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Influence of Naturally Occurring Variations in Maternal Care
on Prepulse Inhibition of Acoustic Startle and the Medial
Prefrontal Cortical Dopamine Response to Stress in
Adult Rats
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In rats, naturally occurring variations in maternal care contribute to the development of individual differences in the behavioral and
neuroendocrine responses to stress during adulthood. The dopamine (DA) projection to the medial prefrontal cortex (mPFC) plays an
important role in mediating stress responsivity and is thought to be involved also in regulating sensorimotor gating. In the present study,
we compared prepulse inhibition (PPI) of acoustic startle as well as the left and right mPFC DA stress responses in the adult offspring of
high- and low-licking/grooming (LG) dams. Our data indicate that the offspring of low-LG animals are impaired on measures of PPI
compared with high-LG animals. We also observed in low-LG animals a significant blunting of the mPFC DA stress responses that was
lateralized to the right hemisphere, whereas in high-LG animals, the left and right mPFC DA stress responses were equally attenuated.
Although mPFC levels of DA transporter did not differ between the two groups of animals, mPFC levels of catechol-O-methyl transferase
immunoreactivity of low-LG animals were significantly lower than those of high-LG animals. These data provide evidence that variations
in maternal care can lead to lasting changes in mPFC DA responsivity to stress and suggest the possibility that such changes in mesocor-
ticolimbic DA function can also lead to deficits in sensorimotor gating.
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Introduction
As adults, rats that received low levels of maternal licking/groom-
ing (LG) during the first week of postnatal life are more fearful in
a novel environment and respond to stressors with more pro-
nounced increases of both adrenocorticotropin and corticoste-
rone levels than do the offspring of high-LG mothers (Liu et al.,
1997; Caldji et al., 1998; Francis et al., 1999). Although variations
in maternal care are known to produce stable, tissue-specific ef-
fects on gene expression in the hippocampus and amygdala
(Meaney, 2001), the effects of such variations on medial prefron-
tal cortex (mPFC) function have yet to be examined. In addition
to its involvement in regulating the behavioral, neuroendocrine,
and autonomic responses to stress (Diorio et al., 1993; Sullivan
and Gratton 1999, 2002, 2003), the mPFC plays a pivotal role in
so-called executive functions. Specialized neurons within the
mPFC are involved in maintaining task-relevant information
“on-line” for brief periods (Fuster, 1997), essential for structur-
ing goal-directed behaviors. Dopamine (DA) plays a modulatory
role here by optimizing the activity of mPFC neurons and the

functions they subserve (Williams and Goldman-Rakic, 1995;
Murphy et al., 1996). Not surprisingly, disorders of higher exec-
utive processes often reflect disruptions in mPFC DA-mediated
function.

Stressors will potently stimulate DA release in the mPFC
(Abercrombie et al., 1989; Doherty and Gratton, 1999). Perhaps
less well known is that the DA inputs to the left and right mPFC
are functionally asymmetric, particularly with respect to stress
responsivity (Slopsema et al., 1982; Carlson et al., 1991, 1993,
1996; Sullivan and Szechtman, 1995; Sullivan et al., 1998; Sullivan
and Gratton, 1998; Andersen and Teicher, 1999; Berridge et al.,
1999; Thiel and Schwarting, 2001). Furthermore, the develop-
ment of such hemispheric asymmetries in mPFC function can be
altered by perinatal factors and the early postnatal rearing envi-
ronment (Denenberg, 1981; Denenberg et al., 1986; Brake et al.,
2000). These findings along with evidence derived from clinical
observations have led to the suggestion that abnormal lateraliza-
tion of mPFC DA-mediated function may increase the vulnera-
bility to a range of stress-related psychopathologies (for review,
see Sullivan and Gratton, 2002). In pursuing this idea, we sought
to determine whether naturally occurring variations in the level
of maternal care might contribute to the development of individ-
ual differences in mPFC DA responsivity to stress during adult-
hood and, if so, whether such differences are lateralized to the left
or right hemisphere. We used voltammetry to monitor the left
and right mPFC DA stress responses in the adult offspring of
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high- and low-LG mothers. Changes in mPFC DA transmission
were also assessed in these animals by comparing levels of the DA
transporter (DAT) as well as the expression of catechol-O-
methyltransferase (COMT).

The mPFC is thought to also play a role in sensorimotor gating
(Swerdlow et al., 2001). Evidence of this comes from studies of
prepulse inhibition (PPI) of the acoustic startle response (ASR), a
coordinated contraction of the skeletal musculature elicited in
response to a loud sound. PPI refers to the attenuated ASR that is
observed when the startling stimulus is immediately preceded by a
weaker, nonstartling tone (Geyer et al., 1990). Impaired PPI is asso-
ciated with several psychiatric disorders involving central DA dys-
function, notably schizophrenia (Geyer et al., 1990, 2001), and in
animals, PPI has been shown to be highly sensitive to treatments that
alter DA transmission, particularly in the nucleus accumbens (Swer-
dlow et al., 1990a,b, 1992; Wan and Swerdlow, 1993; Wan et al.,
1994; Zhang et al., 2000), but also in the mPFC (Bubser and Koch,
1994; Ellenbroek et al., 1996). There is also some evidence that sen-
sorimotor gating, as measured by PPI of the ASR, is sensitive to
variations in early environmental and rearing conditions (Cilia et al.,
2001). Thus, the second objective of the present study was to deter-
mine whether the adult offspring of high- and low-LG mothers differ
on measures of PPI of the ASR.

Materials and Methods
Animals
All procedures were performed in accordance with the guidelines estab-
lished by the Canadian Council on Animal Care with protocols approved
by the McGill University Animal Care Committee. The animals used in
the present study were the male offspring of Long–Evans dams mated in
our animal colony; this allowed us to avoid confounds resulting from the
stress of transporting dams during the prenatal period. After mating, the
dams were housed singly on a standard 12 h light/dark cycle (lights on at
8:00 A.M.) in polycarbonate maternity cages containing bedding and had
ad libitum access to food and water. Cage cleaning began no earlier than
postnatal day 10 (P10). Litters were left otherwise undisturbed with their
respective dams until weaning on day 21, after which the male offspring
from each litter were housed together in groups of three to four per cage
until P45. From P45 onward, animals from each litter were housed in
pairs until testing, which occurred at 3– 4 months of age.

Assessment of maternal behavior
Maternal behavior was assessed using a procedure adapted from that
described previously (Liu et al., 1997; Champagne et al., 2003). The fre-
quency of maternal behaviors was scored on postpartum days 1– 6. Al-
though in the past we typically assessed maternal behaviors on postpar-
tum days 1–10 (Liu et al., 1997; Caldji et al., 1998; Francis et al., 1999), we
have established that limiting the scoring to just 6 d yielded reliable data
that were highly correlated (r � 0.97) with data generated during the
extended assessment procedure (Champagne et al., 2003). Observers
were trained to a high level of interrater reliability (�0.90). Dams were
observed in their home cage and not disturbed for the duration of the 6 d
observation period. Daily observations occurred during five 75 min ses-
sions, three of which were scheduled during the light phase (10:00 A.M.,
1:00 P.M., and 5:00 P.M.) and two of which were scheduled during the
dark phase (7:00 A.M. and 8:00 P.M.). Within each of these sessions,
mothers were scored 25 times (every 3 min) for the presence of LG
behavior (both body and anogenital licking were included). The presence
of arched-back nursing (ABN) was also scored; that is when mothers
were observed nursing their pups in an arched-back posture with legs
extended [for a full description, see Champagne et al. (2003)]. These two
behaviors are not mutually exclusive; in fact, LG behavior is frequent
when the mothers are nursing, especially in an arched-back posture.
Thus, each mother’s LG/ABN frequency score was based on a total of 750
observations (25 observations/session � 5 sessions/day � 6 d � 750
observations/mother) and was expressed as a percentage (number of
LG/ABN occurances/750 � 100).

Pups were designated as belonging to a high- or low-LG litter on the
basis of their mother’s LG/ABN frequency score relative to the cohort’s
mean frequency score and SD. The characterization of each mother’s
behavior thus depends on the size and reliability of the cohort’s data set.
To obtain reliable estimates of individual differences in maternal behav-
ior, we observed cohorts of �40 mothers–litters. The size of the cohort is
constrained by the rating procedure; with sequential observations within
a 3 min period, a well trained observer can accurately rate the behavior of
�40 dams. However, because the birth dates within a cohort are usually
staggered over 2–3 d, observations are more typically conducted on
�25–30 litters at any one time. High-LG mothers were defined as females
whose LG/ABN frequency scores were �1 SD above the cohort mean.
Low-LG mothers were defined as females whose LG/ABN frequency
scores were �1 SD below the cohort mean.

In vivo electrochemistry
Surgery. Separate groups of experimentally naive low- and high-LG rats
were pretreated with atropine sulfate (0.1 mg/kg, i.p.), anesthetized with
sodium pentobarbital (60 mg/kg, i.p.), and placed in a stereotaxic appa-
ratus (Kopf, Tujunga, CA). Animals were implanted with a voltammetric
electrode aimed at ventral sites within either the right or left mPFC. The
coordinates were as follows: anteroposterior, �3.2 from bregma; lateral,
�0.7 mm from bregma; dorsoventral, �4.2 mm below the cortical sur-
face. The animals were also each implanted with an Ag/AgCl reference
electrode and a stainless steel ground wire in the contralateral and ipsi-
lateral parietal cortex, respectively. Miniature pin connectors soldered to
the electrochemical electrode and to the reference and ground wires were
inserted into a plastic strip connector. The entire assembly was secured
with acrylic dental cement anchored to three stainless steel screws
threaded into the cranium. After surgery, the animals were housed indi-
vidually with ad libitum access to food and water and allowed to recover
for at least 4 d.

Electrochemical probe. The electrochemical probes each comprised
three 30-�m-diameter carbon fibers (Avco Specialty Materials, Lowell,
MA) that extended 50 –100 �m beyond the epoxy-sealed tip of a pulled
glass capillary. The exposed fiber bundle was repeatedly coated with a 5%
solution of the ion exchange polymer Nafion (Aldrich, Milwaukee, WI).
This treatment has been shown to promote the exchange of cations
such as DA while impeding that of interfering anionic species, notably
ascorbic acid (AA) and the primary metabolite of DA, 3,4-
dihydroxyphenylacetic acid (DOPAC). Before implantation, electrodes
were calibrated in 0.1 M PBS, pH 7.4, containing 250 �M AA to determine
their sensitivity to DA and their selectivity for DA against AA. Only
electrodes with DA/AA selectivity ratios �1000:1 and a linear response
(r � 0.997) to increasing concentrations of DA were used. The mean
(�SEM) DA/AA selectivity ratio for the electrodes used in the present
study was 3780:1 (�234:1).

Electrochemical measurements. Electrochemical recordings were per-
formed using a computer-controlled, chronoamperometric system
(FAST; Quanteon, Lexington, KY). An oxidative potential of �0.55 V,
with respect to the reference electrode, was applied to the electrode for
100 ms at a rate of 5 Hz. The amplitude of the resulting oxidation current
was digitized and integrated over the last 80 ms of each pulse. Every 10
digitized current measures were summed, displayed on a video monitor
at 2 s intervals, and subsequently converted to molar equivalent values of
DA concentration using the in vitro calibration factor for each respective
electrode. The reduction current generated when the potential was
stepped down to 0.0 V for 100 ms was digitized and summed in the same
manner. With the Nafion-coated carbon fiber electrodes used here and a
sampling rate of 5 Hz, the magnitude of the reduction current flow
produced by an increase in DA concentration is typically 60 – 80% of the
corresponding increase in oxidation current [reduction/oxidation (red/
ox) � 0.6 – 0.8]. Whereas the oxidation of AA is virtually irreversible
(red/ox � 0), that of DOPAC is almost entirely reversible (red/ox �
0.9 –1.0); the red/ox ratios for norepinephrine (NE) and serotonin (5-
HT) are 0.4 – 0.5 and 0.1– 0.3, respectively (Doherty and Gratton, 1992,
1996, 1997).

Electrochemical recordings began 4 d after surgery. The animals were
placed in a recording chamber and connected to the chronoamperomet-
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ric system via a shielded cable and a low impedance multichannel com-
mutator (Airflyte, Bayonne, NJ). A preamplifier configured as a current–
voltage converter (gain � 1 � 10 8) was connected directly into the
animal’s head assembly to minimize electrical interference. On each of
three consecutive once daily sessions, stable baseline recordings were
obtained for 40 min, after which animals were stressed by placing a
wooden clothespin 2 cm from the base of the tail for 15 min. Recordings
were performed until the electrochemical signal returned to prestress
levels.

Histology. At the conclusion of the experiment, animals were deeply
anesthetized with sodium pentobarbital (75 mg/kg, i.p.) and perfused
transcardially with 0.9% saline, followed by a 10% formalin solution. The
brains were stored in 10% formalin and subsequently cryoprotected in a
30% sucrose–formalin solution before being sliced. Electrode tip place-
ments were confirmed from 40 �m thionin-stained coronal sections.

Electrochemical data format and analysis. Because of the inherent dif-
ferences in sensitivity between Nafion-coated electrodes, in vivo changes
in oxidation current recorded with different electrodes (in different an-
imals) cannot be assumed to be equivalent. Thus, valid comparisons are
possible only if the sensitivity of each electrode is calibrated against a
standard and the electrochemical data are expressed as standard equiva-
lent values. In the present study, DA was used as the standard to calibrate
electrode sensitivity. Accordingly, in vivo changes in oxidation current
are expressed as micromolar equivalent values of DA concentration. Av-
eraged data are presented as micromolar DA equivalent changes in elec-
trochemical signal relative to the signal level at the onset of the stress
period (time 0). Because the record at time 0 was the reference point for
changes in electrochemical signal that followed, it was given a value of 0.
A value of 0 �M, therefore, is not meant to correspond to the absolute
concentration of extracellular DA. Rather, the data reflect relative
changes in the DA signal elicited by stress. Statistical comparisons of
group differences were based on the amplitude of electrochemical signal
increases taken at 5 min intervals from onset of tail-pinch stress. The
electrochemical data were analyzed using a four-way mixed factorial
ANOVA with hemisphere (left or right mPFC) and maternal care (high-
vs low- LG) as between-subject factors and test day (days 1–3) and time
from stress onset as within-subject factors. When indicated, post hoc
analyses were conducted using Tukey’s honestly significant difference
(HSD) test.

Acoustic startle and PPI
PPI of the ASR was studied in naive 3- to 4-month-old high- and low-LG
animals using a commercially available system (SR-LAB; San Diego In-
struments, San Diego, CA). The system comprised two sound-
attenuating chambers, each equipped with a cylindrical Plexiglas animal
enclosure (length, 16 cm; inner diameter, 8.2 cm). Ventilation was pro-
vided by a small electric fan, which also generated a 70 dB background
noise. Broadband tone pulses were presented by a speaker positioned 24
cm directly above the animal enclosure. A piezoelectric accelerometer
affixed to the animal enclosure frame was used to detect and transduce
motion resulting from the animals’ response. Tone pulse parameters
were controlled by a microcomputer using a commercial software pack-
age (SR-LAB) and interface assembly that also digitized (0 – 4095), recti-
fied, and recorded stabilimeter readings.

Animals were placed in the Plexiglas enclosure and allowed to accli-
matize to the environment for 5 min before being tested during 37 dis-
crete trials. On the first two trials, the magnitude of the startle response to
a 50 ms duration, 120 dB tone was measured. These first two startling
tones were presented to habituate the animals to the testing procedure
and thus were omitted from the data analysis. On the subsequent 35
trials, the startle tone was either presented alone or 100 ms after presen-
tation of a 30 ms duration prepulse. Prepulse intensity ranged from 3 to
15 dB above background noise (73– 85 dB) and was varied randomly
between trials in 3 dB steps. Measures were taken at each of the five
prepulse intensities on five trials; animals were randomly presented with
the startle tone alone during the other 10 trials. The same stimulus con-
dition was never presented on more than two consecutive trials. The
interval between each trial was programmed to a variable time schedule
with an average duration of 15 s (range, 5–30 s). A measure of startle

response amplitude was derived from the mean of 100 digitized data
points collected from stimulus onset at a rate of 1 kHz. Prepulse effec-
tiveness in suppressing the startle response was expressed as a percentage
based on the mean amplitude of responses to the startle tone alone (n �
10) relative to those recorded under the five prepulse conditions (n �
5/condition) where %PPI � 100 � (startle preceded by prepulse/startle
alone) � 100%.

Quantitative autoradiography
Tissue used for DAT autoradiography was taken from separate groups of
experimentally naive animals (n � 7– 8/group). At 3– 4 months of age,
animals were decapitated, and the brains were rapidly removed, frozen in
isopentane, and stored at �80°C. Brains were sliced at the level of the
mPFC in serial 16 m coronal sections, which were mounted on glass
slides (two sections per slide), dessiccated under vacuum at 4°C over-
night, and then stored at �80°C. Sections were preincubated for 20 min
in ice-cold 50 mM Tris HCl buffer, pH 7.0, containing 120 mM NaCl.
Total binding was measured from four sections incubated for 60 min in
the same ice-cold buffer with 10 nM [ 3H]-N-[1-(-2-benzo(b)thio-
phenyl)cyclohexyl]piperidine (DuPont NEN, Boston MA), a specific
DAT ligand (Kd of 0.9 nM for the high-affinity DA uptake site) (Vignon et
al., 1988; Katz et al., 2000). Nonspecific binding was determined from
two adjacent sections by adding 1 �M GBR12935 to the binding buffer.
Sections were subsequently washed in ice-cold buffer (4 � 5 min each),
rinsed in ice-cold distilled water, and left to dry overnight. Brain sections
were apposed to tritium-sensitive Hyperfilm (Amersham Pharmacia
Biotech, Toronto, Ontario, Canada) alongside microscale calibrated tri-
tium standards (Amersham Pharmacia Biotech) for 7 d. Autoradiograms
were analyzed with a computerized image-analysis system (MCID-M4;
Imaging Research, St. Catherine’s, Ontario, Canada), and binding den-
sities were converted to femtomoles per milligram of protein based on
the tritium standard calibration and the specific activity of the ligand. For
each animal, specific DAT binding was calculated by substracting the
average nonspecific binding (n � 2 sections/animal) from the average
total binding (n � 4 sections/animal). Group differences in mPFC DAT
binding were analyzed for statistical significance using Student’s t test.

COMT Western blotting
Separate groups of experimentally naive animals (n � 6/group) were
decapitated at 3– 4 months of age. The brains were removed rapidly, and
the mPFC was dissected, frozen in isopentane, and stored at �80°C.
Protein concentration of homogenized tissue was measured by the BCA
method (Pierce, Rockford, IL). Equal amounts of protein were separated
by NuPAGE Novex Bis-Tris gels (Invitrogen, Burlington, Ontario, Can-
ada) electrophoresis and transferred to nitrocellulose membranes (Am-
ersham, Arlington Heights, IL). The membranes were blotted using
mouse anti-COMT monoclonal antibody (1:1000; catalog #611970; BD
Biosciences PharMingen, San Diego, CA). COMT immunoreactivity was
revealed by incubation with a goat/anti-mouse horseradish peroxidase-
linked IgG (1:4000) and the ECL immunoblotting detection system (Am-
ersham Biosciences, Arlington Heights, IL). A monoclonal antibody gen-
erated against tubulin (1:8000 dilution; Sigma, St. Louis, MO) was used
for reblotting the membrane to control for loading errors. The COMT
and tubulin bands were quantified by computerized densitometry
(MCID-M4; Imaging Research). The results showed that the mean
mPFC levels of the 24 kDa COMT isoform were significantly higher in
the offspring of high-LG mothers (mean relative optical density �
SEM � 1.2 � 0.1) than in the offspring of low-LG mothers (0.85 � 0.1;
p � 0.01). Thus, additional animals (n � 3/group) were used to deter-
mine whether these group differences might be lateralized to one hemi-
sphere. The brains of these animals were removed rapidly, and the right
and left mPFC were dissected and protein and COMT levels were mea-
sured as described above.

The data were analyzed for statistical significance using a three-way
ANOVA with maternal care (high- vs low-LG) as between-subject factors
and COMT isoform (24 kDa vs 28 kDa) and hemisphere (left vs right
mPFC) as within-subject factors.
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Results
Maternal behavior
As reported previously by Champagne et al. (2003), we observed
a stable normal distribution in the frequency of LG/ABN in the
cohort of animals used in the present study. There was a signifi-
cant difference in the LG/ABN frequency scores of high-LG
(mean � SEM, 13.7 � 0.1%) and low-LG (7.8 � 0.2%) dams
(Student’s t test � 22.7; p � 0.0001). Such frequency scores are
comparable with those observed among the cohorts of animals
tested in our group since 1998 (high-LG, 14.7 � 1.3%; low-LG,
7 � 1.1%).

mPFC DA response to stress
Only data from animals with histologically confirmed electrode
placements within the left or right mPFC (ventral prelimbic/dor-
sal infralimbic) were included in the statistical analysis (Fig. 1).
Animals were also excluded from the analysis when tail-pinch
stress failed to elicit a short-latency increase in electrochemical
signal or when the red/ox ratio of a stress-induced increase in
electrochemical signal was �0.5; in the present study, the mean
(�SEM) red/ox ratio at the peak of the stress response was 0.68
(�0.03). A total of 26 animals met the above criteria (high-LG:
left mPFC, n � 7; right mPFC, n � 6; low-LG: left mPFC, n � 8;
right mPFC, n � 5).

As can be seen in Figure 2, stress elicited significantly greater
mPFC DA signal increases in the offspring of low-LG mothers
than in their high-LG counterparts (time � maternal care �
hemisphere interaction: F(1,12) � 1.969; p � 0.027). The most
pronounced group differences in the mPFC stress response were
observed in the left hemisphere, where stress-induced increases
in DA signals were significantly greater than in the right mPFC
(time � hemisphere interaction: F(1,12) � 6.729; p � 0.001). Sub-
sequent analysis indicated, however, that this was the case only in
low-LG animals; in high-LG animals, stress responses in the left
and right mPFC did not differ. Post hoc analyses confirmed that,
in the left hemisphere, the magnitude of the mPFC DA stress
responses was greater in low-LG animals than in high-LG animals
on all three test days (Tukey’s HSD; p � 0.05). Although the
difference was not as great as in the left mPFC, analysis of simple
effects did reveal that the right mPFC DA stress responses were
significantly greater in low-LG animals than in high-LG animals
(F(1,9) � 8.235; p � 0.018).

The main drawback of voltammetry is that it does not provide
sufficient information to unequivocally identify the electroactive

species responsible for the recorded changes in oxidation current.
The most problematic species is AA because its basal extracellular
concentration is higher than that of DA and because stress has
been reported to elevate (striatal) levels of AA (Miele et al., 1994).
Repeatedly coating the electrode surface with Nafion is one of
several procedures that has been shown to substantially reduce
contributions by AA and other anionic species, including the DA
metabolite DOPAC (Gerhardt et al., 1984; Nagy et al., 1985; Bra-
zell et al., 1987; Crespi and Mobius, 1992). The electrodes used in
the present study had a mean (�SEM) DA/AA selectivity ratio of
3780:1 (�234:1); thus, the Nafion treatment would significantly
reduce a potential contribution of AA to the increases in signal
reported here.

Information on the identity of the predominant electroactive
species can be derived by comparing the magnitude of the in-
crease in reduction current to that of the increase in oxidation
current. In the present study, stress elicited increases in reduction
current, the average (�SEM) peak amplitude of which was 68 �
3% (red/ox � 0.68 � 0.03) of the corresponding increase in
oxidation current. At the sampling rate used (5 Hz), such high
levels of reduction current rule out increases in levels of AA (red/
ox � 0 – 0.1) as the cause for the stress-induced signal increases
reported here. However, the oxidation of DOPAC, like that of
DA, is a highly reversible reaction; the current generated during
the reduction of DOPAC is close to 100% of the current gener-
ated during its oxidation. Thus, the red/ox ratios of DA and
DOPAC are sufficiently similar as to preclude a clear dissociation
on the basis of this criterion alone. If there was a significant con-
tribution of DOPAC though, it is unlikely to have occurred at any
time soon after onset of the stress period; increases in extracellu-
lar DOPAC (and other metabolites) levels occur more gradually
and are delayed relative to increases in DA levels. In the present
study, electrochemical signals typically increased within 1–2 min
after onset of stress, and these continued to rise steadily to peak
�10 min later; signals would start to decline gradually at or close
to the end of the 15 min stress period. Had DOPAC, rather than
DA, been the predominant species detected by the electrode, in-
creases in electrochemical signal would have been expected to
peak later and would have remained elevated considerably longer
after stress (for example, see Venator et al., 1999). Thus, it seems
unlikely that the relatively rapid increases in signal seen in re-
sponse to the stressor can be ascribed to the slow extracellular
accumulation of DOPAC that follows from increased DA efflux.

The relatively high red/ox ratios observed in the present study
would rule out, however, an increase in 5-HT or of its metabolite
5-hydroxyindoleacetic acid as the cause for the stressor-induced
increases in signal, because the red/ox ratios of both compounds
(0.1– 0.2) are considerably lower than that of DA. Ruling out a
contribution of NE on the basis of red/ox ratios is more difficult,
because its reduced form (red/ox � 0.4 – 0.5) is almost as readily
detected as that of DA. This and the fact that stress will stimulate
NE release in the mPFC (Rossetti et al., 1990; Nakane et al., 1994)
raises the possibility that NE might have contributed to the stress-
induced increases in electrochemical signal reported here.

PPI of the ASR
The amplitude of the startle response to the 120 dB tone pre-
sented alone was measured on 12 occasions. The startling tone
was presented twice at the beginning of the test session to habit-
uate the animals to the testing conditions. The subsequent 10
startling tones were presented randomly during the session and
were used to calculate prepulse effectiveness in inhibiting the
startle response. Figure 3A shows that the high- and low-LG

Figure 1. Representative tissue damage produced by electrochemical probe implantation in
the right mPFC. The filled circles represent the distribution of electrode placements in the left
and right mPFC of high- and low-LG animals included in the analysis of DA stress responses.
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groups of animals did not differ significantly in their response to
these 10 startling tone presentations ( p � 0.05; Student’s t test);
this rules out the possibility that group differences on PPI reflect
differing responsivities to the startling tone. However, as can be
seen in Figure 3B, the startle response to the first tone presenta-
tion of the session was significantly greater in the low-LG off-
spring than in the high-LG animals (Student’s t test; p � 0.048).
However, by the second tone presentation, this group difference
had dissipated below statistical significance levels ( p � 0.075;
Student’s t test).

The PPI data are presented in Figure 3C. These show that,
overall, the prepulse was less effective in attenuating the startle
response of low-LG animals than that of their high-LG counter-
parts. This was confirmed by the statistical analysis that revealed
significant main effects of maternal care (F(1,25) � 3.94; p � 0.01)
and of prepulse intensity (F(1,4) � 71.05; p � 0.0001) as well as a
significant interaction of maternal care and prepulse intensity

(F(4,25) � 3.94; p � 0.01). Post hoc analyses
revealed that the difference between the
high- and low-LG groups of animals was
significant at the lowest prepulse intensity
(Tukey’s HSD; p � 0.01); whereas the 3 dB
prepulse attenuated the startle response of
high-LG animals by �30%, it had no effect
on the startle response of low-LG animals.

mPFC DAT and COMT levels
There were no differences in mPFC DAT
binding levels between high-LG (mean �
SEM � 42.5 � 6.2 fmol/mg) and low-LG
(47.5 � 3.5 fmol/mg) animals (Student’s t
test � �0.72; p � 0.48). Analysis of the
Western blot data, however, revealed a sig-
nificant two-way interaction between ma-
ternal care and the COMT isoform (Fig. 4)
(F(1,16) � 11.83; p � 0.01); post hoc analysis
revealed that levels of the 24 kDa COMT
isoform were significantly higher in
high-LG animals than in low-LG animals
(Tukey’s HSD; p � 0.01). There was no
effect of hemisphere nor of a maternal care
by hemisphere interaction on mPFC levels
of either COMT isoform.

Discussion
mPFC DA response to stress
Overall, mPFC DA stress responses were
stronger and longer-lasting in low-LG an-
imals than in high-LG animals. This group
difference, however, was more pro-
nounced in the left hemisphere, where the
peak DA stress responses of low-LG ani-
mals were two to three times greater than
those of high-LG animals. There are two
additional features of the present data that
need to be considered here. The first con-
cerns the group differences in hemispheric
biases of the mPFC DA stress responses.
Although stress-induced activation of
mPFC DA was heavily biased toward the
left hemisphere in low-LG animals, no ev-
idence of any such bias was observed in
high-LG animals. Thus, whereas stress ac-
tivated DA transmission in low-LG ani-

mals more strongly in the left mPFC than in the right mPFC, in
high-LG animals it did so equally in both hemispheres. This is a
potentially important observation, given that such symmetric
left–right mPFC DA stress responses are also seen in “normal”
control animals (i.e., animals that were born and reared under
standard animal facility conditions) [for examples, see Brake et
al. (2000), their Fig. 2, and Stevenson et al. (2003), their Fig. 3A].
The second point concerns group differences in the relative mag-
nitude of the mPFC DA stress responses. When compared with
the normal control animals of our previous studies, both the left
and right mPFC DA stress responses of high-LG animals are no-
ticeably smaller and shorter-lasting; whereas peak mPFC DA
stress responses ranging from 0.16 to 0.22 �M were recorded in
high-LG animals, they typically ranged from 0.42 to 0.75 �M in
the control animals of our previous studies. Thus, when com-
pared with normal control animals, the left and right mPFC DA

Figure 2. Mean � SEM increases in DA signals recorded in the left and right mPFC of high- and low-LG animals in response to
each of three consecutive once daily exposures to tail-pinch stress. The length of the horizontal bar corresponds to the duration of
the stress period. *p � 0.05.
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stress responses of high-LG animals appear to be equally attenu-
ated. This is not the case of low-LG animals. With peak increases
ranging from 0.52 and 0.72 �M, the left mPFC DA stress re-
sponses of low-LG animals are remarkably similar in magnitude
to those typically seen in the left mPFC of normal control ani-
mals. Where low-LG animals differ markedly from control ani-
mals is in the right mPFC. Here, the DA stress responses of
low-LG animals (range, 0.22– 0.26 �M) are only 30 – 40% of those
observed in normal controls. It would appear then that low-LG
animals deviate from the “norm” in that their right mPFC DA
stress response is greatly attenuated. Thus, taken together with
our previous findings, the present data indicate that exposure to
above average levels of maternal care leads to a symmetric (bilat-
eral) dampening of the mPFC DA stress responses, whereas an
asymmetric (right-sided) dampening of mPFC DA stress respon-
sivity results from below average levels of maternal care.

Impaired mPFC function, particularly when it is lateralized to
the right hemisphere, has been linked to a number of stress-
related pathologies (for review, see Sullivan and Gratton, 2002).
In animals, right-sided mPFC DA activity is associated with re-
sponding to novel stressful environments (Berridge et al., 1999),
anxiolytic behavior in the plus maze (Andersen and Teicher,
1999), protection from stress ulcer pathology (Sullivan and
Szechtman, 1995), and escape performance after exposure to un-
controllable shock (Carlson et al., 1993). In humans, electroen-
cephalographic (EEG) studies reveal that right frontal biases are
associated with negative emotional states and affective styles (Da-
vidson, 1998). Left-biased frontal EEG asymmetry is associated

with approach behaviors and positive affect, whereas right-sided
biases are linked to withdrawal and defensive behavior. Neuro-
imaging studies show that the right ventromedial mPFC is closely
correlated with negative affect (Zald et al., 2002). Moreover, al-
terations in autonomic function and cognitive– emotional pro-
cessing resulting from insult to the ventromedial mPFC appear to
be accounted for almost exclusively by right hemisphere damage
(Tranel et al., 2002). Taken together, not only is the mPFC intrin-
sically lateralized with respect to stress and emotion regulation,
but at least one of its major afferent systems is similarly lateralized
to optimally modulate this cortical regulation.

It is unlikely that altered DA uptake contributed to the group
differences in mPFC DA stress responsivity, because mPFC DAT
binding levels in high- and low-LG animals were comparable.
Likewise, we found no differences in D1- or D2-like receptor
binding in the mPFC as a function of maternal care (P. Chrétien
and A. Gratton, unpublished data). Note, however, that such
findings do not necessarily preclude the possibility of alterations
in DA receptor function. Although the DAT does not appear to be
involved, differing mPFC levels of COMT might explain at least
some of the group differences in the mPFC DA stress response.
COMT is a postsynaptic enzyme that methylates DA and, in the
mPFC, appears to be the primary mechanism by which extracel-
lular DA is inactivated (Elsworth et al., 1987; Matsumoto et al.,
2003). Studies in humans suggest that a functional polymor-
phism (Val 158Met) in the COMT gene is associated with altered
performance on mPFC-mediated cognitive tasks (Egan et al.,
2001). Variants in the COMT gene may be associated with sus-

Figure 3. A, Mean (�SEM) amplitude of the 10 ASRs of high- and low-LG animals during no
prepulse trials of PPI tests. B, Mean (�SEM) amplitude of the two ASRs of high- and low-LG
animals during the habituation phase of PPI tests. *p � 0.05. C, Mean (�SEM) percentage of
PPI of the ASRs of high- and low-LG animals as a function of increasing prepulse intensity
(decibels above background). **p � 0.01.

Figure 4. Mean (�SEM) levels of the 24 and 28 kDa isoforms of COMT in the left and right
mPFC of high- and low-LG animals. **p � 0.01.
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ceptibility for schizophrenia (Goldberg et al., 2003; Tunbridge et
al., 2004), which involves altered DA activity in the mPFC. It is
worth noting also that deficits in sensorimotor gating are also
seen in schizophrenic patients, in whom impaired PPI correlates
with core cognitive symptoms (Light and Braff, 1999).

With higher levels of COMT, extracellular DA would presum-
ably be degraded more rapidly resulting in smaller, shorter-
lasting DA stress responses. Thus, the finding that left and right
mPFC levels of COMT in high-LG animals were equally elevated
(relative to low-LG animals) would be consistent with the sym-
metric bilateral attenuation of the DA stress responses seen in
these animals. This explanation, however, could not account for
the data of low-LG animals. Given the strong leftward bias of the
mPFC DA stress responses in these animals, one would expect to
find hemispheric asymmetries in mPFC COMT levels as well (i.e.,
relatively higher COMT levels in the right hemisphere than in the
left hemisphere). This was not the case. In low-LG animals, left
and right mPFC COMT levels were equally reduced relative to
those of high-LG animals. Although relatively lower COMT lev-
els might arguably have contributed to enhance the DA stress
response in the left mPFC of low-LG animals, it cannot account
in any obvious way for the blunted DA response seen in the right
mPFC of these animals. Clearly, other mechanisms are involved
here.

At present, we can only speculate as to what these might be.
One likely candidate would be the NE input to the mPFC, which
is known to be activated by stress (Finlay et al., 1995) and appears
to regulate DA-mediated function through a variety of mecha-
nisms. In the mPFC, for instance, DA uptake appears to be me-
diated as much, if not more, by the NE transporter (NET) than by
the DAT (Wayment et al., 2001). Thus, there is a distinct possi-
bility that some of the group and hemispheric differences in the
mPFC DA stress responses reported here reflect, at least in part,
alterations in NET levels. Another potentially important mecha-
nism involves the subpopulation of mPFC DA-sensitive glutama-
tergic neurons that send, by way of the corpus callosum (and
perhaps the anterior commissure), direct, topographically dis-
tributed projections to the opposite mPFC where they synapse
primarily on GABA neurons (Carr and Sesack, 1998, 2000). Al-
though the circuitry remains to be fully elucidated, these callosal
projection neurons are very likely involved in interhemispheric
modulation of mPFC DA stress responsivity. Evidence of this has
been reported in a study by Carlson et al. (1996), who showed
that unilateral 6-OHDA lesions to the right mPFC will not only
reduce DA content in the ipsilateral mPFC but will also result in
a significant increase of DA levels in the contralateral mPFC.
Furthermore, Sullivan and Szechtman (1995) showed that sub-
cortical DA transmission is enhanced in animals with unilateral
DA-depleting lesions to the right mPFC but not in animals with
either bilateral or unilateral left mPFC lesions. Whether hemi-
spheric asymmetries in mPFC DA function lead to, or emerge as
a consequence of, altered development of interhemispheric col-
losal neurons remains to be explored (for review, see Lent and
Schmidt, 1993). The important point here is that excessive hemi-
spheric asymmetry in mPFC DA stress responsivity, such as was
seen in low-LG animals, would not only have direct effects on the
activity of ipsilateral mPFC neurons but also indirectly affect the
activity of contralateral mPFC neurons. The implicit assumption
here is that vulnerability to stress-related disorders increases with
abnormal or excessive lateralization of mPFC DA-mediated
function.

The DA projection to the mPFC has a protracted period of
maturation that persists well into the pubertal period (Andersen

et al., 2000; Andersen, 2003). Not surprisingly, numerous early
developmental perturbations have been shown to have lasting
effects on mPFC function. As adults, rats exposed to prenatal
stress are more fearful and show lateralized changes in mPFC DA
function (Fride and Weinstock, 1988). Maternal separation and
social isolation result in abnormally high synaptic density within
the infralimbic (IL) cortex (Ovtscharoff and Braun 2001), as well
as significantly altered densities of DA and 5-HT fibers through-
out the mPFC (Braun et al., 2000). Early social isolation also
results in decreases in basal DA turnover, selectively within the IL
cortex (Heidbreder et al., 2000). Postnatal handling stimulates
the development of cerebral lateralization (Denenberg, 1981;
Denenberg et al., 1986). Interestingly, postnatal handling, which
increases maternal licking and grooming (Lee and Williams,
1975; Liu et al., 1997), results in significantly reduced synaptic
density in the IL cortex compared with nonhandled controls
(Ovtscharoff and Braun, 2001), which may in part account for the
reduced anxiety and high exploration typically displayed by neo-
natally handled animals. A recent magnetic resonance imaging
study has confirmed in monkey the impact of early rearing con-
ditions on mPFC function, showing that maternal separation
results in a significant enlargement of the ventromedial mPFC,
which is entirely lateralized to the right hemisphere (Lyons et al.,
2002). These findings underscore the potential importance of
maternal care and early social influences for the development of
the mPFC DA function and the regulation of cognitive– emo-
tional states in response to stress. The results of the current study
suggest such systems are responsive not only to abnormal rearing,
such as prolonged maternal separation, but also to natural vari-
ations in maternal care.

PPI of the ASR
PPI of the ASR was found to be impaired in low-LG animals but
not in their high-LG counterparts, suggesting that sensorimotor
gating is sensitive to variations in early postnatal maternal care.
Similar conclusions have emerged from several other studies in-
volving manipulations of early postnatal rearing conditions (El-
lenbroek et al., 1998; Ellenbroek and Cools, 2000, 2002; Cilia et
al., 2001). The direct link between maternal care and PPI is rein-
forced with the findings that among rats reared artificially, with
no maternal contact, tactile stimulation applied by stroking pups
influences the development of PPI: increased stroking, which is
considered as a surrogate form of LG, enhances PPI (Lovic and
Fleming, 2004). However, in at least one recent study, PPI was
reported to be unaffected by early postnatal handling and isola-
tion (Pryce et al., 2001). The reasons for this discrepency are not
immediately apparent, and there are sufficient procedural differ-
ences between the two studies to preclude direct comparisons.
Although adult, postnatally handled animals can display the core
characteristics of high-LG animals, it is not at all clear that the
same can be said of postnatally isolated animals and low-LG an-
imals. There are marked strain differences on measures of PPI
(Conti et al., 2002), and this too may have contributed to the
discordance between the data obtained here using Long–Evans
rats and those reported by Pryce et al. (2001) using Wistar rats.
Some of the inconsistency may be related to the fact that the
effects of maternal care on PPI reported here were subtle. Al-
though others have reported similar findings (Ellenbroek et al.,
1995), we can only speculate as to the reason why PPI in low-LG
animals was impaired only at the low prepulse intensity. One
interpretation might be that different mechanisms mediate the
effects of low and high prepulse intensities and that the weak
prepulse-sensitive mechanism is specifically impaired in low-LG
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animals. Alternatively, it may be the case, as suggested by Ellen-
broek et al. (1995), that group differences in PPI are gradually
masked or “washed out” with increasing prepulse intensities. If
nothing else, the present finding underscores the importance of
testing prepulse effectiveness over a range of intensities.

Our data also suggest that, intially at least, low-LG animals
were hyperresponsive to the startling tone, in that the ASR to the
first tone presentation was greater in low-LG animals than in
high-LG animals. However, this difference had dissipated by the
second tone presentation, although there was an overall trend of
a stronger ASR in low-LG animals as reported previously (Caldji
et al., 1998). It could be argued that reliable group differences in
the ASR might have been uncovered had we tested a range of
startling stimulus intensities. Be that as it may, the critical point
here is that the ASR of high- and low-LG animals were compara-
ble, thus precluding the possibility that measures of PPI were
confounded by group differences in the ASR. In support of this,
we found no correlation between prepulse effectiveness and the
magnitude of the ASR, confirming the independence of PPI from
the ASR (Ellenbroek et al., 1999; Koch, 1999, Swerdlow et al.,
2001).

A number of brain regions and pathways have been implicated
in the circuitry regulating sensorimotor gating as measured by
PPI (for review, see Swerdlow et al., 2001). Of these, the DA
projections to the nucleus accumbens and mPFC figure promi-
nently. Local applications of the D1-like receptor antagonist SCH
39166 or of the D2-like receptor antagonist sulpiride into the
mPFC produce a dose-dependent impairment of PPI (Ellenbroek
et al., 1996). It should be noted, however, that an indirect conse-
quence of impaired mPFC DA transmission would be to enhance
subcortical DA transmission (Vezina et al., 1991; Doherty and
Gratton, 1996), and this too would be expected to impair PPI
(Swerdlow et al., 1992). Equally important is the fact that im-
paired PPI has also been observed after local mPFC D1 receptor
activation (Arnsten, 1997), suggesting that mPFC-mediated reg-
ulation of sensorimotor gating requires an optimal level of DA
transmission; impaired function can arise from either too much
or too little DA activation. Indeed such an inverted U-shaped
function for DA on mPFC-mediated working memory perfor-
mance is found in both monkeys and rats: excessive or deficient
D1 receptor activation produces impairments in both species
(Sawaguchi and Goldman-Rakic, 1991; Arnsten and Goldman-
Rakic 1998; Seamans et al., 1998).

Although it remains to be established empirically, there is
reason to suspect that the impaired PPI observed in low-LG ani-
mals may be related, at least indirectly, to the lateralized right-
sided blunting of the DA stress response seen in these animals.
Previous reports that subcortical DA transmission is enhanced
after right but not bilateral or left mPFC DA depletion raise the
possibility that the impaired PPI seen in low-LG animals is attrib-
utable to an enhancement of subcortical DA transmission result-
ing from diminished DA-mediated function in the right mPFC.
Here again, the fact that mPFC DA transmission in high-LG an-
imals was equally attenuated in both hemispheres may explain
why PPI was unaffected in these animals.

Conclusion and functional implications
Clearly, the functional implications of the laterializations in DA
responses to stress remain to be defined. Moreover, the precise
mechanism by which maternal care regulates the development of
prefrontal DA systems are yet to be clarified. DA release in the
mPFC is regulated, in part, by glutamate and GABA (Takahata
and Moghaddam, 1998; Doherty and Gratton, 1999). Variations

in maternal licking and grooming over the first week of life alter
the expression of glutamic acid decaroxylase in the mPFC (T. Y.
Zhang, M. J. Meaney, and A. Gratton, unpublished data), and
effects on such regulatory pathways, along with the difference in
COMT expression, might contribute to a complex set of devel-
opmentally regulated signals that determines individual differ-
ences in DA responses to stress in adulthood. In humans, we
(Pruessner et al., 2004) reported that scores on a measure of
parent– offspring relationships (the Parental Bonding Index)
were highly correlated with the magnitude of the DA response to
stress in the nucleus accumbens. In epidemiological studies, pa-
rental care predicts vulnerability for multiple forms of psychopa-
thology, including those directly linked to DA function in the
mPFC, such as attention deficit hyperactivity disorder (Carlson et
al., 1995; Tully et al., 2004). Thus, the well established relation-
ship between the quality of early family life and vulnerability to
multiple forms of psychopathology might, in part, be mediated
by parental influences on the development of individual differ-
ences in the function of selective neurotransmitter systems under
conditions of stress. The results of the current studies suggest that
in rodents there are direct effects of maternal care on the meso-
cortical DA- and mPFC-mediated function.
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