27.2a 25.5ab 21.9b 1.21 0.015

Dendritic tip, n 31.1a 29.4ab 26.0b 1.29 0.028
Total length, μm 2959 2690 2481 150 0.094
Soma size, μm2 725 670 683 27 0.34

DG Primary dendrite, n 1.8 1.8 1.6 0.14 0.51
Branching node, n 7.6 7.8 7.2 0.42 0.58

Dendritic tip, n 9.3 9.7 8.8 0.42 0.35
Total length, μm 1589 1539 1559 92.8 0.92
Soma size, μm2 249 242 233 11.1 0.57

1Values are least-squares means unless otherwise indicated, n = 10 piglets (means of 5 neurons · subfield−1 · piglet−1). Within a row, labeled means without a common letter
differ (P ≤ 0.05). A-Fe, adequate iron; CA, Cornu Ammonis area; DG, dentate gyrus; H-Fe, high iron; L-Fe, low iron; PD, postnatal day.
2Neurons with complete dendritic structure were selected from each hippocampal subfield of a piglet.

45). Given the aforementioned mechanisms, reduced expression
of iron transporter genes in duodenal mucosa of H-Fe group
piglets indicates increased iron deposition in enterocytes. A
gradient change in TFRC expression in liver is consistent with
the hepatic iron content in each treatment group. HAMP
induces endocytosis and degradation of FPN, the only known
iron exporter, thereby reducing circulating iron in general
and preventing excessive iron uptake from duodenum in
particular (46). Increased hepatic iron activates HAMP through
a complicated molecular mechanism that has been thoroughly
reviewed (40). Despite drastic induction of HAMP in liver
and suppression of iron transporter genes in duodenum,
the H-Fe group pigs still succumbed to excess dietary iron
and deposited an inordinate amount in liver (data will be
reported elsewhere), which might be attributed to increased
uptake of non-transferrin-bound iron through another divalent
metal transporter encoded by SLC39A14(47), which was not
measured in the current study. Similar results were observed in
suckling piglets that received excess iron supplementation (30).

The developing hippocampus has been reported to be
susceptible to iron deficiency (8, 18) and was previously shown
to be subject to iron overload in suckling piglets receiving
surplus iron supplement (26). The higher expression of TFRC
and DMT1 in hippocampus of L-Fe group pigs suggested
a deficiency of cellular iron. Murine brain was reported to
produce small amounts of HAMP locally (48). In the current
study, HAMP mRNA was detected in hippocampus at a much
lower level than in liver, although a similar trend of change was
observed at both sites. The physiological effects of extrahepatic
HAMP (e.g., effects on brain) are still poorly understood.
Cellular iron positively regulates translation of FTH (an iron
storage protein) (49). Results of FTH expression (Figure 3)
indicate that hippocampal iron is susceptible to the change in
conditions from dietary iron deficiency and excess.

Next, we assessed the dendritic architecture of hippocampal
neurons in conditions of hippocampal iron deficiency, repletion,
and overload. Two major findings are listed as follows: 1)
in contrast to unaffected DG granule cells, CA1/3 pyramidal
neurons were altered by hippocampal iron status such that iron
overload, compared with iron deficiency, was associated with
a more complex branching pattern (Figure 5A, B, Table 2);

and 2) iron-deficient pigs had fewer dendrites in CA1 neurons
(Figure 6A) and fewer higher-order dendrites (fourth to sixth) in
CA3 neurons (Figure 7A). Taking these findings together, given
that iron-replete pigs from the A-Fe group yielded intermediate
values on measurements of most dendritic features in CA1/3
neurons, we postulate that iron overload increased and IDA
decreased dendritic complexity.

Dendrites are tree-like structures that are highly branched,
the morphological complexity of which correlates with the
overall mass of synaptic inputs and thus critically relates
to the signal integration and firing pattern of individual
neurons (50). The dendritic outgrowth and branching pattern
is intricately regulated by intrinsic molecular pathways and
environmental cues (50). Altered mitochondrial trafficking and
energy metabolism are likely implicated in changes of dendritic
structure associated with IDA (51). Neuronal mitochondria
are transported bidirectionally along the axon and dendrites
and are enriched in sites of high energy demands, such as
synapses and growth cones (52, 53). Disrupting mitochondrial
trafficking was shown to severely arrest the dendritic growth
of developing Purkinje cells, an effect which was salvaged
by restoring cellular ATP production (54). Iron is required
for oxidative phosphorylation and ATP production and ID
significantly reduces the activity of cytochrome c oxidase, which
mediates mitochondrial electron transport in all hippocampus
subfields in neonatal rats (8). Similar to what was observed
with IDA pigs in the L-Fe group, perinatal ID was reported
to diminish dendritic morphogenesis in hippocampal neurons,
particularly distal dendrites (9, 23, 55). In addition, dendritic
atrophy coincided with the reduction of genes and markers
involved in energy metabolism in vivo and in vitro (9, 23).
Through primary culture of mouse embryonic hippocampal
neurons, Bastian et al. (51) observed that chronic iron restriction
impaired mitochondrial respiration and mitochondrial motility
along the dendrites at day 11 in culture and reduced
mitochondrial density in terminal dendrites at day 18 in culture.
Attenuated dendritic growth ensued at both days, regardless
of the manifestation of how mitochondrial trafficking was
affected (51).

There is scant research that has assessed the effect of
dietary iron overexposure on dendritic morphology in the

Iron overload and dendritic arborization in pigs 7

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/advance-article/doi/10.1093/jn/nxaa326/6007407 by U

niversity of C
alifornia, D

avis,  penji@
ucdavis.edu on 30 N

ovem
ber 2020



FIGURE 6 The number of dendrites (A) and total dendritic length
(B) by branch order (1–6) in Cornu Ammonis area 1 pyramidal neurons
of piglets fed H-Fe, A-Fe, and L-Fe supplemented diet at postnatal day
35. Values are least-squares means + SEMs, n = 10 piglets (means
of 5 neurons/piglet). A-Fe, adequate iron; H-Fe, high iron; L-Fe, low
iron; Order, order of branch; Trt, treatment; T × O, treatment × order
interaction.

developing brain. However, abnormal brain iron accumulation
that occurs with aging is considered a contributing factor
to the progressive recession of dendritic complexity and
neurodegeneration through a mechanism that is yet unclear,
but hypothetically involves exaggerated oxidative stress (56–
59). Surprisingly, hippocampal iron overload in young pigs
was associated with the greatest complexity of dendritic
arborization in CA1/3 neurons among the 3 groups. We
speculate that the seemingly paradoxical finding of dendritic
overgrowth induced by hippocampal iron overload is unique to
the stage of early neurodevelopment. Here, we postulate that
phosphatidylinositol 3-kinase–protein kinase B–mammalian
target of rapamycin (PI3K–Akt–mTOR) signaling is involved in
modulating dendritic growth in conditions of hippocampal iron
overload for the following reasons: 1) increasing evidence has
shown that activity of PI3K–Akt–mTOR is sufficient to induce
neurite (axon and dendrite) outgrowth, dendritic arborization,
and remodeling in hippocampal neurons (60–63); 2) a moderate
reversible oxidative stress triggered by iron overexposure
increased cellular oxidants and enhanced activation of the
PI3K–Akt pathway in mouse hippocampal neurons in vitro
(64); and 3) reactive oxygen species are involved in cytoskeleton
remodeling and their local accumulation in the growth cone
is crucial for polarization and neurite growth in hippocampal
neurons (65, 66). Heightened hippocampal oxidative stress (e.g.,
lipid peroxidation) was also observed in suckling pigs over-
supplemented with iron (50 mg Fe · kg BW−1 · d−1) in a previous

FIGURE 7 The number of dendrites (A) and total dendritic length
(B) by branch order (1–6) in Cornu Ammonis area 3 pyramidal neurons
of piglets fed H-Fe, A-Fe, and L-Fe supplemented diet at postnatal day
35. Values are least-squares means + SEMs, n = 10 piglets (means of
5 neurons/piglet). Labeled means without a common letter signifi-
cantly differ (P ≤ 0.05). A-Fe, adequate iron; H-Fe, high iron; L-Fe, low
iron; Order, order of branch; Trt, treatment; T × O, treatment × order
interaction.

study (27). In the current study, it is unknown whether and how
iron overloading–induced exuberant dendritic arborization
affected the functions of pyramidal neurons. Nevertheless, in a
recent systematic review, 33 out of 34 preclinical trials provided
evidence supporting an adverse effect of neonatal high iron
intake on various aspects of brain and health outcomes in
adulthood (67).

The reason why apical dendrites of DG granule cells were
not affected by iron treatment is still elusive. In a rodent
study, developmental ID elicited more drastic upregulation
of IRPs (e.g., iron transporters) in DG granule cells than in
CA1/3 pyramidal neurons (18). Increased expression of iron
transporters should, in theory, enhance iron uptake and thus
confer greater resilience of DG granule cells to changes of iron
status.

In conclusion, the current study has shown that early-life
iron overload and ID have different effects on basal dendrites of
CA1/3 pyramidal neurons in a piglet model. Given that dendritic
arborization governs the computation of neuronal output
and ultimately cognition and behavior, functional analysis of
hippocampal circuits in the context of ID and iron overload is
warranted in future research.
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