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Abstract

Glucagon-like peptide 1 (GLP-1) neurons of the caudal brainstem project to many brain areas,
including the lateral septum (LS), which has a known role in stress responses. Previously, we
showed that endogenous GLP-1 in the LS plays a physiologic role in the control of feeding under
non-stressed conditions, however, central GLP-1 is also involved in behavioral and endocrine
responses to stress. Here, we asked whether LS GLP-1 receptors (GLP-1R) contribute to stress-
induced hypophagia. Male rats were implanted with bilateral cannulas targeting the dorsal
subregion of the LS (dLS). In a within-subjects design, shortly before the onset of the dark phase,
rats received dLS injections of saline or the GLP-1R antagonist Exendin (9-39) (Ex9) prior to 30
min restraint stress. Food intake was measured continuously for the next 20 h. The stress-induced
hypophagia observed within the first 30 minutes of dark was not influenced by Ex9 pretreatment,
but Ex9 tended to blunt the effect of stress as early as 1 and 2 h into the dark phase. By 4-6 h,
there were significant stress X drug interactions, and Ex9 pretreatment blocked the stress-induced
suppression of feeding. These effects were mediated entirely through changes in average meal
size; stress suppressed meal size while dLS Ex9 attenuated this effect. Using a similar design, we
examined the role of dLS GLP-1R in the neuroendocrine response to acute restraint stress. As
expected, stress potently increased serum corticosterone, but blockade of dLS GLP-1Rs did not
affect this response. Together, these data show that endogenous GLP-1 action in the dLS plays a
role in some but not all of the physiologic responses to acute stress.

1. Introduction

Central glucagon-like peptide 1 is produced in hindbrain GLP-1 neurons in both the nucleus
of the solitary tract (NTS) and the medullary reticular formation (MRF) [1,2]. GLP-1
neurons project widely throughout the brain [3], and are activated by incoming signals from
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the vagus nerve. Most research on the role of brain GLP-1 has focused on its contribution to
food intake control. This is supported by findings that intracerebroventricular (ICV) GLP-1
effectively suppresses food intake, and more importantly, that feeding is increased when
endogenous GLP-1 receptor (GLP-1R) stimulation is reduced by the GLP-1R antagonist,
Exendin 9-39 (Ex9) or through GLP-1 or GLP-1R mRNA knockdown [4-7]. These loss-of-
function studies support the idea that central GLP-1 is essential to the physiologic control of
energy balance.

In addition to its effects under normal, non-stressed conditions, it is well established that
central GLP-1 signaling plays a role in behavioral and endocrine stress responses [8-10],
and central GLP-1 has been shown to modulate hypothalamic-pituitary-adrenal (HPA) axis
activity [11-14]. Previous studies have established that acute stress activates GLP-1 neurons
in the NTS and MRF in rats [2,15]. Furthermore, central administration of GLP-1 induces c-
fos expression in corticotropin-releasing hormone (CRH)-producing neurons in the
paraventricular nucleus (PVN) of the hypothalamus and leads to an increase in plasma
adrenocorticotropic hormone (ACTH) and corticosterone (CORT) [11]. GLP-1 neurons have
also been shown to contribute to stress-induced hypophagia [15]. Recent data demonstrate
that central GLP-1R antagonism, delivered globally through ICV injection, reduced the
ability of acute stress to suppress chow intake early in the dark phase [2]. Although the
specific central site of action was not determined in that paper, the bed nucleus of the stria
terminalis (BNST) was identified as a candidate based on patterns of c-fos expression
induced by stress and modulated by Ex9 treatment. The PVN population of GLP-1Rs has
also been suggested as a potential mediator for some of these effects, and site-specific intra-
PVN injection of GLP-1 increases HPA axis activity [9]. Recent studies using mice that lack
PVN GLP-1Rs provide evidence that these receptors play a role in the neuroendocrine and
sympathetic nervous system responses to acute and chronic stress, as well as in anxiety-like
behavior [10]. Here, we examine the potential role of another GLP-1R population, those in
the dorsal lateral septum (dLS).

Previous research on the LS supports a role for this nucleus in reward and stress-related
behaviors [16-20]. Stimulation of LS corticotropin-releasing factor, receptors (CRF,R)
promotes anorexia and increases stress-like behaviors [21]. Blockade of CRF,Rs in the LS
attenuates restraint-stress-induced anorexia [22]. Furthermore, inhibition of LS neurons can
reduce the anorectic effects of stress and increase sucrose intake in rats submitted to weekly
cycles of stress [23,24]. This area has also been shown to play a role in modulation of HPA
axis activity [20]. Until recently, the LS had not been considered a major player in the
central control of food intake. However, more recent studies have demonstrated a role for the
LS in the physiologic control of feeding. Sweeney and colleagues showed that an excitatory
pathway from the ventral hippocampus to the LS suppresses feeding, as does an inhibitory
pathway from the LS to the lateral hypothalamus (LH) [25,26]. GLP-1 fibers and receptors
are present in the LS [3,27,28], as well, and recent experimental data from our laboratory
showed that GLP-1 in the LS influences food intake [29]. In a series of studies, we
demonstrated that stimulation of GLP-1R in the LS suppresses feeding and blockade of
these receptors increases food intake in a variety of feeding tests, and that GLP-1R in the
dorsal subregion of the LS, in particular, mediated effects on both food intake and
motivation for food [29]. Our data support the idea that endogenous GLP-1 signaling in the
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dLS plays a physiologic role in limiting food intake. Based on these findings and the well-
established role of the LS in stress responses [18,20], we sought to determine whether dLS
GLP-1 receptors play a role in stress-induced hypophagia.

Here, we hypothesized that after 30 minutes of restraint stress, endogenously released
GLP-1 in the dLS acts on GLP-1R-bearing neurons in this nucleus to suppress chow intake
in rats. To test this hypothesis, we blocked GLP-1R in the dLS using the antagonist Ex9,
with the expectation that Ex9 treatment would attenuate stress-induced hypophagia. Because
the LS can modulate neuroendocrine stress responses and central GLP-1 is also known to
influence HPA axis activity, we hypothesized that endogenous GLP-1 signaling in this
region plays a role in the neuroendocrine response to acute stress. To test this hypothesis, we
determined whether the CORT response to acute restraint stress is attenuated by blockade of
dLS GLP-1Rs.

2. Methods
2.1. Subjects

Naive male Wistar rats (Harlan, Indianapolis, IN) were maintained individually in
temperature-controlled vivariums on a 12:12-h light-dark cycle in plastic cages. Rats had ad
libitum access to distilled water and rat chow (Purina 5001), except where otherwise noted.
All experimental procedures were approved by the Florida State University Institutional
Animal Care and Use Committee and conformed to the standard of the Guide for the Care
and Use of Laboratory Animals (National Research Council, 1996).

2.2. Surgery

Rats were implanted with bilateral 26 G guide cannulas under 2-4% isoflurane delivered at a
rate of 1 I/min. Bilateral cannulas targeted the dLS (0.6 mm lateral to midline, 1.0 mm
anterior to bregma, and 3.0 mm ventral to skull surface). Injectors (33G) extending 2.0 mm
below the end of the guide cannulas were used. Rats were given 1 week to recover from
surgery prior to the start of experimentation. Cannula placements were verified
histologically after the conclusion of the experiment. Injection sites within the boundaries of
the dorsal subdivision of the LS, as drawn in the atlas of Paxinos and Watson [30], were
considered correct, and data from rats with accurate bilateral cannula placements were
included in analyses (70% hit rate) (Fig. 1).

2.3. General methods for behavioral experiments

Before the start of testing, rats were habituated to all experimental procedures. For
habituation to intra-dLS injection procedures, rats received a 0.25 pl injection of sterile 0.9%
saline at a rate of 0.25 pl/min, delivered to each hemisphere, for a total volume of 0.5 pl
distributed across the two dLS sites; injections into each hemisphere were given
simultaneously. Injectors were then left in place for an additional minute before removal.
Body weights were recorded daily, and all drug treatments were separated by a minimum of
48 h.
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2.4, Study 1: effects of dLS GLP-1R blockade on stress-induced hypophagia

Naive male Wistar rats with bilateral cannulas targeting the dLS (n = 12) were housed in the
BioDAQ continuous food intake monitoring system (Research Diets, New Brunswick, NJ),
which uses sensitive load cells to record the weight of food hoppers with a resolution of 1
second and 0.02 g. Rats had ad /ibitum access to distilled water and rat chow (Purina 5001)
except where otherwise noted. On test days, access to food was removed 4 h before dark
onset, and 45 min before dark onset, all rats received intra-dLS injections. This study
utilized a within-subjects, crossover design in which rats were divided into two groups (Fig
2F). Each group received conditions presented in counterbalanced order. Rats in group 1
received intra-dLS saline with no stress, and intra-dLS saline plus 30 minutes of restraint
stress (RES) (n = 6); group 2 received intra-dLS Ex9 (5 pug total) with no stress, and intra-
dLS Ex9 plus RES (n =6). The 5 pug dose was evenly divided between the two hemispheres
(i.e., 2.5 pg on each side). This dose of Ex9 was selected based on a pilot study in which we
found that it was subthreshold for a feeding effect early in the dark cycle when delivered
bilaterally to the dLS (data not shown). Ten days after the second brain injection, the
crossover occurred and rats received the other two conditions in counterbalanced order. For
the RES conditions, rats were restrained for 30 min in a rodent restraint cone, and released
just prior to dark onset. While the rats were in the restraint cone, they were placed in
individual plastic holding cages (not their home cage), and when they were removed from
the cone, rats were placed back into their home cages. We chose to use nhon-home cage
holding during restraint to minimize movement of home cages, because rats in this
experiment were housed in the BioDAQ system. Because daily maintenance of this
equipment requires that rats be temporarily moved to holding cages, subjects in this study
were accustomed to this non-home cage location. For the no-stress conditions, rats were
placed back into their holding cages after intra-dLS injections were made. In all conditions,
chow was returned immediately before dark onset and subsequent intake was monitored by
the BioDAQ system for 20 h.

Food intake and meal pattern analyses were conducted with the Data Viewer software
(Research Diets, New Brunswick, NJ). We first examined cumulative chow intake 30 min
after dark onset, because this is the period during which others [2] have found RES to most
profoundly suppress food intake. We also assessed cumulative intake in hourly intervals up
to 20 h. Based on our cumulative chow intake findings that the effect of stress on feeding
was expressed most prominently within the first half of the dark phase, we only analyzed
meal pattern variables for the first 6 h of the dark phase. A single meal was defined as the
consumption of at least 0.25 g of chow separated by =15 min from subsequent intake. We
examined latency to begin the first meal, meal size, number of meals, meal duration,
ingestion rate and inter-meal intervals (IMI). Latency to begin the first meal was defined as
the number of min between the time when chow access resumed and the start of the first
meal. Ingestion rate was calculated as g consumed during the meal divided by meal duration.
IMI was defined as the time (sec) between the end of one meal and the start of the
subsequent meal.
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effects of dLS GLP-1R blockade on the CORT response to stress

A second cohort of naive male Wistar rats (n = 6) were implanted with bilateral cannulas
targeting the dLS. In the mid-light phase (beginning at 4 h post-light onset), 15 min before
intra-dLS injection, initial 200 pl blood samples were taken via tail snip to provide baseline
CORT levels (timepoint -60). Fifteen minutes after baseline, all rats received intra-dLS
injections of saline vehicle or 5 pg Ex9 (2.5 ug on each side, as described above). Fifteen
minutes after dLS injection, for the RES condition, rats were restrained for 30 min in a
rodent restraint cone. At the end of the 30 min of restraint, tail blood was again taken
(timepoint 0); blood was again taken 15, 30, 60, and 120 min after the rat had been removed
from the restraint cone. This study utilized the same within-subjects, crossover design
described above, such that all rats received all conditions presented in counterbalanced order
with a minimum of 10 days between stress conditions (Fig 2F).

Serum CORT concentrations were determined using a competitive enzyme immunoassay
(Immunodiagnostic Systems Ltd., Fountain Hills, AZ), according to the manufacturer’s
instructions. Assay sensitivity for CORT was 0.55 ng/ml, with synthetic CORT recovery of
98.60 + 7.04% and linearity of 99.67 + 4.79%. All blood samples were collected into 1.5 ml
polypropylene microcentrifuge tubes. Blood was allowed to clot undisturbed at room
temperature for 30 min. Samples were then centrifuged (14000 rpm, 20 min, 4°C), and
serum was removed and stored at —80°C until processing.

Statistical Analysis

3. Results
3.1. Study 1:

Data are reported as mean + SE. Effects were evaluated by three-way or two-way repeated
measures ANOVA, as appropriate. Pairwise planned comparisons were made with Holm-
Bonferroni tests. P values of <0.05 were taken as significant.

effects of LS GLP-1R blockade on stress-induced hypophagia

3.1.1. Chow intake—On test days, two-way repeated measures ANOVA revealed a main
effect of stress to suppress chow intake at 30 min post-dark onset [30-min: F (1, 11) = 30.67,
p < .00001]; at this timepoint, pairwise comparisons demonstrated that restraint stress
significantly suppressed chow intake after both intra-dLS saline and Ex9 treatment (p <
0.01) (Fig 2A). Statistics for the main effect of stress were similar for cumulative intake
from hours 1 — 8 h post-dark onset [e.g., 4h: F (1, 11) = 8.82, p< .05]; and at these hourly
timepoints, pairwise comparisons showed that restraint stress significantly suppressed chow
intake only following intra-dLS saline (p < 0.01). We present intake in 2-h bins for visual
clarity (Fig 3). Beginning at 1 and 2 h post-dark onset, GLP-1R blockade tended to reduce
the ability of acute stress to suppress chow intake (pairwise comparisons showing no effect
of stress after dLS Ex9 treatment); however, there was not a significant stress by drug
interaction at these time points. At 4 and 6 h, there were significant stress x drug interactions
[4h: F (1, 11) = 7.51, p < 0.05], [6h: F (1, 11) = 5.31, p < 0.05]; Ex9 treatment significantly
attenuated the effect of stress-induced hypophagia (Fig 3). Starting at 9 h post-dark onset,
we found a significant main effect of stress on cumulative intake, but pairwise comparisons
revealed no significant differences across conditions, and by 20 h, there was no longer a
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significant main effect of stress. Based on this pattern of results, we focused our meal pattern
analysis on the first half of the dark phase, where the effects of stress and Ex9 were evident.

Responses to stress can change with repeated stress experience, and our experiment used a
crossover design in which rats did experience 30 min restraint stress twice, separated by 10
days. Therefore, we looked for a possible effect of condition order in our feeding data. In
group 1, which received intra-dLS saline conditions first, we found that restraint stress
suppressed dark-onset cumulative chow intake by 60% = 8% during the first 30 min. In
group 2 (rats that received the dLS saline conditions after the crossover), we found that
restraint stress suppressed dark-onset cumulative chow intake by 70% + 14% during the
same time period [t (10) =0.59, NS]. The suppressive effect of stress on food intake
throughout the dark phase was similar in group 1 and group 2, despite group 2 rats having
previously experienced 30 min restraint once before (e.g., suppression of chow intake at 4h:
group 1, 23% + 10% vs. group 2, 23% = 7% [t (10) =0.14, NS] and at 6h: group 1, 18%

+ 8% vs. group 2, 10% + 5% [t (10) =0.94, NS]). This suggests that rats did not show
significant adaptation of the feeding response to stress within this experiment.

3.1.2. Meal pattern analyses—Because the effect of stress to suppress intake was most
profound during the first 30 min of the dark phase, when the first meal of the day is typically
consumed, we examined first meal size and related variables. Two-way repeated measures
ANOVA revealed a main effect of stress to suppress the size of the first meal [F (1, 11) =
6.46, p < 0.05]; pairwise comparisons demonstrated that restraint stress significantly
suppressed first meal size after intra-dLS saline, but not following dLS Ex9 treatment (Fig
2B). There was a trend for a stress x drug interaction, but this failed to reach significance [F
(1, 11) = 4.55, p = 0.056]. We also found a significant main effect of stress on first meal
duration [F (1, 11) = 8.69, p < 0.05], but pairwise comparisons did not reveal significant
differences across conditions (Fig 2C). Stress tended to increase latency to begin the first
meal [main effect of stress F (1, 11) = 5.73, p < 0.05], but there was a high degree of
variability and pairwise comparisons revealed no significant differences across conditions
(Fig 2D). Two-way repeated measures ANOVA revealed a main effect of stress to suppress
ingestion rate during the first meal [F (1, 11) = 18.56, p < 0.01], with no effect of drug and
no interaction. Pairwise comparisons demonstrated that restraint stress significantly
suppressed average ingestion rate during the first meal after intra-dLS saline and also
following dLS Ex9 treatment. (p < 0.001) (Fig 2E).

When we examined average meal size over the first 6 hours of the dark phase, two-way
repeated measures ANOVA revealed a stress x drug interaction [F (1, 11) = 7.38, p < 0.05].
Restraint stress significantly suppressed average meal size in the dLS saline conditions (p <
0.01), and this effect of stress to was eliminated by dLS GLP-1R blockade (Fig 4A). During
this period, there were no effects on the number of meals consumed (Fig 4B), average meal
duration or IMI (Table 1).

effects of dLS GLP-1R blockade on the CORT response to stress

Stress strongly increased serum CORT regardless of drug treatment. Three-way ANOVA
yielded significant main effects of time [F(5, 25) = 38.62, p < 0.001] and stress [F(5, 25) =
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53.06, p < 0.001]; there was also a significant time x stress interaction [F(5, 25) = 37.1, p <
0.001]. We used two-way ANOVA to examine stress effects in detail at individual time
points. There were no differences in serum CORT at timepoint -60 (baseline). Significant
main effects of stress were observed immediately after the restraint (timepoint 0) [F(1, 5) =
53.56, p < 0.001], 15 min post-stress [F (1, 5) = 125.82, p < 0.0001], and 30 min post-stress
[F (1, 5) =22.01, p < 0.01]. Pairwise comparisons showed that restraint increased CORT
after both intra-dLS saline and Ex9 (p < 0.01) (Fig 5). At 60 and 120 min post-stress, CORT
was no longer significantly elevated (Fig 5). At no point were there any effects of dLS Ex9.
There was a significant main effect of stress on integrated area under curve (AUC) serum
CORT response [F (1, 5) = 45.05, p< 0.001]. Restraint stress significantly increased CORT
AUC after both intra-dLS saline and Ex9 treatment (p < 0.001): AUC after saline, 6534.33
+ 1579.83 ng/ml vs. saline + RES, 66503.5 + 10579.15 ng/ml vs. Ex9, 10865 + 5629.16
ng/ml vs. Ex9 + RES, 65255.67 + 12415.07 ng/ml.

4. Discussion

Our results provide direct evidence that LS GLP-1R are involved in coordinating the
hypophagic response to acute stress. Here, we used a pharmacologic approach to determine
the relationship between GLP-1 signaling in the dLS and the hypophagic and CORT
responses to an acute stressor. Intra-dLS infusion of saline followed by restraint stress
suppressed dark-onset cumulative chow intake by 62% during the first 30 min and by 36%
during the first hour of the dark cycle. This finding is consistent with previous work
demonstrating that restraint stress reliably reduces food intake [31-33], and the largest effect
of stress to reduce intake occurs within the first 30 min of the dark phase [2]. We found that
at 30 min after dark onset, blockade of dLS GLP-1R had no impact on the ability of stress to
suppress feeding, but later in the dark cycle, dLS GLP-1R blockade did significantly
attenuate stress-induced hypophagia. This effect of Ex9 began to emerge by 2 h post-dark
onset and the interaction between stress and Ex9 was statistically significant at 4 and 6 h
post-dark. This time course suggests that the initial hypophagic response to stress is not
mediated by dLS GLP-1R, but that these receptors play a role in sustaining that hypophagia
for a longer duration by reducing compensatory feeding. Given the ability of lateral ventricle
Ex9 to block stress-induced hypophagia within the first 30 min of the dark phase, GLP-1R in
other brain regions (e.g., the BNST) are likely to play a role in the early anorexic response to
stress [2], and the initiation of stress-induced hypophagia could be at least partially mediated
through other, non-GLP-1R, mechanisms. Rats eventually compensated for the stress-
induced suppression of intake under both saline and Ex9 conditions, but blocking dLS
GLP-1R caused an earlier return to non-stressed levels of cumulative chow intake. These
results support a role for dLS GLP-1Rs in the feeding response to stress, but also suggest
that other neural circuitry must contribute to stress-induced hypophagia, as well.

Meal pattern analyses can provide insight into the behavioral mechanism of the cumulative
feeding effects of stress and dLS GLP-1R blockade. Cumulative intake is the product of the
number of meals taken and the size of those meals. Stress and dLS Ex9 could be acting on
either or both of those variables, and they do not necessarily have to act on the same
variable. For example, a reduction in meal size caused by stress could be compensated for by
an increase in meal number caused by Ex9. However, we observed that the effect of stress to
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suppress feeding was entirely mediated by reduction in average meal size, and that dL.S Ex9
blocked this effect, with no influence on meal number. This result demonstrates that stress
and Ex9 are both influencing feeding through the same behavioral mechanism, and further
support the idea that stress is acting to suppress feeding in part through dL.S GLP-1Rs.

Detailed examination of the temporal pattern of feeding also helps us understand how stress
suppressed cumulative intake so strongly during the first 30 min of the dark. We saw that the
first meal size was suppressed by stress under dLS saline conditions, and there was a
tendency for longer latency to begin eating after restraint stress under dL.S saline and Ex9
conditions, though this did not reach statistical significance. Latency to begin the first meal
after stress was highly variable across subjects, as shown by the large error bars in Fig. 2D.
Particularly for those rats that took longer to begin their first meal, this in combination with
a tendency toward longer meal durations means that in the stress conditions, several subjects
did not complete their first meals of the dark phase within the first 30 minutes. By contrast,
under the no-stress conditions, all but 1 rat completed their first meals within the first 30
min. Therefore, although stress effects on latency to begin the meal and meal duration were
not statistically significant in pairwise comparisons, we suggest that the initial effect of
stress on food intake may involve a combination of these factors with an effect on the size of
that first meal.

In addition to examining stress-induced hypophagia here, we also assessed the CORT
response to restraint stress. Activation of the HPA axis is modulated by complex networks of
neural circuits that converge on CRH cells in the PVN, and changes in these neural pathways
can lead to altered HPA activity [34]. The LS can modulate neuroendocrine stress responses
[20], and central GLP-1 signaling has been shown to activate HPA axis stress responses [11-
14]. Therefore, we hypothesized GLP-1Rs in the LS may play a role in modulating
activation of the HPA axis. Specifically, we hypothesized that dLS GLP-1R blockade would
reduce stress-induced CORT release. As expected, restraint stress potently increased CORT
levels under dLS saline conditions, but, contrary to our hypothesis, CORT was equally
stimulated by stress after dLS pretreatment with Ex9. These data suggest that GLP-1R in the
dLS may not have a role in modulating HPA axis activity. In contrast, Ghosal and colleagues
[10] have recently demonstrated that loss of GLP-1R function in the PVN attenuates the
neuroendocrine response to both chronic variable stress and acute restraint stress.
Specifically, they found that the plasma ACTH and CORT responses to restraint stress were
suppressed in in mice that lack PVN GLP-1Rs. Together, these results suggest that
endogenous GLP-1 in the PVN, but not the dLS contributes to the neuroendocrine response
to acute stress. Interestingly, although Ghosal and colleagues [10] did not examine stress-
induced hypophagia as we did here, they found no evidence of altered feeding behavior
under non-stressed conditions in the mice lacking PVN GLP-1Rs. These dissociations
between effects on feeding and HPA responses highlight the complexity of the neural
circuitry that mediates responses to stress.

Close examination of the timing of the feeding and CORT responses to stress observed here
provide additional clues about the underlying mechanisms. Within the first 30 min after dark
onset (and the end of the restraint period), dLS Ex9 had no impact on the feeding response
to stress, but rather interacted with stress significantly later on in the dark phase. The
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increase in CORT following restraint was essentially contained entirely within 60 min post-
restraint, with the peak appearing immediately after the restraint period ended. Together,
these data suggest that the ability of LS GLP-1R to attenuate stress-induced hypophagia
during the later hours of the dark phase is independent of the CORT response to stress.

In conclusion, together with previous studies, our behavioral data suggest that dL.S-
projecting GLP-1 neurons play a role in both inhibiting intake during normal, non-stressed
feeding conditions as well as in the response to acute restraint stress. However, this pathway
does not appear to influence the neuroendocrine stress response. Overall, these findings
suggest that the roles of GLP-1 neurons and brain GLP-1R populations in behavioral and
physiological responses to stress are heterogeneous, and further research to determine which
GLP-1R populations contribute to which responses is warranted.
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Highlights
. Endogenous activation of GLP-1R in the dLS contributes to stress-induced
hypophagia
. Blockade of dLS GLP-1R attenuates acute restraint stress-induced
hypophagia
. Blockade of these receptors does not impact the CORT response to restraint
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Figure 1.
Diagram of LS injection placements based on the atlas of Paxinos and Watson [30].

Additional subjects’ injection sites were identified in similar locations at points between the
anterior-posterior levels displayed here. The photomicrograph inset shows a representative
injection site. CC = corpus callosum; LV = lateral ventricle; dLS = dorsal lateral septum.
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Figure 2.
A: At 30 min post-dark onset, restraint stress significantly suppressed chow intake after both

intra-dLS saline and Ex9 treatment (*p < 0.01 vs. respective no stress condition). B: The size
(g) of the first meal after dark onset was significantly suppressed under dLS saline
conditions (*p < 0.01 relative to saline). C: The duration of the first meal (min) tended to be
increased by stress, but this was not statistically significant. D: Latency to begin the first
meal (min) tended to be increased by stress but this was not statistically significant. E:
Ingestion rate during the first meal was suppressed by stress (*p < 0.01 vs. respective no
stress condition). All data are shown as mean = SEM. n = 12. F: Timeline for the order and
timing of the drug treatments and crossover trials for studies 1 and 2.
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Figure 3.
At 2, 4, 6, and 8 h post-dark onset, restraint stress significantly suppressed cumulative intake

relative to the saline no stress condition. At 4 and 6 h there was a significant stress by drug
interaction; Ex9 treatment significantly attenuated the effect of stress-induced hypophagia.
(*p < 0.05 relative to saline, # < 0.05 stress x drug interaction). No effects were observed
for cumulative intake at 20 h. All data are shown as mean = SEM. n = 12.
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Figure 4.
A: Acute restraint stress reduced averaged meal size and this effect was attenuated by Ex9

(*p < 0.01 relative to saline, #p < 0.05 stress x drug interaction). B: There was no difference
in the number of meals consumed over the first 6 h of the dark cycle across all treatment
groups. All data are shown as mean + SEM. n = 12.
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Figure 5.
Stress strongly increased serum CORT regardless of intra-dLS treatment. Serum CORT was

significantly elevated immediately following restraint (timepoint 0), 15 and 30 min post-
stress (*p < 0.01 vs. respective no stress condition). At 60 and 120 min post-stress, CORT
was no longer significantly elevated. Data are shown as mean + SEM. n = 6.

Physiol Behav. Author manuscript; available in PMC 2019 August 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Terrill et al.

Table 1
Meal pattern variable Saline Saline + RES Ex9 Ex9 + RES
6 h average meal duration, min | 19.09 + 2.60 20.41 +6.10 16.78 +£1.53 | 19.75+2.69
6 h average IMI, min 7337+4.89 | 6595+535 | 70.01+7.36 | 67.09+6.64
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