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Abstract
Infant guinea pigs exhibit a 2-stage response to maternal separation: an initial active stage,
characterized by vocalizing, and a second passive stage marked by depressive-like behavior
(hunched posture, prolonged eye-closure, extensive piloerection) that appears to be mediated by
proinflammatory activity. Recently we found that pups showed an enhanced (i.e., sensitized)
depressive-like behavioral response during repeated separation. Further, core body temperature
was higher during the beginning of a second separation compared to the first, suggesting a more-
rapid stress-induced febrile response to separation the second day, though the possibility that
temperature was already elevated prior to the second separation could not be ruled out. Therefore,
the present study examined temperature prior to, and during, 2 daily separations. We also
examined the temperature response to a third separation conducted 3 days after the second, and
assessed the effect of repeated separation on plasma cortisol levels. Core temperature did not
differ just prior to the separations, but showed a more-rapid increase and then decline during both
a second and third separation than during a first. Temperature responses were not associated with
changes in motor activity. Depressive-like behavior was greater during the second and third
separations. Pups separated a first time showed a larger plasma cortisol response at the conclusion
of separation than did animals of the same age separated a third time. In all, the results indicate
that the sensitization of depressive-like behavior during repeated separations over several days is
accompanied by a more-rapid febrile response that may be related to a reduction of glucocorticoid
suppression.
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1. Introduction
When children or infant monkeys are separated from their mothers for a protracted period,
an initial stage of active distress is often followed by a second passive, depressive-like stage
of response [34, 40, 46, 50]. Over the years, it has become clear that prolonged separation
and other forms of attachment disruption in children (e.g., abuse, neglect, death of a parent)
also increases the vulnerability for developing a depressive or anxiety disorder at a later age
[1, 4, 9, 45]. In nonhuman primates, seemingly parallel long-term effects of early separation
on later behavior have been observed [15]. The mechanism through which attachment
disruption confers vulnerability for later psychopathology remains unknown, but has been
hypothesized to involve a sensitization process—for instance of corticotropin-releasing
factor (CRF) secretion or amygdala activity—so that reaction to later loss and other adverse
circumstances is magnified as a result of the early attachment disruption [14, 16, 19].

Guinea pigs are laboratory rodents that display good evidence for a specific filial attachment
process, as well as similarities to primates in their responses to social separation [20, 32, 44].
Of particular interest here, guinea pigs exhibit a two-stage, active/passive behavioral
response to maternal separation procedures. Upon isolation in a novel enclosure, pups
initially vocalize at a high rate and tend to move about the enclosure. But after an hr or so,
they quiet and assume a hunched or crouched posture, with eyes closed and piloerection
over most of the body [26]. These effects do not occur if the mother is with the pup in the
test enclosure. It appears that the stressor of being separated from the mother in an
unfamiliar environment activates proinflammatory signaling that mediates the passive stage.

In recent years, it has become clear that stressors can often induce a systemic
proinflammatory reaction (i.e., “stress-induced sickness”) [36] that promotes fever and
behaviors that appear to support fever (e.g., hunched posture, piloerection) or conserve
energy (e.g., sleepiness) [18]. Three lines of evidence support the hypothesis that the passive
response in guinea pigs is mediated by proinflammatory signaling stimulated by the stressor
of the separation procedure: (a) pups injected with lipopolysacchride (LPS), which elicits a
potent proinflammatory reaction, exhibited high levels of crouching, eye-closure, and
piloerection [24]; (b) any of three anti-inflammatory compounds reduced the passive
behavioral response to separation [29, 43, 47]; and, (c) separation induced two signs of
systemic inflammation—an increase in the expression of the proinflammatory cytokine
tumor-necrosis factor alpha in spleen [22] and an increase in core temperature [23, 24],
suggesting fever. These findings are of particular interest in light of mounting evidence that
proinflammatory processes contribute to forms of human depressive illness [12], and may be
a major mechanism through which stressors precipitate depressive episodes [41].

There is increasing support for the notion that behaviors induced by proinflammatory
activity in laboratory animals share common features with depression. For instance,
proinflammatory stimulation in rats and mice increases depressive-like behavior in
conventional depression testing paradigms such as tail suspension and the sucrose
preference test of anhedonia [12]. Mice deficient in proinflammatory signaling show
reduced impact of stress on sucrose consumption and other depression-related measures
[17], and antidepressant medication reduces some proinflammatory-induced behavioral
change [54]. Thus, in addition to the face validity deriving from the similarity of the second
stage of separation in guinea pigs and primates, there is sufficient reason to consider that the
behavior of separated guinea pigs might inform our understanding of how early separation
and other forms of early stress increase vulnerability for later depression.

We recently observed that the passive behavioral response of guinea pigs sensitizes with
repeated separations. Pups exhibited an increase in passive behavior during a second 3-hr
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separation that followed a first separation by 1 or 4 days [23, 28]. Further, central infusion of
interleukin-10—a cytokine with anti-inflammatory properties—before an initial separation
blocked the increase in passive behavior during a separation the following day [28]. This
finding suggests that proinflammatory activity not only mediates the initial response to
separation, but also may contribute to the sensitization of the behavioral response with
repeated separations. It may be, for instance, that the proinflammatory reaction is enhanced
with repeated separations, which in turn, promotes the sensitization of the depressive-like
behavior [21]. This possibility is consistent with another recent finding that core body
temperature was higher during the initial portion of a second daily, 3-hr separation, and
lower in the latter portion than was observed on the previous day [23]. This suggested a
shorter-latency febrile response during the second separation. However, because temperature
was examined only during the separation, it is unclear whether the initial rise in temperature
on the second day was due to an actual elevation in the temperature response during the
second separation or to a difference between days in temperature at the time the second
separation began (e.g., a persistent elevation in basal temperature or an anticipatory response
to subtle environmental cues on the second day). Further, because temperature was observed
only on two consecutive days, it is unclear whether the increased thermogenic response was
a transitory phenomenon or a more-persistent effect.

Therefore in the present study, we used a telemetry device to measure temperature for a 1-hr
period just prior to, as well as during, three, 3-hr separations. Tests occurred on two
consecutive days as well as 3 days after the second. Control measures were included to
differentiate febrile responses from other changes in core temperature (e.g., activity-induced
thermogenic responses). We again assessed sensitization of the passive behavioral response
and, unlike our earlier study of behavior over this time span, included age-matched controls
separated a first time at the same mean age as pups undergoing their third separation.
Finally, because of the hypothesized role of proinflammatory activity in the sensitization
process, together with the well-established suppressive action of glucocorticoids on
inflammatory responses, we also evaluated the effect of single versus repeated separations
on plasma cortisol. Our separation procedure reliably activates the hypothalamic-pituitary-
adrenal (HPA) axis of guinea pig pups [27, 37], but HPA activity has not previously been
examined in the context of this sensitization paradigm.

2. Method
2.1 Animals

Albino guinea pigs (Cavia porcellus) of the Hartley strain were bred and housed in our
laboratory. Mother and litter were maintained together for the duration of the experiment in
a cage (73 × 54 × 24 cm), which had a wire front and sawdust bedding. Food and water were
continuously supplied. The colony room was maintained on a 12-hr light:dark cycle, with
lights on at 07:00 hr. All procedures were conducted in accordance with the Wright State
University Animal Care and Use Committee.

Three groups of pups were used for this study. The SEP1 and SEP3 groups received surgery
to implant a telemetry device and were administered one and three, 3-hr separation tests,
respectively, with the last test of SEP3 occurring at the same approximate age as the single
test of SEP1. For SEP3, pups were separated on two consecutive days, and then again three
days later (i.e. Days 1, 2, and 5). The SURG group received the same surgery to implant a
telemetry device, but unlike the other groups, did not undergo separation testing. SURG
pups served as a control for assessing the effect of the separation procedure on plasma
cortisol levels. Each group was comprised of 11 or 12 pups with approximately equal
numbers of males and females (SEP1: 6 males, 6 females; SEP3: 6 males, 6 females; SURG:
6 males, 5 females). No more than one pup from a litter was assigned to any condition.
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When a SEP1 and SEP3 pup were drawn from the same litter, they were always separated
on different days.

2.2 Surgery and Telemetry
Telemetry probes (PD 4000 Emitter from Mini-Mitter Company) were surgically implanted
into the abdominal cavity under isoflurane anesthesia (2–4%) using aseptic procedures
between 16 and 19 days of age. Pups were treated with 0.05 mg/kg atropine (intraperitoneal)
to reduce secretory activity. Buprenorphine (0.015 mg/0.05 ml) was given subcutaneously
immediately following surgery and again 24 hr later. At least three days intervened between
surgery and any experimental manipulation.

Core temperature was measured by the probe, which sent signals to a receiver plate (54.6 ×
27.9 cm) placed under the cage during testing. The telemetry device also signaled movement
of the pup. Temperature and motor activity data were recorded using computer software
(Vital View) of the manufacturer, which collects data in 3-min bins.

2.3 Testing Procedure
Because of constraints involved in scheduling 4-hr tests with a single receiver plate, testing
occurred over a range of several days. That is, for SEP3 the first test was between 21 and 25
days of age, with subsequent tests occurring exactly 1 and 4 days after the first. Pups in the
other two groups were tested over a similar range at the oldest age, so that the average age of
SEP3 pups at the time of their final test and blood sample collection (27.3 days)
approximated the ages of pups tested and/or sampled in the SEP1 (27.7 days) and SURG
(27.8 days) groups. The “pre-separation” phase of testing was designed to continuously
monitor the core temperature of the pup in the home cage without the potential confound of
passive heat exchange from physical contact with mother or littermates. To begin this phase,
mother and litter were moved to a new home cage that was identical to the previous cage
except for a white, plastic, mesh divider that separated its width into 45-cm and 28-cm
sections. Mother and litter were placed into the larger section to allow habituation to the
presence of the divider for at least 1 hr. The cage was then moved to a nearby table with the
receiver plate under the smaller section of the cage. The subject pup was placed in the
section over the receiver plate, while the mother and littermates remained on the other side.
This prevented any influence on temperature data due to huddling with littermates or
mother, but still permitted visual, auditory and olfactory contact between the subject pup and
the other animals.

Immediately following the pre-separation phase, the pup was transported in a carrying cage
to the adjoining testing room (~ 30 s) where it was placed alone into an empty, clear, plastic
test cage (47 × 24 × 20 cm) positioned completely over the receiver plate to begin the
“separation” phase. Temperature and activity were recorded for the next 3 hr. Additional
behaviors were scored during Min 0–30, 60–90, and 150–180 from behind one-way glass by
an observer trained to at least 85% inter-observer reliability. The number of whistle
vocalizations (the primary behavior of the active stage) was tallied using a hand-held
counter. A microphone positioned over the cage broadcast the sound to the headphones of
the observer. In addition, the observer scored the number of 1-min intervals in which pups
exhibited each of three passive, depressive-like behaviors characteristic of separated pups:
(1) a distinctive crouched stance with feet pulled close to the body—this sometimes
transitions into lying on the cage floor with the trunk supporting the body; (2) complete or
near complete closure of at least one eye for at least 1 s; and, (3) piloerection over most of
the body. The measure used in this study (full passive response) was the number of 1-min
intervals in which all three passive behaviors were displayed [43].
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2.4 Blood Collection and Hormone Determination
Immediately after a pup’s final separation or removal from the home cage (SURG group), it
was exposed for 1 min to CO2 and decapitated. Trunk blood was collected on heparin and
centrifuged for 20 min at 1,935 g. Separated plasma was stored at −20°C until assayed. As
in previous studies, a commercial cortisol kit (Siemens “Coat-a-Count”) was used with
plasma diluted 1:5. Intra-assay variability was calculated to be < 3%. All samples were
collected within 2 min of the onset of disturbance.

2.5 Data Analysis
To further reduce temperature and activity data, analyses were based on 15-min time blocks.
Data during the pre-separation and separation periods were analyzed separately with
analysis of variance (ANOVA) procedures. When sphericity for within-subject comparisons
was judged to be problematic by the Mauchley test, the Huynh-Feldt correction factor was
used. Significant effects were followed with tests for simple main effects [53] and Newman-
Keuls paired comparisons tests, as appropriate. Dunnett’s procedure was used to further
assess significant changes in temperature over the course of separation. Paired-t-tests
compared data from the last time-block of the pre-separation period with that from the first
time block of the separation period. A significance level of p < 0.05 (two-tailed) was
adopted throughout. There were no statistical outliers on any measure. During the pre-
separation phase, several pups breached the mesh barrier to reunite with mother and
littermates, resulting in loss of three subjects for some analyses of temperature and activity.
In addition, three blood samples were missing, resulting in sample sizes of 11 for SEP1 and
10 for SEP3 for cortisol analysis.

3. Results
3.1 Core Temperature

3.1.1 Pre-separation—Changes in core temperature prior to repeated separation tests in
the SEP3 group were assessed with a 2 (Gender) × 3 (Test) × 4 (Time Block) ANOVA, with
the last two factors treated as repeated measures. No significant effects were obtained. Of
interest here, the smallest numerical difference among tests was seen in the last time block
of the pre-separation phase (Fig. 1, top panel). To examine temperature prior to a first and
third separation in pups of the same age, a 2 (Group) × 2 (Gender) × 4 (Time Block)
repeated measures ANOVA compared the temperature of pups in the SEP1 group prior to
their separation with the temperature of pups in SEP3 prior to their third separation. The
ANOVA yielded only a significant Group × Gender interaction, F (1, 19) = 6.78, p < 0.05.
Core temperature tended to be higher prior to the first than the third separation for males
(SEP1 = 39.24 +/− 0.06; SEP3 = 39.04 +/− 0.06), and higher prior to the third than the first
separation for females (SEP1 = 39.08 +/− 0.06; SEP3 = 39.19 +/− 0.06). However, simple
main effect tests indicated that neither of these individual differences was significant. As
seen in Figure 1(bottom panel), pre-separation temperature of pups again tended to converge
in the latter time blocks of the pre-separation period.

3.1.2. Separation—A 2 (Gender) × 3 (Test) × 12 (Time Block) repeated measures
ANOVA of changes in core temperature during repeated separations of the SEP3 pups
yielded a significant Test × Time Block interaction, F (22, 220) = 1.89, p < 0.05. Simple
main effects tests at each Time Block revealed differences across tests for Time Blocks 2
and 3 (p’s < 0.05). Newman-Keuls tests (p < 0.05) showed that temperature was higher
during the second separation than during the first for Time Block 2, and higher during the
second than during the first or third for Time Block 3 (Fig. 1, top panel). To evaluate
fluctuations in temperature during the 3 hr of each individual separation, Dunnett’s tests
compared the first to subsequent 15-min time blocks. During the first separation, core
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temperature was significantly higher during the 61st to the 75th minutes of separation (Time
Blocks 5 & 6) than during the initial 15 min (p’s < 0.05). In comparison, during the second
separation, temperature rose more rapidly, with significant elevations during Time Blocks 2
and 3 (16–45 min of separation; p’s < 0.05) and then showed a greater subsequent decline,
which differed significantly from Time Block 1 during the final 15 min of separation (p <
0.05). During the third separation, there were no significant fluctuations relative to the initial
15 min.

For comparison of the difference in temperature during a first and third separation in pups of
the same age (SEP1 vs SEP3), a 2 (Group) × 2 (Gender) × 12 (Time Block) repeated
measures ANOVA yielded a significant main effect of Gender, F (1, 20) = 6.35, p < 0.05
(males > females), and a significant Group × Time Block interaction, F (3.7, 74.7) = 3.09, p
< 0.05 (Huynh-Feldt correction), indicating that the pattern observed in the bottom panel of
Figure 1 of relatively higher temperature during the initial portion of the separation period,
and lower temperature in the later portion, in pups separated a third time as compared to
those separated a first time at the same age, was statistically reliable. However, simple main
effect tests indicated that the groups did not differ significantly at any single time block.
Differences between the groups did emerge when examining changes in temperature over
time. Whereas there were no fluctuations in temperature relative to the first 15 min for those
pups separated a third time, those pups first isolated at this later age showed significant
elevations during Time Blocks 7 (p < 0.05), 8 (p < 0.01), and 9 (p < 0.05). That is, pups first
separated at this older age showed an even more gradual elevation in core temperature than
pups first separated several days earlier.

3.1.3 Transition from pre-separation to separation—Unexpectedly, the temperature
of pups appeared to drop between the end of pre-separation testing and the beginning of
separation. To evaluate whether these apparent changes were statistically reliable, t-tests for
paired samples compared body temperature during the last 15 min of pre-separation with
first 15 min of separation. These comparisons were significant for SEP1 pups, t (11) = 3.23,
p < 0.01, and approached significance for the first separation of SEP3 pups, t (11) = 2.08, p
= 0.061(Fig. 1).

3.2 Activity
3.2.1. Pre-separation—The primary purpose for evaluating activity counts was to
determine whether or not any changes in temperature were associated with motor activity of
the pup. Activity was high during the early portion of the pre-separation period, and then
generally declined (Fig. 2). This observation was verified by the ANOVAs for multiple
separations of SEP3 pups as well as for the first and third separations of SEP1 and SEP3
pups. Both yielded only a significant effect of Blocks, F (3, 21) = 4.24, p < 0.05 and F (1,
18) = 20.78, p < 0.01, respectively.

3.2.2. Separation—During separation, activity—unlike core temperature—did not vary
across the separations of SEP3 (Fig. 2, top panel). The only significant outcomes were a
main effect of Blocks, F (1, 10) = 7.20, p < 0.01, and Gender × Blocks interaction, F (1, 10)
= 2.10, p < 0.05. Whereas pups of both genders showed a reduction in activity across blocks,
the decline was more rapid for females than for males (data not shown). For the comparison
of SEP1 and SEP3 there were no significant effects (Fig. 2, bottom panel). In sum, changes
in activity during separation were not associated with changes in core temperature.

3.2.3. Transition from pre-separation to separation—Because activity counts, like
body temperature, showed numerical declines from the end of pre-separation to the
beginning of separation, differences from the last 15 min of pre-separation to the first 15
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min of separation were again examined with t-tests. These comparisons were not significant,
though the difference for the SEP1 group approached significance, t (10) = 2.08, p = 0.064
(Fig. 2, bottom panel).

3.3. Passive Response
To compare the full passive response in the SEP3 group across separations, a 2 (Gender) × 3
(Test) ANOVA resulted in a significant effect of Test, F (2, 20) = 6.24, p < 0.01. Newman-
Keuls paired-comparisons showed that pups exhibited more of the full passive response
during the second and third separations than they did during the first (p’s <0.05; Fig. 3, top
panel). The 2 (Group) × 2 (Gender) ANOVA comparing the groups separated a first (SEP1)
or third (SEP3) time at the same age yielded a significant effect of Group, F (1, 20) = 11.47,
p < 0.01, indicating more passive behavior in pups separated a third time, thus confirming
the sensitization effect.

3.4 Vocalizations
The mean level of vocalizing diminished by the third separation (Fig. 3, bottom panel).
However, the ANOVA for repeated separations showed that this effect only approached
significance (p < 0.07), reflecting considerable variation in this measure. Similarly, the 2
(Group) × 2 (Gender) ANOVA comparing first and third separations on the same day
yielded no significant effects, indicating that the vocalizations of the 27-day-old animals
were comparable during a first and third separation.

3.5 Cortisol
For cortisol, a 3 (Group) × 2 (Gender) ANOVA produced one significant effect, a main
effect of Group, F (2, 26) = 19.38, p < 0.01. Newman-Keuls paired comparisons showed
that while both a first and third separation produced cortisol elevations relative to a non-
separated group receiving the same surgery, the response to the first separation was greater
than that to the third. Specifically, values for SEP1 were greater than those for either SEP3
(p < 0.01) or SURG (p < 0.01), and cortisol levels for SEP3 were greater than those for
SURG (p < 0.05; Fig. 4).

4. Discussion
In the present study, separated guinea pig pups exhibited behaviors characteristic of both the
initial active phase of separation (vocalizing) and the depressive-like passive stage that
typically follows (crouching, eye-closure, piloerection). As in a recent study [28], pups
showed increased levels of depressive-like behavior during both a second, 3-hr separation
that occurred 24 hr after the first, as well as during a third separation another 3 days later.
Unlike the earlier study, we included age-matched controls, which confirmed that the
elevated level of depressive-like behavior at the oldest age was due to repeated separations,
as opposed to increasing age. In contrast to the passive behavior, vocalizing tended to
decrease over separations, though this effect appeared to be due to increasing age. This
dissociation is consistent with the view that the separation vocalizations of guinea pig pups
represent anxiety-like, rather than depression-like, behavior [31,55]. Because we have
hypothesized that the sensitization of the passive, depressive-like behavior is mediated by
enhanced proinflammatory activity, and because proinflammatory signaling initiates fever,
the primary purpose of the present study was to examine the relation between depressive-
like behavior and fever over repeated separations.

Fever is a regulated increase in core body temperature (i.e. elevated “set point”) as
distinguished from, for instance, a rise in temperature due to proximity to a heat source or an
inability to dissipate heat following exercise. Exposure to stressors can induce a febrile
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response driven by proinflammatory activity [36]. However, stressors also produce typically
brief elevations in body temperature (stress-induced hyperthermia) that may be mediated by
other factors, such as increased sympathetic output [51]. In the present experiment, the
procedure for measuring temperature prior to separation was designed to avoid any
confound due to physical contact with the heat sources afforded by the mother and
littermates. These pre-separation measurements were conducted over an hr in anticipation of
an initial stress-induced hyperthermia that would resolve toward base levels by the end of
the pre-separation session. Instead we found no indication that a baseline measurement was
ever reached; rather levels during pre-separation approximated those observed in guinea pig
pups following LPS injection in a prior study [7]. Core temperature during the pre-
separation period may have been influenced not only by stress-induced hyperthermia, but
also by the exertion of the pups as they attempted to regain access to their mother and
siblings. This interpretation is supported by the higher activity counts, particularly during
the early portion of the pre-separation period, our own informal observations of the pups’
behavior at the mesh barrier, and by the loss of data of several pups that managed to breach
the barrier to re-join their cage mates. Further evidence that core temperature during all pre-
separation time blocks was elevated over resting body temperature comes from an earlier
study in which we simply removed 3-week-old pups from the home cage or the separation
environment and measured their temperature with a rectal thermometer [24]. In that study,
temperature during an initial separation was elevated at 90 min, but not 180 min, over home
cage levels. This is what one would expect if the pre-separation values of core temperature
of pups of comparable age and experience in the present experiment (SEP3 pups during their
first separation) were, in fact, elevated over resting levels, and help confirm that peak
temperature levels during separation in the present study reflect actual increases over basal
temperature.

In our previous published study using the telemetry device to continuously monitor
temperature during separation [23], pups separated for the first time showed a gradual
increase in core temperature, whereas temperature during separation the next day was
significantly higher during the first 45 min and then declined more rapidly. Thus, it was not
possible to determine if the difference was due to an actual change in response to separation,
or to a difference at the time separation began, such as an elevated basal temperature or an
anticipatory response to subtle environmental cues the second day. Because such effects
have been reported in the literature [13, 42], resolution of the question was a priority. In the
present experiment, we saw patterns of core temperature change during separation on 2
consecutive days that were very similar to those of the previous study: a slower increase
during the first separation and significantly higher values during the early portion of
separation on Day 2 compared to Day 1. Importantly, these effects were obtained even
though core temperature values were equivalent during the last time block of the pre-
separation period. Thus, we conclude that the elevation during the early portion of the
second separation represents an actual change in response to the second separation. This
conclusion is bolstered by the observation that in the present experiment, as opposed to the
earlier one, differences between the first and second separation were not statistically
significant during the first time block. These findings also fit nicely with other published
work showing that prior stressor exposure leads to a more-rapid febrile response during later
immune challenge [33].

During the third separation, occurring 3 days after the second, we found evidence for the
same differential pattern of response relative to the first separation. When compared to age-
matched controls separated a first time, the pattern of higher temperature during the early
portion of the separation followed by lower temperature during the latter portion again was
significant, though seemingly somewhat less distinct. Again there were no differences
between these groups during the last time block of the pre-separation period. This
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persistence of the short-latency temperature rise during repeated separations shows that the
effect on temperature is more than just a transient change during the first 24 hr.

Moreover, correspondence between this pattern of temperature change and the increase in
passive behavior observed during second and third separations suggests these responses may
be functionally linked. Our earlier finding that administration of an anti-inflammatory prior
to an initial separation prevented sensitization of the full passive response during separation
the following day [28] implicates proinflammatory processes in the behavioral sensitization.
The current findings provide additional support for this interpretation. That is, a more-rapid
febrile response during the second and third separations may indicate a more-rapid
proinflammatory response, which may have then led to more passive behavior occurring
during the 3-hr separation test. Prior studies in rats have shown that naturally varying levels
of cytokines in brain are predictive of more-rapid febrile responses to novel environment
exposure [3]. While we have yet to demonstrate differences in central proinflammatory
activity associated with prior separations, the present findings provide strong indirect
support for a role for proinflammatory cytokines/processes in mediating sensitized
behavioral responses to repeated separation.

We also found that cortisol levels at the conclusion of a third separation were lower than
levels following a first separation. While these results are very preliminary (e.g., cortisol
responses were not measured following a second separation; only one time point was
assessed), they suggest that reduced glucocorticoid suppression of proinflammatory
processes during subsequent separations may help account for the more-rapid febrile
response and increased passive behavior. In rats and mice, lasting effects of early separation
on glucocorticoid levels and other measures often appear to be mediated by the treatment of
the pups by the mother upon return to the home cage [e.g.,30,38]. In the precocial guinea
pig, by contrast, active maternal care rarely is observed beyond the first week postpartum
[35], even following separation and reunion [25]. Thus, one can conclude with relative
certainty that effects observed in the later separations of the current study were not due to
the mother’s care-taking activities following earlier separations.

In laboratory rodents, procedures that induce a proinflammatory reaction during infancy
have been found to have a variety of effects on proinflammatory activity, as well as
behavioral and endocrine stress responses, at later ages. While these effects are variable
[21], later proinflammatory activity and responses to stressors often have been found to be
enhanced [e.g., 5, 6, 8, 49, 52]. The results of the present experiment build on those of other
studies with guinea pigs [e.g., 21, 28] that together suggest proinflammatory activity not
only underlies the depressive-like response to an initial separation, but also can promote
increased depressive-like responses to later separations. Further, there is now a substantial
literature indicating that proinflammatory activity is a mediator of forms of depressive
illness in adulthood [2, 12], while other human studies have demonstrated that early
adversity is associated with later enhanced proinflammatory activity and depression [10, 11,
39]. In total, there is mounting evidence that part of the means by which filial attachment
disruption and other forms of early adverse experience increase vulnerability for the
development of depressive illness in later life may involve the interaction of neural and
endocrine systems with proinflammatory processes.
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Highlights

• Depressive-like behavior sensitized during repeated maternal separations

• Repeated separation produced more-rapid, stress-induced febrile response

• Behavioral sensitization and accelerated febrile response persisted at least 3
days

• Cortisol levels decreased with repeated separation

• Proinflammatory signaling may mediate sensitization
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Fig. 1.
Mean core body temperature of SEP3 pups before and during their three separation tests
(top) and of SEP1 pups during their separation test relative to the third separation test of
SEP3, which occurred at a comparable age (bottom). On the left of each figure is shown
temperature during the four, 15-min time blocks of the pre-separation period. On the right,
temperature during the 12, 15-min blocks of the separation period is depicted. * p < 0.05 vs
Test 1; § p < 0.05 vs Tests 1 and 3; † p < 0.05 vs Time Block 1; †† p < 0.01 vs Time Block
1; ## p < 0.01 vs Time Block 4 of pre-separation. Insets depict per cent change from Time
Block 4 of pre-separation to Time Block 1 of separation.
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Fig. 2.
Mean activity counts of SEP3 pups before and during their three separation tests (top) and of
SEP1 pups during their separation test relative to the third separation test of SEP3, which
occurred at a comparable age (bottom). On the left of each figure is shown activity during
the four, 15-min time blocks of the pre-separation period. On the right, activity during the
12, 15-min intervals of the separation period is depicted. There were no significant
differences among Tests 1–3 or between SEP1 and SEP3.
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Fig. 3.
Mean number of 1-min intervals that pups in the SEP3 group exhibited the full passive
response (top) and the mean number of vocalizations of SEP3 pups (bottom) during each of
their three separations. Values for SEP1 pups (tested at the oldest age) are shown for
comparison. Vertical lines represent standard errors of the means. * p < 0.05 vs Test 1; ** p
< 0.01 vs SEP3
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Fig. 4.
Mean plasma cortisol levels of pups of the three groups. Vertical lines indicate standard
errors of the means. * p < 0.05 vs SURG; **p < 0.01 vs SURG and SEP3
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