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Abstract
Learned helplessness in animals has been used to model disorders such as depression and post-
traumatic stress disorder (PTSD), but there is a lack of knowledge concerning which individual
behavioral characteristics at baseline can predict helpless behavior after exposure to inescapable
stress. The first aim of this study was to determine behavioral predictors of helplessness using the
novel and familiar open-field tests, sucrose consumption, and passive harm-avoidance tasks before
learned helplessness training and testing. Individual differences in physiologic responses to
restraint stress were also assessed. A cluster analysis of escape latencies from helplessness testing
supported the division of the sample population of Holtzman rats into approximately 50% helpless
and 50% non-helpless. Linear regression analyses further revealed that increased reactivity to the
novel environment, but not general activity or habituation, predicted susceptibility to learned
helplessness. During restraint stress there were no mean differences in heart rate, heart rate
variability, and plasma corticosterone between helpless and non-helpless rats; however, a lower
heart rate during stress was associated with higher activity levels during exploration. Our most
important finding was that by using an innocuous screening tool such as the novel and familiar
open-field tests, it was possible to identify subjects that were susceptible to learned helplessness.
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Introduction
Current evidence supports the relationship between individual personality traits and the
predisposition to neuropsychiatric disorders such as depression and post-traumatic stress
disorder (PTSD) [1–4]. In fact, animals have been selectively bred and used as disease
models to characterize behavioral correlates of these conditions [5,6]. One such model is the
congenitally helpless rat, which was selectively bred for a genetic predisposition to helpless
behavior as defined by the learned helplessness paradigm (failure to escape shock after a
previous exposure to inescapable shock) [7]. Behavioral characteristics of congenitally
helpless rats include increased reactivity to spatial novelty, reduced reward sensitivity, and
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an impaired ability to extinguish conditioned fear [6,8]. Novelty reactivity is characterized
by increased exploratory activity in a novel, but not familiar, open field [9,10]. Intuitively,
increased exploration in a new environment seems to contradict susceptibility to
helplessness. However, it is consistent with a predisposition to PTSD, given the association
of this disorder with increased novelty seeking, as measured by the Cloninger
Tridimensional Personality Questionnaire [4,11].

Based on data from the congenitally helpless strain, it was hypothesized that increased
exploration in response to novelty, reduced consumption of a rewarding sucrose solution,
and enhanced passive avoidance of a harmful stimulus would predict helpless behavior
(defined by high escape latencies) in a randomly bred population of rats. To date, no studies
have examined the predictive value of all three behavioral dimensions in the development of
helplessness.

Individual differences in the responsiveness of the stress pathways including the sympathetic
nervous system and hypothalamic-pituitary adrenal (HPA) axis have also been studied in
animals and humans [12–18]. For instance, rats that were vulnerable to inescapable stress
secreted more corticosterone compared to stress-resistant rats [18]. In addition, infants who
displayed greater overt anxiety during maternal separation and exposure to novelty had
significantly higher urinary cortisol excretion during the episodes [19], and adult rats that
were not handled as neonates had less effective negative feedback regulation of
adrenocorticotropic hormone (ACTH), resulting in greater corticosterone secretion during
stress [20]. Furthermore, increased levels of glucocorticoid hormones have been shown in a
significant percentage of depressed patients [15]. However, a dissociated HPA axis was
observed in congenitally helpless rats characterized by a hyperactive paraventricular
hypothalamus (PVN) [21] and elevated ACTH [22], and reduced plasma corticosterone both
at baseline [23] and in response to stress [22,24]. Lachman et al. (1993) further observed
that, although glucocorticoid receptors are normal in terms of prevalence and binding
characteristics, congenitally helpless rats do not alter glucocorticoid receptor mRNA
expression in the hippocampus or hypothalamus in response to corticosterone administration
[25]. The cause of this dysfunction is unknown, but there appears to be a functional
modification that affects some, but not all, glucocorticoid receptors since another
glucocorticoid-inducible gene, metallothionein-1 (MT-1), did increase normally in response
to corticosterone administration. Thus, an absence of negative feedback via glucocorticoid
receptors likely contributes to the hyperactivity of the PVN [21] and pituitary [22], but the
mechanism underlying the breakdown in signaling between the pituitary and adrenal glands
is unknown.

Reduced heart rate variability has also been observed in depressed patients when compared
with non-depressed controls, and the risk of subsequent cardiac events for patients with
heart disease has been shown in numerous studies to be related to decreased heart rate
variability and/or increased sympathetic tone [17,26–28]. Furthermore, the presence of
major depressive disorder was the best single predictor for the occurrence of cardiac events,
and the predictive value was independent of the extent of coronary disease, smoking status,
and left ventricular ejection fraction [26]. Temperament or personality is also linked to
physiological parameters such as heart rate and cortisol. For example, impulsivity, a
personality factor that correlates with novelty seeking [29], has been associated with lower
levels of resting heart rate [30], and novelty seeking has been inversely associated with
resting stress hormone concentrations [31]. Furthermore, among PTSD combat veterans,
increased novelty-seeking was inversely correlated with cortisol levels [11]. The second aim
of this study was to identify individual differences in the physiological response to restraint
stress, including heart rate, heart rate variability and plasma corticosterone that could predict
helpless behavior among Holtzman rats. The hypothesis is that animals with increased
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susceptibility to helplessness will show higher novelty-seeking scores that will correlate
with reduced plasma corticosterone and heart rate measures.

Methods
Subjects

Subjects were 42 male Holtzman rats obtained from Harlan (Madison, WI) at postnatal day
30 (PD 30). The experiments were conducted in juvenile rats to identify behaviors that occur
early in development that could be predictive of psychopathology. In addition, adolescent
rats perform better and display higher levels of physical activity in the open field, as
opposed to adults, which increases the likelihood of identifying behavioral patterns that
predict the helpless phenotype. Animals were housed 2–3 per cage and maintained on a 12
h/12 h light/dark photoperiod in a facility accredited by the Association for the Assessment
and Accreditation of Laboratory Animal Care International. Food and water were available
ad libitum. Subjects were handled and weighed for 5 minutes every day throughout 9
consecutive days prior to starting behavioral experiments. Twenty-one subjects were used in
a separate control experiment and only underwent learned helplessness training and testing.
This was performed to assess whether undergoing prior behavioral screening with the open-
field, sucrose and passive avoidance tests would have an effect on helpless behavior. All
experiments occurred during the light phase between 0700 h and 1900 h. Experiments were
done in accordance with NIH guidelines for the use of experimental animals and were
approved by the University of Texas Institutional Animal Care and Use Committee.

Apparati
The open field chamber (43.2 × 43.2 cm) consisted of clear plastic sides 30.5 cm high and a
white plexiglass floor. Activity was detected by arrays of infrared light beam motion
detectors (16 × 16, 2.5 cm apart) at the sides of each chamber, thus creating a detection grid.
Two arrays of detectors were located 1 cm above the floor, and another array was located 13
cm above the floor, to detect rearing. The chambers were controlled by the Activity Monitor
program, version 5.10 (Med Associates, St. Albans, VT).

The sucrose chambers consisted of two 30 cm × 25 cm × 20 cm operant chambers (Med
Associates, St. Albans, VT). The bottles were designed by Med Associates for use in these
operant chambers, and a light beam passing in front of the tip of the bottle registered the
time the rat spent drinking. The bottles were located on the right side of the chamber.

The step-down apparatus for passive avoidance testing consisted of one 30 cm × 25 cm × 20
cm operant chamber (Med Associates, St. Albans, VT). Shocks were delivered through
metal bars separated by 1.2 cm forming the floor of the chamber, which was wired to shock
generators (Med Associates). An acrylic platform (23.4 cm × 14.3 cm × 2.2 cm) was placed
on the grid floor.

Two inescapable shock chambers (30 cm × 25 cm × 20 cm) (Med Associates, St. Albans,
VT) were enclosed in sound-attenuated boxes and illuminated by a red light. The apparatus
had two sides of aluminum, with clear plexiglass for the front, back, and top. A soapy
solution was placed in the tray beneath the chambers to provide a distinct olfactory cue for
the inescapable context. Shocks were delivered through metal bars separated by 1.2 cm
forming the floor of the chamber, which was wired to shock generators (Med Associates).
The chamber was controlled by MED-PC, version 4 (Med Associates, St. Albans, VT),
using a program written in the MEDSTATE language.

The shuttle box (42 cm × 16 cm × 25 cm) consisted of two compartments of equal size,
separated by a door (11 cm × 9 cm) that remained open throughout the session. The chamber
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was enclosed in a sound-attenuated box and illuminated by a white light. Two sides of the
chamber were aluminum, with clear plexiglass for the front, back, and top. Shocks were
delivered through metal bars separated by 1.2 cm forming the floor of the chamber, which
was wired to shock generators (Med Associates). The subject’s position was detected by
eight sets of infrared light beam motion detectors, located 2 cm above the grid floor, spaced
4.4 cm apart from each other, on both sides of the chamber. The chamber was controlled by
MED-PC, version 4, using a program written in the MEDSTATE language. This program
used beam breaks of the two pairs of beams located at either end of both sides of the
chamber as the contingency for terminating shock, to score a complete crossing. An iodine
solution was placed in the tray beneath the chamber to provide a distinct olfactory cue.

Heart rate measurements were performed while animals were in restraint tubes (20.2 cm
length × 5.08 cm diameter) for 2 to 5 minutes. Using a Mouse Ox™ oximeter (Starr Life
Sciences Corp, Oakmont, PA), pulse rates were measured via cyclic changes in absorption
of light energy from red and infrared LEDs (light emitting diodes) as it passed through the
tissue. These cyclic changes in light absorption are due to the presence of changing
quantities of blood that occurred with every heart beat.

Behavioral experiments
Behavioral experiments took place during six consecutive days (Table 1). All animals were
tested for open field (OF) activity during the first day of experiments (novel OF) on PD 40
to determine if behavioral characteristics predictive of helplessness were present before
learned helplessness training. Each animal was placed in the same corner of the open field
chamber and behavior was recorded for 10 minutes. The chambers were washed with a
diluted Bio-clean solution between each session.

Measures included ambulation time in seconds, rearing time in seconds, ambulatory velocity
(cm/sec), center time (seconds spent in the 38% center vs. the 62% periphery of the open
field as a measure of risk-taking or impulsive behavior), and activity time (seconds spent in
either ambulatory or rotational movement, i.e., not resting or rearing). Measures were
automatically scored by a computer using MED-PC software. Subjects were re-tested in the
open field (familiar OF) the following day. This was done in order to assess whether the
behavior was reflective of exploratory activity specific to a novel environment.

Immediately following the familiar open-field session, baseline consumption of a 5%
sucrose solution or water was assessed for 30 minutes where rats had free access to two
bottles containing the sucrose solution or drinking water. The sucrose test was repeated on
the following day and the bottles where counterbalanced with respect to their position the
day before. This was performed to account for place preference of the bottles (front or back).
A sucrose-to-water drinking ratio was computed for both the baseline and second-day
sessions. This ratio is meant to reflect the preference for sucrose solutions over water as an
indicator of reward-seeking behavior.

A modified step-down passive avoidance task was performed based on previously described
protocols [32,33]. The procedure consisted of two sessions: an acquisition session and a
retention session with an inter-session interval of 24 h. Acquisition session: Immediately
after the second sucrose test session, animals were placed on the acrylic platform inside the
passive avoidance chamber. As soon as the rat stepped down onto the grid floor with all four
paws, a 0.3 mA shock was delivered continuously. Rats could avoid the shock by remaining
on the acrylic platform. The acquisition session ended after 180 sec. Retention session: Rats
were exposed to the same context with exception of the footshock. They were placed on the
acrylic platform, and the latency to step down onto the un-electrified grid floor with all four
paws was recorded. The retention session ended after 180 sec.
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Immediately following the retention session, subjects were trained in the inescapable shock
chamber to induce the helpless phenotype [34–36]. Each session included 60 trials of 10 sec
duration 0.7 mA shocks. Pseudorandom inter-trial intervals consisted of durations ranging
from 10 to 110 sec.

On the fifth day, subjects were tested with the escapable shock paradigm using a shuttle box
to measure escape behavior. First, subjects were tested with fifteen trials of a fixed ratio
(FR) 1 schedule consisting of crossing from one side of the box to the other to terminate the
shock. The maximum footshock duration was 15 sec, after which the shock was terminated
if the subject had not escaped. This was followed by fifteen trials of a FR2 schedule in
which animals had to cross twice; in other words, rats had to return to the compartment
where the shock was initiated in order to escape the shock. During the FR2 trials, the
maximum footshock duration was 30 sec. There was a 1-minute interval in between FR1 and
FR2 escape tasks. Based on our previous results using Holtzman rats, a FR1 schedule is
sufficient to observe a learned helplessness effect [37]; therefore, we included an equal
number of trials for both types of escape responses to obtain comparable results with both
schedules. Latency to escape was automatically scored using MED-PC software.

On the last day, subjects were placed inside the restraint tube for heart rate measurements.
To increase pulse distention and obtain a stable LED signal, the restraint tube was placed on
top of a heating pad. The oximeter sensor was placed on the rat’s tail using a specialized clip
(Starr Life Sciences, Oakmont, PA). Animals were covered using a dark cloth to avoid
external light from interfering with the LED signal. After 1 – 4 minutes of stabilization time,
the heart rate was recorded for 1 minute; therefore the total restraint time was 2–5 minutes.
Average heart rates were reported as four 15-sec bins as well as overall mean heart rate.
Heart rate variability, a parameter for autonomic control of the heart [38], was determined
using the mean standard deviation of measurements taken throughout the 1 minute period
[39,40]. Immediately following the heart rate measurement, animals were decapitated.
Trunk blood was collected in BD vacutainer® heparinized 3 ml tubes (BD, Franklin Lakes,
NJ) for assessment of plasma corticosterone.

Corticosterone assay
Plasma was separated by centrifuging for 10 minutes at 4°C with a speed of 2500 rpm.
Corticosterone was detected in 100 µl samples using the Correlate-EIA™ enzyme
immunoassay kit (Assay Designs Inc., Ann Arbor, MI), following the procedure
recommended by the manufacturer.

Statistical analyses
A two-step cluster analysis applied Akaike’s Information Criterion to sort subjects into an
optimal number of clusters based on their escape latencies. Mean differences between the
high-and low-latency clusters in terms of open-field behaviors, sucrose preference, and step-
down avoidance latencies were assessed with multivariate analyses of variance
(MANOVAs). A principal components analysis with and without varimax rotation was used
to decompose open-field activity into orthogonal vectors of general- vs. novelty- vs.
familiar-driven activity, and novel- and familiar-adjusted scores were computed from the
studentized residuals of a novel × familiar linear regression, as described in detail in the
Results. Multiple linear regression was used to evaluate the ability of this effects
decomposition to predict escape latency. Pearson pairwise correlations were also computed
within the behavioral dimensions as well as between the behavioral dimensions and the
physiological parameters of heart rate average, heart rate variability (operationalized as the
standard deviation of heart-rate measurements over time for each subject), and
corticosterone level. All statistics were computed using SPSS (v. 16.0).
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Results
Cluster analysis of shuttle box escape behavior identifies two distinct groups: helpless
and not helpless

A cluster analysis based on FR1 and a separate analysis using FR2 escape responses divided
the same subjects into two distinct clusters with high and low escape latencies, which we
termed helpless and non-helpless (Figure 1, Table 2). The helpless group showed three times
longer escape latencies as compared to the non-helpless group (p < 0.01).

Prior behavioral screening does not affect learned helpless behavior
In order to evaluate whether the extensive behavioral testing (two days of open field, sucrose
consumption, and passive avoidance) altered the subsequent expression of the helpless
phenotype, a control group of 21 Holtzman males was subjected to learned helplessness
training and testing without any prior behavioral testing. Using the same cluster criteria, 12
out of 21 rats (57%) were classified as helpless (Table 2). This rate is not significantly
different from the 10 out of 21 rats (48%) that became helpless following behavioral
pretesting, Χ2(1) = 0.76, p = .38, and suggests that the behavioral tests we performed had no
substantial impact on the development of the helpless phenotype.

Helpless rats show increased activity in novel environments
A repeated measures MANOVA was used to compare the novel and familiar open field
activity for five measures: ambulation, rearing, velocity, center crossing, and total activity.
The multivariate main effect of helpless classification was not significant, Pillai’s Trace = .
11, F = .365, df = (5,15), p = .86, indicating that there was no general activity difference
between helpless and non-helpless rats. However, the multivariate result was significant for
the helplessness × novelty interaction, Pillai’s Trace = .55, F = 3.68, df = (5,15), p = .02,
indicating that rats classified as helpless showed an overall greater change in behavior
between the novel and familiar open fields across all activity measures. Simple tests of
univariate effects within each measure and within each open field session showed only three
significant differences: helpless rats spent more time ambulating (p = .04), more time in the
center of the field (p = .04) and more time generally active (p = .02) in the novel open field,
but were not significantly different from non-helpless rats in the familiar open field on these
measures (p = .75, .56, and .95, respectively) or any other (Table 3).

A MANOVA of the drinking time data from the sucrose preference test (absolute sucrose
drinking time and ratio of drinking time relative to water) showed no significant multivariate
effect of helplessness classification, Pillai’s Trace = .19, F = 2.1, df = (2, 18), p = .15. In
addition, a univariate ANOVA showed no significant effect of helplessness classification on
passive avoidance latencies, F(1,18)= 0.95, p = .34.

Regression residuals associated with novelty reactivity, but not habituation, explain
variance in escape learning

The presence of group mean differences in novel, but not familiar, activity measures
suggests that a difference in reaction to novel environments, not a difference in habituation
learning, is the more relevant predictor of learned helpless behavior. However, for an
individual subject, both temperament (novelty reactivity) and learning (habituation)
presumably influence the magnitude of the activity difference between novel and familiar
environments, and it would be useful to partition the contributions of these two processes so
that their relative effects on helpless behavior can be assessed. Because it was the most
general measure of activity in the open field and showed the largest mean difference
between helpless and non-helpless animals, we focused on total activity time for this
analysis.
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We operationalized activity in the novel open field as a function of general activity level
plus reaction to novel environments, and we operationalized activity in the familiar open
field as a function of general activity level minus habituation to familiar environments. As a
first step, we decomposed the variance across the novel and open fields into orthogonal
dimensions using a principal components analysis. The first component, which explained
83% of the variance, corresponds to general activity level, which is constant across both
days of open-field testing and therefore equally correlated with both the novel and familiar
open field. The second component, explaining the residual 17% of the variance, corresponds
to the novel-familiar contrast in activity and is therefore oppositely correlated with the novel
and familiar open field. A linear regression of these two independent components as
predictors of escape latency demonstrated that it is the novel-familiar contrast, not general
activity level, which predicts helpless behavior (Table 4, Model 1). Only the principal
component scores corresponding to the novel-familiar contrast had a significant (p < .01)
partial effect in the full model, with a greater shift in activity from novel to familiar
environments predicting longer escape latencies.

This further demonstrates that it is the change between novel and familiar environments that
is associated with helplessness vulnerability. However, this change could be driven by
differences in the novel open field (novelty reaction) or by differences in the familiar open
field (habituation) or by a combination of both. To partition these effects, we calculated a
novelty-reaction index as the positive studentized residual for each subject after regressing
novel activity onto familiar activity, and a habituation index as the negative studentized
residual for each subject after regressing familiar activity onto novel activity. Thus, the
novelty-reaction index is completely uncoupled from familiar open-field activity, and the
habituation index is completely uncoupled from novel open-field activity, with the
respective correlations rendered zero. A linear regression of these two indices as predictors
of escape latency demonstrated that it is reaction to novelty, not habituation, which predicts
helpless behavior (Table 4, Model 2). Only the residuals corresponding to novelty reactivity
had significant (p < .05) partial effects in the full model, with greater novelty reactivity
predicting longer escape latencies.

This suggests that the activity contrast between novel and familiar environments, which was
highly associated with helplessness vulnerability, was driven by individual differences in
novelty reactivity, not habituation. However, the novelty-reaction and habituation indices,
though not highly colinear, are not completely independent either (r = .66). While there is no
theoretical reason to expect that these indices should be independent—it may be that
novelty-excitable animals tend to be faster habituators—it would be interesting to evaluate
orthogonal measures of novel and familiar activity. Such independent measures can be
achieved by rotating the principal components. The resulting scores, which we term novelty-
specific and habituation-specific activity, have the interesting property of being highly
correlated (r = .94) with the novelty-reaction and habituation indices calculated above while
also having zero correlation with each other. Again we evaluated a linear regression of
escape latency onto these measures, and again the results supported a greater influence of
novelty-specific activity (Table 4, Model 3). Only the principal component scores
corresponding to novel-specific activity had significant (p < .01) partial effects in the full
model, with greater novel-specific activity predicting longer escape latencies.

In summary, the variance in novel and familiar open field activity can be decomposed to
elucidate the relationships of general activity, novelty reactivity, and habituation learning
with other behavioral and physiological measures. Table 5 provides the correlations among
these different scales and an intuitive overview of their construct validity. For example, the
general activity scale should be (and is) equally and positively correlated with both novel
and familiar open-field measures, and the novel-familiar contrast scale should be (and is)

Padilla et al. Page 7

Physiol Behav. Author manuscript; available in PMC 2011 December 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



equally and oppositely correlated with the novel and familiar open-field measures. This
correlation matrix also aids in interpreting differences between what we have termed the
novel-reaction and habituation scales, on the one hand, and the novelty-specific and
habituation-specific scales on the other. The scales are highly correlated with each other
across novelty and habituation dimensions, respectively. However, the “simple” novelty
reaction and habituation scales have the advantage of being selectively correlated with the
relevant open-field session (zero correlation with the irrelevant open-field session) and
preferentially correlated with the novel-familiar contrast dimension as opposed to the
general activity dimension. Novelty reaction and habituation are, however, moderately
correlated with each other. The “specific” novelty and habituation scales have the advantage
of removing this correlation (thus offering self-specific, linear-independent indices) while
retaining a large, preferential correlation with the appropriate open field session. However,
they are varimax rotations of the general-activity and novel-familiar-contrast dimensions
and are therefore equally correlated to both.

Collectively, these scales offer different perspectives onto the different dimensions
underlying individual differences in open field behavior. A practical question arises at this
point, namely, which is the most useful perspective in terms of predicting susceptibility to
learned helplessness? To address this question, we performed a stepwise regression, using
all of the variables from Table 5 (Model 3) as potential predictors. The stepwise procedure
selected novelty reactivity alone as the best predictor (escape latency = 12.7 + 4.875*novelty
reaction), explaining 45% of the variance in escape latencies, F(1,19) = 15.7, p = .001. A rat
with a positive novelty reaction was 5.5 times more likely to become helpless than a rat with
a negative novelty reaction, as given by the odds ratio (69%/12.5%).

Lower heart rate under stress is associated with higher activity levels in the open field
There were no significant mean differences in corticosterone levels, heart rate average, or
heart rate variability between helpless and non-helpless Holtzman rats that were subjected to
restraint stress (Table 6). However, heart rate during restraint stress was negatively
correlated with general activity, but not the novel-familiar contrast in activity, so further
correlations with the decomposed dimensions of the novel-familiar contrast, e.g., novelty
reactivity and habituation, were not computed (Table 7). These correlations were computed
using all subjects, but the negative correlation between heart rate and general activity was
similar for both helpless and non-helpless groups: r(10) = −0.51 for helpless and r(11) =
−0.59 for non-helpless. No other physiology-behavior correlations were significant.

Discussion
Excitability in the novel open field, but neither general hyperactivity nor habituation,
predicts heightened susceptibility to helpless behavior

We previously reported a link between susceptibility to learned helplessness and behavioral
activation specific to a novel, but not familiar, open-field environment using a selected line
of Sprague-Dawley rats bred for helpless behavior [8], a finding replicated by Schulz et al.
[41]. In the present study we found the same phenomenon in a randomly bred population of
Holtzman rats. The approximately 50% of rats which later developed helpless behavior after
inescapable shock showed significantly greater activity in a novel open field when compared
to the approximately 50% which did not develop helpless behavior; however, the two groups
were equivalent in a familiar open field. This is further reflected in a significant helpless ×
novelty interaction evident across all open-field measures, indicating a greater novel-to-
familiar reduction in activity for those rats that later became helpless. We previously
interpreted this interaction in terms of a temperamental difference corresponding to greater
excitement by novel environments in helpless-susceptible rats, which has interesting
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parallels to some human studies linking novelty-seeking temperament to heightened risk for
PTSD [8]. However, Schulz et al. [41] interpreted their same finding in terms of a memory
difference corresponding to greater habituation learning in helpless-susceptible rats. While it
is true that a decrement in activity associated with repeated exposure to a stimulus
presupposes a memory of that stimulus, it is a fallacy to conclude that a group difference in
activity reduction is caused by a memory difference when there are baseline group
differences in activity.

Figure 2 illustrates an idealized depiction of how the concepts of hyperactivity, novelty
reactivity, and habituation can be disentangled and what evidence would support each
interpretation. If a group difference in activity change is driven entirely by a difference in
the novel environment, with no difference in the familiar, then the most plausible
explanation is that animals were differentially excited by the novel environment. In this
case, the greater reduction in activity across days reflects not superior habituation but a loss
of novelty-evoked excitement; the novelty-reactive animals are simply regressing back to
their mean activity level after a novelty-evoked departure from it. Differential habituation
learning becomes a plausible explanation only when novelty-evoked differences are absent,
such that any group difference in activity change could only be driven by a difference in the
familiar environment. Thus, our present results fit the pattern of a novelty effect, as opposed
to a habituation effect. Moreover, so do the results of Schultz et al. [41]. Their data are
consistent with a habituation effect when simply contrasting helpless-susceptible vs.
helpless-resistant lines, but when the selected lines are contrasted against wild-type rats, it is
evident that resistant rats showed a pattern of hyperactivity (elevated activity relative to wild
type in both familiar and novel open fields) and that susceptible rats showed a pattern of
novelty reactivity (elevated activity relative to wild type in the novel but not familiar open
fields).

While this analysis of group means between novel and familiar open fields provides a
simple and intuitive method of interpreting effects in terms of a novelty-excitable
temperament vs. superior habituation learning, it would be useful to assign scores of general
activity, novelty excitability, and habituation to individual subjects so that relationships
between these processes and others (e.g., escape learning) could be correlatively assessed.
An innovation introduced in the present study is a statistical method of generating such
scores from the novel and familiar open-field data. The first step is to parse the stable
activity differences (i.e. general hypoactivity vs. hyperactivity) from the variable activity
differences (i.e., novel- vs. familiar-dependent activity). This is accomplished by calculating
the unrotated principal components of the two open field sessions, which decomposes the
variance into orthogonal vectors: what is common to both sessions (general activity level)
and what is opposite (novel-familiar contrast). This decomposition can then be used to
generate standardized scores for each subject along these two dimensions. When escape
latency was regressed onto these scores, it was evident that a greater novel-familiar shift in
activity predicted greater helpless behavior for individual subjects while the impact of
general activity level was insignificant.

The next step was to parse the novel-familiar shift into novelty-reaction and habituation
effects. Here we developed two alternative methods, one which allows for covariance
between the effects and one which forces them to be independent. The first method relies on
the same logic employed in the analysis of group means illustrated in Figure 2. Namely,
habituation differences can be inferred from differences in the familiar open field when
activity in the novel open field is equivalent, and novelty-reaction differences can be
inferred from differences in the novel open field when activity in the familiar open field is
equivalent. The first method accomplishes this by generating adjusted activity scores for
each field which partial out covariance with the other field, enabling the evaluation of
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individual differences in one field as if there were no individual differences in the other. The
second method is simply to rotate the principal components (which by definition are linearly
independent) until they are maximally covariant with one open field and minimally
covariant with the other. Under the first method, the scores are linearly independent of the
opposite open field but somewhat correlated with each other whereas, under the second
method, the scores are linearly independent of each other but somewhat correlated with the
opposite open field (Table 5). Importantly, both methods yielded the same result when
escape latency was regressed onto their scores. Namely, a greater reaction to novelty
predicted significantly greater helpless behavior whereas greater habituation did not.
Furthermore, a stepwise regression selected novelty reactivity (as calculated by the first
method) as the best predictor of helplessness susceptibility.

However, differences in other behavioral measures were not observed between helpless and
non-helpless Holtzman rats. For example, the selectively-bred congenitally helpless rat has
shown decreased sucrose consumption and increased behavioral inhibition or harm avoidant
behavior compared to normal Sprague Dawley controls [8]. One possible explanation for the
negative findings is that Holtzman rats may be modeling more of a bipolar than a unipolar
depressive phenotype. That is, harm avoidance is more characteristic of unipolar mood
disorder, and novelty seeking is more characteristic of bipolar mood disorder, regardless of
current mood state [42]. Here, it is interesting to note that lithium suppresses hyperactivity
and exploration of novel environments without affecting activity level in familiar
environments [43], essentially counteracting the exact behavioral pattern of our novelty-
reactive/helpless-vulnerable rats. Thus, a subpopulation of Holtzman rats show a bipolar-
like pattern in that they experience excessive behavioral activation in response to novelty
followed by excessive behavioral inhibition in response to uncontrollable stress, with normal
reward dependence and harm avoidance in the interim.

This finding also has interesting parallels to two studies reporting that high novelty seeking
was associated with PTSD symptoms among Vietnam combat veterans [4,11]. Novelty
seeking is also associated with certain comorbidities and sub-types of affective disorders
[44,45]. Specifically, high novelty seeking is associated with multiple substance abuse,
including alcohol and nicotine [46–49], and increased suicidality among patients with
borderline personality disorder [50]. In addition, high levels of novelty seeking, impulsivity,
and sensation seeking were predictive of poor outcome and greater drop-out rates during
treatment among patients with substance abuse problems [51]. In a separate study, patients
with low levels of novelty seeking, harm avoidance, and reward dependence showed greater
symptom improvement after a six week course of anti-depressant treatment [52]. Compared
to clinical and demographic variables, temperament was the only predictor which accounted
for 50% of the variance in treatment outcome among those severely depressed patients [52].

As discussed previously [8], this associated vulnerability may involve reduced
glucocorticoid signaling, which biases animals toward greater activity in the novel open
field [53] and greater rates of learned helplessness [54]. Indeed, high novelty seeking and
low cortisol levels are reported covariates in veterans with PTSD [11]. However, a
correlation between corticosterone and novelty-induced activity was not observed in our
sample, and we cannot infer that our rats were novelty seeking since their exploration of the
open field was forced and not voluntary. Indeed, one study that allowed rats voluntary
access to the open field actually found that greater novelty phobia predicted helplessness
susceptibility [55], and reduced exploration of novel objects predicted greater helpless
behavior within wild-type, but not selectively bred, rats [41]. Thus, at this point, the finding
of greater novelty excitement as a predictor of helpless behavior appears limited to forced
exposure to spatial novelty and could reflect anxiogenic agitation or a hedonic response to
novelty. However, helpless rats also spent increased time in the center of the novel open
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field, which is usually interpreted as reduced anxiety [56]. Furthermore, the hypothesis that
enhanced memory consolidation, i.e., habituation, accounts for the novel-familiar shift in
open field activity that underlies helplessness susceptibility [41] was not supported. Not only
was it not supported by our effects-decomposition analysis, but such a difference in general
learning mechanisms should manifest across a variety of learning tasks. In particular,
enhanced memory formation would predict superior performance in the passive avoidance
task for rats predisposed to helplessness, but such an association was not observed in our
data. The inclusion of this simple passive avoidance task prior to inescapable shock training
provides a useful internal control for the learned helpless paradigm, for the precise reason
that it can rule out differences in general learning mechanisms or shock sensitivity as
explanations for differences in active escape latency.

Lower heart rate under restraint stress predicts higher activity level
Variations in heart rate and blood pressure reflect activity and responsivity of the autonomic
nervous system, providing a measure of the functional state of central neurobiological
regulatory mechanisms, and individual differences in the physiological responses to stress
that have been linked to depression and anxiety [12,14,17]. For example, diminished heart
rate variability has been observed among depressed subjects when compared to non-
depressed patients, and reduced heart rate variability has been linked to poorer prognosis in
patients with coronary artery disease [17]. Negative mood states have also been linked to
autonomic nervous system disturbances and cardiac events [57].

Heart rate measurements were not related to differences between helpless and non-helpless
rats. However, a lower heart rate did correlate with increased general activity in the open
field, especially the novel-open field. This could represent a diminished sympathetic tone or
elevated vagal tone present in animals that display greater novelty-induced behavioral
activation. For example, novelty seeking was associated with lower heart rate among men
and women [16]. Disruptions in the HPA and autonomic nervous system which regulate
heart rate and response to stress have been linked to depression and anxiety in humans and
animals [12,14,15,17,22,58,59]. Whether the effects on heart rate represent individual
differences in response to a stressor or a disruption in these regulatory mechanisms is
presently unknown.

Summary
Our finding that novelty-induced exploratory activity predicts helplessness is consistent with
literature linking reaction to novelty with a predisposition to PTSD [4,11], and also with
bipolar disorder [42,60]. Rats with a positive vs. negative reaction to a novel environment
(operationalized as enhanced vs. diminished novel-covaried-for-familiar activity) were over
five times more likely to become helpless after inescapable stress. In conclusion, increased
excitability evoked by novel environments may be a marker of helplessness susceptibility, a
finding with interesting practical and theoretical implications for those wishing to model the
predisposition to bipolar disorder or PTSD.
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Figure 1.
Scatter plots of FR1 (top) and FR2 (bottom) escape latencies depicting helpless (n = 10) and
non-helpless (n = 11) Holtzman rats. The y-axis corresponds to each individual’s subject
number. The same subjects were clustered into the helpless and non-helpless groups using
latencies from either response schedule (FR1 or FR2).
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Figure 2.
Schematic diagram indicating how to infer general hyperactivity, novelty reactivity, and
habituation effects from measurements in the novel and familiar open fields.
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Table 1

Experimental design.

Experiment Postnatal day (PD)

Handling 31–39

Novel open field 40

Familiar open field 41

Sucrose preference training 41

Sucrose preference testing 42

Passive avoidance training 42

Passive avoidance testing 43

Learned helplessness training 43

Learned helplessness testing 44

Heart rate measurement 46

Trunk blood collection for corticosterone assay 46
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Table 2

Cluster analysis of shuttle box escape responses (mean escape latency in sec ± SEM).

Rats which received open-field, sucrose-consumption, and passive-avoidance tests:

Helpless (N = 10) Non-helpless (N = 11) Total sample (N = 21)

FR1 11.89 ± 0.62* 3.53 ± 0.46 7.51 ±1.00

FR2 28.13 ± 0.82* 8.54 ±1.30 17.87 ± 2.32

Control rats which did not receive behavioral-screening tests:

Helpless (N = 12) Non-helpless (N = 9) Total sample (N = 21)

FR1 12.99 ± 0.39* 5.83 ± 1.07 9.92 ± 0.93

FR2 28.23 ± 0.67* 11.17 ± 1.54 20.92 ± 2.03

*
p < 0.01, helpless vs. non-helpless
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Table 3

Mean novel and familiar open-field activity parameters for helpless and non-helpless rats.

Open-Field Activity Parameter Helpless
Mean ± SE

Non-helpless
Mean ± SE p value

Novel Open Field

Ambulation time (sec) 68.9 ±5.2 53.4 ± 5.0 0.04

Rearing time (sec) 90.5 ± 9.6 82.1 ± 9.1 0.54

Average velocity (cm/sec) 1.2 ± 0.1 1.1 ± 0.1 0.36

Center time (sec) 83.2 ±7.8 59.4 ± 7.4 0.04

Activity time (sec) 226.2 ±10.6 187.6 ±10.1 0.02

Familiar Open Field

Ambulation time (sec) 41.0 ± 4.5 43.0 ± 4.3 0.75

Rearing time (sec) 57.5 ±10.1 68.1 ± 9.6 0.46

Average velocity (cm/sec) 0.9 ± 0.1 1.0 ± 0.1 0.41

Center time (sec) 40.5 ± 10.3 49.1 ± 9.8 0.56

Activity time (sec) 163.3 ± 15.5 164.5 ± 14.8 0.95

Physiol Behav. Author manuscript; available in PMC 2011 December 2.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Padilla et al. Page 20

Ta
bl

e 
4

R
eg

re
ss

io
n 

co
ef

fic
ie

nt
s p

re
di

ct
in

g 
es

ca
pe

 la
te

nc
y.

U
ns

ta
nd

ar
di

ze
d

C
oe

ffi
ci

en
ts

St
an

da
rd

iz
ed

C
oe

ffi
ci

en
ts

B
St

d.
 E

rr
or

B
et

a
t

P 
va

lu
e

M
od

el
 1

:

 
 

(C
on

st
an

t)
12

.6
90

1.
26

1
10

.0
66

0.
00

0

 
 

G
en

er
al

 a
ct

iv
ity

1.
85

6
1.

29
2

0.
25

0
1.

43
7

0.
16

8

 
 

N
ov

el
-f

am
ili

ar
 c

on
tra

st
4.

63
4

1.
29

2
0.

62
5

3.
58

7
0.

00
2

M
od

el
 2

:

 
 

(C
on

st
an

t)
12

.7
1.

26
1

10
.0

73
0.

00
0

 
 

N
ov

el
ty

 re
ac

tio
n

4.
70

9
1.

67
9

0.
65

2.
80

5
0.

01
2

 
 

H
ab

itu
at

io
n

0.
25

3
1.

68
4

0.
03

5
0.

15
0.

88
2

M
od

el
 3

:

 
 

(C
on

st
an

t)
12

.6
90

1.
26

1
10

.0
66

0.
00

0

 
 

N
ov

el
ty

-s
pe

ci
fic

4.
58

9
1.

29
2

0.
61

9
3.

55
2

0.
00

2

 
 

H
ab

itu
at

io
n-

sp
ec

ifi
c

1.
96

4
1.

29
2

0.
26

5
1.

52
1

0.
14

6

D
ep

en
de

nt
 v

ar
ia

bl
e:

 e
sc

ap
e 

la
te

nc
y 

(a
ve

ra
ge

 o
f F

R
1 

an
d 

FR
2)

Physiol Behav. Author manuscript; available in PMC 2011 December 2.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Padilla et al. Page 21

Ta
bl

e 
5

C
or

re
la

tio
ns

 a
m

on
g 

de
co

m
po

se
d 

di
m

en
si

on
s o

f a
ct

iv
ity

 in
 th

e 
no

ve
l a

nd
 fa

m
ili

ar
 o

pe
n 

fie
ld

.

N
ov

el
ac

tiv
ity

Fa
m

ili
ar

ac
tiv

ity
G

en
er

al
ac

tiv
ity

N
ov

el
-fa

m
ili

ar
co

nt
ra

st
N

ov
el

ty
re

ac
tio

n
H

ab
it.

N
ov

el
-

sp
ec

ifi
c

Fa
m

ili
ar

 a
ct

iv
ity

.6
7

G
en

er
al

 a
ct

iv
ity

.9
1

.9
1

N
ov

el
-f

am
ili

ar
co

nt
ra

st
.4

1
−
.4
1

.0
0

N
ov

el
ty

 re
ac

tio
n

.7
5

.0
1

.4
1

.9
1

H
ab

itu
at

io
n

.0
0

−
.7
5

−
.4
1

.9
1

.6
6

N
ov

el
-s

pe
ci

fic
.9

3
.3

6
.7

1
.7

1
.9

4
.3

5

H
ab

it.
-s

pe
ci

fic
−
.3
6

−
.9
3

−
.7
1

.7
1

.3
5

.9
4

.0
0

B
ol

d,
 c

or
re

la
tio

ns
 o

ve
r 0

.9
0.

 S
ee

 te
xt

 fo
r e

xp
la

na
tio

n 
of

 e
ff

ec
ts

 d
ec

om
po

si
tio

n.

Physiol Behav. Author manuscript; available in PMC 2011 December 2.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Padilla et al. Page 22

Table 6

Means of physiologic parameters between helpless and non-helpless rats.

Physiologic parameter Helpless (n= 10)
mean ± SEM

Non-helpless (n= 11)
mean ± SEM p value

Corticosterone (pg/ml) 3234 ± 291.4 3023 ± 235.8 0.58

Heart rate average (bpm) 455.81 ± 16.34 482.15 ± 12.45 0.21

Heart rate variability 12.83 ± 1.91 15.64 ± 2.25 0.36
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Table 7

Correlations between open-field activity measures and physiologic parameters.

Open field activity CORT HR HR var

Novel activity 0.29 −.63** −0.2

Familiar activity 0.15 −.44* −0.04

General activity 0.24 −.58** −0.08

Novel-familiar contrast 0.17 −0.23 −0.27

Escape latency 0.02 −0.38 −0.35

Significant correlation

*
p < 0.05,

**
p < 0.01.

Cort (corticosterone), HR (heart rate), HR var (heart rate variability).
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