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ABSTRACT: Serum prolactin may reflect CNS dopaminergic func-
tion. Because iron deficiency (ID) alters brain dopamine in rats,
serum prolactin levels were previously investigated in infants with
varied iron status. High serum prolactin levels correlated with be-
haviors typical of chronic ID. The objective of this study was to
determine the effect of infant iron status on serum prolactin levels
after a stressor in early adolescence. One hundred fifty-nine of 191
children enrolled in infancy (chronic ID, n � 46; good iron compar-
ison group, n � 113) had serum prolactin measurements after
catheter placement at 11–14 y of age. Serum prolactin levels were
compared by sex, pubertal status and infant iron status and the pattern
of change over time was compared by infant iron status controlling
for pubertal stage and background factors. Males and less mature
adolescents had lower serum prolactin concentrations than females
and more mature adolescents. Controlling for these factors, the serum
prolactin response pattern differed significantly by infant iron status.
Serum prolactin declined earlier for the chronic ID group. In con-
clusion, an altered serum prolactin response pattern was observed
10 y after chronic ID in infancy and may suggest a long-lasting effect
of ID on the regulation of prolactin. (Pediatr Res 60: 513–517,
2006)

The hormone prolactin has typically been associated with
processes of lactation. However, prolactin has also been

shown to have a broad range of functions (1–3). An area of
particular attention has been prolactin as a stress-response
hormone. Studies in biologic psychiatry have documented a
rise in serum prolactin levels after physical and psychological
stress (4–8).

Serum prolactin has been considered a peripheral indicator
of central dopaminergic function, because the neurotransmit-
ter dopamine provides the primary tonic inhibitory influence
on prolactin release from the anterior pituitary (9,10). In-
creased dopamine release inhibits prolactin secretion, as can
reduced dopamine reuptake through decreased dopamine
transporter (DAT) number or function. Among the family of
dopamine receptors, D2 is the primary one associated with the
inhibition of prolactin release (9). A complex system has been

demonstrated to regulate prolactin and includes other neuro-
transmitter systems (e.g., serotonin) (10,11).

We became interested in prolactin in the course of research
on iron deficiency, a common nutritional problem that may
affect as many as half of the world’s infants (12). Of the
neurotransmitter systems shown to be altered by iron defi-
ciency in animal studies, dopamine has been studied the most.
There is substantial evidence that several aspects of dopami-
nergic function are altered by iron deficiency (13,14). Early
studies showed that iron deficient rats had reduced D2 receptor
number and function in the striatum and a behavioral profile
similar to that observed with the use of dopamine receptor
blocking agents (15). As predicted by these changes, serum
prolactin levels and liver prolactin-binding sites were in-
creased in iron deficient rats (16,17). Recent animal studies
have suggested more complex dopamine system alterations,
including dopamine transporter down-regulation and in-
creased extracellular dopamine levels in the striatum (13).

We previously explored the question of dopaminergic al-
terations in human iron deficiency by assessing serum prolac-
tin levels in 12- to 23-mo-old infants who participated in a
study of the effects of iron deficiency anemia on behavior and
development (7,18). Serum was available from the blood
obtained for iron status measures before and after three
months of iron treatment. Developmental testing preceded
venipuncture at both time points. Therefore, serum prolactin
levels may have reflected the infant’s response to both events.
We did not find a significant relationship between infant iron
status and serum prolactin levels in that study. However, we
found that a high serum prolactin level was associated with the
behavioral profile of infants with iron deficiency anemia –
wary and hesitant behavior during developmental testing. In
addition, serum prolactin levels (high or normal) were surpris-
ingly stable over the two assessments.

In the present study, we obtained serum prolactin levels in
these same children in early adolescence. While the height-
ened serum prolactin levels in infancy were related to the wary

Received January 10, 2006; accepted June 11, 2006.
Correspondence: Barbara Felt, M.D., University of Michigan, 300 NIB, Room

1000SW, 300 North Ingalls Street, Ann Arbor, MI 48109-0406; e-mail: truefelt
@umich.edu

This study was supported by NIH HD36106 and a MERIT Award to B. Lozoff,
R37HD31606.

DOI: 10.1203/01.PDR.0000242848.45999.7b

Abbreviations: ID, iron deficiency; TIDA, tuberoinfundibular dopminergic

neurons.

0031-3998/06/6005-0513
PEDIATRIC RESEARCH Vol. 60, No. 5, 2006
Copyright © 2006 International Pediatric Research Foundation, Inc. Printed in U.S.A.

513



and hesitant behavioral profile typical of infants with chronic
iron deficiency and not iron status per se (5), we believed that
a relationship between iron status and altered serum prolactin
remained possible. One reason was that affective differences
such as wary and hesitant behavior have been observed in
every human study of iron deficiency that included such
measures in infancy (14). In addition, animal studies have
consistently documented dopaminergic alterations with iron
deficiency anemia and have documented hesitant behavior
after early iron deficiency as well (13,14,19). Based on the
association of elevated serum prolactin with the behavioral
profile typical of iron deficiency in infancy and the informa-
tion available from animal studies, we predicted that having
chronic iron deficiency in infancy would be associated with
elevated serum prolactin levels after a stressor in early ado-
lescence.

METHODS AND MATERIALS

Subjects. The original cohort consisted of 191 healthy, full-term infants
who were enrolled at 12–23 mo of age (between 1983 and 1985) for a study
of the behavioral and developmental effects of iron deficiency (18). In
infancy, the children resided in a peri-urban, lower-middle-class community
in Costa Rica. Infant iron status ranged from moderate iron deficiency anemia
to iron sufficiency. Moderate anemia was defined as Hb � 100 g/L and mild
anemia was defined as Hb 101–105 g/L. Iron deficiency was defined as serum
ferritin � 12 �g/L, and either erythrocyte protoporphyrin � 100 �g/dL
packed red blood cells or transferrin saturation � 10%. Iron sufficiency was
defined as Hb � 120 g/L and no abnormal iron measures. Infants with Hb �
120 g/L and any degree of iron deficiency (defined above) were given either
IM iron (calculated to increase Hb to 125 g/L), or two daily oral doses of
ferrous sulfate (3 mg/kg, one dose by project personnel) for a period of three
months. Infants who had Hb � 120 g/L and were either iron deficient or iron
depleted (serum ferritin � 12 �g/L being the only abnormality) also received
the oral iron treatment.

All infants with moderate iron deficiency anemia corrected their anemia
with 3 mo of iron treatment. However, 64% of the infants with moderate IDA
still had altered iron status measures after iron treatment (e.g., erythrocyte
protoporphyrin � 100 �g/dL packed red blood cells or transferrin saturation
� 10%). In addition, 17 infants with hemoglobins �100 g/L also had altered
iron status measures after iron treatment. Previous analyses have shown that
the severity of iron deficiency and response to iron treatment combined are
related to CNS outcomes. The entire group of subjects who had moderate iron
deficiency anemia in infancy and those who had higher Hb levels but
persisting abnormalities of iron status measures after iron treatment were
similar in having poorer long-term behavioral and developmental outcomes
(20,21). Both groups of infants had evidence of chronic iron deficiency.
Infants with moderate IDA had chronic, severe iron deficiency since anemia
is a late manifestation of iron deficiency. The infants who had persisting

alterations of iron measures had lower hemoglobins and higher erythrocyte
protoporphyrin levels at study entry than those infants whose iron measures
completely responded to iron treatment. It is important to note that unmodified
cow milk was typically introduced in the first few months of life in this
population and that subjects were identified as ID at 12–23 mo in the original
study. Thus, the iron deficiency was likely to have been chronic. Previous
studies have compared the children with evidence of chronic ID in infancy to
children who had good iron status in infancy. The good iron status comparison
group consisted of infants who were iron sufficient (as described above) at
study entry and/or after iron treatment (other than those with moderate IDA)
(20,21). The present study uses the same grouping approach.

Of the original infant cohort, 167 (87%) participated in a re-evaluation of
behavioral and developmental status in early adolescence (11 to 14 y of age)
between 1994 and 1995 (21). Serum samples for prolactin were available for
159 of these children. The average age at follow up was 12.3 � 0.7 y (range
10.9–13.7 y). There were 70 females and 89 males. Iron status during infancy
did not differ significantly for children who participated in this follow-up and
those who did not. The project pediatrician obtained signed informed consent
from parents and assent from the child. The study protocol was approved by
the Institutional Review Boards of the University of Michigan, the Hospital
Nacional de Ninos, Costa Rica, and the Office of Protection from Research
Risks, National Institutes of Health, Bethesda, MD.

Procedures. Sequential blood samples for prolactin levels were collected
in conjunction with a venipuncture to determine iron status in early adoles-
cence. To facilitate repeated blood sampling, an angio-catheter was placed at
venipuncture by the project pediatrician who was blind to infant iron status
group. Venipuncture and catheter placement occurred between 7:30 and 8:00
h to minimize variation of serum iron and prolactin levels related to normal
diurnal patterns (22,23). The timing of the subsequent samples was guided by
the physiology of serum prolactin response to stress. Previous studies in adults
have documented an increase in serum prolactin levels within 5–10 min of a
stressful event, a peak between 20–30 min, then a decline by 45–60 min (24).
We collected the first sample at venipuncture for catheter placement (the
stressor), and sequential samples were planned at 15 min, 30 min, and 45 min
thereafter. Between the initial and second samples, all children had a complete
physical examination that included an assessment of pubertal stage by stan-
dard protocol (25). After the second sample, the children had a break during
which they rested, read and had a snack. The children had no other activities
between the third and fourth samples. All blood samples for prolactin
measurement were immediately centrifuged and the sera separated. Sera were
stored at –20°C until assay in duplicate for prolactin concentration (mIU/L)
using standard double-antibody RIA kits from ICN Pharmaceuticals, Costa
Mesa, California. The assays were completed within 3–4 y of collection.
Inter-assay variability was 15% and the intra-assay variability was 13%.

Our overall measure of pubertal development was pubic hair Tanner stage
(1–5). This measure correlated highly with all other ratings of pubertal
development (axillary hair, breast or genital development, and menstruation
status (all values r � 0.70)), and thus, could be applied to both boys and girls.
Children were categorized as follows: Tanner stage 1—less mature; Tanner
stage 2 and 3—intermediate mature; and Tanner stage 4 and 5—more mature.

Statistical analysis. The children in the chronic ID group (n � 46) were
compared with the children who had had good iron status in infancy (the
comparison group, n � 113) for age, sex, pubertal development, time of
serum prolactin samples, and serum prolactin concentrations using t-test for

Table 1. Subject characteristics and sample collection times by infant iron status

Chronic Iron
Deficiency Group

(n � 46)

Comparison
Group

(n � 113) p-value

Gender (female)* 13 (28%) 57 (50%) �0.02
Age (years)** 12.1 (0.6) 12.4 (0.6) �0.01
Pubertal development*

Less mature (Tanner I) 23 (50%) 34 (30%)
Intermediate mature (Tanner II–III) 18 (39%) 45 (40%)
More mature (Tanner IV–V) 5 (11%) 34 (30%) 0.01

Time of serum samples (min)**
First sample 0 0
Second sample 15.8 (6.6) 15.6 (6.3) 0.84
Third sample 30.2 (7.2) 30.7 (7.1) 0.74
Fourth sample 52.6 (9.8) 52.6 (10.3) 0.97

* Number of participants (percent within infant iron status group).
** Mean (SD).
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continuous and normally distributed variables, the Mantel-Haenzael �2 test
for ordered categorical variables, and the Fisher’s exact test for dichotomous
variables. Serum prolactin levels at each time point were then compared by
infant iron status controlling for propensity score, pubertal status and first
serum sample prolactin concentration using linear mixed models. We used a
propensity score to reduce bias due to group differences in background
characteristics and other factors. Propensity scores have been increasingly
used in epidemiologic and medical research as an index of the risk (propen-
sity) for the condition of interest (26). The propensity score, consisting of
relevant risk factors, is used as a control variable in analyses of outcome. In
this study, the condition of interest was iron status in infancy (chronic ID
versus the comparison, good iron status group). Based on our previous work,
factors that could influence the probability of iron status group were included
in the propensity score using multivariate logistic regression. The factors
included sex, birth weight, infant feeding history, age at initial enrollment,
mother’s IQ, socioeconomic status, family structure, and quality of the home
environment. The area under the receiver operating characteristic curve
(c-statistic) for the propensity score model in this study was 0.84, indicating
excellent discrimination between iron status groups. The propensity score was
divided into quintiles and incorporated as a stratified control variable. A linear
mixed effects model growth curve analysis was used to account for correla-
tions among observations due to sequential measurements taken on the same
individual. The initial level of prolactin after a stressor affects the range of the
response curve thereafter (e.g., lower initial levels constrain the amount of
possible decline) (27). Therefore, this was controlled in this analysis. We
assumed a spatial autocorrelation structure for the covariance matrix where
the strength of the correlation between observations was a function of the time
interval between measurements. Separate covariance structures were esti-
mated for the chronic ID and good iron status groups due to unequal
variances. All statistical tests were two-tailed with alpha levels set at 0.05.
Statistical analyses were conducted using SAS Version 9.1 (28).

RESULTS

In early adolescence, no child was anemic and only 2% (n
� 3) had biochemical evidence of iron deficiency (21). The
characteristics of the children who had chronic ID in infancy

and those who had good iron status before and/or after iron
therapy (comparison group) are described in Table 1. There
were significantly more males in the chronic ID group and, at
the time of assessment, these adolescents were less mature
than the comparison group. The actual times of the serum
prolactin samples were recorded and found to vary somewhat
by individual. However, there was no significant difference for
the mean sample times when compared by iron-status group
(Table 1).

Serum prolactin levels were compared by sex and pubertal
status. In this early adolescent period, males had significantly
lower serum prolactin levels than females at each sample time
(Table 2). In addition, the less mature adolescents had signif-
icantly lower serum prolactin levels at each sample time than
those who were more mature (Table 3).

Comparing serum prolactin concentrations at each time
point by infant iron status, the chronic ID group had signifi-
cantly lower levels at 15 min after venipuncture (unadjusted
values, Table 4). After controlling for propensity score, pu-
bertal status and the first prolactin sample concentration in the
linear effects model, group differences were not significant
(adjusted values, Table 4).

The change in serum prolactin between samples 2 (15 min)
and 3 (30 min), and between samples 3 and 4 (50 min) were
compared within and between infant iron status groups using
the linear effects model (Table 5). The pattern of serum
prolactin response differed for chronic ID versus the good iron
status comparison group. The adolescents that had chronic ID
in infancy had significantly less decline between 15 and 30
min than the good iron status comparison group. The iron
status groups did not differ for amount of serum prolactin
change between 30 to 50 min after venipuncture.

DISCUSSION

This follow-up of early adolescents who had participated in
a study of iron deficiency in infancy provided a unique
opportunity to assess long-term alterations in the response of
serum prolactin to stress in relation to infant iron status. Based
on the association between high serum prolactin levels and the
behavioral profile of iron deficiency in infancy and the effects

Table 2. Serum prolactin concentrations at each sample time
by sex

Sample
Female

(n � 70)
Male

(n � 89) p-value

1 391.2 (194.5) 331.1 (177.6) 0.04
2 366.3 (202.1) 294.6 (166.1) 0.02
3 323.0 (169.2) 256.0 (131.6) 0.01
4 294.9 (147.7) 229.3 (108.1) �0.01

Serum prolactin concentrations (mIU/L) at each sample time (0, 15, 30, 50
minutes) after venipuncture and catheter placement. Participants are com-
pared by Student’s t- test according to sex. Values are expressed as mean
(SD).

Table 3. Serum prolactin concentrations by pubertal status

Pubertal Development

Sample
Less Mature

(n � 57)

Intermediate
Mature

(n � 63)
More Mature

(n � 39) p-value

1 319.1 (163.7)* 351.3 (193.4)** 428.1 (196.7) 0.02
2 296.1 (167.7)* 317.2 (199.8) 383.1 (180.6) 0.07
3 255.6 (130.1)* 285.9 (175.0) 328.1 (138.7) �0.01
4 227.1 (104.5)* 244.9 (117.1)** 323.7 (161.1) �0.01

Serum prolactin concentrations (mIU/L) at each sample time (0, 15, 30, 50
minutes) after venipuncture and catheter placement. Participants are com-
pared by Student’s t -test according to pubertal status and values are expressed
as mean (SD).

Pubertal Development (Pubic Hair): Tanner stage I, less mature; Tanner
stage II–III, intermediately mature; Tanner stage IV–V, more mature.

Pair-wise comparisons p � 0.05: * Less mature versus more mature;
** Intermediate mature versus more mature.

Table 4. Unadjusted and adjusted serum prolactin levels by infant
iron status group

Sample Value
Chronic ID

Group
Comparison

Group p-value

1 unadjusted 332.0 (155.5) 368.3 (198.3) 0.27
2 unadjusted 281.8 (139.8) 343.8 (198.9) 0.03

adjusted 312.3 (97.39) 348.8 (133.3) 0.08
3 unadjusted 257.6 (124.5) 295.8 (161.1) 0.16

adjusted 293.4 (97.00) 297.5 (133.9) 0.84
4 unadjusted 228.9 (119.0) 269.2 (133.5) 0.08

adjusted 265.9 (96.8) 271.7 (133.6) 0.78

Unadjusted and adjusted serum prolactin concentrations (mIU/L) at each
sample time: 1, at venipuncture and catheter placement; 2, 15 minutes; 3, 30
minutes; 4, 50 minutes after venipuncture and catheter placement. Values are
expressed as mean (SD). Unadjusted values are compared by Student’s t-test
according to infant iron status group. Adjusted values are compared by infant
iron status group controlling for propensity score, pubertal stage, and the first
prolactin sample concentration.

515PROLACTIN 10 YEARS AFTER IRON DEFICIENCY



of iron deficiency on the dopamine system in animal studies,
we had hypothesized that children who had chronic ID in
infancy would show elevated serum prolactin levels 10 y later.
The adolescents who had chronic ID in infancy did not show
the predicted pattern. Instead, they demonstrated a more
prompt decline of serum prolactin shortly after venipuncture,
compared with those who had good iron status in infancy.

Dopamine, a central factor in the production, release and
reuptake of prolactin, is the primary direct tonic inhibitor of
prolactin secretion (9,10). Of three major hypothalamic neu-
ronal populations, tuberoinfundibular dopminergic neurons
(TIDA) are considered the primary source of dopamine for
inhibiting prolactin secretion (10). Iron deficiency early in life
in rats has been shown to alter striatal dopamine regulation,
(13,14) but the TIDA system has not been directly studied in
the context of iron deficiency. The hypothalamic-TIDA dopa-
mine system is thought to differ from dopaminergic systems in
other brain areas and there are species-specific differences
(10). However, increased serum prolactin levels and liver
prolactin-binding sites have been observed in iron deficient
rats (16,17).

The potential biologic mechanisms that underlie our find-
ings of altered prolactin regulation years after a period of
chronic iron deficiency are unknown and must be considered
cautiously. If early life iron deficiency affected the TIDA
dopamine system, one might expect decreased dopaminergic
inhibition and higher prolactin levels while iron deficient.
Although we did not demonstrate this in infancy, (7) recent
findings that infants of anemic mothers with or without mal-
nutrition had elevated cord blood prolactin levels provides
support for this mechanism early in life (29). In the present
study, we observed an altered serum prolactin pattern in
response to stressor more than 10 y after ID in infancy. The
pattern is consistent with a swifter response of dopaminergic
inhibition. Decreased DAT number or function, as recently
observed in the striatal system of iron-deficient rats, could
allow extracellular dopamine to accumulate and inhibit pro-
lactin release (14). In addition, chronically high prolactin
levels in infancy might lead to fundamental alterations that
increased the number of TIDA neurons, with a corresponding

increase in prolactin inhibition over time (30). Alterations in
other aspects of prolactin regulation are also possible, (e.g.,
serotonin) (31).

Recent research indicates that early life experiences can
result in fundamental neurobiologic changes. The develop-
ment of CNS regulatory mechanisms for prolactin has been
demonstrated to be dynamic, (32–34) and in one rodent study,
early postnatal enrichment of maternal care (handling) was
associated with lowered serum prolactin response to fearful
situations later in life (35). Studies in humans with mental
health conditions, such as bipolar disorder and bullemia ner-
vosa, have noted blunted prolactin responses after pharmaco-
logic challenge and serum prolactin responses correlated with
the degree of early life trauma. In these conditions, altered
serotonin biology was proposed as the indirect mechanism
leading to altered dopamine and serum prolactin levels
(31,36). Investigations of other neurohormonal systems are
also relevant. Rodent studies of the developing hypothalamic-
pituitary-adrenal axis and the pattern of corticosterone re-
sponse to stress have shown that the timing and duration of
early stressful experiences affects the direction of the stress-
response system long-term, resulting in exaggerated or
blunted corticosterone response patterns (37,38).

There were limitations in evaluating serum prolactin re-
sponses in the children in this study. In infancy, serum pro-
lactin levels did not differ significantly by sex or age (7).
However, as these children entered adolescence, sex and
pubertal stage became important factors as observed by others
(5,39). We statistically controlled for propensity score (which
included sex) and pubertal status, but a stronger design would
be to assess children with more equal distribution by group for
sex and pubertal status. Another important limitation in this
study was that the venipuncture (the stressor of interest) and
the first serum sample occurred simultaneously. Both groups
showed declining prolactin concentrations thereafter indicat-
ing that the peak response in these young adolescents may
have occurred in anticipation of, and during the venipuncture,
in contrast to the initial rise post-venipuncture observed in
adults. It is possible that the chronic ID group subjects had
more anticipatory distress that resulted in a peak serum pro-
lactin response even earlier than the good iron status compar-
ison group. An earlier peak before catheter placement could
explain the differences in decline of serum prolactin over time.
In addition, it is important to recall that more of the chronic ID
group adolescents had been rated as wary and hesitant during
developmental testing in infancy. This raises the possibility of
enduring behavioral differences that might underlie the differ-
ence in serum prolactin response. Future studies could explore
this further by a repeated sampling approach with a stress after
reaching baseline prolactin levels and behavioral measures.
Finally, other factors such as dietary tryptophan intake were
not monitored in these children and might have affected serum
prolactin levels (40).

In summary, serum prolactin levels have not previously
been assessed years after a period of iron deficiency in in-
fancy. Our results show an altered serum prolactin response
pattern in adolescents who had chronic ID in infancy. We
suggest this finding reflects fundamental alterations in the

Table 5. Change in serum prolactin concentrations by infant iron
status group

Iron Status
Group

Mean prolactin
change between

times 2–3 and 3–4

Sample 2–3 p-value* Sample 3–4 p-value*

Chronic ID group 18.8(8.9) 0.04 27.5(10.6) �0.01
Comparison group 51.3(8.6) �0.01 25.8(9.9) �0.01
p-value** �0.01 0.91

Mean difference for adjusted serum prolactin concentrations controlling for
propensity score, pubertal stage, and first prolactin sample concentrations.
Sample times after venipuncture and catheter placement: 2, 15 minutes; 3, 30
minutes; 4, 50 minutes.

* p -value for difference in change for a given time interval within iron
status group.

** p -value for difference in change for a given time interval between iron
status groups.
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regulation of serum prolactin due to effects of early iron
deficiency on the dopamine system.
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