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Abstract

Continuous exposure of non-parturient rats to pups can induce maternal behavior similar in most aspects to that found in the postpartum rat.
Surprisingly, young juvenile rats (20—24 days of age) only require 1-3 days of exposure to pups, while adults require 4-8 days before maternal
behavior emerges. Dopamine (DA) and possibly serotonin (5-HT) may mediate the expression of adult maternal behavior. We hypothesize
that postnatal changes in DA and 5-HT within the neural circuit that supports maternal behavior including the medial preoptic area (MPOA),
medial and cortical amygdala (MCA), and nucleus accumbens (NAC), may underlie these differences in responsiveness across juveniles and
adults. We measured DA, 5-HT, and their metabolites in postmortem samples of these regions in maternal and non-maternal juvenile and
adult females.

The only difference found across behavioral groups was that the MPOA of adults induced into maternal behavior by pup exposure had
more DA than did that of isolated adult females or maternal juveniles. However, when adults versus juveniles were compared, the content
of DA and 3,4-dihydroxyphenylacetic (DOPAC) was higher in the adult than in the juvenile NAC and MCA; the content of 5-HT and
5-hydroxyindoleacetic acid (5-HIAA) in these structures did not vary across the age groups. In contrast, higher levels of 5-HT and 5-HIAA
were found in the MPOA in juveniles compared to adults. We propose that these region-specific age differences in DA and 5HT may underlie
differences in juvenile—adult responses to pups.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction pups before maternal behavior emerges, while surprisingly
young juvenile rats (20-26 days of age) only require 1-3
Maternal behavior in the rat consists of maternal nest days of exposure to pups. This required exposure period
building, and pup directed behaviors including retrieving, increases as the juveniles approach pubjf,43—45,65]
nursing, grooming, and protection from intruders. Parturient These data suggest an intriguing difference in behavioral
females are immediately maternally responsive to their pups.responsiveness across young juveniles and adults.
Less generally known is that fact that female, male, or juve-  Key components of the neural circuit that mediate ma-
nile rats can be induced to express maternal behavior by conternal behavior include the medial preoptic area (MPOA),
tinuous exposure to new born pups provided from parturient the medial and cortical amygdala (MCA), and the nucleus
female foster mothers. The expression of pup-induced ma-accumbens (NAC), along with other limbic and hypothala-
ternal behavior has been studied extensively; it is virtually mic structureg48]. Most of our knowledge of the neural
indistinguishable from hormonally-induced maternal behav- circuit that mediates maternal behavior has been gathered
ior, except that parturient females nurse their pigs,58] from studies using adult animals; much less has been done
Adult rats (>60 days of age) require 4-8 days of exposure to ysing the juvenile. The MPOA is necessary for both the
expression of and motivation to perform maternal behav-
- ) ior [48]. In adults both large and very small lesions in the
*_ Corresponding author. Present address: Center for Behavioral Neuro-MPOA disrupt maternal behavior while in the juvenile or
science, 954 Gatewood Road, N.E., Atlanta, GA 30329, USA. . . .
Tel.: +1-404-727-8269; faxi1-404-727-8070. pubertal rat, only large lesions disrupt the behavior, small
E-mail address: dolazab@emory.edu (D.E. Otzal). lesions do nof36,50,51] Moreover, increased expression of
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immunoreactive c-fos in the MPOA and other components  Our working hypothesis is that the brain regions medi-
of this neural circuit occurs in adults during pup-induced ating maternal behavior in the adult, also mediate maternal
maternal behavior, however, in juveniles c-fos induction behavior in the juvenile, and that postnatal neurochemical
depends upon the age of the juveniles and perhaps on thehanges within these regions may underlie the maturing time
extent of pup exposur4,37,51] suggesting that thisis a course of pup-induced maternal behavior. While it is for-
maturing circuit component. mally possible that maternal behavior in the juvenile might
In the non-maternal adult female, neuronal activity in the be supported by different neural structures or transmitters
MCA inhibits maternal behavior by a mechanism that in- than those that support maternal behavior in the adult, we
volves processing of olfactory cues from the initial exposure know of no data to support this alternative hypothesis.
to pups[20,47,48] The hormones of the peripartum period It has been hypothesized that adult rats, without benefit of
are thought to alter or release this basal inhibition so that the hormones of parturition, require longer exposure to pups
the expression of maternal behavior can occur. Prolongedto become maternal because their initial response to pups is
pup exposure also reduces this basal inhibition allowing the a typical adult neophobic response to novel stimuli, while
onset of pup-induced maternal behavior. Lesions in the me-juveniles are generally less neophobic and affiliate readily
dial amygdala had similar effects in both older juveniles and with pups[18,19,43,45,55,63We hypothesize that postna-
adults, shortening the time of pup exposure needed to in-tal changes within the neural circuit may add a level of in-
duce maternal behavigb1]. The NAC is necessary for re-  hibition to social stimuli, and that this is the fundamental
trieval components of maternal behavior, and for processing difference between the juvenile and adult state. The com-
of pup related stimuli likely to be related to mechanisms of parison of juveniles (20-27 days old) to adults (>60 days)
motivation in the adult, not yet studied in the juverfd]. offers the intriguing view before and after these hypothe-
The scope of our knowledge concerning the neurotrans-sized developmental changes in the inhibitory components
mitters that mediate maternal behavior is limited to a few of the neural circuit occur, and to consider that these two

transmitters and to the adult modéB]. The literature pro- neurotransmitters might be part of the mechanistic basis for
vides the clearest case for a role for dopamine (DA) in the this additional behavioral inhibition.

mediation of maternal behavidb,21,22,25,26,28,49,66] Our goal was to examine the content of dopamine and
Extensive lesions of the dopaminergic syst@5-27]dis- serotonin and their metabolites in juveniles and adults

rupt maternal behavior, and dopamine receptor antagonistswithin the neural circuit that mediates the expression of

infused locally into the NAC inhibited retrieval and lick- maternal behavior. We choose postmortem sampling of

ing components of maternal behavi®9]. These studies tissue punches as our approach so that we could examine

suggest that expression of the behavior requires dopaminemultiple brain areas in juveniles and adults. An alternative,

Increases in DA and DA metabolites, dihydroxypheny- microdialysis would allow measurements in only one area

lacetic acid (DOPAC) and homovanillic acid (HVA), in the at a time. First, the behavioral state of each animal was

extracellular space in the ventral striatum after separatedassessed. Then postmortem tissue analysis was used to

mother rats and pups were reunit@8] suggest a role in  determine, in each individual animal, the amount of these

the motivational components of the behavioral response. neurotransmitters and their metabolites in three different
The exploration of a role for other neurotransmitters in brain regions, the NAC, MPOA, and MCA.

the mediation of maternal behavior is very limited; how- Two specific questions were addressed. Does the amount

ever, there is modest evidence that serotonin (5-HT) may of these neurotransmitters and their metabolites vary with the

be involved. Barofsky et a[2] found that serotonergic le- maternal state of the rat? Is the amount of these substances

sions in the median raphe nucleus caused short-term disrupin these specific regions different in adults compared with

tion in maternal behavior but not the prolactin response with juveniles?

suckling, however, the study does not establish functional

specificity since locomotor impairment was not ruled out.

Ferreira et al[17] found that buspirone (a partial 5-HA 2. Material and methods

agonist) inhibited maternal behavior; however, they did find

reduced motor activity, limiting the specificity of the inter- 2.1. Animal care and subjects

pretation. Microdialysis also showed an increase in the con-

centration of the metabolite for 5-HT, 5-hydroxyindoleacetic =~ The animals were from our colony maintained at the

(5-HIAA), in the ventral striatum when dams were reunited Rutgers University Laboratory Animal Facility in Newark

with pups[28]; perhaps motivational components of mater- which is accredited by the Association for the Accredi-

nal behavior are supported by this system as well. Infusionstation and Assessment of Laboratory Animal Care. They

of cocaine into the NAC or MPOA disrupt adult maternal were Sprague—Dawley strain rats, bred from animals orig-

behavior[74]; suggesting the exact level of DA and possi- inally purchased from Charles River Laboratories (Wilm-

bly 5-HT neurotransmitters is important. Thus, an excess of ington, DE). Additional breeding animals are systematically

these transmitters could be as disruptive as their reductionadded to the colony. Animals are maintained under a 12-h

or absence. light/12-h dark cycle at 22C with ad libitum access to
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food and water. Wood shavings (BETA CHIPNEPCOM, Three behavioral groups were comparable across the two
North Eastern Products Corp., NY) were used to cover the ag€s.

floor of the cages. All procedures followed the standards
approved by the National Institutes of Health Guide for the

Care and Use of Laboratory Animals.

Rats were housed in groups of two until used in the exper-
iments. Then they were housed individually in cages mea-
suring 53cmx 36 cm x 25cm with transparent Plexiglas
walls. Females for the parturient adult experimental group
or as donor mothers to supply foster pups were mated by
our published procedurd86,37,50]

1. Maternal by pup exposure
These were adults or juveniles that became maternal
by pup exposure which were exposed to pups, obtained
from donor mothers, until they showed maternal behavior
on four consecutive days, so that the fourth day of full
maternal behavior was the day of sacrifice.
2. Non-maternal pup exposed
These were adults or juveniles which did not become
maternal with pup exposure. These differ from animals
group 1 only in that they were non-maternal.
3. Social isolates
These were adults or juveniles isolated 1-8 days, and
not exposed to either pups or comparable age siblings.

2.2. Behavioral paradigm

2.2.1. Pup-induction of maternal behavior

Adult virgin or juvenile females were continuously ex-
posed in their home cages to three newborn pups 2—7 daystwo additional groups specific to each age group included
old. Every 24 h these pups were returned to donor mothers
for care and feeding, while other freshly fed pups were sup- 4. Sibling exposed juveniles

plied to the experimental animals. Donor mothers were sep- Juveniles that were exposed to sibling, age-matched
arate from experimenta| groum§8]_ The number of days females, sacrificed on the fourth day of such hOUSing.
of pup exposure needed to induce maternal behavior is also®- Maternal lactating females

called the latency to express maternal behavior. This was These were sacrificed on day 4 postpartum that is 4

calculated as the interval between the first day of pup expo-  days after the onset of maternal behavior at parturition.
sure and the first of the two consecutive days in which the

animals exhibited maternal behavior. Further, details of our 2.4. Brain tissue sample preparation

operational definition of maternal behavior and our behavior

testing paradigm were as previously publistig@,37,50] Rats were decapitated with a guillotine, immediately af-

ter behavioral testing. Sacrifice was during the mid-portion
2.2.2. Time of pup exposure and maternal behavior of the light phase of the light/dark cycle. The brains were
latencies immediately removed from the skull, submerged in cold

All groups exposed to pups were tested daily for maternal phosphate-buffered saline (PBS, pH 7.4C} for 20s, and
behavior. As expected, the average number of days of con-placed ventral side up in a chilled brain mold designed for
tinuous pup exposure required for the emergence of mater-cross sectioning the brain. Sections were made at 1 mm in-
nal behavior was much longer in adults¥@ days, median  tervals; five razor blades were used to cut the cross sections
6 days) than in juveniles (3 + 0.4 days, median 1 day). needed for further dissection of the NAC, the MPOA, and
Maternal groups included only animals that showed all com- the MCA. The first blade was placed in the mold’s division
ponents of maternal behavior and were exposed to pups inparallel to the rostral extent of the optic chiasm. A second
this state for 4 days before sacrifice. Adults induced into the blade was placed 1 mm caudal to it, and the section between
maternal state by pup exposure were, therefore, necessarilylades 1 and 2 contained the MPOA sample. A third blade
exposed to pups on average for#10 day (median 10) total, =~ was placed 1 mm rostral to the optic chiasm, and the sec-
whereas juveniles were exposed fd550.4 days (median5)  tion between blades 1 and 3 was discarded. A fourth blade
total. In order to produce groups of non-maternal juveniles, was placed 3mm rostral to the optic chiasm to obtain a
exposure to pups had to be limited to 1 day, whereas some2-mm-wide section, and this section between blades 3 and 4
adults could be exposed to pupst7l days without being ~ was sampled for the NAC. The last blade was placed 3 mm
induced into the maternal state. For these two non-maternalcaudal to the optic chiasm to obtain a 2 mm wide section,
pup exposed groups, this was a close match of pup exposurdetween blades 2 and 5, which was sampled for the MCA.
to the comparable maternal groups as was possible for theOnce all blades were in place, the sections were cut and

two age groups. then the blades were lifted out in sequence from rostral to
caudal, with the sections adhering to blade.
2.3. Animal groups The selected brain regions were further dissected on the

blade in the order NAC, MPOA, and MCP&2]. A bilateral
Twenty-eight adult females (virgin adult females or par- sample of the NAC was taken using a 12-gauge stainless steel
turient females, 60—100 days old) and twenty seven juvenile tube. The tube was pushed into the NAC immediately medial
females (19-21 days old), were used. Adult virgins were not and adjacent to the anterior commissufg( 1A), and then
classified as to stage of their cycle. withdrawn. When necessary, a thinner tube placed inside the
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12-gauge dissecting tube was used to eject the tissue punch.
The MPOA and MCA were further dissected with a scalpel
by cutting a square and a triangle of tissue, respectively
(Fig. 1B and G. The samples were placed immediately in
small cryogenic tubes, rapidly frozen and stored by emersion
in liquid nitrogen. The complete dissection procedure took
4 min or less from sacrifice to sample freezing.

The total wet weight of the samples for adults and juve-
niles, respectively, was NAC.2+ 0.1 mg and 2+ 0.2 mg;
MPOA 2.940.1 mg and 26+0.2 mg, and MCA 8+0.4 mg
and 76 £+ 0.4 mg.

2.5. Tissue analysis and chromatographic conditions

To begin analysis, the samples were removed from liquid
N2 and kept in dry ice briefly. Samples were wet weighed,
immediately placed in Eppendorf tubes, and homogenized in
a solution of 0.1N HCIQ and 10Q.M EDTA (20 pl/mg of
wet tissue). The homogenate was centrifuged at 15,000 rpm
for 13min. The supernatant from each sample was trans-
ferred to 0.4-ml tubes and stored aB0°C. To measure
DA, DOPAC, HVA, 5-HT, and 5-HIAA content in tissue,
samples (2@ul) were injected into a high-performance lig-
uid chromatography (HPLC) with electrochemical detec-
tion (Antec-Leyden, VT-03 flow cell). The potential of the
working electrode was-600 mV. A reverse-phase column
(Varian, Brownlee, RP-18, Velosepp3n, C18, 100 A) was
used, and a filtered mobile phase containing 3.3 ml of 0.4 M
sodium octyl sulfate, 1 ml of 0.1 M EDTA, 75 ml of MeOH,
and NaAc 13.61g (pH= 4.2) was pumped (LC-10AD VP
Shimadzu) at a flow rate of 0.7 ml/min.

Before processing of the samples, the system was cali-
brated with 2Qul of a standard solution of known concentra-
tion. All neurotransmitters and metabolites were identified
by retention time and quantified based on the peak height.
The detection limit for DOPAC and 5-HIAA was?2 pg; for
HVA, ~50 pg; for DA,~4 pg; and for 5-HT~12 pg. At the
end of the working day a standard solution was again in-
jected to confirm the stability of the system. Dynamax HPLC
Method Manager Maclintegrator version 1.3 (Rainin Instru-
ment Co. Inc., Oakland, CA) was used to process the data.

The HVA content in the MPOA and MCA was not de-
tected in certain individual samples, which reduced ithe
for this metabolite’s samples such that it was not appropri-
ate to run statistical analysis across the four adult or juve-
nile groups. This was also true for DOPAC measurements

Fig. 1. Diagram showing the rostral-caudal extent, location, and relative in the MCA. These specific cases are indicatedables 1

size of the tissue samples taken from the NAC (A), MPOA (B), MCA

and 2 Although the sensitivity of the HPLC was such that

(C). The black circle, rectangle, and triangle show the rostral and caudal ayen low amounts of these metabolites could be detected in

extension of the area of the brain dissected. 3V, third ventricle; ac, anterior
commissure; BIA, basolateral amygdala; CeA, central amygdala; f, fornix;

IcjM, islands of Calleja; LH, lateral hypothalamus; LPOA, lateral preoptic

area; MCA, medial and cortical amygdala; MPOA, medial preoptic area;

NAC, nucleus accumbens; opt, optic tract; ox, optic chiasm; Pir, piriform
cortex; and VP, ventral pallidum.

these two brain regions, other sources of variability in the
method, including the tissue sampling procedures, may have
contributed to this minor limitation on our data yield.

2.6. Data analysis

All neurotransmitter and metabolite amounts were calcu-
lated and expressed as pg/mg wet weight of tissue. When



D.E. Olazabal et al./Brain Research Bulletin 63 (2004) 259-268 263

Table 1

Concentrations of dopamine, serotonin, and metabolites in brain regions of adults
Treatment DA DOPAC HVA 5-HT 5-HIAA

NAC Isolated w/o pupsn = 8) 7419+ 936 1328+ 187 408+ 47 342+ 84 153+ 34
Non-maternal w/pupsn(= 7) 6781+ 1375 1057+ 146 436+ 56 344+ 120 92+ 28
Maternal sensitizedn(= 6) 8542+ 713 1221+ 122 449+ 39 632+ 216 209+ 63
Maternal lactatingr{ = 7) 7598+ 912 1187+ 94 444+ 73 375+ 125 171+ 58

MPOA Isolated w/o pupsn(= 5) 184 + 26 65+ 11 63+11 (1 n.d) 228+ 99 93+ 36
Non-maternal w/pupsn(= 5) 248+ 34 75+ 15 38+ 3 (3 n.d) 100+ 13 74+ 9
Maternal sensitizedn(= 5) 300+ 36* 87 + 12 62+ 14 (2 n.d) 245+ 150 102+ 57
Maternal lactating rf = 8) 218+ 28 63+ 6 66 + 19 (4 n.d) 105+ 22 65+ 12

MCA Isolated w/o pupsr(=7) 198 + 40 46+ 19 (5 n.d) 159 (6 n.d) 32& 93 102+ 40
Non-maternal w/pupsn(= 6) 263+ 96 74+ 12 (3 n.d) 33+ 14 (4 n.d) 408+ 91 165+ 50
Maternal sensitizedn(= 5) 247 £+ 68 62+ 27 187+ 143 (3 n.d) 223+ 59 116+ 27
Maternal lactating rf = 9) 165+ 24 66+ 18 (1 n.d) 136 (8 n.d) 484 127 175+ 43

Data are expressed in pg/mg wet weight (mear&E.M.). n.d., non-detected values.
* P < 0.03 statistically significant with respect to isolated.

Table 2

Concentrations of dopamine, serotonin, and metabolites in brain regions of juveniles
Treatment DA DOPAC HVA 5-HT 5-HIAA

NAC Isolated w/o pupsn( = 4) 4307+ 768 1011+ 87 524+ 68 105+ 56 72+ 39
Non-maternal w/pupsn(= 5) 6453+ 1009 1007+ 82 637+ 112 224+ 104 141+ 68
Maternal sensitizedn(= 6) 6234+ 657 936+ 98 509+ 33 438+ 110 172+ 35
Social fi =4) 6334+ 798 991+ 99 602+ 55 303+ 127 109+ 31

MPOA Isolated w/o pupsn(= 3) 112+ 15 32+ 17 46 (2 n.d) 248+ 79 149+ 18
Non-maternal w/pupsn(= 5) 445+ 194 87+ 22 81+ 20 (1 n.d) 260+ 39 124+ 12
Maternal sensitizedn(= 7) 146+ 21 77+ 17 70+ 16 (2 n.d) 266+ 34 121+ 13
Social fi = 6) 117+ 8 50+ 6 57+ 3 (2 nd) 239+ 39 112+ 20

MCA Isolated w/o pupsr( = 8) 158+ 41 59+ 16 (4 n.d) 66+ 18 (3 n.d) 358+ 33 140+ 21
Non-maternal w/pupsn(= 5) 100+ 16 37+ 6 (2 nd) 69+ 9 (1 n.d) 332+ 89 148+ 42
Maternal sensitizedn(= 8) 125+ 25 50+ 18 (4 n.d) 53+ 3 (6 n.d) 322+ 66 115+ 13
Social fi = 6) 91+20 34+13 (2 n.d) 44+ 9 (4 n.d) 29462 103t19

Data are expressed in pg/mg wet weight (mear&E.M.). n.d., non-detected values.

the data passed Bartlett's test of homogeneity of variance,NAC or the amygdala. Therefore, all the individuals in the
the parametric tests including ANOVA and the post hoc behavioral groups were averaged for comparisons of adults
Fisher protected least significant difference (PLSD) test versus juveniles.
were applied. In only one case, the juvenile MPOA value Inthe NAC, higher amounts of DA-test, P < 0.02) and
for dopamine, the variance was not homogeneous and noDOPAC ¢-test,P < 0.03) were found in adults than in juve-
correction was possible; these comparisons were made withniles Fig. 2). HVA content was substantial in all individuals
non-parametric methods, specifically the Kruskal-Wallis in this brain region, and it was higher in juveniles than in
test followed by the Mann—Whitney test. Adult and juvenile adults ¢-test, P < 0.004). No statistically significant differ-
behavioral groups that were not statistically different from ence was found in 5-HT and 5-HIAA within the accumbens
each other £ > 0.05) were combined within the age cate- between juvenile and adult&if. 2, Tables 1 and R
gories of adults or juveniles, and subsequently the two age In the amygdala, higher amounts of DA were also found
groups were compared liztest, after Bartlett’s test verified  in adults than in juvenilestgest, P < 0.01; Fig. 3). No
that parametric testing was appropriate. statistically significant difference was found in DA metabo-
lites or any 5-HT related values between juvenile and adult
females in this regionFig. 3).
3. Results
3.2. Medial preoptic area
3.1. Nucleus accumbens and medial cortical amygdala
Adults induced into maternal state by pup exposure had
There were no statistically significant differences across higher DA content in their MPOA than did adult isolates
behavioral groups within each age group in samples from the (ANOVA F = 3.286, df. = 2, P < 0.07; post hoc Fisher’s
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Fig. 2. DA, DOPAC, HVA, 5-HT, and 5-HIAA content in the juvenile and
adult NAC. There was higher DA and DOPAC and lower HVA content
in adult compared with juveniles'P < 0.03). Data expressed as pg/mg
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Fig. 3. DA, DOPAC, HVA, 5-HT, and 5-HIAA content in the juvenile
and adult MCA. There was higher content of DA in adults compared with
juveniles (P < 0.01). Data expressed as pg/mg of tissue (me&iE.).
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Fig. 4. Concentration of DA and DOPAC measured by HPLC in the adult
MPOA, across the behavioral groups. There was higher content of DA in
maternal sensitized when compared with isolated femai@&s<( 0.03).

Data expressed as pg/mg of tissue (mesBE.).
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Fig. 5. DA, DOPAC, HVA, 5-HT, and 5-HIAA content in the juvenile

and adult MPOA. There was higher content of 5-HT and 5-HIAA in
juveniles compared with adult$ # < 0.05). Data expressed as pg/mg of
tissue (mear: S.E.).

PLSD, P < 0.026). There were no other statistically sig-
nificant differences in the amount of DA, 5-HT or their
metabolites in the MPOA across the behavioral groups adult
or juvenile Fig. 4 Tables 1 and R

Adult females exhibiting pup-induced maternal behavior
had statistically significantly higher levels of DA than did
juveniles exhibiting pup-induced maternal behavior (300
36 versus 14421 pg/mg wet weight, respectively)dbles 1
and 2 t-test, P < 0.005). There were no other statistically
significant differences across other comparable juvenile or
adult groups.

Regardless of their behavioral group, the juveniles had
statistically significantly higher than 5-HT and 5-HIAA in
their MPOA than did adultsFig. 5, t-test, P < 0.05 and
P < 0.02, respectively).

4, Discussion

We found that the levels of dopamine and serotonin in the
NAC, MPOA, and MCA undergo postnatal developmental
changes as juveniles become adults. The amount of DA and
DOPAC in the NAC and MCA was higher in adults than in
juveniles, while the 5-HT and 5-HIAA in the MPOA were
lower in adults than in juveniles. These results suggest that
higher basal DA activity in the NAC and MCA and lower
basal activity of 5-HT in the MPOA are found in adults
compared with juveniles.

The correlation of these neurochemical changes with our
behavioral findings showing a rapid induction of pup-induce
maternal behavior in juveniles compared to a slow induc-
tion in adults suggests that these changes may support these
behavioral differences. An increased 5-HT activity in the
MPOA and the reduced DA activity in the NAC and MCA
could facilitate interaction with pups in juveniles and the
subsequent fast induction of maternal behavior. It seems,
however, unlikely that such neurochemical changes are only
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related to differences in maternal responsiveness, rather wefound that data points from similar conditions were in agree-
propose that they may underlie more broadly functional dif- ment with Hohn and Wuttkg31] who used pg/mg protein,
ferences in the processing of information or salience from both calculations are valid. The myelin component of the
novel stimuli resulting in the general differences in socia- brain is rapidly developing in juveniles during the second to
bility, and response to novelty found in juveniles compared fourth postnatal weeks, reaching adult levels much [@&er
with adults. Our current behavioral work suggests that juve- By logic, less myelin would result in higher neurotransmitter
niles are generally less neophobic to both novel social andconcentration per mg of tissue in the juvenile. We, however,
object stimuli[63]. These interpretations are further sup- found that either the concentration of serotonin was higher
ported by the fact that DA has been implicated in the me- in juveniles while dopamine was lower, or there were no dif-
diation of the response to novelty, principally acting in the ferences across the ages depending upon the brain region.
NAC [1,3,8,33,56,57,59]and adult response to novelty in- Therefore, differences in myelin cannot be the basis for the
cluding the salience of pup stimuli, has been characterizeddifferences we have documented in juveniles and adults.
as an inhibition or aversive respond&—-20,43,45]

The data additionally show increased DA content in the 4.2. Dopamine increases with maturation
MPOA of adults induced into maternal behavior compared
with both isolated adults and juveniles induced into mater-  We found that dopamine and serotonin levels had different
nal behavior. This suggests that dopamine has a role morepatterns in juveniles compared to adults, and so we will
complex than simple inhibition of these behavioral compo- discuss each neurotransmitter separately. Adults had higher
nents once the system has matured, and that the functiorconcentrations of DA and metabolites than did juveniles in
may vary across different structures in this behaviorally im- the accumbens and amygdala. Our results accord with lower

portant neural circuit. dopamine concentration and turnover rates in the NAC of
20-day-old rats, compared to older rats reported by Hohn and

4.1. Concentration of dopamine and serotonin and Wuttke [31]. Other components of the dopaminergic system

metabolites also differ since adults have a higher density efrBceptors

and DA transporter in the NAC and a lower density of D

Our neurotransmitter and metabolite levels in the adult autoreceptors receptors than juveni#8,67-69,70]
NAC are in good accord with levels reported in prior work Since stimulation of autoreceptors in dopaminergic nerve
[15,34] Less is known about transmitter concentrations in terminals inhibits DA synthesis and release in those termi-
the MPOA and MCA and since some of these data were gath-nals [64,71,75] it is possible that the reduced DA-related
ered using specialized microdialysis it is difficult to com- activity in these brain regions of the juvenile may be mech-
pare data directly29,32,46,54,76]however, our data are in  anistically related to differences in the levels of DA re-
agreement with that of others for the amygdgg@]. Our ceptors and transporters. Indeed mouse models lacking the
dopamine related levels in the MPOA were slightly lower dopamine transporter have a reduction in DA and an increase
than those of Du et al[14] probably since our samples in HVA in the striatum[35].
were slight rostral to theirs, and thus rostral to the somas Possibly a lower density of presynaptic, [dutorecep-
of dopaminergic neurons in the caudal MPOA and the ros- tors in adults could disinhibit DA synthesis, and result
tral anterior hypothalamy41,62] Lonstein, et al[40], also in higher dopamine levels in adults. A higher density of
using HPLC on postmortem samples, found that dopamine DA transporter in adults would increase the re-uptake of
levels in the MPOA change across the peripartum and post-DA reducing the extracellular degradation of DA. This
partum period in correlation with behavioral and parturtional may contribute to a lower concentration of HVA in the
events during a period we did not examine. However, our adult NAC compared with juveniles that we found. Other
data do accord well with several of their other data points, mechanisms such as adult—juvenile differences in the ac-
virgins and lactating females. Since their virgin females were tivity of enzymatic degradation in the extracellular space
at diestrous, and our virgin control isolates were taken at by catechol©-methyltransferase (COMT) and intracellular
random cycle points this suggests that the levels of thesemonoamine oxidase (MAO) may also be involved.
transmitters in the MPOA do not vary substantially across
the cycle. Possibly the additional temporal precision of mi- 4.3. Serotonin decreases with maturation in the MPOA
crodialysis is critical to examine this type of regulation since
others have found that in the female rat, extracellular DA'is  In contrast to higher dopamine levels in two regions in
responsive to hormonal sta?]. adults, we found decreased serotonin levels in adults in a

We considered two methodological issues, the wet weight single region, the MPOA. These data accord with previous
basis of our calculations and developmental differences in reports of higher levels of the 5-HT metabolite 5-HIAA in
myelination, and believe these issues do not limit the use the cerebrospinal fluid in both prepubertal humans and rats
of our data to support our conclusions. In the present study, compared with adultg30,61] Decreased 5-HT and 5-HIAA
all neurotransmitter and metabolite amounts were calculatedcontent in the adult MPOA suggests decreased 5-HT based
and expressed as pg/mg wet weight of tissue, and since weneural activity.
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Key differences between prepubertal juveniles and re- mediate maternal behavior or social responsiveness by act-
productively mature adults are likely to involve changes ing within several of these areas, but the changes in neuro-
that occur during puberty, and that are hormonally driven transmitter content correlated with this naturally occurring
particularly in this brain region. Pubertal changes are, spontaneous behavior or exposure to the natural pup stim-
however, complex and beyond the scope of our focus. ulus is either quantitatively smaller or has a much shorter
However, since 5-HT has been implicated in reproduc- temporal course than we could measure. Perhaps it is not
tive behavior and functiorj2,16,23,72] this juvenile to mechanistically realistic to expect the large changes in these
adult decrease suggests there may be a precise hormonallpeurotransmitter levels found after pharmacological agents
driven set point for these transmitters in adult reproduc- are used in the central nervous system. Instead, modest
tive function and such hormonal events may not yet be and tightly temporally regulated levels of neurotransmitters
occurring in the juvenile. Whether 5-HT changes in the within behaviorally critical regions might mediate such a
MPOA found in the present experiment were dependent on behavioral sequence.
ovarian hormones is not known because all rats had intact The model of DA and 5-HT action in the MPOA in
reproductive organs; however, the MPOA is well known to the mediation of male sexual behavior may inform future
play a critical role in the hormonally dependent maturation studies on maternal behavifi2,13,32,41,53]Particularly
of reproductive neuroendocrine and behavioral functions interesting is the work in the male showing that neural

[4,38,47,73] activity in the medial amygdala enhances levels of extra-
cellular dopamine in the male MPOA and that an intact
4.4, Comparisons across behavioral groups medial amygdala is necessary for both copulatory ability

and DA response in the MPOR.2,13] Our data showing

We found no changes in DA or 5-HT associated with that there are differences in the juvenile versus adult in
pup exposure or the expression of maternal behavior inthe MPOA and amygdala suggest that there may also be
the continuous presence of the pups in the NAC or MCA. similar neurotransmitter based co-ordination across these
Changes in DA release in the NAC are associated with thetwo regions for the regulation of maternal behavior. Such
maternal response to pups upon being reunited with pupsmulti-region data is informative as to how these circuits
[25,26,28] Perhaps only specific behavioral components of might work as a unit to yield their respective complex
responses to pups are under the mediation of dopamine inbehaviors.
these regions, e.g. the motivational components of the be-
havior or the initial pup directed actions which occur at
different time points in the behavioral sequence than we 5. Conclusions
used.

We, like Lonstein et al[40] who was using a different The present study demonstrated that developmental
paradigm, found no changes in 5-HT in the MPOA associ- changes in the DA and 5-HT systems occur between 20 and
ated with pup exposure or expression of maternal behavior.60 days of age in brain regions that participate in the neural
We, like Lonstein et al[40], found no simple correlation be-  circuit that supports maternal behavior in rats. Increased
tween dopamine levels in the MPOA and maternal behavior basal DA activity in the NAC and the MCA, and decreased
in the parturient female at day 4 or 7 postpartum. We did find basal activity of 5-HT in the MPOA may affect the ini-
an increase in DA in the adults that were induced into mater- tial response to pups, delaying the induction of maternal
nal behavior by pup exposure compared to isolated adults.behavior in adults. In addition, these findings suggest that
The maternal juveniles induced by pup stimuli did not show developmental changes in the level of DA and 5-HT recep-
an increase in DA content. This change may not be neededtors may also occur in the MCA and MPOA, respectively,
in juveniles that may be less inhibited, or alternatively, in- as previously found in the NAC. Future studies must exam-
creased DA in adults might be related not to maternal stateine the causality of these changes by using region-specific
but to responses to pup stimuli. Perhaps juveniles exposedadministration of neurotransmitter analogues to determine
to pups for the same time would also have resulted in thesewhether the juvenile state can be induced prematurely to
higher dopamine levels. For example, non-maternal adults,change into the adult behavioral state, or whether the adult
and lactating females exposed to pups for shorter period ofstate can be altered to return to the state in which maternal
time (7+ 1 days and 4 days, respectively) than maternal behavior is more easily induced perhaps by greater positive
adults (10+ 1 day), showed intermediate values for DA in responsiveness to salient novel stimuli.
the MPOA, suggesting that longer pup exposure may con-
tribute to higher DA levels.

While this one data point suggests that DA in the adult Acknowledgements
MPOA may be implicated in the expression of maternal
behavior or responsiveness to pups as stimuli, the general The authors want to thank Mary Antonuccio, William
pattern of results across the behavioral groups suggests arfCobb, Andrew Fisher, and James Zackheim for their help
additional possibility. Perhaps these neurotransmitters doand support during several stages of the present study.
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