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Abstract

Systemic administration of sulfated cholecystokinin-8 (CCK) activates neurons within the
hindbrain nucleus of the solitary tract (NTS) that project directly to the paraventricular nucleus of
the hypothalamus (PVN), and these projections underlie the ability of exogenous CCK to activate
the hypothalamic-pituitary-adrenal (HPA) stress axis. CCK inhibits food intake, increases NTS
neuronal cFos expression, and activates the HPA axis in a dose-dependent manner. While the
hypophagic effects of exogenous CCK are attenuated in food-deprived rats, CCK dose-response
relationships for NTS and hypothalamic activation in fed and fasted rats are unknown. Within the
NTS, noradrenergic A2 and glucagon-like peptide-1 (GLP-1) neurons express cFos after high
doses of CCK, and both neuronal populations project directly to the medial parvocellular (mp)
PVN. We hypothesized that increasing and correlated proportions of A2, GLP-1, and mpPVN
neurons would express cFos in rats after increasing doses of CCK, and that food deprivation
would attenuate both hindbrain and hypothalamic neural activation. To test these hypotheses, ad
libitum-fed (ad lib) and overnight food-deprived (DEP) rats were anesthetized and perfused with
fixative 90 minutes after i.p. injection of 1.0 ml saline vehicle containing CCK at doses of 0, 3, or
10 pg/kg BW. Additional ad lib and DEP rats served as non-handled (NH) controls. Brain tissue
sections were processed for dual immunocytochemical localization of cFos and dopamine-f-
hydroxylase to identify A2 neurons, or cFos and GLP-1. Compared to negligible A2 cFos
activation in NH control rats, i.p. vehicle and CCK dose-dependently increased A2 activation, and
this was significantly attenuated by DEP. DEP also attenuated mpPVN cFos expression across all
treatment groups, and A2 activation was strongly correlated with mpPVN activation in both ad lib
and DEP rats. In ad lib rats, large and similar numbers of GLP-1 neurons expressed cFos across all
i.p. treatment groups, regardless of CCK dose. Surprisingly, DEP nearly abolished baseline GLP-1
cFos expression in NH controls, and also in rats after i.p. injection of vehicle or CCK. We
conclude that CCK-induced hypothalamic cFos activation is strongly associated with A2
activation, whereas the relationship between mpPVN and GLP-1 activation is less clear.
Furthermore, activation of A2, GLP-1, and mpPVN neurons is significantly modulated by feeding
status, suggesting a mechanism through which food intake and metabolic state might impact
hypothalamic neuroendocrine responses to homeostatic challenge.
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1. Introduction

It is well established that moderate to high systemic doses (i.e., > 3 pg/kg BW) of
cholecystokinin-8 (CCK) suppress food intake [1, 2] and activate hypothalamic endocrine
neurons [3-6]. These behavioral and endocrine responses are critically dependent on CCK-
A receptor-mediated activation of vagal sensory neurons that provide glutamatergic axonal
input to the caudal nucleus of the solitary tract (NTS) [7-19]. While neural circuits
contained within the brainstem are sufficient for the hypophagic effects of CCK [20], the
ability of CCK to recruit hypothalamic endocrine neurons requires ascending projections
from the NTS to the hypothalamus [21].

A large variety of neurotransmitter molecules are expressed by neurons within the caudal
NTS [22]. Subsets of these NTS neurons directly modulate the neuroendocrine
hypothalamic-pituitary-adrenal (HPA) axis via axonal projections to the medial
parvocellular paraventricular nucleus of the hypothalamus (mpPVN) [22, 23]. Most of these
projections arise from two phenotypically distinct populations of NTS neurons:
noradrenergic (NA) neurons of the A2 cell group, and glucagon-like peptide-1 (GLP-1)
neurons [24-29]. A2 and GLP-1 neurons densely innervate the mpPVN [29-32], synapsing
directly onto corticotropin-releasing hormone (CRH)-positive neurons at the apex of the
HPA axis [33, 34]. Furthermore, intraventricular and local parenchymal injections of either
GLP-1 or norepinephrine (NE) induce cFos expression within the mpPVN and increase
plasma levels of corticosterone (CORT) [26, 28, 35]. Accumulated evidence suggests that
CCK-induced activation of A2 and GLP-1 neurons underlies the ability of CCK to activate
the HPA axis and generate other neuroendocrine responses [5, 30, 36—39]. Several published
studies have reported dose-response relationships for the ability of systemic CCK to inhibit
food intake [1, 40], increase NTS cFos expression [8, 17, 36], and activate the HPA axis [5,
7]. However, none of these reports included phenotypic identification of the NTS neurons
activated by CCK, and none has assessed the degree to which NTS cFos expression is
associated with cFos activation within the mpPVN.

Interestingly, food deprivation attenuates the ability of systemic CCK to suppress food
intake [41, 42], perhaps due to reduced circulating levels of leptin in food-deprived rats [43—
45]. Leptin potentiates the excitatory effects of exogenous CCK on vagal sensory afferents
[46, 47] and NTS neurons [48-50], including A2 neurons [51], and the ability of food
deprivation to attenuate CCK-induced hypophagia is abolished by systemic leptin
administration [41]. While it is clear that food deprivation reduces the hypophagic potency
of CCK, the ability of CCK to activate phenotypically-identified A2 and GLP-1 neurons in
rats after food deprivation has not been assessed, and there are no published reports
regarding the effect of food deprivation on CCK-induced activation of the HPA axis.
Considering this, the present study was designed to test three hypotheses: first, that
increasing doses of CCK activate increasing numbers of A2, GLP-1, and mpPVN neurons to
express cFos; second, that A2, GLP-1, and mpPVN neuronal activation occurs in a
correlated manner; and third, that food deprivation significantly attenuates the ability of
CCK to increase cFos expression within these populations of hindbrain and hypothalamic
neurons.
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2. Materials and methods

2.1. Animals

Adult male Sprague-Dawley rats (Harlan, IN; 225-275g BW; n = 51) were housed singly in
hanging stainless steel wire mesh cages in a temperature-controlled room (20-22°C) with a
12/12 hr light/dark cycle (lights on at 0700 hr). Rats had ad /ibitum access to pelleted chow
(Purina 5001) and water, except as noted. All experiments were conducted in accordance
with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the
University of Pittsburgh Institutional Animal Care and Use Committee.

2.2. Injections and perfusion

Rats were weighed one day before CCK administration to determine proper dosage. Rats
were returned to their home cage with ad /ibitum chow access (ad lib; n = 28), or were
deprived of food (but not water) for 16-18 hours overnight in their home cage (DEP; n = 23)
before CCK or vehicle treatment. On the day of the experiment rats from each group were
removed from their home cage between 0830 and 1030 hr and injected intraperitoneally
(i.p.) with 1.0 ml of sterile 0.15 M NaCl containing sulfated CCK-8 (Bachem; H-2080) as
follows: 0 pg/kg BW (n =9 ad lib; n =9 DEP); 3 ug/kg BW (n =7 ad lib; n = 4 DEP); 10
pg/kg BW (n =7 ad lib; n = 4 DEP). These CCK doses significantly inhibit food intake in
rats [21, 41, 52], stimulate pituitary hormone secretion [7, 52], and activate cFos expression
by CRH-positive and other PVN neurons [5, 53, 54]. CCK was dissolved in vehicle just
before injection, and rats were returned to their home cage immediately after injection.
Additional nonhandled (NH) control rats (n = 5 ad lib; n = 6 DEP) received no i.p. injection
and remained undisturbed in their home cages until perfusion within the same time period.
Ninety minutes after i.p. injection, rats were deeply anesthetized with pentobarbital sodium
(39 mg/1.0 ml i.p., Fatal Plus Solution; Butler Schein) and perfused transcardially with a
brief saline rinse followed by fixative (100 ml of 2% paraformaldehyde and 1.5% acrolein in
0.1M phosphate buffer, followed by 100 ml of 2% paraformaldehyde alone) [55]. Brains
were post-fixed /n situ overnight at 4°C, then removed from the skull and cryoprotected for
24-48 hr in 20% sucrose. Brains were blocked and sectioned coronally (35 pym) on a
freezing stage microtome. Sections were collected in six serial sets, and stored at —20°C in
cryopreservant solution [56] until immunocytochemical processing.

2.3. Immunohistochemistry

Primary and secondary antisera were diluted in 0.1 M phosphate buffer containing 0.3%
Triton X-100 and 1% normal donkey serum. One set of tissue sections from each rat was
incubated in a rabbit polyclonal antiserum against cFos (1:50,000; kindly provided by Dr.
Philip Larsen, Denmark), followed by biotinylated donkey anti-rabbit 1gG (1:500; Jackson
ImmunoResearch). Sections were treated with Elite VVectastain ABC reagents (Vector) and
reacted with diaminobenzidine (DAB) intensified with nickel sulfate to produce a blue-black
nuclear cFos reaction product. To identify NA neurons of the A2 cell group, cFos-labeled
sections were subsequently processed to localize dopamine-p-hydroxylase (DfH) using
mouse anti-DBH (1:50,000; Millipore, MAB308) followed by biotinylated donkey anti-
mouse IgG (1:500; Jackson ImmunoResearch). Sections were reacted using Elite Vectastain
ABC reagents and plain DAB to produce a brown cytoplasmic reaction product.

A second set of sections from each rat was incubated in a rabbit polyclonal antiserum
against GLP-1 (1:10,000; Bachem, T-4363), followed by biotinylated donkey anti-rabbit
1gG (1:500; Jackson ImmunoResearch), Elite Vectastain ABC reagents, and plain DAB to
produce a brown cytoplasmic reaction product. These sections then were processed for
immunofluorescent localization of cFos using a higher primary antibody concentration
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(1:5,000) followed by incubation in Cy3-conjugated donkey anti-rabbit 1gG (1:300, Jackson
ImmunoResearch) to produce a red fluorescent nuclear signal.

2.4. Quantification of cFos expression by NTS A2 neurons

Hindbrain tissue sections were analyzed using a light microscope and a 40X objective to
determine the number of double-labeled, DH/cFos-positive neurons within the NTS.
Double-labeled neurons were counted bilaterally through the rostrocaudal extent of the A2
cell group (i.e., from the cervical spinal cord through the NTS just rostral to the area
postrema; ~15.46 mm to 13.15 mm caudal to bregma), and then averaged as counts per
section. Criteria for counting a neuron as double-labeled included brown DBH cytoplasmic
labeling and a nucleus that contained visible blue-black cFos immunolabeling, regardless of
intensity.

2.5. Quantification of cFos expression by GLP-1 neurons

As there is no current evidence that GLP-1 neurons residing in the lateral reticular formation
are anatomically or functionally distinct from their counterparts residing in the NTS, all
visible GLP-1 neurons were imaged in the NTS and adjacent reticular formation using a
20X objective on an Olympus microscope equipped for brightfield and epifluorescence, and
photographed using a digital camera (Hamamatsu Photonics, Hamamatsu, Japan). Neurons
were counted in photographic images using Adobe Photoshop CS4 image software. Criteria
for counting a neuron as GLP-1-positive included brown cytoplasmic labeling and a visible
nucleus. Neurons were considered cFos positive if their nucleus contained red fluorescent
cFos immunolabeling, regardless of intensity. Counts of GLP-1 neurons were performed
throughout the rostrocaudal extent of the GLP-1 cell group (i.e., from the cervical spinal
cord through the NTS just rostral to the area postrema; ~15.46 mm to 13.15 mm caudal to
bregma), and then averaged as counts per section.

2.6. Quantification of cFos expression in the mpPVN

cFos/GLP-1-labeled sections were viewed on the Olympus photomicroscope described
above. Using a 10X objective, photographic images were captured from a single selected
rostrocaudal level of the mpPVN (approximately 1.78 mm caudal to bregma). This selected
level was characterized by dense GLP-1 terminal labeling that clearly defined the
boundaries of the mpPVN (see Figure 1). cFos-positive neurons within this defined region
of the mpPVN were counted bilaterally on images using Adobe Photoshop CS4 image
software. The criterion for counting a neuron as cFos-positive was the presence of visible
red fluorescent nuclear immunolabeling, regardless of intensity.

2.7. Statistics

Two-way multivariate ANOVA was used to reveal main effects of, or interactions between,
CCK injection group (NH, 0, 3, & 10 pg/kg BW) and feeding status (ad lib vs. DEP) on
cFos counts within the hindbrain and hypothalamus. When F-values indicated significant
interactions or main effects, the ANOVA was followed by post hoc tests with Bonferroni
correction for multiple comparisons. Differences were considered significant when p < 0.05.
Pearson’s R correlation coefficient was used to determine whether significant correlations
existed between treatment-induced activation of A2 neurons, GLP-1 neurons, and mpPVN
neurons. Outlier tests identified 4 animals with data that lay more than 2 standard deviations
from the group mean for a given dependent variable. Data from these animals were excluded
from all analyses and do not contribute to the sample sizes reported in section 2.2., or to the
results.
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3. Results

Two-way ANOVA revealed significant main effects of CCK injection group and feeding
status on cFos expression in DBH- and GLP-1-positive hindbrain neurons, and on cFos
expression within the mpPVN. There also were significant interactions between injection
group and feeding status on cFos activation in A2 and GLP-1 neurons, but not on mpPVN
cFos activation (Table 1).

3.1. A2 neuronal activation

CCK increased cFos expression within the caudal NTS (Fig. 1A), consistent with previous
reports [8, 17, 36]. Our new findings indicate that this includes a dose-dependent
recruitment of DBH-positive A2 neurons (Fig. 1B). Very few A2 neurons expressed cFos in
NH control rats, regardless of feeding status. A2 activation was significantly increased in ad-
lib fed rats, but not in DEP rats, after i.p. injection of saline vehicle (0 pg/kg CCK). CCK
delivered at doses of 3 or 10 ug/kg further increased cFos expression by A2 neurons in both
feeding status groups, but these effects were significantly attenuated in DEP rats (Fig. 1B).

3.2. GLP-1 neuronal activation

In contrast to the cFos activation profile for DH-positive A2 neurons (3.1), GLP-1 neurons
did not respond to CCK in a dose-dependent manner (Fig. 2). In ad lib-fed rats, GLP-1 cFos
activation was robustly increased by every i.p. treatment, with no additional effect of CCK
(Fig. 2C). In DEP rats, cFos expression by GLP-1 neurons was virtually abolished in NH
controls and after i.p. injection of vehicle or 3 pg/kg CCK. DEP rats displayed a trend
towards increased GLP-1 activation after the 10 pg/kg dose of CCK (Fig. 2C), but this did
not reach significance.

3.3. mpPVN neuronal activation

The mpPVN displayed relatively low levels of cFos labeling in both ad lib-fed and DEP rats
in the NH and vehicle-injected control groups (Fig. 3A,C), and cFos was markedly increased
in rats from both feeding status groups after 3 or 10 pg/kg of CCK (Fig. 3B,C). DEP rats,
however, displayed less mpPVN cFos labeling overall compared to labeling in ad lib-fed
rats (see Table 1).

3.4. Correlational analyses

Activation of NTS DBH-positive A2 neurons correlated strongly with activation of mpPVN
neurons (Fig. 4A). This positive correlation existed in both ad lib-fed and DEP rats when
data from these groups were analyzed independently (see Table 2 for a breakdown of
Pearson correlation values and significance by injection and feeding status group). The
number of cFos-positive GLP-1 neurons also significantly correlated with cFos expression
in the mpPVN (Fig. 4B), although the GLP-1/mpPVN cFos correlation was less robust than
the DBH/mpPVN cFos correlation (Fig. 4A). The GLP-1/mpPVN correlation also was
significant in both ad lib-fed and DEP animals when these groups were analyzed
independently (Table 2). In addition, the number of cFos-positive GLP-1 neurons correlated
positively with cFos expression in DBH neurons (Fig. 4C), and this GLP-1/DBH cFos
correlation also remained significant when the ad lib-fed and DEP groups were analyzed
independently (Table 2).

4. Discussion

Results from previous studies indicate that CCK elicits neuroendocrine responses via
vagally-mediated recruitment of NTS neurons, including NA neurons of the A2 cell group,
that project to the hypothalamus [8, 21, 37]. Hindbrain GLP-1 neurons are also known to be
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activated in rats receiving a very high (i.e., 100 pg/kg BW) dose of CCK [30], and GLP-1
axonal projections target the mpPVN [29, 31, 57], suggesting an additional role for GLP-1
signaling in CCK-induced stimulation of the HPA axis. Although we did not measure stress
hormone release in the present study, CCK at doses lower, higher, and similar to those used
here stimulates pituitary hormone secretion [7, 52] and activates cFos expression by CRH-
positive and other PVN neurons in rats [5, 53, 54]. However, the degree to which lower
doses of CCK recruit phenotypically identified A2 and GLP-1 neurons, and the specific
relationship between activation of these brainstem neurons and those in the mpPVN, has not
been examined. Results from the present study reveal a CCK dose-dependent increase in A2
neuronal activation that strongly correlates with activation of mpPVN neurons. Conversely,
i.p. injection by itself robustly increased the number of GLP-1 neurons expressing cFos,
with no additional effect of CCK. Overnight food deprivation nearly abolished cFos
expression in GLP-1 neurons, significantly attenuated CCK-induced cFos expression in A2
neurons, and had an overall effect to reduce cFos expression within the mpPVN.

Our results point to heterogeneity between A2 and GLP-1 neurons in their sensitivity to i.p.
injection stress and CCK, although both hindbrain neuronal populations are clearly sensitive
to changes in feeding status, as are neurons within the mpPVN. We propose that the
apparent metabolic sensitivity of A2 and GLP-1 neurons contributes to the overall
suppressive effect of food deprivation on mpPVN cFos expression. Since i.p. injection and
exogenous CCK are capable of recruiting stress-sensitive hindbrain and hypothalamic
neurons, the robust effect of an overnight fast to dampen treatment-induced cFos expression
suggests that central neuronal responses to other stressful stimuli may also be modulated by
feeding status. Indeed, fasting has been reported to interfere with the ability of animals to
mount an HPA axis response to psychological stress [58, 59].

4.1. A2 neurons

A2 neurons rarely expressed cFos in non-manipulated, ad lib-fed rats, but i.p. vehicle and
CCK dose-dependently activated this neuronal population. These new findings extend
previous reports that CCK dose-dependently increases global NTS cFos expression [8, 17].
Interestingly, while food deprivation attenuated A2 cFos expression across all i.p. injection
groups, deprivation did not abolish CCK dose-dependent increases in A2 cFos activation.
Thus, while A2 neurons are sensitive to feeding status, this neuronal population retains CCK
sensitivity in food-deprived rats. Since rats in the present study were not acclimated to
handling or i.p. injection before experimental treatment, it is possible that fasting attenuated
A2 neural sensitivity to the stress of the injection procedure without altering sensitivity to
CCK, or vice versa. Additionally, injection stress may interact non-additively with CCK to
elicit A2 cFos activation, obfuscating the precise contribution of each stimulus to A2 cFos
recruitment in non-acclimated rats. It will be important to empirically assess these
possibilities in future studies.

The strong correlation between CCK-induced activation of A2 and mpPVN neurons
suggests, but does not demonstrate, a causal relationship between these variables. Additional
evidence supporting this suggestion comes from studies in which loss or interruption of NA
projections from the NTS to the PVN markedly reduces the ability of visceral stimuli —
including CCK - to recruit the HPA stress axis [21, 27, 60, 61]. A2 neurons are also
necessary for exogenous CCK to reduce food intake in rats [21]. Thus, our finding that
fasting attenuates treatment-induced A2 neuronal activation may reveal a mechanism
through which feeding status modulates both behavioral (e.g., hypophagic) and
neuroendocrine responses to CCK and other visceral stimuli. Importantly, however, NTS
inputs to the hypothalamus — and thus HPA axis activation — are unnecessary for CCK-
induced hypophagia, as chronic decerebrate and neonatal rats (both of which lack functional
connectivity between the NTS and PVN) display hypophagia after CCK treatment [20, 62,
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63]. Moreover, it is likely that the A2 neurons responsible for brainstem-mediated
hypophagic responses are distinct from those that mediate HPA axis responses to exogenous
CCK, as toxin-induced loss of PVVN-projecting A2 neurons does not alter CCK-induced
hypophagia [64]. We interpret these collective results as evidence that exogenous CCK
recruits A2 neurons that inhibit food intake via local brainstem projections, while also
recruiting A2 neurons that project to the hypothalamus to elicit neuroendocrine activation.

4.2. GLP-1 neurons

Hindbrain GLP-1 neurons displayed moderate baseline levels of cFos expression (i.e., ~2-3
activated neurons/section, corresponding to ~20% of all GLP-1 neurons) in non-
manipulated, ad lib-fed rats. In contrast to the A2 population, GLP-1 neurons were markedly
and similarly activated to express cFos in ad lib-fed rats subjected to any i.p. injection,
regardless of CCK content. Approximately 10 GLP-1 neurons per section (i.e., ~60% of all
GLP-1 neurons) were activated in each i.p. treatment group. Thus, GLP-1 neurons appear to
be uniquely sensitive to the mild stress of handling and/or i.p. injection, which might have
masked any additional activation by CCK.

Surprisingly, GLP-1 neural cFos expression was nearly abolished in rats after overnight food
deprivation, evidence that the baseline cFos expression and robust response to i.p. injection
displayed by GLP-1 neurons is strongly modulated by feeding status. Despite an apparent
trend towards increased GLP-1 cFos activation in food-deprived rats after the 10 ug/kg dose
of CCK, this increase did not reach significance. A higher CCK dose (e.g., 50-100 pg/kg)
might be sufficient to overcome the dampening effect of food deprivation on GLP-1 cFos
activation, but this remains to be determined. Although GLP-1 and mpPVN cFos expression
was positively correlated, the correlation was much stronger for A2 and mpPVN cFos
expression, suggesting that GLP-1 neurons have less direct effects on mpPVN responses to
CCK. Consistent with this, previous results from our laboratory indicate that in the absence
of normal A2 neuronal signaling, the ability of exogenous CCK to activate hindbrain GLP-1
neurons is preserved, but is insufficient to support either CCK-induced hypophagia or PVN
cFos expression [21]. Nevertheless, central GLP-1 receptor signaling has been implicated in
HPA stress axis and anxiogenic responses to visceral stress [26], perhaps through gating the
post-synaptic effects of another transmitter molecule [65]. Thus, the observed attenuation of
GLP-1 cFos activation following deprivation suggests that reduced GLP-1 signaling might
contribute to the blunted neuroendocrine stress responses that have been previously reported
in food-deprived rats [58, 59].

4.3. mpPVN neurons

Considering the well-documented excitatory effects of NA and GLP-1 signaling on mpPVN
neural activity [23, 35, 66, 67] and the markedly blunted A2 and GLP-1 cFos activation in
food-deprived rats, it is surprising that food deprivation generated only a mild overall
attenuation of mpPVN cFos expression under all treatment conditions. In both ad lib-fed and
food-deprived rats, mpPVN cFos activation occurred in a step-wise manner, with
comparable levels of cFos observed in NH and i.p. vehicle-injected control groups, and
substantially increased cFos after CCK administered at either the 3 or 10 pg/kg dose. It is
possible that the comparable magnitude of mpPVN cFos activation after both CCK doses is
due to a ceiling effect, as a previous study reported that doses of 5 and 10 pg/kg CCK elicit
large but similar increases in plasma adrenocorticotropic hormone (ACTH) [7]. The similar
number of cFos-positive mpPVN neurons after both CCK doses may also reflect an inherent
limitation in interpreting cFos data, as the visible presence or absence of cFos protein in a
given neuron is binary, poorly reflecting the degree to which the neuron has been activated,
and providing no information about that neuron’s spike frequency or amplitude.
Furthermore, we do not know the extent to which hypophysiotropic CRH-positive mpPVN
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neurons were activated after each CCK dose. Nevertheless, the overall blunted mpPVN cFos
expression observed in food-deprived rats in the present report is consistent with prior
evidence that fasting blunts ACTH responses to stress [58, 59], which may result from
reduced excitatory drive to the mpPVN from hindbrain A2 and GLP-1 neurons.

4.4. Potential signals of feeding status

Attenuation of A2, GLP-1, and mpPVN neural cFos expression in food-deprived rats could
result from loss of an excitatory signal that is present in ad lib-fed rats, generation of an
inhibitory signal associated with food deprivation, or both. Fasting produces a multitude of
metabolic and physical changes [44], with reductions in circulating leptin, increases in
circulating ghrelin, and reduced gastric distention standing out as potential candidate
effectors of deprivation-induced changes in central neural activity. Leptin levels fall in rats
after overnight food deprivation [43, 44], and leptin enhances CCK signaling at the level of
the vagus nerve [68, 69], the NTS [48, 50] (particularly A2 neurons [51]), and the PVN [48,
50]. Reduced gastric distention signals in food deprived rats might also attenuate central
neural cFos responses to CCK, since CCK and gastric distention act synergistically to
activate vagal afferent inputs [70, 71] that modulate NTS neuronal activity [14]. It is less
likely that increased ghrelin signaling after fasting [72] is responsible for attenuated central
neural responses to CCK, since i.p. ghrelin does not suppress the ability of CCK to activate
cFos expression in the NTS or PVN [73].

5. Conclusions

Our results show that CCK- and i.p. injection-induced cFos activation of A2, GLP-1, and
mpPVN neurons is strongly modulated by short-term fasting. As these neural populations
are activated following a diverse array of stressors [30, 74], including “cognitive-type”
restraint stress [75, 76], we expect that food deprivation would also alter hindbrain and
hypothalamic neural responses to restraint and other stressors. Considering that A2, GLP-1,
and mpPVN neurons play important roles in generating behavioral and physiological
responses to stress, feeding status may impact an animal’s ability to mount these responses
by altering the sensitivity of hindbrain and hypothalamic neurons to their afferent inputs. It
will be critical for future studies to identify the mechanisms by which food deprivation alters
neural activation in these brainstem and hypothalamic populations, and to assess the
functional consequences of altered neuronal signaling.
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Figure 1.
Representative color images and summary data for neuronal cFos expression (black nuclear

label) within the A2 region of the caudal NTS. A, NTS cFos activation at the rostrocaudal
level of the area postrema, approximately 14.16 mm caudal to bregma. In the larger image,
robust cFos expression is present in a rat after CCK (10 pg/kg BW), including activation of
DpBH-positive (brown) neurons comprising the A2 cell group. /nset, little or no cFos
activation is present in an ad lib-fed rat after i.p. vehicle (0 pg/kg BW CCK). B, bar graph
illustrating the number of double labeled (i.e., both cFos- and DBH-positive) NTS neurons in
ad lib-fed rats (solid bars) or food-deprived rats (DEP; open bars) after no i.p. injection
(nonhandled) or after injection of CCK at doses of 0 (vehicle), 3, or 10 pug/kg BW. See
Table 1 for two-way ANOVA results. In both feeding status groups, CCK dose-dependently
increased cFos expression in DBH-positive A2 neurons, but cFos activation was significantly
attenuated in food-deprived rats after vehicle or CCK injections. Asterisks over DEP bars
indicate significant differences (p < .05) in the number of double-labeled NTS neurons
compared to ad lib-fed rats in the same i.p. treatment group. Within the same feeding status
group (i.e., ad lib or DEP), bars with different letters are significantly different (v < .05).
Scale bars in A =100 pm.
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Figure2.

Representative color images and summary data for neuronal cFos expression (red
fluorescence) within GLP-1-positive neurons (green fluorescence) of the caudal NTS. A, in
an ad lib-fed rat, many GLP-1 neurons express cFos after i.p. injection of CCK (3 pg/kg
BW). /nset, higher magnification view of several double-labeled neurons. B, in a food-
deprived rat, GLP-1 neurons are not activated to express cFos after CCK (3 pg/kg BW),
despite activation of other caudal NTS neurons. C, bar graph illustrating the number of
double labeled (i.e., both cFos- and GLP-1-positive) neurons within the NTS and adjacent
reticular formation in ad lib-fed rats (solid bars) or food-deprived rats (DEP; open bars) after
no i.p. injection (nonhandled) or after injection of CCK at doses of 0 (vehicle), 3, or 10 pg/
kg BW. See Table 1 for two-way ANOVA results. In ad lib-fed rats, a moderate number of
GLP-1 neurons express cFos in the nonhandled control condition, and this number more
than doubled after i.p. injection of vehicle or CCK, regardless of dose. Food deprivation
markedly suppressed cFos expression by GLP-1 neurons, with a non-significant trend
towards increased activation seen after the highest CCK dose (10 pg/kg BW). Asterisks
indicate significantly reduced (p < .05) GLP-1 cFos expression in DEP rats compared to
GLP-1 cFos expression in ad lib-fed rats in the same i.p. treatment group. Within the same
feeding status group (i.e., ad lib or DEP), bar values with different letters are significantly
different (p < .05). cc, central canal. Scale bars in A and B = 100 pm.
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Figure 3.
Representative color images and summary data for neuronal cFos expression (red

fluorescence) within the GLP-1 (green fluorescence) terminal-rich region of the mpPVN. A,
little cFos is present in the mpPVN of an ad lib-fed, nonhandled control rat. B, robust
mpPVN cFos activation is present in an ad lib-fed rat injected with CCK (10 pg/kg BW).
mpPVN images were captured and cFos quantified in sections approximately 1.78 mm
caudal to bregma, as schematized in the inset in panel A [77]. C, bar graph illustrating the
number of cFos-positive mpPVN neurons in ad lib-fed rats (solid bars) or food-deprived rats
(DEP; open bars) after no i.p. injection (nonhandled) or after injection of CCK at doses of 0
(vehicle), 3, or 10 ug/kg BW. See Table 1 for two-way ANOVA results. In both feeding
status groups, low levels of mpPVN cFos activation were present in nonhandled or vehicle-
injected rats, and CCK delivered at doses of 3 and 10 ug/kg produced marked activation of
mpPVN cFos. Food-deprived rats displayed less mpPVN cFos labeling overall compared to
labeling in ad lib-fed rats. Within the same feeding status group (i.e., ad lib or DEP), bars
with different letters indicate significant i.p. treatment-induced differences (p < .05) in
mpPVN cFos activation. mp = medial parvocellular subdivision of the PVN; ml = lateral
magnocellular subdivision of the PVN; 3V = third ventricle. Scale bars in A and B = 100
pm.

Physiol Behav. Author manuscript; available in PMC 2014 September 10.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Maniscalco and Rinaman Page 17

>

800 + Nonhandled .
2 Ougkg
© 3pg/kg S
« 10ugkg /
600 *

°
-
°
400 °
=

200 4

Number of cFos Neurons in mpPVN

Number of cFos/DBH Neurons (avg/section)

800 + Nonhandled .

4 Opglkg
z © 3ugkg °

© 10ug/kg
%El . < P /,/

600 . ~
c o * .o e
@ _
2 . o . S
<} o e . ~
3 o _~
2 400{ © -
2 o~ . R=048
frd @ ~ < .00
5 L p<.
s .
o 200 ad
2 e a8
a
2 g N s
o ¥
T T T T T T
0 5 10 15 20 25

Number of cFos/GLP-1 Neurons (avg/section)

S 25| +Nonhandied

g 2 Opglkg
© 3uglkg

3

@2 * 10pg/kg

2 204 ©

&

o a

g o ¢

5 454 _

2 .

- —~

a R

o 10 s _ .

3 a —

© a &, P .

% s [ R =0.59
N _

5 e o p<.00

5 P K

£ 5

2 o Weo o © 00
T T T T T T
0 5 10 15 20 25

Number of cFos/DBH Neurons (avg/section)

Figure4.

Scatter plots depicting significant positive correlations between treatment-induced activation
of (A) mpPVN and NTS DH neurons, (B) mpPVN and GLP-1 neurons, and (C) GLP-1 and
DBH neurons. In each plot, individual symbols represent data from a single animal. Different
symbol styles represent different i.p. treatment groups, as indicated in the key. See Table 2
for a breakdown of correlation R values and significance by i.p. treatment and feeding status
groups.
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