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Abstract

The hippocampus is especially sensitive to the effects of gestational and neonatal iron deficiency,
even after iron repletion. This study compared the effects of iron deficiency, maintained from
gestational day 2 to postnatal day (P)7, on “delay” and “trace” fear conditioning. Only the latter
paradigm is critically dependent on the dorsal hippocampus. In different groups of rats, fear
conditioning commenced either prior to puberty (P28 or P35) or after puberty (P56). Fear
conditioning was measured using fear-potentiated startle. Both delay and trace fear conditioning were
diminished by iron deficiency at P28 and P35. Hippocampal expression of the plasticity-related
protein PKC-gamma was increased through trace fear conditioning, but reduced at P35 in the iron
deficient group. Trace fear conditioning was enhanced by prior iron deficiency in the P56 group.
This unanticipated finding in iron-repleted adults is consistent with the effects of developmental iron
deficiency on inhibitory avoidance learning, but contrasts with the persistent deleterious long-term
effects of a more severe iron deficiency protocol, suggesting that degree and duration of iron
deficiency affects the possibility of recovery from its deleterious effects.
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1. Introduction

Neonatal iron deficiency commonly results from premature birth or from maternal conditions
during gestation, including iron deficiency, hypertension, or diabetes mellitus. Untreated, it
may result in short-term (Siddappa et al., 2004) and long-term (DeBoer et al., 2005) cognitive
deficits, as well as concomitant behavioral, attentional, and emotional problems (Lozoff et al.,
2000; Wachs et al., 2005).

Work on rodent models indicates that perinatal iron deficiency produces anatomical,
physiological, and molecular changes in the brain that are both regionally and biochemically
specific (Rao et al., 2003). For example, cytochrome ¢ oxidase activity, an iron-dependent
marker of energy metabolism, is unchanged in some regions and reduced by >40% in others
(de Deungria et al., 2000). One of the most severely affected brain regions is the hippocampus,
a structure vital for memory and for neuroendocrine and emotional responses to stress. In
contrast, the amygdala, another limbic structure critically involved in memory and emotion, is
less vulnerable to the energy-depleting effects of early iron deficiency. This does not
necessarily imply that amygdala function is entirely spared, because the amygdala is richly
innervated through the monoaminergic system, which is itself dysregulated by iron deficiency
(Beard and Connor, 2003). Nevertheless, the relative contributions of the hippocampus and
amygdala to changes in emotional regulation and memory following iron deficiency have only
recently begun to be elucidated (McEchron et al., 2005).

The current study investigated the effects of gestational and early neonatal iron deficiency in
the rat on amygdala- and hippocampus-dependent memory processes by comparing the
behavioral outcomes of delay and trace fear conditioning procedures. These two Pavlovian
conditioning paradigms differ only in whether presentations of the conditioned stimulus (CS;
e.g., tone) and unconditioned stimulus (US; e.g., footshock) overlap (delay conditioning) or
are separated by a brief interval (trace conditioning). By virtue of the insertion of this brief
interval trace, but not delay, fear conditioning is dependent on the dorsal portion of the
hippocampus (Burman et al., 2006; Chowdhury et al., 2005; Trivedi and Coover, 2006). In
contrast, the amygdala plays a central role in Pavlovian fear conditioning more generally
(Davis, 2006; Fanselow and Gale, 2003; LeDoux, 2003). In view of the relatively severe effects
of iron deficiency on hippocampal structure and function during development, we predicted
that trace fear conditioning would be especially vulnerable to disruption following gestational
iron deprivation.

One of the reasons that fear conditioning lends itself well to the study of memory processes in
juvenile rats is that fear can be acquired rapidly and can be measured reliably at a relatively
early age (Barnet and Hunt, 2005; Moye and Rudy, 1987). In the current study, three sessions
of trace and delay fear conditioning commenced in different groups of perinatally iron-
sufficient and iron-deficient rats at postnatal day (P)28, P35, and P56. The dams were fed an
iron-depleted diet from the second day of gestation until P7. Following this protocol, brain
weight and iron concentration in the offspring are still reduced by 20% on P28 (Rao et al.,
2003), but are fully recovered by P65 (Jorgenson et al., 2003). Interestingly, however,
detrimental effects on biochemical markers, dendritic structure, electrophysiology, and gene
regulation in the hippocampus persist even after complete iron repletion (i.e., after 56 days
postnatal age) (Carlson et al., 2007; Jorgenson et al., 2003; Jorgenson et al., 2005). Thus,
comparing the strength of fear conditioning that commenced at P28 and P35, or P56 allowed
us to examine whether learning and memory, like hippocampus structure and physiology, are
affected by prenatal and perinatal iron deficiency, even after the iron status of the brain has
undergone a full recovery.
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Consistent with this possibility, McEchron et al. (2005) have reported that rats exposed to a
severely iron deficient diet prenatally and in early life were impaired in trace fear conditioning
trained on P60. In that study, however, an iron deficient diet was initiated only 10 days prior
to birth and maintained throughout postnatal brain development (until P31), exposing the brain
to severe iron deficiency in a different developmental time period. Stead et al., (2006) recently
demonstrated that predominantly proliferative genes are expressed until P7 and primarily
differentiative genes at and after P14 in hippocampus, cortex and hypothalamus (Stead et al.,
2006). Thus, it remains to be seen whether earlier induction and cessation of iron deficiency
produces similarly enduring effects in associative learning tasks.

In both conditioning paradigms, and at all three ages, fear was measured as the increase in
magnitude of the startle reflex seen when startle was elicited acoustically in the presence of a
CS previously paired with shock. Among the advantages of “fear-potentiated startle” as a
measure of fear is the fact that the startle reflex is elicited in both the presence and absence of
afear-inducing CS. This means that any effects of dietary treatment on fear would affect startle
only in the presence of the CS and thus could be differentiated from a nonspecific, motor or
sensory deficit, which would affect startle indiscriminately in both the presence and absence
of fear-inducing stimulation. This within-subject control is particularly important in light of
evidence that iron deficiency can reduce myelination and axonal conduction speed and can
produce long-term deficits in motor function (Algarin et al., 2003; Angulo-Kinzler et al.,
2002).

In addition to the behavioral measures, we also quantified hippocampal expression of the
gamma isoform of the serine/threonine kinase Protein Kinase C (PKC). Through its role in
phosphorylation of the transcription factor cyclic AMP-Response Element Binding Protein
(CREB) (Roberson et al., 1999), PKC contributes to the maintenance and expression of long-
term potentiation (LTP), a widely accepted cellular substrate for learning and memory. In the
immature animal, hippocampally dependent spatial learning results in an increase in protein
expression of PKC isoform gamma in CAL pyramidal neurons, particularly in the dendritic
field of the stratum radiatum (Wu and Wang, 2002). This potentiation of PKC activity can be
interrupted during development pharmacologically (Wu and Wang, 2002) or by neonatal
hypoxic-ischemic insult (Braaksma et al., 1999). Thus, we expected that trace fear conditioning
and iron deficiency would have opposite effects on expression of the PKC-gamma signal to
CREB in CAL, increasing and decreasing it respectively.

2.1. Pup survival

The pups of one iron-deficient (ID) dam were all stillborn. A second gave birth to only 3 pups,
which were euthanized. Hence 17 iron-sufficient (1S) and 18 ID dams remained for further
analyses. There were no significant differences in the number of male and female pups born
to ID and IS dams, Median (range) male-female ratios = 1.1 (4.5) and 1.6 (5.1), respectively,
Mann-Whitney U, p>.1. ID dams gave birth to fewer live pups than IS dams, Medians (ranges)
=11 (6) and 12 (5), respectively, a difference that was statistically significant, Mann-Whitney
U, p <.05. Additionally, there were significantly more deaths in ID litters compared to IS litters
prior to weaning, Medians (ranges) = 3 (3) and 0 (0), respectively, Mann-Whitney U, p<.05.
ID and IS litters did not differ with respect to the day by which all pups’ eyes were open,
Medians (ranges) = 15.0 (1.6) and 14.9 (1.6), respectively, Mann-Whitney U, p >.1.

2.2. Body weight

Both ID and IS subjects showed growth curves, but ID animals were lighter than IS animals
at all three ages (see Table 1). This was confirmed by a 2 (diet) x 3 (age) ANOVA, which
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indicated significant effects of diet and age, F(1,99) = 122.5, p <.001, F(2,99) = 2088.3,p <.
001, respectively. The diet x age interaction was also significant, F(2,99) = 834, p <.05. In
proportional terms, the severity of the deficit in body weight in ID animals diminished as a
function of age. Thus, mean weights of ID groups was 31.1%, 23.0%, and 13.7% below that
of their IS peers at P28, P35, and P56 respectively.

2.3. Iron status

The model induced significant iron deficiency at P7 as indexed by a 47% reduction in
hematocrit and a 62% reduction in brain iron concentration. The deficiencies had completely
resolved by P56 (see Table 2).

2.4. Baseline startle responding

All behavioral measures were tested using a between-subjects design, with diet (ID and IS)
and age at the start of fear conditioning training (P28, P35, and P56) as the independent
variables. Startle responding on the second startle pretest session increased as a function of
age, but not of diet (see Table 3). These observations were confirmed by statistical analyses.
A 2 (diet) x 2 (P28, P35) ANOVA revealed a main effect of age, F(1,66) = 6.0, p < .05, but
no significant main effect of diet or diet x age interaction, ps > .1. ID and IS animals also did
not differ in baseline startle levels at P56, p > .1.

2.5. Shock reactivity

Reactivity to footshock was lower in ID than in IS rats, and in older than in younger rats, with
particularly high reactivity in the oldest (P56) iron-sufficient animals (see Table 4). A 2 (diet)
x 2 (age) analysis of variance (ANOVA) on P28 and P35 rats revealed a main effect of diet F
(1,66) = 9.0, p <.01, but no significant main effect of diet, or diet x age interaction, ps > .1.
In contrast, formerly ID rats showed significantly lower shock reactivity at P56, t(33) = 3.2,
p <.01

2.6. Fear conditioning

Delay fear conditioning was poorer in ID animals than in IS animals across all three ages, but
particularly at the younger two ages. Consistent with these observations, a 2 (diet) x 3 (age)
ANOVA indicated a significant main effect of diet, F(1,45) = 3.94, p < .05, but no effect of
age or diet x age interaction, ps > .1.

In animals given trace fear conditioning training, the pattern of differences between IS and ID
animals across the three ages was quite different. Fear-potentiated startle was somewhat poorer
in the iron-deficient P28 and P35 groups than in the age-matched iron-sufficient groups.
However, fear-potentiated startle was substantially greater in the ID animals than in IS animals
when training began at P56. These observations were confirmed by a 2 (diet) x 3 (age) ANOVA,
which revealed a significant main effect of age, F(2,48) = 6.01, p < .005, and diet x age
interaction F(2,48) = 3.15, p < 0.05. The main effect of diet was not significant, p >.1.

2.7. PKC-gamma expression at P35

As shown in the representative photomicrographs (Figure 4), the primary antibody caused
staining of PKC-gamma-containing neurons in CA1 of the hippocampus. PKC-gamma
expression in hippocampal area CA-1 at baseline in naive animals was greater in the 1S animals
than in the ID animals, F(1,16) = 12.14, p < 0.005; Figure 5). Trained animals from the trace
paradigm demonstrated greater PKC-gamma expression than naive animals, F(1,16) = 4.69,
p < .05). There was no significant diet by condition interaction. There were no differences in
CA-1 PKC-gamma expression between ID and IS animals in the delay group (data not shown;

p>.1).
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3. Discussion

The hippocampus, a structure critical for many forms of learning and memory, is particularly
sensitive to the effects of prenatal and neonatal iron deficiency, and some of these effects persist
long after brain iron levels have normalized (Jorgenson et al., 2003; Jorgenson et al., 2005).
We hypothesized that prenatal/neonatal iron deficiency would affect rats” subsequent ability
to acquire trace fear conditioning, a form of learning that requires the dorsal hippocampus,
while sparing delay fear conditioning, a form of learning that does not depend on the dorsal
hippocampus. Unexpectedly, however, both delay and trace fear conditioning were impaired
in preadolescent (P28 and P35) rats. These deficits did not extend into adulthood, by which
time iron repletion was complete. In fact, at P56, the offspring of iron-deficient mothers actually
showed enhanced trace fear conditioning compared to control rats. Thus, prenatal/neonatal iron
deficiency produced a general impairment in fear conditioning in preadolescent rats, but a
specific potentiation of dorsal hippocampus-dependent fear conditioning in early adulthood.

There are at least two plausible explanations for the attenuation of delay and trace fear
conditioning seen at P28 and P35. The first is that the impairment was related to a disruption
of amygdala function. At first blush this may appear unlikely, because amygdala metabolism
is only mildly disturbed, at least at P10, by the same diet employed here (de Deungria et al.,
2000). However, it is worth noting that fear conditioning and memory consolidation are
impaired by disruption of dopaminergic (Nader and LeDoux, 1999) and noradrenergic
neurotransmission (Hatfield and McGaugh, 1999) respectively in the amygdala. Hence, even
in the absence of direct metabolic disturbances in the amygdala, fear conditioning in this study
may have been affected in this study via the well-documented effects of iron deficiency on the
brains’ catecholamine systems (Burhans et al., 2005).

The second possibility is that the impairment in both delay and trace conditioning was
attributable to a loss of function in the ventral hippocampus. The rodent hippocampus can be
divided into three rostrocaudal neuroanatomical segments that are segregated in terms of their
inputs, outputs, and interconnectivity. Most investigations of the hippocampus’s role in fear
conditioning, including trace fear conditioning, have focused on its septal (i.e., dorsal) portion,
(Quinn et al., 2002; Quinn et al., 2008). However, it is the temporal (i.e., ventral) pole of the
hippocampus that is most closely associated with the amygdala, and recent evidence indicates
that damage to this area impacts fear conditioning in general (Bast et al., 2001; Kjelstrup et al.,
2002; Richmond et al., 1999; Trivedi and Coover, 2004), including delay fear conditioning
trained and tested using parameters similar to those of the current study (Burman et al.,
2006). Thus, fear conditioning is unlikely ever to occur entirely independently of the
hippocampus, but rather independently of its septal pole. Because there is no reason to assume
that iron deficiency differentially affects portions of the hippocampus along its rostrocaudal
axis, it is quite plausible that delay fear conditioning is disrupted due to the effects of iron
deficiency on ventral hippocampus function.

Although the involvement of the amygdala cannot be ruled out, the pattern of expression of
PKC-gamma protein observed post-mortem in the P35 trace-conditioned animals is at least
consistent with the possibility of hippocampal involvement in the observed fear conditioning
deficits. Thus, expression of this plasticity-related protein was higher in trace-conditioned than
in naive, age-matched controls, but was reduced in previously iron deficient animals. While
this study assessed PKC staining in the hippocampus because of the targeted nature of the
behavior being tested, it is likely that PKC would be affected in other areas of the brain as well.
Toresolve the issue of the relative impact of iron deficiency on hippocampus-dependent versus
amygdala-dependent memory, further research is required to establish whether these alterations
in protein expression are specific to trace fear conditioning, and whether they occur in the
amygdala, as well as in the hippocampus.
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The recovery of fear conditioning seen in adult animals is congruent with the trajectory of brain
iron and hematocrit content, which had reached normal levels by P56. Our behavioral data
might suggest, therefore, that the impairments in learning seen at earlier time points were
related to current iron status rather than to the long-term sequelae of metabolic dysfunction
occurring during periods of gestation and infancy. In contrast, McEchron et al. (2005)
(McEchron et al., 2005) found that late gestational and early-life iron deficiency impaired trace
fear conditioning trained as late as P60, at which time point hematocrit levels were normal.
Despite a number of differences between the two studies, their contrasting outcomes are most
likely attributable to differences in iron deficiency regimens. Whereas the rats in the current
study were returned to an iron-rich diet starting on P7, a low-iron diet was maintained in the
earlier study until P31. This extension of iron deficiency throughout the juvenile preadolescent
period may have been crucial in inducing long-term changes in proteins closely associated with
differentiation and plasticity (Carlson et al., 2007), and in dendritogenesis, which is maximal
between P15 and P25 (Pokorny and Yamamoto, 1981). In strikingly parallel findings, striatum-
dependent learning is similarly spared in adult rats exposed to iron deficiency until P7 (Schmidt
etal., 2007), but not in adult rats exposed to iron deficiency throughout the period of late brain
development. Taken together, the behavioral data derived from these disparate learning
paradigms are consistent in suggesting that the cognitive deficits produced by prenatal iron
deficiency may be recoverable through later iron supplementation, whereas the deficits induced
through postnatal, extra-uterine iron deficiency are more liable to be irreversible.

An alternative explanation of the divergent effects of iron deficiency on trace fear in this and
the McEchron etal (2005) study is that a putative deficit in trace fear conditioning was mitigated
by our adoption of more extensive fear conditioning procedures. Indeed, such a pattern has
been reported in spatial learning (Schmidt et al., 2007), where deficits in formerly ID rats were
manifested only in the earliest phase of training. However, this interpretation could only
account for an absence of differences in the relative strengths of delay and trace conditioning,
but not for the frank enhancement of trace fear conditioning in previously ID adults that was
observed in the current study.

The most striking aspect of the current findings was, perhaps, that trace fear conditioning was
increased in formerly iron-deficient adult rats. Iron deficiency has a profound effect on brain,
and specifically, hippocampal metabolism as evidenced by decreased cytochrome ¢ oxidase
(de Deungria et al., 2000) and altered intracellular phosphocreatine:creatine ratio (Rao et al.,
2003) during the period of early iron deficiency. Others have postulated the induction of a
relative hypothyroid state by iron deficiency (Beard et al., 1998) that would also slow metabolic
rate during development. This downregulation of metabolism during late fetal and early
neonatal life may not only influence ongoing morphologic development and function of the
brain while iron deficient but also induce long-term genomic and metabolic changes in a
manner similar to how gestational protein-energy restriction that results in intrauterine growth
restriction or choline administration during pregnancy modifies metabolism setpoints in the
offspring for life (Gluckman and Hanson, 2004; Meck and Williams, 2003). These changes
likely involve epigenetic mechanism of methylation and histone modification. While the effect
of iron deficiency on methylation and acetylation of genes has not been specifically studied,
there is circumstantial evidence that those processes are affected. For example, Carlson et al
report in another article in this special issue that iron deficiency upregulates APP, Htatip, and
appbl expression in the hippocampus. The protein products of these genes combine to form a
complex that translocates to the nucleus, inducing acetyl transferase activity (Cao and Sudhof,
2001).

Iron is required to support highly metabolic activities such as dendritogenesis (Jorgenson et
al., 2003) and synaptic plasticity (Carlson et al., 2007). The genes that regulate these processes
are active in late gestation and early postnatal life and include those in the mTOR (mammalian
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target of rapamycin) pathway and vampl suggesting that they may be most malleable at that
time (Carlson et al., 2007). They are responsive to gestational iron status and their regulatory
setpoints may be set during this time period, metabolically adapting to the low iron environment
(Meck and Williams, 2003). While there are other potential reasons for the enhanced
performance of the formerly iron deficient animals at P56 in the current study, it is possible
that iron treatment with standard amounts of iron actually represents a state of supplementation
to a system trained in early life to function (albeit suboptimally) when far less iron is available.
The result of provision of this critical metabolic substrate could be to enhance efficient energy
production and thus synaptic plasticity to experience.

Interestingly, the unanticipated finding of stronger trace fear conditioning is actually consistent
with an earlier literature showing an enhancement of inhibitory avoidance learning in
previously iron deficient rats (Findlay et al., 1981; Weinberg et al., 1979; Weinberg et al.,
1980). Long-term memory of inhibitory avoidance learning, like trace fear conditioning, is
dependent on both the dorsal and ventral hippocampus (Martinez et al., 2002). Thus,
collectively, these studies may suggest that early life iron deficiency produces a long-term
enhancement in the expression of dorsal hippocampus-dependent fear.

4. Experimental Procedure

4.1. Animals

Thirty-seven timed-pregnant albino, Charles River-derived, Sprague-Dawley rats (Harlan,
Indianapolis, IN) were housed individually on a 12-hour light-dark cycle. Litters were culled
to 8 on P3, retaining as many male pups as possible. One hundred and five male rat pups were
studied in total. Animals were weighed on day 3 at culling and assessed for eye opening from
P14-P17. Rats were otherwise left undisturbed except for routine cage changes until weaning
at P21. All procedures conformed to the National Institutes of Health Guide for the Care and
Use of Laboratory Animals (NIH publications No. 8023, revised 1996) and the Guidelines for
the Humane Care and Use of Laboratory Animals of the Institutional Animal Care and Use
Committee at the University of Minnesota.

4.2. Dietary conditions

Twenty dams were assigned to the ID condition (3—6 mg elemental iron/kg; formula TD 80396,
Harlan-Teklad) and 17 dams were assigned to the IS condition (198 mg elemental iron/kg).
From gestational day 2 though P7, dams in the ID group were fed the low-iron diet, while dams
in the IS group received the standard iron-supplemented diet. Aside from diet, there were no
differences in the treatment of IS and ID litters. Both ID and IS animals were given ad
libitum access to water and their respective diets. Following P7, all pups received the standard
iron-supplemented chow. After weaning on P21, pups continued to be group-housed with free
access to water and the iron-sufficient diet.

4.3. Apparatus and Stimuli

Animals were tested in four identical 7.5 x 9 x 17-cm stabilimeter devices, each located within
a ventilated, sound-attenuated chamber. Each stabilimeter consisted of a Plexiglas cage, which
rested on a platform supported by four compression springs. To maximize the sensitivity of
the equipment for animals differing widely in body mass, different platforms containing springs
with a lower or higher spring constants were used to test smaller rats (P28 and P35 groups)
and larger rats (P56 group) respectively. Cage movement resulted in displacement of a Type
338B35 accelerometer (PCB Piezotronics, Depew, NY) attached to the top of each cage. The
resultant voltage of the accelerometer was proportional to the velocity of the cage displacement.
This signal was amplified by a signal-processing unit (# 482820 PCB Piezotronics). An
InstruNet 100b board (GW Instruments, Somerville, MA) interfaced to a Macintosh G3
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microcomputer digitized the voltage output of the accelerometer on a scale of 0 — 1000 units.
Startle amplitude was defined as the peak accelerometer voltage that occurred during the first
200 ms after onset of the startle stimulus. High frequency speakers (Radio Shack
Supertweeters, range 5-40 kHz, #40-1310b) located 5 cm behind each cage delivered the
startle stimuli. The startle stimuli were 50-ms (rise-decay: 5 ms) bursts of white noise (low
pass, 22 kHz) at 95 and 105 dB. The ventilation fans of the sound-attenuating chamber elevated
background noise to 60-65 dB. The foot shock was a 0.8-mA constant current scrambled shock,
delivered by a shock generator (#SGS-004, by BRS-LVE, Bellsville, ME) through the four
bars that made up the bottom of the stabilimeter. Shock intensity was measured with a 1-kQ
resistor across a differential channel of an oscilloscope in series with a 100-k<2 resistor
connected between two floor bars in each cage. Current was defined as the RMS voltage across
the resistor where mA = 0.707 x 0.5 x peak-to-peak voltage. Shock reactivity was defined as
the peak accelerometer voltage that occurred during the first 500 ms after onset of the shock.
The CS was a 4-s (trace conditioning) or a 7.5-s (delay conditioning), band pass-filtered noise,
raised to a sound pressure level 5 dB above background noise (65-70 dB), with high and low
cut-offs set at 4 kHz and 24 dB per octave attenuation. The noise was generated by the computer
and delivered through a low frequency speaker (Radio Shack woofer, Model # 40-1024A)
situated 15 cm from the cage. Previous research demonstrated no unconditioned effects of the
CS on the startle response (Burman and Gewirtz, 2004).

4.4, Startle Habituation Sessions

In order to acclimate the rats to the apparatus and startle stimuli, and to measure levels of
baseline startle, the naive rats underwent two days of startle testing prior to training. After a
five-minute acclimation period, they were presented with 40 startle stimuli, seven at each of
two intensities (95 and 105 dB). The various stimulus intensities were presented in a semi-
random order with a 30-s interstimulus interval. The two startle habituation sessions were
conducted on the two days prior to the start of training, i.e., starting on P26, 33, and 54 for the
P28, 35, and 56 groups respectively. At this point, IS and ID animals were assigned to delay
or trace conditioning groups with similar levels of baseline startle. To ensure equivalent genetic
heterogeneity between the groups, assignment was conducted with the constraint that no more
than one animal from each IS or ID litter was assigned to the same (i.e., P28/P35/P56 x delay/
trace) group.

4.5. Fear Conditioning Procedure

After baseline startle sessions, acquisition was conducted over three successive days, starting
the day after the second startle habituation session. Thus, training commenced in different
groups of IS and ID animals on P28, P35, and P56. On each day, rats were presented with 16
tone-shock pairings after a five-minute acclimation period. The interval between shocks was
variable with a mean of 2.75 min (range: 2.0 — 3.5 min). Because the CS-US interval is the
critical feature for fear expression in both trace and delay conditioning (Burman and Gewirtz,
2004), the current experiments compared trace conditioning to delay conditioning matched in
terms of the CS-US onset interval rather than CS duration. Thus for delay conditioning, the
0.5-s shock overlapped and co-terminated with the 7.5-s CS whereas for trace conditioning,
the onset of the shock occurred 3 s after offset of the 4-s CS. Although fear conditioning studies
have most commonly used 20-30- s trace intervals (e.g., Huerta et al., 2000; McEchron et al.,
1998; Quinn et al., 2002) some studies have employed briefer trace intervals (Crestani et al.,
2002; Misane et al., 2005; Trivedi and Coover, 2006). A 3-s interval was chosen for this study
to ensure robust trace fear-potentiated startle (Burman and Gewirtz, 2004) and to reduce the
influence of context conditioning (Marlin, 1981).
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4.6. Testing procedure

A similar testing procedure has been described previously (Burman and Gewirtz, 2004). The
test session occurred 24 hours after completion of acquisition. Testing consisted of a five-
minute acclimation period, followed by 30 startle stimuli (15 at each of 95 and 105 dB),
delivered in an intermixed sequence, to provide a measure of baseline startle magnitude. This
sequence was followed immediately by presentation of the test trials. The startle stimuli were
presented either alone (startle-alone trials), 3.5 s after CS onset, or 7 s after CS onset. There
were five of each of the two CS-containing test trials and ten of the startle-alone test trials,
presented in a pseudorandom order. The interval between successive startle stimuli was 30 s
throughout the session. After testing, the rats were overdosed with sodium pentobarbital and
perfused intracardically with saline followed by 5% sucrose-fomalin solution, for subsequent
immunohistochemical procedures (data not shown).

4.7. Biochemical Analysis

Separate cohorts of 4 rats raised on identical dietary protocols as the behavioral subjects were
deeply anesthetized with sodium pentobarbital administered intraperitoneally. Iron status was
assessed on P7 as this represented the end of the ID diet phase and thus constituted maximal

iron deficiency and on P56. Blood for hematocrit was collected by cardiac puncture. The tubes
were spun at 3,000xg for 20 min and measured with a standard hematocrit reader. The animals
were trans-cardially perfused with phosphate buffered saline (PBS, pH 7.4) until the effluent
was clear. Following decapitation, the brains were removed and frozen at —80°. Whole brain
iron concentrations were assayed by atomic absorption spectroscopy as previously described
(Rao et al., 1999). Values were expressed as pmol of elemental iron/g wet tissue weight.

4.8. Histochemical Analysis

As in previous studies (de Deungria et al., 2000; Jorgenson et al., 2003; Siddappa et al.,
2002), 5 brains at P35 from the trace-conditioned and a set of never-trained naive animals were
excised and post-fixed with sucrose-formalin solution at 4°C for 24 hours. Brains were
cryoprotected by serial sucrose incubations (20%, 30%, 40%) and embedded in tissue medium.
Immunostaining density of PKC-gamma was assessed in coronal sections (12 and 20 pm thick)
with di-aminobenzidine tetrahydrochloride after application of the primary rabbit anti-rat
phosphorylated PKC-gamma antibody (Santa Cruz Biotechnology, Santa Cruz CA) ata 1:100
dilution and application of a universal secondary antibody (ABC kit, Vector Corp, Burlingame,
CA). For immunohistological controls, the primary antibody was omitted and the tissue
sections were incubated with the primary antibody diluent consisting of Tris Buffered Saline
(pH 7.4) containing 10 % horse serum and 0.2% Triton X-100 overnight at 4 °C. The images
were captured by digital camera at a consistent light intensity and stored on a Dell Dimension
8200 computer in Adobe Photoshop (version 6) and assessed using ACT-1 software (version
2.20; Nikon, Inc. Melville, NY). The anatomic regions of interest were identified as in previous
studies (Jorgenson et al., 2003; Siddappa et al., 2003) and were assessed from their most
anterior to their most posterior aspect in the P35 brain. CA1 was sampled in a minimum of 3
and a maximum of 5 planes and each brain was sampled at least in the most anterior and most
posterior aspects. The hippocampus was assessed from 0.0 to 2.6 mm anterior to the inter-
auricular line with CA1 assessed from its medial border to 2 mm laterally. Quantitation of
immunoreactivity in hippocampal field CA1 used unbiased stereology as described before
(Jorgenson et al., 2003; Siddappa et al., 2003). The mean optical density (OD) for each section
was assessed in Photoshop, which assigned values ranging from 0 (white) to 254 (black). A
histogram for each section was generated both prior to capture to ensure that values did not
top out at pure black and after capture for quantitation. After setting a threshold (114) for
background and non-specific staining, the total number of pixels with staining between 114
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and 254 was recorded in an Excel spreadsheet. The mode OD was recorded for each section,
averaged across animal, and expressed as a single value for the animal.

4.9. Statistics

Statistics were performed using SPSS. Several parameters associated with the health and
survival of ID and IS litters (i.e., number of live births, male/female ratio, pre-weaning deaths,
and days to eyes open) in the behavioral experiment were compared using Mann-Whitney U
tests. Body weights, measured on the day on which behavioral training commenced (i.e., P28,
P35, or P56), were analyzed by analysis of variance (ANOVA), using a 2 x 3 (diet x age)
between-subjects design. Because a different measurement device was used for the P28 and
P35 groups versus the P56 group (see above), comparisons of shock reactivity (a measure of
nociception) and baseline startle could not be made across the different age groups. Thus, IS
and ID groups were compared at P28 and P35 using a 2 x 2 (diet x age) ANOVA. At P56, a
t-test was used to compare the IS and ID groups. Percent fear-potentiated startle was calculated
by comparing mean startle obtained on each CS trial type to mean startle obtained on startle-
alone trials [i.e., (CS-startle — startle alone)/startle alone x 100%]. Fear-potentiated startle data
from delay and trace conditioning groups were analyzed separately using 2 x 3 (diet x age)
between-subjects design ANOVAs. The data could be compared across the three ages, despite
large differences in baseline startle and in the device used to measure it, because the percent
measure of fear-potentiated startle used here is insensitive to large variations in baseline startle
(Walker & Davis, 2000). Hematocrits and brain iron concentrations were compared between
groups across time by repeated-measures ANOVA. A two-way ANOVA was used to assess
the effect of diet (ID vs IS) and condition (trace vs naive) on PKC-gamma staining density.
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Figure 1.
Perinatal iron deficiency resulted in reduced body weights (g; mean = SEM) across all ages of
behavioral testing.
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Figure 2.
Delay fear conditioning (% fear-potentiated startle) was not affected by age of the rats, but was
reduced by ID across all three ages (mean £ SEM).
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Figure 3.

Trace fear conditioning (% fear-potentiated startle) increased with age. There was an
interaction between age of behavioral testing and diet: formerly ID rats 1D displayed greater
trace fear conditioning at P56 than IS rats (mean £ SEM).
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Figure 4.
Positive PKC staining (arrow, left panel) in pyramidal cells of hippocampal area CA1 and
absence of staining in antibody control (arrow, right panel).
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Figure 5.

Hippocampal area CA1 PKC-gamma activity at P35 in naive and trace-conditioned IS and ID
groups. In rats not previously exposed to fear conditioning, levels of PKC-gamma activity were
higher in IS than in ID rats. Across diet manipulations, rats trained for trace fear conditioning
displayed a higher level of PKS-gamma activity than naive rats.
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Birth and Pre-Weaning Statistics: Median (Range)
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Sufficient Deficient
# Live Births 12.00 (5.00) 11.00 (5.00)*
M:F Ratio 1.60 (5.12) 1.09 (4.50)
Pre-weaning Deaths 0.00 (0.00) 0.00 (3,00)*
Day of Eye Opening 14.88 (1.63) 15.00 (1.63)

*
p<.05 compared with sufficient rats (Mann-Whitney U test)
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Table 3
Baseline Startle (mean £ SEM arbitrary units)
Sufficient Deficient
P28 15.86 + 1.32 12.91+0.59
P35 18.31 + 4.68 17.07 £3.16
P56 27.63 +2.80 32.34+3.97
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Table 4
Shock Reactivity (mean £ SEM arbitrary units)
Sufficient Deficient
P28 30.90 +5.10 2519+ 154
P35 4262+ 4.68 39.01+3.16
P56 148.97 £21.20 72.61+7.82
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