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Abstract

Background: Iron deficiency anemia (IDA) has been associated with altered cognitive, motor, and social-emotional outcomes in human infants.
We recently reported that rats with chronic perinatal IDA, had altered regional brain iron, monoamines, and sensorimotor skill emergence during
early development.
Objective: To examine the long-term consequences of chronic perinatal IDA on behavior, brain iron and monoamine systems after dietary iron
treatment in rats.
Methods: Sixty dams were randomly assigned to iron-sufficient (CN) or low-iron (EID) diets during gestation and lactation. Thereafter, all offspring
were fed the iron-sufficient diet, assessed for hematology and behavior after weaning and into adulthood and for brain measures as adults (regional
brain iron, monoamines, dopamine and serotonin transporters, and dopamine receptor). Behavioral assessments included sensorimotor function,
general activity, response to novelty, spatial alternation, and spatial water maze performance.
Results: Hematology and growth were similar for EID and CN rats by postnatal day 35. In adulthood, EID thalamic iron content was lower.
Monoamines, dopamine transporter, and dopamine receptor concentrations did not differ from CN. EID serotonin transporter concentration was
reduced in striatum and related regions. EID rats had persisting sensorimotor deficits (delayed vibrissae-evoked forelimb placing, longer sticker
removal time, and more imperfect grooming chains), were more hesitant in novel settings, and had poorer spatial water maze performance than
CN. General activity and spatial alternation were similar for EID and CN.
Conclusion: Rats that had chronic perinatal IDA showed behavioral impairments that suggest persistent striatal dopamine and hippocampal

dysfunction despite normalization of hematology, growth and most brain measures.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Iron deficiency anemia (IDA), during infancy in humans,
as been associated with poorer performance on mental and
otor measures and behavioral alterations such as wary, hes-

tant behavior [1,2]. Longitudinal studies report cognitive and
ehavioral alterations persisted into childhood and adolescence
espite iron treatment in infancy [1,3,4]. The basic neurobiolog-
cal alterations that occur with iron deficiency early in life have
ot been fully delineated and cannot be directly studied in the
uman [5].

Investigators have explored the central nervous system effects
f iron deficiency anemia (IDA) in rodent models [5] induced
y pre- and post-weaning periods of dietary iron restriction
6–17]. To relate the studies in rodents to the human condi-
ion, it is important to recognize that the timing of birth relative
o brain development is different between species. While there
re important differences by brain region and system, a general
ramework is that the 10-day-old rat brain approximates that of
he full-term human neonate and by weaning (postnatal day 21),
at brain development approximates that of the late toddler age
hild [18].

Iron deficiency anemia has been demonstrated to reduce brain
ron. However, the pattern and degree of such changes appear
o depend on the timing and severity of anemia suggesting
hat the processes of regional acquisition of iron are devel-
pmentally bound [5,13,17]. Brain iron deficiency has direct
nd indirect, and immediate and long-term effects that likely
nclude processes of morphogenesis [15], cell growth and differ-
ntiation [19], cellular bioenergetics [20], biochemistry [5,15],
yelin biology [9,16,21,22], and neurotransmitter systems. The

opamine (DA) system has been studied most extensively with
egard to IDA [6,9,14,16,23–25].

Investigations of IDA and dopamine biology, brain iron, iron
anagement proteins, and behavior have documented effects

hat depend on time of nutritional deficit and the time of
ron treatment. When severe IDA was induced after weaning,
xtracellular striatal dopamine and its metabolites increased,
opamine receptors decreased in striatum and nucleus accum-
ens, and dopamine transporter densities decreased. In this
odel, dopamine receptor and brain iron concentrations were

irectly correlated, and alterations of iron regulatory proteins
ere observed [13,14,23–25]. In addition, rats made IDA after
eaning had reduced activity (at baseline [16,23,26–28] and

n response to cocaine administration [23]), evidenced fewer
xploratory and stereotypic behaviors [16], and had poorer per-
ormance in a Y-swim maze [29]. Treatment with iron appeared
o reverse some of the biochemical and behavioral findings
ith post-weaning IDA [5]. Studies of IDA induced in lactation
ave found reduced regional brain iron, altered iron regula-
ory proteins, and altered dopamine measures. Within several
eeks of iron treatment at weaning, brain iron content was
early normalized, and there were improvements in extracellu-

ar dopamine concentration and dopamine receptor densities that
orrelated with improvements in brain iron concentration. How-
ver, despite iron treatment, there were persistent alterations in
opamine system measures (receptors and transporters) in the
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erminal fields and related behaviors (exploration and stereo-
ypes) [11–13,23]. Recent studies have explored even earlier
eriods of iron deficiency and iron treatment. With perinatal
DA and iron treatment by mid-lactation, altered performance
as observed on a brief spatial learning task [8]. Persistent

hanges of iron regulatory proteins, hippocampal structure, and
ippocampal metabolism have also been observed [19,20,30].
hus, the effects of iron deficiency on brain and behavior and

he reversibility of these effects appear to depend on the timing
f IDA and iron treatment in rats.

In most animal studies of IDA, peripheral iron status has
een severely reduced, by 60% or more, and significant growth
etardation was often coincident (body weight reduced ∼30%)
7,23–25]. Although severe IDA does occur in human infants, the
ore common condition world-wide is chronic iron deficiency

hat is not typically associated with severe reductions of iron
tatus or growth [1]. We were interested in whether biologically
eaningful alterations would be documented in rats that had

hronic iron deficiency, with a less severe level of anemia than
revious rodent studies.

The rodent model we developed [17] differed from previous
nvestigations in three respects. First, the design was based on the
oncept of the chronic iron deficiency that human infants around
he world often experience—from in utero development into tod-
ler age (18–24 months), followed by improved iron status due to
ietary factors [1]. Second, the model was designed to maintain a
table and less severe level of anemia during lactation, the devel-
pmental period generally equivalent to late gestation through
oddler age in the human infant. Third, growth retardation was
ess than in previous models. The first report of this model doc-
mented the effects during the period of anemia. Hematologic
easures were reduced by approximately 40% at both postnatal

ay (P)10 and P25. Brain weight was reduced by 5% at P10 and
0% at P25 and body weight was reduced by 15% at P10 and 25%
t P25 for the IDA pups. Regional brain iron was lower for IDA
ups at P25. Alterations in dopamine and serotonin metabolism
ere observed even earlier (P10). In addition, iron-deficient pups
ad reduced activity and delayed emergence of sensorimotor
ehaviors that specifically assessed for the integrity of the stri-
tal dopamine system [17]. Thus, chronic perinatal IDA was
ssociated with significant alterations of brain iron, dopamine
nd serotonin biology and specific behavioral deficits in rats
uring anemia.

This study examined the long-term effects of chronic peri-
atal IDA in rats using a comprehensive battery of behavioral
asks and assessments of brain iron and monoamine systems. The
bjective was to determine whether dietary iron rehabilitation
ould correct the regional brain iron, monoamine and behavioral

lterations observed during lactation with this model. Based on
he studies of more severe IDA in rodents and the human infancy
tudies, we predicted that iron treatment at weaning would not
e sufficient to normalize all brain and behavioral measures.
n particular, we hypothesized that behaviors involving stri-

tal dopamine and hippocampal systems would show persistent
eficits. This prediction was based on the fundamental behav-
oral deficits we observed in these iron-deficient pups during
nemia and the persistent effects of early IDA on hippocampal
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natomy and metabolism observed by Georgieff and colleagues
19,20].

. Materials and methods

.1. Diet design

The dietary protocol has been previously described [17]. Briefly, 60, 7-week-
ld Sprague Dawley female rats were obtained from Harlan, Sprague Dawley
nd fed a 40 mg/kg iron diet (TD89300, Harlan Teklad Nutritionals, Madison,

I) for 2 weeks prior to mating. Pregnant dams were randomly assigned to
arly iron deficiency (EID) and control (CN) groups at gestation day 7. Control
ams continued the 40 mg/kg iron diet throughout gestation and lactation. EID
roup dams received a 4 mg/kg Fe diet (TD80936, Harlan Teklad Nutritionals,
adison, WI), from gestation day 7 to P7. EID group dams then received a

0 mg/kg iron diet (TD01094, Harlan Teklad Nutritionals, Madison, WI) from
7 to P20 to maintain a stable level of IDA and prevent significant growth
altering in the pups. At P20, all dams and pups received the 40 ppm iron diet.
ll pups continued on this diet after weaning at P23 until sacrifice. At P1–2,

itters were culled to 10 pups per litter, retaining a balance of males and females
s able. Litter mates remained together until P30. Thereafter, offspring were
air-housed by sex. Animals were housed in a temperature-controlled animal
acility with a reversed, 12:12-h light/dark cycle. The experimental protocol was
pproved by the University Committee for the Care of Animals at the University
f Michigan.

.2. Growth and hematology

Body weight was measured at P35, P60, and at sacrifice (P120). Brain and
iver were weighed at P120. Blood was assessed at P35 and P60 for hemoglobin
nd hematocrit and at P120 for hemoglobin, hematocrit, and serum iron by
tandard methods [17].

.3. Behavioral assessments

The behavioral assessments were chosen to systematically assess hypotheses
bout effects on specific neurobiological systems likely to be affected by early
DA based on previous studies (e.g., striatal dopamine system, hippocampus).
ehavioral testing was performed between 0900 and 1400 h (during the dark
ycle), under red light. Individual rats from each litter received 2–3 behavioral
ests. Testers were blind to diet group status at the time of testing.

. Sensorimotor function. Upper extremity sensorimotor function was assessed
with three tests sensitive to nigrostriatal dopamine tract impairments:
vibrissae-evoked forelimb placing at P24, P27, P30 and P35 [31–34]; the
sticker test at P35 and P70 [31], and naturalistic grooming sequences at P35
and P90 [35]. Rats with striatal injury have impaired forelimb placing and
sticker removal from upper extremities [31,32]. The neostriatum controls the
sequence of naturalistic or syntactic grooming, and lesions of the dorsolat-
eral striatum or nigrostriatal projection neurons disrupt the syntactic pattern
[35,36].
(a) Vibrissae-stimulated forelimb placing. Each rat was assessed by stim-

ulating the vibrissae on each side while holding at the torso with the
ipsilateral upper extremity hanging free. The number of ipsilateral fore-
limb placements out of 10 trials per side was averaged for each animal.
The results were averaged by litter and sex. The outcome measure was
percent vibrissae-evoked placing by litter and sex at each age.

(b) Sticker test. Small adhesive stickers were placed at the distal radial aspect
of both upper extremities and rats were observed for 3-min. Time to
first sticker touch, sticker removal, and the number of touches before
removal (P70 only) were recorded. Time from first touch to sticker
removal (removal time) was computed. Each rat had three, 3-min sticker

trials in each of three settings: the home cage; the home cage with the
cage top partially open (distraction); a new cage (clean bedding) with
the top removed (novel). The first sticker trials were in the home cage
for all rats. Distraction and novel cage settings followed immediately in
a counter-balanced order across all rats. Inter-trial interval was less than
esearch 171 (2006) 261–270 263

1 min. Different rats were assessed at P35 (20 CN [10 males], 17 EID
[9 males]) and P70 (24 CN [12 males], 21 EID [11 males]). Measures
for each upper extremity were averaged by rat for analysis. Later time
to first touch might indicate delayed sensory recognition of the sticker.
Increased time for removal or number of touches before removal might
indicate poorer coordination of oral-extremity function or distraction
from this effort.

(c) Naturalistic grooming. Rats were individually videotaped from below
with time-imprinting in a recording chamber for 1 h at P90. Number
and duration of complete, incomplete, and imperfect chain grooming
sequences were coded. Twenty CN (11 males), and 18 EID (9 males)
were assessed.

. Response to novelty. Emergence neophobia is a hippocampal-dependent
behavior describing hesitancy to enter a novel environment [37]. We assessed
emergence neophobia at P35–40. However, we first determined response to
novel olfactory stimuli in the home cage to establish that EID rats could
differentiate a novel from familiar odors [38].
(a) Woodblock. The woodblock test was used to determine the basic ability

of the rats to distinguish novel from familiar odors. Two wooden blocks
were placed in the home cage overnight to become familiar for presence
and take on the home cage odor. The next day, the blocks were removed
for 1 h. At assessment, rats were singly placed into their home cage for
two 3-min trials, which were counter-balanced across all rats. Inter-trial
interval was 3 min. For one trial, the two familiar blocks were placed
in the home cage. For the other trial, one familiar and one novel block
(kept in another rat’s bedding overnight) were presented. Latency to
first touch, number of touches, and duration of contact with each block
were recorded. Rats that can distinguish the novel olfactory cue would
be expected to contact the novel block sooner and remain in contact
longer than with the familiar block in the home cage. Twenty CN rats
(10 males) and 19 EID rats (10 males) were tested.

(b) Emergence neophobia. Rats were singly placed into a container divided
into three compartments (familiar, open and novel). The familiar and
open areas contained a home-new bedding mix. The walls of the novel
area were marked with black Xs and bedding from another rat was
placed on the floor immediately before assessment. The animals had
access to familiar and open areas for 22 h and adlib access to food
and water. One hour before assessment, animals were contained in the
open space. At assessment, both the familiar area and the novel area
were opened simultaneously, allowing free access from the open space.
Latency to enter the novel and familiar areas and duration in each area
were determined for the next 10 min. Six CN (3 males) and 7 EID (5
males) rats were tested.

. Activity. After 1–2 months of dietary iron rehabilitation, gross motor activity
was assessed in two settings, open field [39] and an activity monitoring cage
[7].
(a) Open field. At P60, rats were singly placed in the center of a 1-m diameter

open field for 3 min. The number of center, outer and total quadrant
entries, rearing and freezing were recorded. Seventy-six CN (43 males)
and 58 EID (26 males) rats were tested.

(b) Activity monitoring cage. At P70, the rats were singly placed in
41 cm × 24 cm × 18 cm plastic cages. Activity was monitored for 1 h
using infrared photocell emitters and detectors along the long axis. Lat-
eral and horizontal (rearing) movements were detected by two beam
breaks in succession and were counted for each 5-min interval. Twenty-
one CN (11 males) and 16 EID (9 males) rats were assessed.

. Spatial alternation. This task has been demonstrated to be sensitive to alter-
ations of prefrontal/frontal cortical dopaminergic and noradrenergic systems
[40,41]. Animals were tested between P70 and P110 using a T-maze with a
start box (10 cm × 10 cm) and two goal arms (10 cm × 30 cm). Animals had
access to food for 2 h per day for 1 week prior to and during the period of
testing (following the testing procedure each day). Animals were acclimated
to the T-maze with 12 guided trials with a food reward. Animals were then

given 12 trials per day. On the first trial, the goal arm chosen was rewarded.
A correct response on the subsequent trials required that the rat enter the
goal arm not chosen on the previous trial. Inter-trial interval was 1 min. Rats
continued until reaching 80% correct choices on 2 of 3 consecutive days.
Twenty-two (10 males) EID and 23 (11 males) CN rats were assessed.
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. Morris water maze. Performance on tasks of spatial learning and memory
requires intact hippocampal and neocortical systems [42–45]. Rats were
assessed at P35 in the water maze for place learning and memory for platform
location.
(a) Place learning. Rats had four, 1-min swim trials per day with a sta-

tionary, submerged platform in the middle of one quadrant. The point of
pool entry (north, south, east or west) varied with each trial and between
trial days. However, the points of entry remained consistent for a given
trial day. Testing continued until rats reached criteria (latency to plat-
form ≤ 20 s for at least three trials on 2 of 3 consecutive days) or they
completed 10 trial days. If they did not meet criteria by 10 days, 11 was
entered for the calculation of days to criteria. Other outcome measures
were calculated as mean of four daily trials: latency to platform (s),
swim speed, percent swim path in platform quadrant, and percent path
by the wall of the pool (thigmotaxis).

(b) Probe trial. Twenty-four hours after reaching criteria or 10 days total,
rats had a single, 1-min swim trial with the platform removed (probe
trial). All rats entered the pool at the west location. We assessed
swim speed, percent path in the platform quadrant, percent thigmo-
taxis path and quadrant preference. Quadrant preference was calculated
for percent path: [(platform quadrant [T] − quadrant 2) + (T − quadrant
3) + (T − quadrant 4)]/3 [45].

.4. Tissue processing

Male and female pups from each litter were sacrificed at P120 to measure
rain iron or monoamine content. After euthanasia with intraperitoneal pentobar-
ital (150 mg/kg), animals were perfused with phosphobuffered saline (pH 7.4)
hrough the left ventricle and organs were rapidly removed. Eight brain regions
ere quickly dissected on ice for measurement of iron content: frontal cortex,

audate-putamen, hippocampus, thalamus, nucleus accumbens, pons, superficial
erebellum, and deep cerebellar nuclei. Brain regions were immediately placed
n storage tubes and frozen at −80 ◦C. Half-brains were also reserved for autora-
iography for monoamine studies and were frozen slowly in dry ice:isopentane
lurry and then stored at −80 ◦C. Livers were rapidly removed, weighed, and
mmediately frozen at −80 ◦C. Liver non-heme iron was determined using pub-
ished methods [17]. Blood samples for serum iron were centrifuged at 3000 × g
t 4 ◦C for 15 min and sera were frozen at −80 ◦C.

.5. Regional brain iron, monoamines and ligand binding

Brain regions were digested by published standard procedures and iron
ontent was analyzed by atomic absorption spectrophotometry as previously
escribed and reported as �g/g tissue [13,14]. Catecholamine analysis in stria-
um was conducted by HPLC as described previously [17]. Ligand binding for
ensity of dopamine and serotonin transporters was performed on sections from
eserved half-brains as previously reported [17]. The density of receptors and
ransporters were quantified for brain regions using NIH image (Bethesda, MD)
s previously described [17].
.6. Statistical analysis

The fundamental analyses were ANOVA with diet group or sex as the main
ffect variables and χ2 for categorical variables using SPSS. All biological data

(

able 1
rowth, hematology and liver iron concentration at postnatal day 120

iet (n) Body weight (g) Brain weight (g)* Live

N (89) (45M, 44F) 365 ± 3 1.90 ± 0.02 (0.13 g/g) 12.6
ID (67) (33M, 34F) 363 ± 15 1.82 ± 0.3 (0.13 g/g) 13.3

ean ± S.E.; values in parentheses are organ weight in g/g body weight. Body, brain
here was no diet × sex interaction.

* Absolute weight, p < 0.02.
** Normalized liver weight, p < 0.01.
ig. 1. Vibrissae-evoked forelimb placing. Mean percent placing ± S.E.M.
p < 0.001.

ere examined for normal distributions and log transformed when necessary
rior to ANOVA. Behavioral measures were analyzed using the mean scores
or males and females by litter for vibrissae-evoked forelimb placing and for
ndividuals for all other assessments. General linear modeling using SPSS and
roc Mix using SAS [46] were used to assess the contribution of other factors
uch as context of assessment. Interactions between main effects were examined
ith the level of significance set at p < 0.05. For behavioral and brain measures
ith effect sizes ranging from 1.5 to 3, 8–10 rats per group were sufficient to
etermine significant group differences.

. Results

.1. Growth and hematology (Table 1)

After 2 weeks of the iron-sufficient diet and thereafter, EID
ody weight and hematology did not differ from CN. Liver
eights were also similar at sacrifice. At sacrifice, EID absolute
rain weights were lower than CN. However, when normalized
or body weight, brain weight did not differ significantly by diet
roup Table 1.

.2. Behavior

.2.1. Sensorimotor function

a) Vibrissae-evoked forelimb placing. As shown in Fig. 1, EID
rats had reduced unilateral vibrissae-evoked forelimb plac-
ing after weaning as compared to CN rats. By P30 EID rats
reached CN levels.
b) Sticker test. There were no significant differences for time
to first sticker touch or removal between EID and CN rats
on any trial and setting at P35. However, at P70 EID was
worse than CN in each setting as summarized below.

r weight (g)** HGB (g/dl) HCT (%) Liver iron (�g/g)

9 ± 0.61 (0.43 g/g) 15.5 ± 0.4 40 ± 1 23.09 ± 2.65
4 ± 0.78 (0.69 g/g) 15.7 ± 0.5 41 ± 1 20.16 ± 1.67

and liver weights were significantly less for females p < 0.001 than males but
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Fig. 2. Average sticker touch and removal time in the home cage by diet group.
F
M
*

Fig. 3. Sticker removal time at first trial by setting. Removal time (time of
r
o
a

(

3

(
and open areas, the median time for rats to enter the novel

T
G

C
E

N

irst sticker touch and removal time (time of removal − time of first touch).
ean seconds ± S.E.M. for three trials in the home cage. CN = 24, EID = 21.

p < 0.01.

Home cage. At P70, the sticker removal time (time
from first touch to removal), was significantly longer
for EID rats (shown in Fig. 2, averaged for all three tri-
als). The absolute time that stickers were removed was
also later for EID rats (average seconds for all three
trials ± S.E.; EID: 30.7 ± 4.7 versus CN: 16.3 ± 2.9;
F = 7.19, p ≤ 0.01). The average time of first sticker
touch (shown in Fig. 2, averaged for all three trials) and
the average number of touches before sticker removal
did not differ significantly by diet group.
Distracting home cage. At P70, EID rats had more
touches before sticker removal than CN rats on the
first of the three sticker trials (EID: 1.4 ± 0.1 versus
CN: 1.2 ± 0.6; F = 4.42, p ≤ 0.04). EID rats removed
the stickers later than CN rats on the first trial (Trial
1 EID: 53.2 s ± 11.9 versus CN: 26.5 ± 6.5; F = 4.13,
p < 0.05). The removal time (time from first sticker touch
to removal) was also significantly longer for EID versus
CN rats on the first trial (shown in Fig. 3). There was
no significant difference for these measures on trials 2
and 3 in this setting. Time of first sticker touch did not
differ significantly by diet group on any trial.
Novel cage. At P70, the time of first sticker touch
was later for EID than CN rats on the first trial
(EID: 91.7 s ± 10.9 versus CN: 62.9 ± 7.5; F = 4.98,

p < 0.04) with a trend at trial 2 (EID: 40.3 s ± 9.6 versus
CN: 21.5 ± 6.0; F = 2.91, p < 0.10). EID rats removed
the stickers significantly later than CN rats on the

able 2
rooming chains: number and duration at postnatal day 90

Number of chains

Complete Incomplete Imperfect*

N 1.9 ± 1.6 1.3 ± 0.3 1.0 ± 0.2
ID 2.4 ± 2.2 0.6 ± 0.2 1.8 ± 0.4

umber and duration of chains in 1-h by diet group at P35 and 90 (mean ± S.E.M.).
* p < 0.05.
emoval − time of first touch) at the first trial in each setting. Mean sec-
nds ± S.E.M. CN = 24, EID = 21. *Diet group: p < 0.05. Diet × setting inter-
ction: p < 0.02.

first trial (EID: 112.0 s ± 10.8 versus CN: 79.5 ± 9.4,
F = 5.34, p < 0.03). There was no significant difference
for removal time by diet group on any trial. Removal
time for the first trial is shown in Fig. 3.
Effect of diet and setting on sticker performance. The
removal time for the first trial was compared across set-
tings (home, distraction, novel; Fig. 3). There was a
significant diet by setting interaction for removal time
(EID > CN, F = 6.32, p < 0.02).

c) Naturalistic grooming. EID rats had significantly more
imperfect chains (Table 2) and a trend for a longer dura-
tion for this chain type (EID: 10.6 ms ± 1.0 versus CN:
8.3 ± 0.6, F = 3.552, p = 0.07). The percent of chains that
were classified as incomplete was significantly less for EID
rats (Table 2).

.2.2. Response to novelty

(a) Woodblock. In this test of ability to distinguish novel from
familiar (in the home cage), all rats demonstrated a prefer-
ence for the novel odor versus the familiar odor block. All
rats showed significantly shorter latencies to first contact for
the novel block (F = 54.34, p < 0.001), and a greater num-
ber of novel block touches (F = 4.79, p < 0.04), as compared
to the familiar block. There was no significant difference
for these variables by diet group and no diet by block type
interaction.

b) Emergence neophobia. After 22 h of acclimation to familiar
area was 16 s. Five of 6 CN rats were at or below the median
while 5 of the 7 EID rats were above (χ2, F = 3.9, p < 0.05).
Over the entire 10 min, all rats spent the majority of the time

Percent of total chains

Complete Incomplete* Imperfect*

43.3 ± 8.5 29.7 ± 5.9 29.0 ± 5.7
43.3 ± 7.0 11.9 ± 3.7 45.7 ± 8.6

n = 20 CN, 18 EID.
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Fig. 4. Water maze: latency to reach platform. Latency to reach platform in
seconds (±S.E.M.) by diet group. CN = 19, EID = 12; at day 8 CN = 8, EID = 10.
*p < 0.05 at days 2–8.
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in the novel area and there were no significant diet group dif-
ferences (EID: 466.4 ± 72.2 versus CN: 438.2 ± 42.1, NS).

.2.3. Activity

(a) Open field. EID rats had a trend for less rearing in the
open field (EID: 8.1 ± 0.5 versus CN: 9.2 ± 0.5, F = 3.67,
p = 0.057). There were no other significant differences by
diet group.

b) Activity monitoring cage. During the first 10 min in the
activity box, EID rats had less rearing than CN rats (EID:
79.5 ± 8.6 versus CN: 106.1 ± 7.4, F = 6.33 p < 0.02) and a
trend for fewer lateral movements (EID: 36.6 ± 4.1 versus
CN: 43.1 ± 3.2, F = 3.82, p < 0.06). There were no signifi-
cant differences by diet group when averaged over the whole
hour.

.2.4. Spatial alternation
Body weight declined to a similar degree for both experi-

ental groups before and during testing (<5%). There was no
ignificant difference by diet group or sex for days to criteria
n this task. Control rats averaged 32.1 ± 3.8 days versus EID
2.3 ± 7.4 days to reach 80% correct responses on 2 of 3 con-
ecutive days.

.2.5. Water maze

(a) Place learning. EID animals had poorer performance than
CN rats on spatial learning trials. EID rats took signifi-
cantly more days to reach criteria (EID: 9.5 ± 0.5 versus CN:
8.1 ± 0.4, F = 5.27, p < 0.03). Six of 12 EID rats met criteria
by day 10 as compared to 16 of 19 CN rats. As shown in
Fig. 4, latency to reach the platform was significantly longer
for EID rats than CN rats at and after day 2. Path length to
reach the platform was also significantly longer (repeated
measures ANOVA for the first 7 days: F = 13.77, p = 0.001).
The percent path in the platform quadrant was significantly
less for EID rats on days 3–7 (Fig. 5). There was no signifi-
cant difference by diet group for swim speed. Interestingly,
EID rats demonstrated a greater percent of path length by the
wall (thigmotaxis). Considering the first 7 days of training,
EID rats averaged 65.1 ± 5.8% thigmotaxic path compared
to 39.2 ± 3.62 for CN (F = 16.18, p < 0.001).

b) Probe trial. Considering all rats, there were no significant

differences by diet group for percent path in the platform
quadrant (EID: 42.9 ± 4.4 versus CN: 48.2 ± 3.8, F = 1.03,
p = 0.32) or for quadrant preference (EID: 23.0 ± 5.9 versus
CN: 31.0 ± 5.0, F = 1.03, p = 0.32). The EID rats continued

c
o
n
(

able 3
rain iron concentration by region

CX DCN HC NA

N 18.69 ± 1.01 19.52 ± 1.43 20.70 ± 1.69 12.73 ± 0.69
ID 17.56 ± 0.76 21.73 ± 1.35 20.06 ± 1.81 13.64 ± 1.56

ean ± S.E.M. �g/g tissue iron, CN n = 20, EID n = 18. No diet × sex interaction for
ucleus accumbens; SC, superficial cerebellum; CPU, caudate-putamen; TH, thalamu
† ANOVA by diet group: p < 0.06.
ig. 5. Water maze: percent path in platform quadrant. Percent path (cm) in
he platform quadrant by diet group ± S.E.M. CN = 19, EID = 12; day 8 CN = 8,
ID = 10. *p < 0.05 days 3–7.

to show significantly greater percent thigmotaxis path on the
probe trial (EID: 28.0 ± 6.8 versus CN: 15.5 ± 1.8, F4.73
p < 0.04), and this was attributable to the rats that did not
make criteria in place learning. In comparisons restricted to
rats that made criteria, there was no significant difference
for thigmotaxis on the probe trial by diet group.

.3. Regional brain iron concentration (Table 3)

The EID rats did not differ from CN rats for regional brain
ron at P120, with the exception of a marginally lower iron con-

entration in the thalamus. There was a significant effect of sex
n iron concentration in the frontal cortex and deep cerebellar
uclei, but no diet by sex interaction for brain iron in any region
Table 3).

Pons SC CPU TH†

11.58 ± 0.57 15.18 ± 0.56 13.48 ± 0.82 14.11 ± 0.57
12.64 ± 0.47 14.66 ± 0.62 13.86 ± 1.19 12.74 ± 0.41

any variable. CX, cortex; DCN, deep cerebellar nuclei; HC, hippocampus; NA,
s.
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Table 4
Monoamine concentration in striatum

MHPG* NE EPI* DOPAC* DA* HVA* 5-HIAA*

CN 0.74 ± 0.13 0.07 ± 0.01 2.97 ± 0.75 1.40 ± 0.24 1.47 ± 0.36 0.76 ± 0.12 0.34 ± 0.08
EID 0.85 ± 0.13 0.08 ± 0.02 2.67 ± 0.75 1.62 ± 0.12 1.71 ± 0.40 0.79 ± 0.07 0.27 ± 0.08

Mean ± S.E.M. �g/g tissue; CN n = 15; EID n = 12. No significant differences by diet, and no diet × sex interaction for any variable. MHPG, methoxyhydroxyphenyl
glycol; NE, norepinephrine; EPI, epinephrine; DOPAC, dihyroxyphenyl acetic acid; DA, dopamine; HVA, homovanillic acid; 5-HIAA, 5 hydroxyindole acetic acid.

* ANOVA by sex: p < 0.02.

Table 5
Dopamine D2 receptor concentration by region

CPU NA OT SN† VTA MN

CN 12.50 ± 0.46 10.00 ± 0.39 8.63 ± 0.28 4.43 ± 0.21 4.60 ± 0.20 4.28 ± 0.15
EID 11.35 ± 0.60 9.36 ± 0.50 8.16 ± 0.41 3.83 ± 0.27 4.28 ± 0.17 3.66 ± 0.47

M × sex
O erom
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ean ± S.E.M. CN n = 21; EID n = 19. No significant differences by sex nor diet
T, olfactory tubercle; SN, substantia nigra; VTA, ventral tegmentum; MN, tub
† ANOVA by diet: p < 0.10.

.4. Regional monoamine, receptor, and transporter
utcomes

At P120, monoamine concentrations in the striatum (MPHG
methoxyhydroxyphenyl glycol], norepinephrine, epinephrine,
OPAC [dihyroxyphenyl acetic acid], dopamine, HVA

homovanillic acid], 5-HIAA [5-hydroxyindole acetic acid], and
erotonin) did not differ significantly by diet group (Table 4).
here was a trend for reduced dopamine D2 receptor in the sub-
tantia nigra for EID as compared to CN rats (Table 5) but no
ffect of diet group on DAT density (Table 6). Serotonin trans-
orter concentrations (SERT) were significantly greater for CN
han EID rats in caudate-putamen and related regions (Table 7).

. Discussion

This study examined the long-term consequences of chronic
erinatal IDA in rats using a comprehensive battery of behavioral
asks and assessments of brain iron and monoamine systems.

ith the level and timing of IDA and iron treatment in this model,
e observed that most measures of brain iron and monoamines
ere restored by adulthood. However, as reported in longitudinal

tudies of chronic iron deficiency in human infants, behavioral
eficits persisted despite iron treatment and recovery of iron

tatus measures [1,3,4].

There is growing evidence that IDA affects sensorimotor
unctions. We and others previously reported delayed emer-
ence of forelimb placing with chronic perinatal IDA [17,47].

able 6
opamine transporter concentration by region

CPU NA OT SN

N 26.27 ± 1.63 17.90 ± 1.89 17.70 ± 1.76 10.39 ± 1.17
ID 26.34 ± 1.78 16.73 ± 1.91 15.69 ± 1.80 10.77 ± 1.40

ean ± S.E.M. CN n = 22; EID n = 18. No significant differences by diet or sex,
or diet × sex interaction for any variable. CPU, caudate-putamen; NA, nucleus
ccumbens; OT, olfactory tubercle; SN, substantia nigra.
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interaction for any variable. CPU, caudate-putamen; NA, nucleus accumbens;
ammillary nucleus.

n the present study of long-term outcome, we observed delayed
orelimb placing into the 4th week of life [32]. EID rats even-
ually attained this skill, and at 1 month of age no deficits were
oted on the sticker task. However, 2–3 months later, sensori-
otor deficits (sticker removal and naturalistic grooming) were

etectable again. EID rats required significantly more time to
emove forelimb stickers, and grooming was notable for more
mperfect chains, characterized as having inserted or omitted
vents in the chain sequence. The findings suggest that these EID
ats had difficulty successfully coordinating patterns of upper
xtremity motor movements. Damage to the striatum, neonatal
opamine depletion, and specifically, damage to the dorsolat-
ral striatum alter sticker and syntactic grooming performance
31,35,48]. Thus, one explanation for our findings is that EID
aused a fundamental alteration in dopamine nigrostriatal path-
ays or the feedback systems that affect these pathways. These

ensorimotor deficits may help explain longitudinal findings of
ersistent motor and senorimotor impairments in children who
ad IDA during infancy [49,50].

Previous studies of rats and human infants showed that those
ith early IDA were more wary and hesitant [2,12]. In the
resent study, we observed similar behavioral differences. EID
ats had less initial exploration in tasks assessing activity and
mergence neophobia. Hesitance could have consequences on
nteraction with others and the progress and processes of learn-
ng [2]. The neurobiological basis of this behavior is not clear
ut dopaminergic, other neurotransmitter systems and poten-
ially hypothalamic adrenal pituitary systems could play a role
51,52]. In addition, the timing of early iron deficiency may be
mportant. In a recent study of pre- and postnatal iron depriva-
ion in monkeys, behavioral differences depended on the timing.
renatal iron deprivation was associated with “less fearful” and
ore impulsive behaviors, whereas postnatal deprivation was

ssociated with “more tense” and withdrawn behaviors in test-

ng environments [53]. The latter pattern resembles the behavior
n studies of human IDA infants [2].

EID rats also had poorer place learning performance in
he spatial water maze. This difference may relate to behav-
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oral alterations coincident with, or apart from, learning per se.
he EID rats showed more thigmotaxis, a pre-potent strategy
hereby animals search the structure or the periphery for a

oute of escape [42,43]. The CN rats appeared to learn quickly
hat thigmotaxis was not a functional strategy, but the EID rats
id not abandon this maladaptive strategy as readily. Deficits
n hippocampal morphology may underlie the poorer perfor-

ance and altered behavior of the EID rats. Morphologic and
etabolic abnormalities in the hippocampus have been demon-

trated with perinatal IDA [15,19,20]. However, the persistent
higmotaxis could also reflect increased emotionality and/or less
ognitive flexibility in the context of the novel and mildly stress-
ul task of place learning in the water maze [54]. The influence
f the different behavioral responsiveness on tasks of cognitive
unctioning is relatively un-explored and warrants further inves-
igation [2,11,12].

We previously reported that rats in this chronic perinatal IDA
odel had more brain iron deficiency as they progressed through

actation, with associated changes in dopamine transporter, sero-
onin transporter, and D2 receptor levels in the mesolimbic and
igrostriatal systems [17]. In the present report of long-term
ffects, we observed that several months of dietary iron “res-
ue” was sufficient to restore brain iron and most measures
f dopamine and serotonin biology. These findings are simi-
ar to those in a previous study that used a shorter period of
DA during lactation and dietary recovery at weaning [13].

hen severe IDA occurred post-weaning in other studies, iron
epletion did not always reverse changes in monoamine concen-
rations, dopamine transporter and D2 receptor levels [16,24,55].
hus, the timing of IDA and treatment appears to be impor-

ant to brain iron and monoamine outcome. We observed that
ID rats still had reduced serotonin transporter density in adult-
ood in a number of thalamic and striatal brain regions [17].
t is possible that this result involved compensatory mecha-
isms. Early injury in the striatal dopamine system has been
ssociated with a compensatory increase in serotonergic inner-
ation in the striatum and nucleus accumbens [56,57]. The
echanisms of this increase and the consequences behaviorally

re not completely understood. However, if such mechanisms
ere activated with chronic perinatal IDA, it could result in
brief “compensation” period followed by long-term declines

n serotonin transporter densities as observed in the current
odel.
One limitation in this study was that all animals underwent

evelopmental testing every 3 days during lactation (beginning
t P6) [17]. It is know that “handling” in the postnatal period
lters stress responses later in life [58,59]. Thus, it is possi-
le that our early postnatal evaluations affected the behavioral
esponses we observed in adulthood. It is also important to note
hat the level of iron deficiency anemia in this rodent model
nd the effects on growth were more significant than typically
bserved in human infants with chronic iron deficiency where
ematologic indicators are typically reduced by 20% and there

s little to no retardation of growth [2,17]. However, the growth
etardation was less pronounced and the degree of brain iron
eficiency was more moderate in this model than other rodent
odels of IDA during early development [17].
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In conclusion, this study systematically assessed the adult
ehavioral phenotype of rats after dietary iron rehabilitation for
hronic perinatal IDA. Despite recovery of brain iron and most
easures of neurotransmitter function, behavioral deficits con-

istent with fundamental alterations of the striatal dopaminergic
nd hippocampal systems persisted. We observed differences in
ensorimotor abilities, response to novel settings, and perfor-
ance on a spatial learning task. Development is influenced by
otor, sensory, social, and cognitive experiences. If these are

mpoverished or slowed by chronic perinatal IDA, this effect
ight underlie the deficits in functional behavioral outcomes
e observed in adulthood. Using rodent models to understand

he neurobiologic underpinnings (neurotransmitter, myelina-
ion, anatomy and metabolism) for these behavioral findings
nd how they change depending on the time and degree of IDA
nd iron treatment may help identify optimal management of
hronic iron deficiency in humans.
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