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A B S T R A C T
Much research has demonstrated that events occurring in early life can have a profound inﬂuence on future
biobehavioral responses to stressful and emotion provoking situations. The purpose of these studies was to
determine the effects of an early environmental manipulation, handling (HAN) on cardiovascular (CV)
reactivity, freezing behavior and corticosterone (CORT) responses to contextual fear conditioning in the
borderline hypertensive rat (BHR),which is susceptible to environmental stressors. HAN subjects were
separated from the nest for 15 min/day on post-natal days 1–14, while non-handled (NON-HAN) controls
remained in the home cage. Adult subjects were exposed to the contextual fear conditioning procedure and
returned to the chamber 24 h later for a 10 min test period. HAN subjects displayed signiﬁcantly more
freezing behavior compared to NON-HAN(92% ± 2.2 vs 80.7% ± 5.7, p b .05). Although resting MAP did not differ
between groups, HAN subjects had increased MAP reactivity when re-exposed to the chamber. In addition,
HAN subjects had signiﬁcantly lower CORT levels at the end of the 10 min test period (174.2 ± 9 ng/ml vs
237.2 ± 12.9 ng/ml, p b .05). In the second experiment, CORT responses to 60 min of restraint stress and
recovery following return to the home cage were assessed in separate groups of HAN and NON-HAN subjects.
HAN subjects showed reduced CORT levels in response to acute restraint stress. These results indicate that
neonatal handling can modulate biobehavioral responses to contextual fear conditioning in BHR and may
suggest a useful model with which to study emotionality and susceptibility to CV disease.
© 2008 Elsevier Inc. All rights reserved.

1. Introduction
Although there are many early environmental factors that can
inﬂuence the developing organism, characteristics of the mother–
infant interaction, and speciﬁcally disruptions to it, have received
considerable attention. In humans, several converging lines of evidence suggest that negative events early in life are capable of changing
one's vulnerability to a variety of physical and psychiatric disorders.
For example, early childhood traumas such as neglect or abuse are
associated with higher rats of depression, heart disease, and diabetes
[1–5]. In order to study the relationship between early life events and
adult outcomes in a more controlled setting, the rat is commonly used
to model a range of neuropsychiatric conditions (e.g., addiction, posttraumatic stress disorder, depression, etc.) as well as reactivity to
stressors in large part because the dynamic interplay between dam
and pup provides for not only basic survival needs (e.g., warmth, food,
etc.) but also contributes to the development of biological systems,
notably the hypothalamic-pituitary adrenal (HPA) axis, and central
neural circuitry. The response pattern to emotion provoking stimuli
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over the lifespan, therefore, is the product of the ongoing interaction
between environmental and genetic factors and can inﬂuence where
one falls on a continuum of vulnerability. So, manipulations that
impact this relationship have the potential to permanently alter
biological, behavioral, and psychological processes in the offspring.
Neonatal handling is a frequently used paradigm to manipulate the
early life experience of rat pups. In this procedure, each pup is
removed from the nest and separated daily from the dam and
littermates for a brief period (e.g., 3–15 min) for the ﬁrst 2 weeks of
life. Many studies have shown that this intervention produces both
enduring neurobiological and behavioral effects in the pups. For
example, one of the most frequently documented effects of handling is
a reduction in stress-induced HPA activity, often indicated by lower
plasma corticosterone levels compared to controls [6–8]. This ﬁnding
is likely related to the observation that neonatal handling is associated
with a permanent increase in hippocampal glucocorticoid receptor
mRNA [9] as well as increased sensitivity to circulating glucocorticoids
[7]. With respect to behavioral alterations, handling generally
produces a proﬁle suggestive of reduced fear in novel environments
such as increased exploration in the open ﬁeld [10] and increased
open-arm entries on the elevated plus maze test [11], although some
strain differences have been noted [12].
The hippocampus is a critical brain structure intimately involved
with learning and memory processes as well as emotionality.
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Moreover, this structure shows considerable postnatal developmental
plasticity. The hippocampus contains large numbers of glucocorticoid
receptors that are involved with HPA negative feedback. Although this
receptor density increases rapidly in the post-natal period [7],
evidence exists that handling may facilitate this process thereby
enhancing hippocampal development, and perhaps in turn, alter
learning and memory and emotional reactivity systems [13]. Emotional memories that are hippocampal-dependent can be produced in
rodents using contextual fear conditioning. In the simplest form of this
paradigm, the animal is placed in a novel environment and allowed to
explore for a period of time before receiving a brief electric footshock.
Upon reintroduction to the chamber, typically 24 h later, the animal
shows several characteristics indicative of a strong fear response:
profound freezing, increased respiration, and elevated blood pressure
and heart rate [14–18]. Since early environmental manipulations such
as handling [10], or naturally occurring variations in maternal care
[19] can exert inﬂuence over hippocampal development, events
occurring in the post-natal period may have the capacity to exert a
long term effect on memory systems, including those of an emotional
nature.
In this experiment we investigated the extent to which conditioned fear responses are affected by early experience in animals with
a genetic predisposition to exaggerated biobehavioral reactivity to
stressful stimuli. Susceptibility to emotional stimuli can be inﬂuenced
by a variety of factors, not the least of which is genetic background.
Borderline hypertensive rats (BHR) are the ﬁrst generation offspring of
spontaneously hypertensive rats (SHR) and normotensive Wistar–
Kyoto rats. These animals have life-long blood pressure of approximately 140/90 mmHg unless subjected to environmental challenges.
For example, chronic exposure to either an operant-based conﬂict
paradigm [20] or a high salt diet [21] produces elevations in arterial
pressure that reach hypertensive levels. Moreover, the adult stress
response in this model is sensitive to modulation by early life events.
We have shown that cross-fostering BHR pups to WKY dams reduces
adult cardiovascular reactivity [22], and more recently we demonstrated that maternal separation conducted during the ﬁrst 14 days of
life increases stress-induced Fos expression in several brain areas
important for mediating the stress response [23]. Thus, unlike their
hypertensive parent which is genetically bred to be hypertensive and
therefore largely immune to external challenges, and its normotensive
parent which is largely unaffected by stress, the BHR possesses an
inherent vulnerability which can be exploited for examining how a
range of environmental factors can inﬂuence behavioral and biological
reactivity. In the study reported herein, we have examined the effect
on handling on biobehavioral responses to conditioned fear in the BHR
model.
2. Materials and methods
2.1. Subjects
Subjects used in this study were male borderline hypertensive rats
(BHR). These animals were the ﬁrst generation offspring of female
spontaneously hypertensive rats (SHR) and male Wistar–Kyoto
(WKY), both of which were purchased from Taconic Farms (Germantown, NY). Following placing 2 females with 1 male for breeding,
pregnant SHR were housed individually in polyprophylene cages.
Animals were housed in the vivarium with a 12:12 h light dark cycle
(lights on at 0600 h). All animals had free access to food and water
throughout the study. Day of birth was deﬁned as pups being present
by 1600 h and designated at post-natal day 0. All litters were culled
within 24 h of birth to 8 pups, 4 males and 4 females where possible.
No more than one male pup from each litter was used for any given
measure. Subjects used in the study were housed individually
following weaning at 4 weeks of age. Experiments were conducted
when animals were approximately 7–9 weeks of age. All procedures
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were conducted in accordance with National Institutes of Health Guide
for the Care and Use of Laboratory.
2.2. Neonatal handling
The handling procedure was carried out beginning on post-natal
day 1 and continued through post-natal day 14. Each dam was
removed from the home cage and placed in a holding cage. Each pup
was then removed and placed in an individual container for 15 min.
The temperature was maintained at approximately 31–33 °C. At the
end of the 15 min period each pup was returned to the home cage,
followed by the dam. Cage changing was suspended during this 2week period.
2.3. Surgical procedure
Arterial catheters were made from a 3 cm Micro–Renathane (.025″ OD)
tip (Braintree Scientiﬁc, Braintree MA) fused to tygon tubing. Animals
were anesthetized with ketamine hydrochloride + acepromazine
(100 mg/kg, 2 mg/kg, respectively, i.p.) and the catheter was introduced under aseptic conditions to the lower abdominal aorta via the
right femoral artery. The catheter was tunneled up the back and
exited dorsally at the neck. Each catheter was ﬁlled with heparinized
saline (200 U/ml) and capped with a stainless steel plug. The subject
was ﬁtted with a harness and swivel apparatus that permitted
complete mobility in the home cage while protecting the catheter.
2.4. Contextual fear conditioning
Animals were allowed a 48 h recovery period before being exposed
to the contextual fear conditioning paradigm. On the conditioning day
animals were transported individually to the lab and immediately
placed the conditioning chamber which was located in ventilated
sound attenuating chamber (MedAssociates, Inc., St. Albans, VT). The
chamber was illuminated with a 40 W light bulb and had background
noise of 60 dB. Each animal was allowed to explore the chamber for
2 min prior to receiving a 2 s, 1 mA foot shock. Subjects remained in
the chamber for an additional 30 s before being immediately returned
to the colony.
2.5. Testing procedure
Prior to being placed into the chamber, baseline MAP and HR were
recorded while the subject was resting quietly in the home cage.
Freezing behavior, cardiovascular reactivity, and corticosterone levels
were then determined in response to reintroduction to the chamber
24 h later. The subject was placed into the chamber and the swivel
was attached to a ring stand. A piece of extension tubing was attached
to the swivel and tunneled through a small hole in the sound
attenuating box so that it could be connected to a transducer that
was interfaced with PowerLab hardware and software (ADI, Grand
Junction, CO). Blood pressure and heart rate were recorded continuously for 10 min at which time a blood sample for corticosterone
determinaton was collected by detaching the catheter from the
transducer. A trained observer who was blind to the experimental
condition of the subject recorded whether the subject was freezing
every 10 s for the ﬁrst 5 min via a small hole in the door of the sound
attenuating box.
In a separate experiment, handled and non-handled subjects were
implanted with arterial catheters as described above. Two days later
resting blood samples were drawn via the catheter while the subjects
were quiescent in the home cage. Subjects were then placed into a
Plexiglas restraint for 60 min and blood samples were collected every
30 min. Subjects were returned to the home cage and two more
samples were taken at 30 and 60 min following removal from the
restraint stress.
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Table 1
Resting MAP and HR (Mean ± SEM)

HAN (n = 13)
NON-HAN (n = 11)

MAP (mmHg)

HR (bpm)

125.71 ± 2.8
127.9 ± 4.1

343.53 ± 9.2
332.57 ± 9.8

2.6. Corticosterone analysis
Blood samples (250–500 μl) were collected via the indwelling
arterial catheter into an EDTA coated tube. Samples were centrifuged
and the plasma was stored at −80 °C until analysis. The corticosterone
analysis was performed using a competitive immunoassay (Assay
Designs, Ann Arbor, MI) with donkey antibody speciﬁc to sheep IgG.
The intra-assay variability was 6.6–8.0% and the inter-assay variation
was 7.8–13.1%. All samples were run in duplicate.

Fig. 2. Plamsa corticosterone levels 10 min following re-exposure to the fear
conditioning chamber in handled (shaded bar, n = 7) and non-handled (open bar, n = 5)
subjects. Data are expressed as mean ± SEM.

2.7. Statistical analyses
Resting blood pressure, heart rate, freezing behavior and corticosterone data were analyzed using the student's t-test. Blood pressure
and heart rate collected during the 10 min test period were analyzed
using repeated measures ANOVA, as was the corticosterone data from
the experiment using restraint stress. In all cases, a .05 level of
signiﬁcance was used.
3. Results
3.1. Cardiovascular responses to contextual fear conditioning
Baseline mean arterial blood pressure and heart rate were
measured while the subjects were resting quietly in the home cage.
There were no differences between handled and non-handled
subjects with respect to MAP t (22) = .448, p = .658 or HR t (22) = .882,

p = .916, (Table 1). The MAP and HR responses to re-exposure to the
contextual fear conditioning chamber were expressed as the difference between baseline measures and an approximately 20 s period of
artifact-free recording at minutes 1, 3, 5, 7 and 9. Repeated measures
ANOVA performed on MAP (Fig. 1, top panel) revealed a signiﬁcant
main effect of time F(4,56) = 7.88, p b .001 and condition F(1,14) = 12.89,
p b .003. The interaction of time and condition was marginally
signiﬁcant F(4, 56) = 2.20, p b .081. Thus, handled subjects had
signiﬁcantly higher increases in MAP throughout the 10-min test
period compared to non-handled controls. A similar analysis was
applied to the change in heart rate (Fig. 1, bottom panel) and revealed
no signiﬁcant effects of time, F(4,56) = 1.89, p = .124, condition F(4,56) =
1.13, p = .305, or the interaction F(1,14) = .682, p = .607.
3.2. Corticosterone responses to contextual fear conditioning and
restraint stress
Corticosterone levels determined from samples taken at the end of
the 10-min test period were signiﬁcantly lower in handled subjects
compared to non-handled controls, t(10) = 4.10, p b .05 (Fig. 2). In a
separate group of handled and non-handled subjects, we assessed
corticosterone values during baseline and at 30-min intervals during
1 h of restraint stress and the subsequent 1 h post-stress period
(Fig. 3). Repeated measures ANOVA performed on these data revealed a signiﬁcant main effect of time F(4,40) = 61.78, p b .0001, and
condition F (1,10) = 4.62, p b .05, and a signiﬁcant interaction of
time × condition F(4,40) = 3.23, p b .02.

Fig. 1. Change in MAP (top panel) and HR (bottom panel) in response to re-exposure
to the fear conditioning chamber in handled (dark squares, n = 9) and non-handled
(open circles, n = 7) subjects. Data are expressed as mean ± SEM.

Fig. 3. Plasma corticosterone levels taken during a baseline period (time = 0), twice
during 60 min of restraint stress (time = 30 and 60), and twice after return to the home
cage (time = 90 and 120) in handled (dark squares, n = 7) and non-handled (open circles,
n = 5) subjects. Data are expressed as mean ± SEM.
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Fig. 4. Freezing behavior during 10 min of response to re-exposure to the fear
conditioning chamber in handled (shaded bar, n = 16) and non-handled (open bar,
n = 13) subjects. Data are mean ± SEM.

3.3. Freezing behavior responses to contextual fear conditioning
Although there was no difference in freezing between HAN and
NON-HAN subjects immediately following footshock; t (27) = .762,
p = .836, HAN subjects displayed signiﬁcantly more freezing behavior
than NON-HAN rats when tested 24 h after conditioning; t (27) = 1.97,
p b .05 (Fig. 4).
4. Discussion
The main purpose of this study was to assess the effect of neonatal
handling on biobehavioral responses to conditioned fear in the BHR, a
model that is sensitive to the effects of psychological stress in
adulthood. Although several studies have examined how environmental challenges affect cardiovascular parameters in the adult BHR,
much less is known about the role of early environmental events in
altering future responses to emotional stimuli. Thus, we chose to
employ the handling paradigm since it has been shown to produce a
general reduction in stress-induced activation of behavioral and
biological systems [6–8]. Given that the BHR has an inherent
vulnerability toward higher blood pressure and enhanced reactivity,
we were particularly interested in cardiovascular responses provoked
by fear and the extent to which handling affects these responses.
In this experiment, resting MAP and HR did not differ between
handled and non-handled subjects. However, upon reintroduction
to the conditioning chamber, handled subjects displayed a signiﬁcantly greater change from baseline in MAP (c. 60 mmHg vs 30 mmHg)
compared to controls. Because our primary goal was to examine
whether handling modiﬁes cardiovascular responses in a model
known to develop stress-induced hypertension as adults, we did
not study normotensive subjects since they show no such tendency
[24–27]. However, other reports using normotensive strains have
studied pressor responses to fear conditioning. In studies that
condition fear to a discrete stimulus, such as a tone, typical cardiovascular responses are modest and transient, lasting just a few
seconds [28,29]. However, other reports have found contextual fear
conditioning produces a dramatic increase in MAP (c. 35 mmHg) upon
reintroduction to the chamber [30,31]. Our observations of changes in
MAP nearly twice as great as these values are particularly interesting
in the light of the sensitivity of BHR to environmentally-induced (i.e.,
an operantly-based conﬂict paradigm or a high salt diet) hypertension
in adulthood. Although chronic hypertension was not the endpoint of
this study, the current study suggests that not only can psychological
stress in the form of a negative emotional memory elicit dramatic
increases in arterial pressure in a model with an inherent vulnerability
for heart disease, it can do so in animals that have been subjected to
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neonatal handling, an intervention typically considered to blunt the
biobehavioral response to stress.
Activation of the HPA axis is a hallmark of an organism's response
to stress. Regulation of glucocorticoids is achieved principally through
negative feedback mechanisms to the hypothalamus and anterior
pituitary gland to decrease the formation of corticotrophin releasing
factor (CRF) and adrenocorticotropin hormone (ACTH), respectively. In
addition, the hippocampus contains a large population of glucocorticoid receptors and has been implicated as exerting an important
regulatory role of this system [7]. Although plasma levels of
corticosterone in the rat increase dramatically in response to a variety
of stressful stimuli, several studies have shown that neonatal handling
results in a signiﬁcant reduction in stress-induced corticosterone
levels in adulthood [6–8]. This enhanced glucocorticoid negativefeedback sensitivity likely is the result of an increase in glucocorticoid
receptor expression in the hippocampus, that has been associated
with the increased licking and grooming behavior that is provoked by
handling [32]. The corticosterone responses observed in the current
study are generally consistent with these observations. When
reintroduced to the contextual fear conditioning chamber, handled
BHR showed a lower corticosterone response compared to nonhandled subjects. Although signiﬁcant, the lack of a more pronounced
handling effect on corticosterone may be due to the fact that the
samples were taken 10 min following reintroduction which may not
be long enough to see the maximum response, which is typically
observed closer to 20–30 min after a stressful stimulus. However,
handled BHR exposed to 60 min of restraint stress, in a separate
experiment, displayed a signiﬁcantly attenuated corticosterone
response at 30 min compared to controls. Taken together, these data
suggest that handling is capable of exerting some degree of reduction
in the HPA response to emotional and stressful stimuli in BHR.
Freezing behavior is a commonly used measure of fear in rodents
[16]. Animals returned to an environment in which something
aversive occurred, such as footshock, display a predictable absence
of motor behavior, and variations in the degree to which this occurs
represents the robustness of the memory for the prior negative event.
Several lines of research suggest that the hippocampus is critical for
mediating the memory of the fearful event that provokes freezing
behavior. For example, electrolytic lesions of the dorsal hippocampus
reduce freezing behavior when the animal is reintroduced to the
chamber where tone-footshock pairings were received; no such
reduction in freezing occurs to the tone [33,34]. In addition, other
research suggests that the level of circulating corticosterone can affect
hippocampal-dependent memory processes. For example, performance in the Morris water maze, an assay for spatial memory, is
impaired following adrenalectomy [35] and administration of the
Type II glucocorticoid receptor antagonist disrupts contextual fear
conditioning [36]. Thus, changes in the structure and/or functioning of
the hippocampus as well as alterations in the level of circulating
corticosterone may have the ability to alter memory function. Of
interest to the current study is the ﬁnding of an association between
dams that display naturally high licking/grooming behavioral phenotype and an increased expression hippocampal glucocorticoid
receptor of mRNA and glucocorticoid sensitiviy in the offspring [19].
Thus, although not measured in this study, the increased licking/
grooming behavior that is reliably provoked by neonatal handling may
promote hippocampal changes that mediate the enhanced memory
processes and glucocorticoid sensitivity as suggested by increased
freezing behavior and corticosterone responses observed in the
present study.
The changes that handling produces in glucocorticoid receptor
density in the hippocampus and the implication of this for emotional
memory certainly provide important context for understanding the
results of the current study. However, an alternative explanation also
deserves consideration. The reduction in biobehavioral responses to
stress that handling produces have been characterized almost exclusively
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in normal, healthy animals (Long–Evans, Sprague–Dawley, etc). The
current study, however, utilized BHR subjects that are known to be stresssensitive. It is possible that the handling procedure represents a
signiﬁcant source of stress for these neonates that results in exaggerated
cardiovascular reactivity in adulthood. Removal from the nest, even for a
brief period, may result in transient hypothermia or nutrition deﬁcit if a
nursing bout is interrupted, as well as the usual increase in licking and
grooming that the dam displays upon return of the pups. All of these
events, as well as others, may be more stressful for a neonate that is
already predisposed to heightened reactivity, especially of the cardiovascular system, to noxious stimuli. Thus, even brief periods of separation
may result in biobehavioral hypereactivity that is typically seen in other
strains subjected to longer periods of separation [37,38]. In support of the
contention that early life events have the potential to impact later
cardiovascular functioning is the observation that both brief (15 min) and
long (3 h) periods of separation results in a reduction of preautonomic
neurons in the central nucleus of the amygdala and bed nucleus of the
stria terminalis, both of which are involved in processing emotionally
relevant stimuli [39].
In summary, the current study reports that neonatal handling
enhances the arterial pressure response to contextual fear conditioning in BHR, while producing the typical increase in freezing behavior
and reduction in stress-induced plasma corticosterone. These results
extend previous work examining how other early environments such
as cross-fostering and maternal separation may modulate cardiovascular responses to future stressful events. In addition, since this is the
ﬁrst study that has employed a memory-based emotional stressor in
the BHR, these results may suggest a potentially useful strategy for
exploring the relationship between early experience, emotionality,
and biobehavioral responses. For example, this model may lend itself
to the study of clinical disorders such as post-traumatic stress disorder
which can be inﬂuenced by early adversity [40] and has a cardiovascular component. Ongoing research is aimed at further exploring
this relationship.
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