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Abstract

The anorexia that results from extended periods of cellular dehydration is an important
physiological adaptation that limits the intake of osmolytes from food and helps maintain the
integrity of fluid compartments. The ability to experimentally control both the development and
reversal of anorexia, together with the understanding of underlying hormonal and neuropeptidergic
signals, make dehydration (DE)-anorexia a powerful model for exploring the interactions of neural
networks that stimulate and inhibit food intake. However, it is not known which meal parameters
are affected by cellular dehydration to generate anorexia. Here we use continuous and high
temporal resolution recording of food and fluid intake, together with a drinking-explicit method of
meal pattern analysis to explore which meal parameters are modified during DE-anorexia. We find
that the most important factor responsible for DE-anorexia is the failure to maintain feeding
behavior once a meal has started, rather than the ability to initiate a meal, which remains virtually
intact. This outcome is consistent with increased sensitivity to satiation signals and post-prandial
satiety mechanisms. We also find that DE-anorexia significantly disrupts the temporal distribution
of meals across the day so that the number of nocturnal meals gradually decreases while diurnal
meal number increases. Surprisingly, once DE-anorexia is reversed this temporal redistribution is
maintained for at least 4 days after normal food intake has resumed, which may allow increased
daily food intake even after normal satiety mechanisms are reinstated. Therefore, DE-anorexia
apparently develops from a selective targeting of those neural networks that control meal
termination, whereas meal initiation mechanisms remain viable.
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1 INTRODUCTION

Anorexia is the inhibition of feeding behavior despite an ongoing state of negative energy
balance. We have extensively investigated the mechanisms and neural circuitry underlying
anorexia in a rat model where anorexia develops as an adaptive response to cellular
dehydration (DE). To induce DE, rats are given hypertonic saline (HS; 2.5% NaCl) to drink
instead of water for up to five days. Although chow is freely available during this time, rats
voluntarily and robustly limit their food intake (DE-anorexia) [1]. Nocturnal food intake
progressively declines to approximately 20% of baseline intake and body weight is typically
reduced by 15-20% [2, 3]. When water is returned rats rapidly exhibit a very reproducible
sequence of behaviors that corrects the accrued energy and fluid deficits [2, 4].

Our knowledge of spontaneous eating and drinking patterns during DE-anorexia has been
limited to two measures: total nocturnal and diurnal consumption, and the measurement of
compensatory eating and drinking that follow the return of water [1, 2, 4]. However, these
gross intake measures provide little insight into what aspect of feeding is compromised
during DE-anorexia. Since the meal is considered the biological unit of feeding behavior [5,
6], any change in the amount of food consumed is the direct result of a change in meal size,
meal number, or both [7, 8]. To determine which specific components of ingestive behavior
are altered during the development and recovery from DE-anorexia we use the BioDAQ
Intake Monitoring System to perform a detailed analysis of spontaneous meal patterns
before, during, and after the onset of DE-anorexia.

A meal is traditionally defined as a cluster of smaller feeding bouts that are separated from
other feeding clusters by an inter-meal interval (IMI) where feeding is absent. Furthermore,
the relationship between eating and drinking has been extensively studied, and several
reports have demonstrated that approximately 70-85% of water intake is temporally
associated with meals [8-10]. Kissileff has emphasized the distinction between food-
associated drinking, in which eating and drinking occur discretely but are temporally close,
and prandial drinking, which occurs in rapid, alternating succession with feeding bouts, thus
occurring within a meal [9]. More recently, Zorrilla and colleagues have extended this
definition by proposing that drinking is an explicit component of the meal [11], and thus
consider both feeding and drinking data in their analyses. This “drinking-explicit” analysis
provides a method for validating an IMI that is used to define meals when both food and
liquid intake are continuously monitored [11]. Given that DE-anorexia is provoked by
drinking hypertonic saline, we now incorporate the notion of within-meal drinking into the
framework for studying relationships between eating and drinking behavior before, during,
and after the expression of DE-anorexia. We now use detailed meal pattern analyses to
determine which aspects of feeding and drinking are modified as DE-anorexia develops and
is reversed. In turn, changes in one or more meal components will provide powerful insights
about the underlying mechanisms and neural networks that control ingestive behaviors
during DE-anorexia.

2. MATERIALS AND METHODS

2.1 Animals

Adult male Sprague-Dawley rats (Harlan Laboratories; 250-275g) were individually housed
in polysulfone home cages with sanitized wood chips. Cages were equipped with the
BioDAQ® Food and Liquid Intake Monitors, a product of Research Diets Inc. (New
Brunswick, NJ). Rats were maintained on a 12/12-h light-dark cycle (lights on at 06.30h) in
a temperature-controlled environment (22-23°C), with ad libitum access to food (Teklad
rodent chow 8604) and water, except where noted. Body weights were measured daily
throughout the experiment (between 09.00h and 10.00h), and food and liquid intake were
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monitored as described below. All procedures have been approved by the Institutional
Animal Care and Use Committee of the University of Southern California.

2.2 BioDAQ Food and Liquid Intake Monitoring System

The BioDAQ Food and Liquid Intake Monitoring System provides accurate and continuous
collection of food and fluid intake data with minimal experimenter intervention. The system
consists of multiple hoppers each coupled to a precision strain gauge-based load cell, or
peripheral sensor controller (PSC), that is wired into a central controller. Each PSC outputs
raw data to a laptop, as has been previously described in detail [12]. For our experiments,
each cage was equipped with two PSCs; one coupled to the food hopper, and the second to
an inverted fluid bottle with a ball-bearing spout. Each of a cage’s two PSCs was
independently wired to the central controller to allow independent monitoring of food and
fluid intake. The BioDAQ food hoppers have horizontal slots that allow rats to gnaw and
paw at the chow but not remove entire pellets. The design of the hopper retains the crumbs
that are not eaten due to gnawing, chewing, etc. Also, the design limits hoarding. The
spillage beyond this retention is minimal, typically less than 0.5%. Cages were examined
daily for food in the bedding, which was also minimal or not present. Recordings were
halted for approximately 1h per day (between 09.00h and 10.00h) for animal maintenance,
during which animals did not have access to food or water. This means that results reported
for any 24h period consists of 23h of data collection and 1h of down time. Data were
recorded using BioDAQ Monitoring Software 2.1.00, and analyzed using DataViewer 2.2.02
and Microsoft Excel 2004 and 2008 for Mac.

2.3 Euhydration, Dehydration, and Recovery

Rats were given at least five days of acclimation to the BioDAQ Monitoring system before
any data were collected. After acclimation, ingestive behaviors were monitored for 5 days
when chow and water were freely available. At 10.00h on experimental day 6, drinking
water was replaced with hypertonic saline (HS; 2.5% NaCl (w/v) solution), which was then
the only fluid available for the next five days (experimental days 6-10). At 12.00h on
experimental day 11, water was returned and remained available for the remaining five days
(experimental days 11-15). These three periods were designated as euhydration (EU),
cellular dehydration invoked by drinking HS (DE), and recovery after the return of water
(RE). A repeated measure design was implemented, by which each animal acted as its own
control for the duration of the study to account for possible variations in between-animal
body weights. Prior to replacing water with HS on day 6, rats were of similar body weight
(297 £ 5g). Over the course of the DE period, rats lost on average 25 + 0.7% of body weight,
and on the last day of RE had reached 102 £ 0.9% of their EU body weight.

2.4 Drinking-explicit analysis of meal patterning during DE-anorexia

2.4.1 Meal Definition—Experiments used both the food and liquid intake monitors to
determine interactions between eating and drinking behavior during the development and
recovery from DE-anorexia. To capture this interaction we employed a drinking-explicit
analytical method validated by Zorrilla and colleagues [11]. Here a meal is defined as any
intake episode that contains at least 0.225 g of food (minimum meal size), and is separated
from other burst clusters by an IMI of 300 s. In this study, the minimum meal size was
defined as 0.23 g, as the BioDAQ software limits this value to two decimal places.

We also implemented a meal elimination criterion to separate and remove any large feeding
cluster that resulted from mechanical errors, operator error, etc. Thus, any feeding cluster
with an ingestion rate greater than 0.5 g/min was eliminated if two or more of the following
rules were met: the feeding cluster consisted of less than 2 bouts; the feeding cluster
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contained a single bout that is greater than 1.0 g; the feeding cluster was independent of a
drinking cluster.

2.4.2 Combining Ingestive Clusters into Composite Meals—The feeding and
drinking data collected from each rat were manually combined into composite meals by first
segmenting independent feeding and drinking files for each animal for each day into clusters
using a 300 s IMI and a 0.23 g minimum meal size criterion (Microsoft Excel
Mac2004/2008, Redmond, WA). Independent feeding and drinking clusters were then listed
chronologically by cluster start time and scanned for feeding clusters that were separated
from drinking clusters (and vice versa) by 300 s or less (Microsoft Excel). Clusters within
this limit were assigned to a composite meal, the duration of which was taken as being
between the start time of the first cluster and the end of the last response of the final cluster.
Note that transition times between eating and drinking (inter-cluster interval) were included
in the total meal duration. Drinking clusters not combined to a feeding cluster that did not
fulfill the 0.23 g minimum food criteria were omitted from most meal-focused analysis.
However, these drinking clusters were included in calculations of overall fluid consumption.

Figure 1 shows an example of two composite meals derived from 75 min of data collected
from a EU rat. The figure also provides an illustration of various terms used in this paper.
The terms and layout of this schema are derived from the microstructural analysis of licking
established by Davis & Smith [13], together with the methods of Zorrilla and colleagues
[11].

2.5 Expt 1) Assessment of Feeding Patterns Before the Onset of Dehydration-Anorexia

Five days of EU feeding and drinking data were collected for each animal (n=10). Each 24h
day (from lights on to lights on) was used to calculate descriptive statistics of average daily
meal structure. Parameters measured (units) were number of composite meals; average
composite meal duration (min); average IMI (min); percentage of total meals initiated
during the nocturnal phase, average within-meal feeding and drinking intake (g or mL);
average within-meal feeding and drinking duration (min); average food-to-liquid ratio for
both intake (g/mL) and duration (min/min). Total daily intake of food (g), liquid (mL), and
the ratio between the two (g/mL) were calculated from the difference in hopper weights over
the 23h-recording period; these data were not subjected to the criteria used to define a meal.
Composite meal duration was calculated as the time (min) between the start of the first
cluster (feeding or drinking) and the end of the latest terminating feeding or drinking cluster,
thus transition times between eating and drinking were included in the total composite meal
duration. Durations of within-meal feeding and drinking cluster were calculated as
consecutive time spent eating or drinking. IMI was defined as the time between the end and
start times of two adjacent composite meals. Food-to-liquid ratios were calculated as the
ratio between either within-meal quantities of food and liquid consumed, within-meal
durations of food and liquid intake, or daily total quantities of food and liquid consumed. A
feeding cluster not merged with a drinking cluster was treated as a composite meal and was
thus included in calculations of composite meal duration, IMI, and within-meal food size
and duration. However, these feeding clusters not merged with drinking were not included in
either within-meal ratio calculation.

2.6 Expt 2) How do Composite Meal Structure Parameters Change as Dehydration-
Anorexia Progresses?

Feeding and drinking data for five days (from lights on to lights on) of DE were used to
calculate descriptive statistics of average daily meal structure. Parameters measured were
identical to those described in Expt 1.
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2.7 Expt 3) How Does Composite Meal Structure Change After Drinking Water Is Returned?

Feeding and drinking data for five days (from lights on to lights on) of RE were used to
calculate descriptive statistics of average daily meal structure. Parameters measured were
identical to those described in Expt 1.

2.8 Expt 4) Is the Diurnal Pattern of Composite Meals modified during and after
Dehydration-Anorexia?

The 24h ingestive behavior data used in Experiments 1-3, were segmented by diurnal and
nocturnal phase to investigate if DE or RE modulate the circadian organization of composite
meals, and if changes observed in within-meal characteristics were phase-specific. Any
composite meal that spanned a phase switch (i.e. portions of one composite meal were in
contiguous light and dark phases) was analyzed within the phase in which the meal was
initiated. Parameters measured were identical to those described for the single-phase
analysis.

2.9 Statistical Analysis

Differences in parameter means (+ SEM) between EU values and across the five days of DE
or RE were analyzed using one-way ANOVA with repeated measures or, where missing
values or unequal variances occurred, Welch’s test, a modified version of one-way ANOVA
that does not assume equal variances [14]. When appropriate, Dunnett’s multiple
comparison test was used to detect differences between the baseline EU data and each
subsequent day of DE or RE. Data were statistically analyzed using a freely available
software package R (http://www.r-project.org/), and Prism (Version 4, GraphPad Software,
San Diego, CA). A P-value of <0.05 was considered to be statistically significant for all
experiments.

3. RESULTS

3.1 Expt 1) Assessment of Feeding Patterns in Euhydrated Animals

There were no significant differences across the five-day control period for any of the
parameters analyzed. Thus, five days of EU data from each rat were averaged for each
parameter, and used as that individual’s baseline EU value for the repeated measures
comparisons in Experiments 1-3. Table 1 shows descriptive statistics for each meal
characteristic, representing average baseline EU values for each parameter during the 24h
period, as well as during the light and dark periods.

3.2 Expt 2) How do Composite Meal Structure Parameters Change as Dehydration-
Anorexia Develops?

3.2.1 Composite Meal Duration and Temporal Distribution—Drinking HS affected
some but not all composite meal parameters. Figure 2A shows that composite meal duration
was already significantly decreased from baseline on the first day, and continued to be
shorter than controls throughout the remaining DE period (F [df 5, 9]=11.66, P<0.001). Not
surprisingly, this was accompanied by a gradual increase in IMI (Fig. 2B), which became
statistically significantly on days 4 and 5 (F [df 5, 23.539]=8.43, P<0.001). In contrast, there
was no significant effect of drinking HS on meal number until the final day (Fig. 2C) when
there was a small but significant suppression (F [df 5, 24.79]=2.80, P<0.05). Despite no
significant change in the number of meals until Day 5, there was a decrease in the
percentage of nocturnal meals by Day 3 (Fig. 2D), which reached significance on Days 4
and 5 (F [df 5, 9]=7.10, P<0.001).
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3.2.2 Within-Meal Characteristics—The development of DE-anorexia led to significant
alterations of within-meal characteristics compared to EU animals (Fig. 3). These were
evident from the first day of drinking HS, which progressively reduced the average amount
of food consumed within a meal and the duration of feeding (Figs. 3A and 3D; F [df 5,
9]=69.75 and 28.51, respectively; both P<0.001).

The number of days spent drinking HS significantly affected both within-meal liquid intake
(Fig. 3B; F [df 5, 21.25]=24.13, P<0.001) and drinking duration (Fig. 3E; F [df 5,
22.42]=5.78, P<0.01). However, the changes in drinking values from baseline EU were
neither unidirectional nor universal as DE progressed. Within-meal liquid intake was
significantly less than EU intake only on the first two days of DE. While no individual
differences were detected between Days 3-5 and EU baseline, there was a marked upward
trend such that within-meal drinking was more than double on Days 4 and 5 compared to
Day 3. Within-meal drinking duration significantly increased from EU on Days 4 and 5 of
DE. This variability of within-meal drinking was also revealed in the within-meal food-to-
liquid ratios, with a significant effect of DE progression on both within-meal food-to-liquid
intake ratio (Fig. 3C; F [df 5, 22.48]=29.91, P<0.001) and duration ratio (Fig. 3F; F [df 5,
21.30]=11.20, P<0.001). See Figure 3 for individual differences.

As we have previously reported [2], drinking HS had clear effects on total daily intake of
food and HS (Fig. 4). There was a significant effect of time on total food intake (Fig. 4A; F
[df 5, 9]=132.7, P<0.001), total HS intake (Fig. 4B; F [df 5, 9]=33.02, P<0.001), and on the
ratio of total food-to-total HS intake (Fig. 4C; F [df 5, 9]=7.10, P<0.001). There were
progressive daily decreases in total food intake compared to EU, and bidirectional effects
over the 5 days of drinking HS for total HS intake and total intake ratio (see Fig. 4 for post-
hoc analyses).

3.3 Expt 3) How Does Composite Meal Structure Change After Drinking Water Is Returned?

Table 2 shows how composite and within-meal characteristics changed in the five days
following the return of drinking water. Meal number gradually and significantly increased
following water back (F [df 5, 9]=4.99, P<0.001), although none of these values were
significantly different from the EU control meal number. IMI gradually declined and was
indistinguishable from EU baseline values by Day 4 (F [df 5, 9]=3.62, P<0.01).

There was a significant effect of time on composite meal duration and on the percentage of
daily meals occurring in the dark. Significantly shorter meals compared to EU controls were
seen on days 3 and 5 (F [df 5, 9]=8.12, P<0.001), while the percentage of daily meals
occurring in the dark remained significantly lower that EU controls for all 5 days after the
return of water (F [df 5, 9]=15.73 P<0.001).

From the second day following the return of water, both within-meal food intake and
feeding duration returned to and remained at baseline values, with no detectable significant
differences for the remaining 4 days (F [df 5, 9]=2.24 and 1.84, respectively; P=0.067 and
0.124, respectively). A significant reduction in within-meal food intake was present on the
first day of drinking water.

After the return of drinking water there was a significant effect of time on both within-meal
water intake and drinking duration (F [df 5, 9]1=30.44 and 13.77, respectively; P<0.001 for
both). There was also a significant effect of time on both within-meal food-to-liquid intake
ratio (F [df 5, 9]=11.78, P<0.001) and duration ratio (F [df 5, 9]=6.05, P=0.001). However,
it is clear from the results of the individual post-hoc comparisons that the significant
differences of within-meal drinking-related and ratio parameters were skewed by the robust
drinking that occurred immediately following the return of water. When all within-meal
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drinking-related data sets were re-analyzed after excluding data from the first 24h following
the return of water, no significant differences for any parameter across the remaining 4 days
were detected.

As we have previously noted [2], returning water to DE-anorexic rats significantly altered
the total 24h intake of food and water for several subsequent days (Fig. 5). There was a
significant effect of time on total food intake (Fig. 5A. F [df 5, 9]=46.31, P<0.001). During
the first day after water-back, food intake was significantly suppressed from EU levels, but
recovered to baseline levels by Day 2, and exceeded this amount by Day 4. A significant
effect of RE progression on total water intake was also detected (F [df 5, 9]=51.75,
P<0.001), due primarily to the robust drinking that occurs in the first 24 hours following
water-back; by Day 2, drinking volumes returned to baseline. Total food-to-total water
intake ratio were also altered by RE (F [df 5, 9]=101.8, P<0.001). Following an initial
disruption in the ratio caused by the water-back drinking in the first 24 hours, the ratio
between feeding and drinking was transiently restored to baseline on Day 2, and then
remained elevated from Day 3 to 5. See Figure 5 for statistical results from comparison of
individual days.

3.4 Summary of changes to meal structure during periods of DE and RE

To summarize the main findings from Experiments 1-3, representative data from the four
main meal parameters from each phase are shown in Figure 6. The comparison of baseline
EU data, and data collected on the third day of the DE phase and the fourth day of the RE
phase, demonstrates the effects of DE-anorexia and the return of water on composite meal
patterning. Day 3 of DE was chosen to reflect the initial anorexic response to drinking HS,
and Day 4 of RE was chosen to illustrate the meal parameters after they had all returned to
baseline. While neither DE nor RE had a significant effect on daily meal number (Fig. 6A)
or IMI (Fig 6B), DE significantly reduced both the duration of a composite meal (Fig. 6C)
and the amount of food consumed within a meal (Fig. 6D). The return of water restored
meal duration and meal size to EU values (Figs. 6C and 6D).

3.5 Expt 4) Is the Temporal Distribution of Composite Meals between the Light and Dark
Phases of the Day modified during and after Dehydration-Anorexia?

3.5.1 Meal Parameters in Euhydrated Animals—There were no significant
differences in the five-day composite meal parameters for EU animals when they were
examined within the light and dark phases. The values for each of the five days were used to
calculate a mean for the composite meal parameters (Table 1). These values were then used
to determine the effects of drinking HS and the return of water on the distribution of
composite meal characteristics between the light and dark phases (Figs. 6 & 7).

3.5.2 Composite Meal Parameters in Dehydrated-Anorexic Animals Before and
After the Return of Drinking Water—As DE-anorexia developed, there was a
significant decline in number of nocturnal meals (Fig. 7A; F [df 5, 24.84]=10.06, P<0.001),
while the number of diurnal meals increased through Day 4 (F [df 5, 24.74]=4.87, P<0.01).
A significant increase in IMI was only seen during the nocturnal phase (Fig. 7B; nocturnal:
F [df 5, 21.99]=3.89, P<0.05; diurnal: F [df 5, 17.76]=2.23, P=0.097), although high
variability in diurnal values may have influenced these results. Significant decreases in
composite meal duration were detected for both the nocturnal (Fig. 7C; F [df 5, 23.89]=6.34,
P<0.001) and diurnal (F [df 5, 18.66]=3.31, P<0.05) phases. After water was returned, the
significant decrease in the number of nocturnal meals (Fig. 7D; F [df 5, 9]=9.30, P<0.001),
and increase in the number of diurnal meals (F [df 5, 9]=9.69, P<0.001) persisted for up to
five days. A small increase in IMI was only detectable nocturnally after the return of water
(Fig. 7E; F [df 5, 9]=2.69, P<0.05), while there was no significant change in diurnal IMI
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duration (F [df 5, 9]=0.83, P=0.536). With the exception of diurnal RE Day 1, composite
meal duration immediately returned to EU values for both dark (Fig. 7F; F [df 5, 9]=1.15,
P=0.3507), and light (F [df 5, 9]=13.50, P<0.001) phases.

3.5.3 Within-Meal Parameters in Dehydrated-Anorexic Animals Before and
After the Return of Drinking Water—How the diurnal/nocturnal within-meal
parameters change as DE-anorexia develops and after water is returned is shown in Figure 8.
Drinking HS led to a significant and immediate decrease in nocturnal within-meal food
intake (Fig. 8A; F [df 5, 23.72]=33.16, P<0.001). A significant effect on diurnal within-meal
food intake was delayed and emerged 2 days later (F [df 5, 18.45]=33.16, P<0.001).
Drinking HS also significantly altered diurnal (Fig. 8B; F [df 5, 13.60]=7.22, P<0.01) and
nocturnal (F [df 5, 20.07]=17.47, P<0.001) within-meal liquid intake. Changes in within-
meal food and water intake, in turn, altered meal food-to-liquid intake ratio during the light
(Fig. 8C; F [df 5, 11.33]=11.96, P<0.001), and dark phases (F [df 5, 20.54]=15.14,
P<0.001). After water was returned, there were no significant differences in diurnal nor
nocturnal within-meal food intake (Fig. 8D; F [df 5, 9]= 1.65 and 1.38, respectively; both
P>0.05). The return to drinking water had no effect on nocturnal within-meal drinking (Fig.
8E; F [df 5, 9]=0.21, P=0.96), but as would be expected, had a robust and significant effect
on diurnal within-meal drinking immediately following the return of water (F [df 5,
9]=73.09, P<0.001). The return of water significantly affected the diurnal (Fig. 8F; F [df 5,
9]=11.34, P<0.001) and nocturnal (F [df 5, 9]=3.58, P<0.01) within-meal food-to-water
intake ratio. (See Fig. 8 for post-hoc statistical comparisons of individual DE and RE days.)

4. DISCUSSION

Here we have explored how the development and reversal of DE-anorexia affects specific
components of ingestive behavior. Our results demonstrate that DE-anorexia derives from a
reduction in meal size while the number of daily meals is virtually unchanged. This pattern
is consistent with the hypothesis we have previously proposed where meal initiation is
unimpeded, but meals are terminated prematurely [1, 15]. We also find that as drinking HS
continues fewer meals are taken during the dark period and more are taken during the light
period, an adaptation that persists for some days following the return of drinking water.

4.1 DE-Anorexia: Meal Size and Inter-meal Interval

Our study demonstrates a clear, rapid, and dramatic effect of drinking HS on meal size. This
was manifest on the first day of drinking HS as a reduction in composite meal duration,
together with reductions in both the amount of food consumed within a meal and feeding
duration. Together, these results suggest that drinking HS increases either the levels of
factors that regulate satiation, the brain’s sensitivity to these factors, or both.

Pretel and Piekut [16] reported that drinking HS increased oxytocin (OT) mRNA in neurons
in the caudal parvicellular part of the PVVH that project to the spinal cord and dorsal vagal
complex (DVC), including the nucleus of the solitary tract (NTS) [17, 18]. Both
cholesystokinin (CCK) and OT decrease food intake [19], perhaps by way of convergent
forebrain and hindbrain mechanisms [20, 21]. Furthermore, DE-anorexia is attenuated in
OT-knock out mice [22], although this study used a somewhat different model than the one
we employ. Therefore, it seems reasonable to speculate that one mechanism that decreases
meal size after drinking HS involves projections from OT neurons in the PVH to CCK-
sensitive neurons in the NTS.

In addition to the rapid decrease in meal size, we also observed a significant but more
delayed increase in IMI, which became evident by the fourth day of drinking HS. Increased
IMI derives from prolonged post-prandial satiety [23], suggesting that as DE-anorexia
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develops, additional inhibitory mechanisms are recruited to potentiate the suppression of
feeding. Several studies show that satiety factors such as glucagon-like peptide-1 (GLP-1)
[24, 25] work in combination with CCK to promote meal termination and prolong onset of
the subsequent meal. GLP-1-containing neurons in the DVC are innervated by the same OT
neurons of the PVH that project to CCK-sensitive neurons in the NTS [26, 27]. Since OT-
dependent inhibition of food intake requires functional GLP-1 receptors in the DVC [26],
altered function within an OT-CCK-GLP-1 network may contribute to DE-anorexia by
decreasing meal size and increasing IMI.

4.2 DE-Anorexia: Meal Number

The fact that the number of meals taken during each 24h period remains unchanged for at
least 4 days of drinking HS while meal size decreases significantly within the first 24h
suggest that DE-anorexia results from dysfunction in the ability to maintain the duration of a
meal once it is initiated. This conclusion is further supported by examining the way that
neuropeptide Y (NPY) mechanisms function during DE-anorexia. NPY is an important
factor that regulates both meal initiation and meal size. Central NPY administration
increases food intake using two mechanisms: by stimulating the appetitive rather than the
consummatory phase of feeding behavior [28-30], and by delaying the onset of satiation
[30, 31].

Two findings from our group suggest that NPY-dependent meal initiation is intact in DE-
anorexic animals. First, NPY and AgRP mRNAs are upregulated in the ARH of DE-
anorexic rats [3, Salter-Venzon & Watts, unpublished findings], which is consistent with an
increased drive to feed mediated by the reduced circulating leptin seen in these animals [3].
Second, NPY given at low doses to either the PVH or the LHA of DE-anorexic animals is
unable to sustain food intake at the levels seen in EU rats. Importantly however, these
animals show no difference in the latency to begin feeding following NPY compared to
euhydrated controls [15], meaning that NPY’s ability to initiate feeding remains intact in
DE-anorexic rats. Collectively, these results suggest that only NPY’s ability to delay
satiation onset is dysregulated in DE-anorexia.

A recent study using viral-mediated over-expression of NPY in the PVH or LHA found that
NPY actions on meal initiation and termination are dissociable and are mediated by different
sets of hypothalamic neurons [32]. Thus, NPY over-expression in the PVH or LHA both
increase food intake, but have differential effects on meal structure; over-expression in the
PVH increased meal number, while over-expression in LHA increased meal size. Taken
together with Tiesjema et al [32] and Salter-Venzon & Watts [15], our finding that meal
number is unaffected by drinking HS suggests that NPY’s actions in the PVH to initiate
feeding remains intact, whereas decreased meal size may result from dysregulated NPY
function in the LHA.

Decreased meal size is usually compensated by an increase in the daily meal number. For
example, CCK administration alone typically does not decrease overall food intake, because
its suppressive effect on meal size is usually accompanied by an increase in meal number
[33]. However, drinking HS does not markedly alter the number of daily meals initiated over
the course of the day, despite the reduction in meal size. Therefore, our results demonstrate
that DE-anorexia develops because the dramatic decrease in meal size is not offset by an
increase in meal number.

4.3 DE-Anorexia: The Distribution of Meals between the Dark and Light Phases of the Day

A previous study from our group measured total food and liquid intake during the day and
night, and concluded that the mechanisms responsible for organizing circadian timing
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patterns of ingestive behaviors were unaffected by drinking HS [2]. However, when we
examine the detailed temporal distribution of all meals rather than just total intake, we now
find much more striking and complex effects that emphasize that understanding how, not
just how much is consumed greatly improves our understanding of feeding behavior [8].

First, there is a gradual but significant shift in the temporal distribution of meals from the
dark to the light period as DE-anorexia develops. By the fourth day of drinking HS the
number of diurnal meals is significantly increased, while nocturnal meal number steadily
declines to about 50% of control values. In contrast, at least 80% of daily meals occur
during the dark phase of control EU animals. Second, although drinking HS reduces
nocturnal within-meal food intake as early as the first dark phase, it is not until the third day
that diurnal within-meal food intake is significantly attenuated. Third, once drinking water is
resumed significant numbers of meals continue to be taken during the light period meaning
that the ability to distribute meals appropriately throughout a 24h period is surprisingly slow
to recover. This contrasts with the (satiety) mechanisms that regulate the duration and IMI of
individual meals, which rapidly recover.

These findings show the significant impact of drinking HS on the mechanisms that
temporally distribute meals relative to circadian timing signals, which contrasts to the more
resilient mechanisms that initiate individual meals. The surprising number of diurnal meals
seen long after drinking water is resumed may be a favorable adaptation that allows animals
to rapidly correct the negative energy balance accrued during DE-anorexia using meals with
normally structured satiety mechanisms.

4.4 Thirst and Fluid Balance

Although the suppression of feeding is a major part of the physiological adaptation to
cellular dehydration, drinking HS for up to 5 days is a potent stimulus for thirst, meaning
that the drive to find and consume water becomes increasingly strong. In this context, a
drinking-explicit meal pattern analysis [11] provides a powerful way to explore the within-
meal relationship between eating and drinking as cellular dehydration develops. With this
method we find that the gradually developing cellular dehydration induced by drinking HS
modifies both the within-meal and 24h food-to-liquid intake, and that this altered ratio varies
as dehydration becomes exacerbated.

Euhydrated rats consistently maintain an approximately one-to-one within-meal, and a
slightly more than one-to-two food-to-liquid intake ratio over a 24h period [2, 10, 11]. This
tight interaction between food and water intake is maintained during periods of imposed
food restriction [Watts, A.G., unpublished observations], showing that the relationship
between hunger and thirst mechanisms is maintained when food intake is reduced but access
to water is retained. However, during the first day of drinking HS, rats decrease their
drinking to a significantly greater extent than their within-meal food intake, leading to a
markedly elevated food-to-fluid intake ratio. This most likely derives from an initial strong
aversion to drinking HS. But by the third day HS intake increases significantly—presumably
driven by elevated thirst—so that both the within-meal and the 24h food-to-liquid intake
ratios were significantly reduced compared to euhydrated controls.

These findings show that as HS is consumed there are significant modifications to the neural
networks coordinating eating and drinking that are not seen with food restriction alone. The
neural substrates of these modifications are not known but may involve changes in
neuropeptide gene expression in the bed nuclei of the stria terminalis, amygdala, and LHA
that show complex temporal expression patterns as DE-anorexia develops [34] or are not
seen with paired food restriction [3].
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4.5 Conclusion

We show that the most important factor underlying the development of DE-anorexia is not
the ability to initiate a meal (Fig. 6A), but a failure to maintain feeding behavior once a meal
has started (Figs. 6C & 6D). This outcome most likely results from of an increased
sensitivity to satiation signals, and possibly post-prandial satiety mechanisms. Furthermore,
DE-anorexia also significantly disrupts the temporal distribution of meals across the day so
that the number of nocturnal meals is gradually reduced while diurnal meal number
increases. Our high-resolution meal pattern analysis shows that not all aspects of food intake
are inhibited during DE-anorexia. Instead, drinking HS selectively and differentially targets
those neural networks controlling meal initiation and meal termination.

These results support a functional neural network model where drinking HS upregulates the
activity of both stimulatory and inhibitory networks [1, 35]. While stimulatory mechanisms
preserve a relatively normal frequency of meal initiation, elevated activity within inhibitory
networks leads to premature meal termination and a net decrease in food intake. The rapid
reinstatement of feeding that follows the return of water reveals a third network that
disinhibits feeding. While this disinhibitory network is likely responsible for the initial drive
to feed, the 24 hour delay we see in meal pattern normalization after the return of water
suggests that full attenuation of up-regulated inhibitory networks requires significant time to
dissipate once drinking water is resumed [1, 36].

Highlights

1. Meal pattern analysis reveals how food intake is disrupted in dehydration-
anorexia

Anorexia develops because meals are smaller and shorter than controls
The number of meals decreases during the night and increases during the day

Total daily food intake quickly recovers when anorexia is reversed

o B WD

Diurnal meal number remains elevated for up to five days after anorexia is
reversed
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Figure 1. Anatomy of the Composite Meal

Representative eating and drinking data from one EU rat that have been segmented into
composite meals by the drinking-explicit method. Black vertical bars depict drinking
clusters, white depict feeding bouts, dark gray depict feeding clusters, and light gray depict
composite meals. Individual bar widths and horizontal lines (with and without arrows)
represent duration (s). Individual bar heights and vertical lines represent within-meal food
(white) or liquid (black) intake in g or mL; when a meal contains 2 or more clusters of
feeding or drinking (as shown here in each meal for drinking), total within-meal intake or
duration is equal to the sum of the individual clusters. Feeding bouts were assigned to
clusters using meal criteria of 0.23 g minimum size, and a minimum IMI of 300 s. The same
meal criteria were also used to combine feeding and drinking clusters.

*Although the resolution of the BioDAQ Liquid Intake Monitor does not capture drinking
microstructure, drinking clusters also consist of smaller bouts, similar to those comprising
feeding clusters.
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Figure 2. Effects of DE progression on composite meal patterns

Mean (£ SEM) composite meal duration (A), IMI (B), total number of composite meals (C),
and percentage of total daily meals initiated during the nocturnal phase (D), as measured
daily over the course of five days of drinking hypertonic saline (DE). The values from
euhydrated control animals (EU) are the baseline values shown in Table 1. Water was
replaced with 2.5% saline at 1000 hours on Day 1, and remained the only fluid available for
the next five days. Significant differences across days were determined using one-way
ANOVA (see text for results). Symbols denote significant individual differences between
EU and subsequent days of DE, where *P<0.05.

1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Physiol Behav. Author manuscript; available in PMC 2013 January 18.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Boyle et al.

Page 16
FEEDING
A D _
44 £ 254
_@ | c 20 A
S5 2 S °
E—é © 15 A
é_‘_, 2] * > *
€ E * o *
=5 * % . 8 10 A x * %
;3 1_ E
£ 5]
0- = 0 A
=
EU1 2 3 4 5 EU1 2 3 4 5
DE Day DE Day
DRINKING
B E
8 ; € 20
- <
TE 6. S 151 L
£ 4 S 10 1
o ¢ * 8
=5 2 * E 5
g < ¢
£
0 - g 0 -
EU1 2 3 4 5 EU1 2 3 4 5
DE Day DE Day
FEED/DRINK RATIO
C F
03 8
5 ‘ o
N~—" -0—'A6_
— E
3 EE ¢
= €
£ 1 ¢ * Evz_
£ o, =
< =
<0 0
EU1 2 3 4 5 EU1 2 3 4 5
DE Day DE Day

Figure 3. Effects of DE progression on within-meal characteristics

Mean (£ SEM) within-meal food intake (A), within-meal liquid intake (B), within-meal
food:liquid intake ratio (C), within-meal feeding duration (D), within-meal drinking duration
(E), within-meal feeding:drinking duration ratio (F), as measured daily over the course of
five days of DE. Water was replaced with 2.5% saline at 1000 hours on Day 1, and remained
the only fluid available for the subsequent five days. EU represents baseline values as shown
in Table 1. Significant differences across days were determined using one-way ANOVA, see
text for results; Symbols denote significant individual differences between EU and
subsequent days of DE, where *P<0.05.
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Figure 4. Effects of DE progression on total daily intake of food, hypertonic saline, and
food:saline intake ratio
Mean (£ SEM) total daily food intake (A), saline intake (B), and the food:saline intake ratio

(C) as measured daily over the course of five days of DE. Water was replaced with 2.5%
saline at 10.00h on Day 1, and remained the only fluid available for the subsequent five
days. EU represents baseline values as shown in Table 1. Significant differences across days
were determined using one-way ANOVA, see text for results; Symbols denote significant
individual differences between EU and subsequent days of RE, where *P<0.05.
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Figure 5. Total daily intake of food, water, and food:water intake ratio during the five days
following water-back

Mean (£ SEM) total daily food intake (A), water intake (B), and the food:water intake ratio
(C) as measured daily for five days following the return of water to DE rats at 12.00h on
Day 1. EU represents baseline values as shown in Table 1. Significant differences across
days were determined using one-way ANOVA (see text for results). Symbols denote
significant individual differences between EU and subsequent days of RE, where *P<0.05.
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Figure 6. Summary of the effects of DE and RE on composite meal structure

The comparison of baseline EU data (black bars), and data collected on the third day of the
DE phase (white bars) and the fourth day of the RE phase (gray bars), demonstrates the
effects of DE-anorexia and the return of water on daily meal number (A), duration of the
IMI (B), duration of a composite meal (C), and amount of food consumed within a meal (D).
Symbols denote significant differences from EU values, where *P<0.05; see sections 3.2 and
3.3 for detailed results.
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Figure 7. Diurnal variations of composite meal patterns during DE and RE

Effects of the daily progression of DE (A—C) and RE (D-F) on mean (+x SEM) number of
meals (A, D), IMI (B, E), and composite meal duration (C, F), during the dark phase (closed
circles, solid lines) and light phase (open circles, dashed lines). In each graph, EU represents
baseline values as shown in Table 1; Day 1 indicates the first morning of water replacement
with HS for DE, or return of water for RE. Significant differences across days, for each
phase, were determined using one-way ANOVA (see text for results). Symbols denoting
individual differences from EU phase baseline, where *P<0.05.
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Figure 8. Diurnal variations of within-meal food and liquid intake during DE and RE

Effects of the daily progression of DE (A—C) and RE (D-F) on mean (+ SEM) within-meal
food intake (A, D), within-meal liquid intake (B, E), and the food:liquid intake ratio (C, F),
during the dark phase (closed circles, solid lines) and light phase (open circles, dashed
lines). In each graph, EU represents baseline values as shown in Table 1; Day 1 indicates the
first morning of water replacement with hypertonic saline for DE, or return of water for RE.
Significant differences across days, for each phase, were determined using one-way
ANOVA, see text for results; symbols denoting individual differences from EU phase
baseline, where *P<0.05
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