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ARTICLE INFO ABSTRACT

Keywords: Eating and drinking co-occur and many of the same mechanisms that control one are involved in the control of
D“n]fmg the other, making it difficult to isolate specific mechanisms for the control of fluid intake. Glucagon-like peptide-
;‘;’;’dmg 1 (GLP-1) is a peptide that seems to be involved in the endogenous control of both ingestive behaviors, but we
st . . lack a thorough understanding of how and where GLP-1 is acting to control fluid intake. Vasopressin-deficient
Glucagon-like peptide-1 A L. . )
Polydipsia Brattleboro rats are a model of hereditary hypothalamic diabetes insipidus that have been used extensively

for the study of vasopressin actions in behavior and physiology. Here, we propose that these rats, that eat
normally but drink excessively, provide a useful model to dissociate central controls of food and fluid intakes. As
an initial step toward establishing this model for these purposes, we focused on GLP-1. Similar to the effect
observed after treatment with a GLP-1 receptor (GLP-1R) agonist, the intake difference between wildtype and
Brattleboro rats was largely a function in the number of licking bursts, indicating differences in post-ingestive
feedback (e.g., satiation). When given central injections of a GLP-1R agonist, the effect on feeding was com-
parable between wildtype and Brattleboro rats, but the effect of drug on fluid intake was markedly exaggerated
in Brattleboro rats. Additionally, Brattleboro rats did not respond to GLP-1R antagonism, whereas wildtype rats
did. Taken together, these results suggest that Brattleboro rats exhibit a selective disruption to GLP-1’s control of
water intake. Overall, these experiments provide foundational studies of the ingestive behavior of Brattleboro
rats and demonstrate the potential to use these rats to disentangle the effects of GLP-1 on food and fluid intakes.

1. Introduction subsequently shown to have effects on drinking [3-9].

Glucagon-like peptide-1 (GLP-1) is best known as an incretin hor-

Food and fluid intakes are behaviorally and physiologically inter-
twined, making it difficult to dissociate the mechanisms that control one
or the other. Behaviorally, food and fluid intakes have a close temporal
relationship. For example, Kissileff [1] found that in a normal rat,
feeding occurs in discrete bouts (meals), and that most drinking is
termed “prandial,” meaning that it occurs in bouts either before or after
meals. This prandial drinking accounts for approximately 70% of water
intake in laboratory rats and the amount of drinking is correlated with
the amount of food consumed, although the strength of this relationship
can be manipulated with changes in temperature, hydration-status, or
diet composition [2]. In addition to being behaviorally linked, the un-
derlying physiology of thirst and hunger share neural and chemical el-
ements. For instance, several peptides (e.g., ghrelin and glucagon-like
peptide-1) that were identified as relevant for feeding behavior, were

mone that is involved in glycemic control and energy balance [7,10-12].
Due to its effects on insulin, food intake, and body weight, the GLP-1
system has emerged as an attractive target for treatments of diabetes
mellitus and obesity [8,10,13]. Treatment with GLP-1 or GLP-1 receptor
(GLP-1R) agonists, decreases food intake and body weight [for examples
see: 7, 9, 10, 14] and there is strong evidence for a role for endogenous
GLP-1 in the control of food intake. Specifically, injection of the GLP-1R
antagonist, exendin 9-39 (Ex9), increases food intake and body weight,
but only in satiated animals [5,9,15-18]. Other manipulations of GLP-1,
including viral-mediated knockdown of the precursor to GLP-1 and
ablation of GLP-1-producing preproglucagon neurons, also provide
strong evidence that endogenous GLP-1 is important for food intake and
body weight [19,20].

Although GLP-1's role in food intake is well studied, there has been
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less attention paid to GLP-1 and water intake. Individuals being treated
with GLP-1R agonists are prone to reduced water intake [21]. This is
particularly concerning because the majority of individuals diagnosed
with diabetes mellitus, and therefore potentially treated with GLP-1R
agonists, are over the age of 45 and are already at an increased risk
for dehydration [22,23]. Thus, the already common instances of fluid
imbalance are potentially exacerbated by a common treatment for dia-
betes mellitus and obesity.

The control of water intake by GLP-1 appears to occur in a manner
that is separable from the role it plays in food intake, and it appears to be
exclusively central. For example, the suppression of water intake by
GLP-1 occurs at a lower dose than is needed to suppress food intake [8,
9]. The hypodipsic effect of GLP-1 or GLP-1R agonists occurs indepen-
dent of any effects on food intake [7,9] and affects water intake stimu-
lated by treatments that do not affect food intake [6]. Additionally,
injection of a GLP-1R antagonist has been shown to increase water
intake, and water deprivation followed by drinking was associated with
hindbrain changes in mRNA that codes for proglucagon, the precursor to
GLP-1, without any detectable changes in circulating GLP-1 [5]. Thus, it
seems that GLP-1 is not singularly important for the control of food
intake, but also plays a role in the control of water intake and may serve
as a satiety signal for both ingestive behaviors. Moreover, it appears that
the GLP-1 involved in the control of fluid intake is of central origin.

Addressing open questions related to the control of drinking by GLP-
1, such as what roles it plays in fluid intake satiety and where in the
brain these actions occur, would be aided by a new approach that helps
untangle food intake from fluid intake. Here, we propose that the
vasopressin-deficient Brattleboro rat may be useful in this respect.
Brattleboro rats were discovered in 1961 in Brattleboro, Vermont, and
have since provided a useful model of hereditary hypothalamic diabetes
insipidus. This condition is characterized with primary polyuria and a
secondary polydipsia [24]. The cause of the diabetes insipidus in these
rats has been determined to be a single base pair deletion leading to the
inability to properly synthesize and fold vasopressin [25]. Due to a lack
of vasopressin, these rats cannot retain water, which results in high
volume of dilute urine and a rise in body sodium concentration [26]. In
spite of abnormally high water intake, food intake by Brattleboro rats is
normal [27]. Thus, Brattleboro rats provide an opportunity to use a
well-established model that has normal food intake, but abnormal fluid
intake, in order to help dissociate the physiological controls of food and
fluid intakes. As a first step in testing the utility of this model, we focused
on the intake effects of GLP-1 and tested for differences in feeding and
drinking effects of GLP-1R ligands in Brattleboro and wildtype rats. In
addition to providing novel information about the drinking patterns of
Brattleboro rats, and the effect of GLP-1 in this rodent model, these
experiments also provide a foundation for future work that may help
pinpoint how and where GLP-1 is acting to control drinking, separate
from its control of feeding.

2. Materials and methods
2.1. Animals

Rats were obtained from a breeding colony maintained at the Uni-
versity at Buffalo that was derived from rats from the Rat Resource and
Research Center (University of Missouri, Columbia, MO). All rats in the
study were produced from pairings of male and female rats that were
heterozygous for the Brattleboro mutation. This strategy produced lit-
ters of male and female wildtype Long Evans rats (subsequently referred
to as wildtype rats), and male and female rats that were homozygous for
the Brattleboro mutation (subsequently referred to as Brattleboro rats)
and therefore lacked functional vasopressin. Rats that were heterozy-
gous for the Brattleboro mutation were also produced in these litters, but
were not used as subjects in the experiments described here. Rats were
genotyped between postnatal day (PD) 13-15 with day of birth consid-
ered PD 0 (based on the procedure outlined in Ref. [28]). On PD 21, rats
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were weaned into same-sex, same-genotype groups of 2-3 rats per cage.
In the few instances when there were not sufficient numbers of rats of
the same genotype and sex, rats were weaned into groups of 2-3 with
same sex heterozygotes. Rats remained group housed in plastic cages
(44 cm x 22.5 cm x 20.5 cm) with corn cob bedding (Envigo, Indian-
apolis, IN) until after cannula implantation and recovery, at which point
rats were single housed in stainless steel wire mesh cages (Unifab,
Kalamazoo, MI). Rats were housed in a temperature- and
humidity-controlled room with a 12 h light/12 h dark cycle and were
given ad libitum access to food and water unless otherwise noted. Before
the onset of the experiments described here, rats were used in a separate,
unrelated experiment that exposed them to open field, novel object, and
social approach tests without any invasive procedures. Body weight was
measured at least five days per week throughout the course of all ex-
periments. For plotting body weight by age, we included ages when
weight measures were available for all groups (sex/genotype) and at
least n = 3 within group. This allowed for plotting of most days of the
growth curve. All experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee of the State University of New
York at Buffalo, and the handling and care of animals was in accordance
with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals.

2.2. Genotyping

Ear tissue was collected between PD 13-15, digested, and DNA was
extracted using the REDExtract-N-Amp Tissue PCR Kit (SigmaAldrich, St
Louis, MO). The single base pair deletion [25] was amplified via PCR.
Primer sequences were as follows: GACGAGCTGGGCTGCTTC and
CCTCAGTCCCCCACTTAGCC (forward, reverse). The PCR product was
digested for 24 h at 37 °C with a Begl restriction endonuclease (New
England BioLabs, Ipswich, MA) that only cuts the mutant Brattleboro
PCR product. After gel electrophoresis using a 2% agarose gel, a single
~95 bp band was used to indicate the presence of the Brattleboro mu-
tation, a single 222 bp band indicated a wildtype genotype, and the
presence of both bands classified a rat as heterozygous, as validated
previously [28,29].

2.3. Cannula implantation and placement verification

Rats in all experiments were implanted with a chronic, indwelling
cannula aimed at the lateral ventricle (LV). Rats were anesthetized using
isoflurane gas (Piramal Critical Care, Bethlehem, PA), secured in a ste-
reotaxic apparatus, and given subcutaneous injections of carprofen (5
mg/kg; Pfizer Animal Health, Parsippany-Troy Hills, NJ) and 0.9% sa-
line (5 mL). After drilling a small burr hole in the skull, a guide cannula
(26 gage; P1 Technologies, Roanoke, VA) was implanted 0.9 mm pos-
terior and 1.4 mm lateral to bregma and 2.8 mm ventral to skull surface.
The guide cannula was secured to the skull using bone screws and dental
cement. Cannula placement was verified at the conclusion of all exper-
iments by an injection of 1 pl of ink before perfusion or decapitation with
gross visualization of ink in the ventricles as an indication of accurate
placement. All rats had visible ink in the ventricles.

2.4. Drug injections and intake measures

The GLP-1R agonist exendin 4 (Ex4) and antagonist exendin 9-39
(Ex9) were purchased from Bachem (Torrance, CA). Injections were
made with a 33-gage injection cannula (P1 Technologies, Roanoke, VA)
that was fabricated to extend 1.5 mm past the end of the guide cannula.
The injection cannula was connected to a 2 pl Hamilton syringe (Ex4) or
a 5- or 10-pl Hamilton syringe (Ex9) via flexible PE-50 tubing. For
testing, Ex4 injections were given 30 min before lights out and Ex9 in-
jections began 2 h after lights on. Injection cannulae were held in place
for ~30 s after each injection. Water bottles and, if applicable, food
hoppers were weighed immediately before and after the testing periods.
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Total food and water intakes were calculated by taking the difference of
the pre- and post-test weight measurements. For licking measures, the
bottle spouts in wire mesh cages were recessed behind an electrically
isolated plate with a 3.175 mm wide opening through which the rat
needed to lick in order to reach the spout, thus minimizing non-tongue
contact with the spout. All rats were habituated to these cages and bottle
arrangement for at least 5d. A contact lickometer (designed and con-
structed by the University of Pennsylvania Psychology Electronics Shop)
was used to record time-stamped licks. The lickometer interfaced with a
computer using an integrated USB digital I/0O device (National In-
struments, Austin, TX) and data were acquired and processed in a
MATLAB (The MathWorks, Natick, MA) software environment.

2.5. Experimental designs

2.5.1. Experiment 1: characterization of the ingestive behaviors of wildtype
and Brattleboro rats

To evaluate differences in body weights between the sexes and ge-
notypes, averages for the week of age with the greatest number of data
points were analyzed (PD 57-63 for Experiments 1-3 with an average of
5.47 measures per rat and PD 113-119 for Experiment 4 with an average
of 5.71 measures per rat). To better understand the unperturbed inges-
tive behavior of these rats, food and water intakes were measured for
five consecutive days. Rats (n = 27; 8 wildtype male, 6 wildtype female,
8 Brattleboro male, and 5 Brattleboro female) were used in Experiment
1. All rats underwent surgery on PD 43-49 and testing spanned PD 53-
63. Estrous cycle stage was monitored via vaginal cytology [as
described in Refs. [30-33]]. Food hoppers and water bottles were
weighed every 24 h and licking for water was monitored using a contact
lickometer. In an effort to replicate and extend the previous studies, we
analyzed microstructural licking patterns to provide information related
to the different drinking behavior by wildtype and Brattleboro rats. As
previously described [34,35], changes in burst number are associated
with changes in post-ingestive feedback, whereas changes in the number
of licks per burst (burst size) more likely reflect differences in orosensory
feedback. For food intake measures, an average of 4.78 days out of 5
days/rat were included in data analysis and for water intake an average
of 4.85 days were included. There were two missing data points for the
volume of water consumed and, in order for these animals to not be
excluded, the missing values were replaced for the repeated measures
analyses using the calculated average drop size for the other days for
that animal, and this calculated average drop size was multiplied by the
number of licks for the day that volume was missing to generate an
approximate volume consumed. The number of licks and drinking
microstructure across the days were also analyzed.

As previously stated, estrous cycle stage was monitored for the
duration of this experiment. The following procedure was used to assign
days of the cycle to days of intake. Although most female rats have 4-day
estrus cycle, a 5-day cycle is not uncommon. When it occurred, a 5th day
was treated as an additional day of diestrus 1, consistent with a previous
approach [32]. The cycles of Brattleboro rats are more variable [36].
Accordingly, we measured intake for 5 days to be sure every stage of the
estrous cycle was captured for every female rat. Data from repeated days
of the cycle were averaged to provide a single data point for each of the
four stages of the cycle, irrespective of the number of days spent in each
cycle stage.

2.5.2. Experiment 2: effect of central administration of Ex4 on 24 h food
and water intakes

To test for an effect of genotype on the intake suppression caused by
a GLP-1R agonist, rats underwent surgery PD 46-57 and then we used a
counterbalanced, repeated measures design in which rats (n = 28 with
equal distribution between sexes and genotypes) received an injection
into the LV of vehicle (1 ul 0.9% saline) or Ex4 (0.1 ug) just before dark
phase onset (testing spanned PD 59-72). Intakes were measured for the
subsequent 24 h and the experiment was repeated 48 h later with rats

Physiology & Behavior 262 (2023) 114093
receiving the other treatment to complete the repeated measures design.

2.5.3. Experiment 3: effect of central administration of Ex9 on spontaneous
water intake

At the conclusion of Experiment 1, all rats in that experiment (n =
27; 8 wildtype male, 6 wildtype female, 8 Brattleboro male, and 5
Brattleboro female) were used to test the effect of a GLP-1R antagonist
on drinking in wildtype and Brattleboro rats (PD 61-74). To this end, 2 h
after light phase onset, food and water were removed and rats received
an injection of vehicle (2 ul 0.9% saline) or Ex9 (100 pg; Bachem, Tor-
rance, CA). Water was returned 30 min after injection and drinking
behavior was recorded for 2 h. In this experiment, stage of the estrous
cycle was controlled for by testing all female rats during estrus and, as
described for Experiment 1, estrous cycle stage was monitored via
vaginal cytology. As previously mentioned, the estrous cycle in Brat-
tleboro rats has been shown to be more variable than in Long Evans rats
and was subsequently more difficult to track, thus leading to some days
when testing should have occurred in Experiments 3 and 4, but did not
because cycle stage was unclear [36]. Each day that a female was tested
at least 1 same genotype male was also tested. Testing was conducted
during the light phase and during vaginal estrus, as defined as the light
phase after behavioral estrus and when vaginal cytology showed the
presence of cornified vaginal epithelial cells, so that baseline intake
would be relatively low. This strategy is similar to that used previously
in our laboratory [5,31]. Treatment condition used a counterbalanced
repeated measures design with testing days separated by 4-5 d,
depending on female cycle length.

2.5.4. Experiment 4: effect of central administration of Ex9 on the drinking
response to subcutaneous hypertonic saline

As a follow up to Experiment 3 and to address the possibility of a
ceiling effect, rats (n = 24; 7 wildtype male, 7 wildtype female, 5
Brattleboro male, and 5 Brattleboro female) were implanted with a
cannula aimed at the LV on PD 94-105. After sufficient recovery time,
rats were stimulated to drink by injection of hypertonic saline and the
effect of Ex9 was tested. All testing was completed between PD 105-137.
The same procedure as described for Experiment 3 was used, but
immediately after LV injections of Ex9, rats were given a subcutaneous
injection of hypertonic saline (2 ml/kg body weight; 1 M NaCl with 0.2%
lidocaine). Similar to Experiment 3, female rats were only tested during
vaginal estrus and, when possible (9 out of 11 days of testing), a same-
genotype male was tested on the same day. Testing was separated by at
least one estrus cycle (3 to 5 d), but by up to 4 estrus cycles (22 d), with
an average of 7.29 d between testing.

2.6. Data analysis

All data are presented as means + SEM and individual data points
when possible. Individual data points are included when bars represent
one instance in time and are not included when bars represent averages
across time. All statistical analyses were performed using Statistica
(StatSoft Inc, Tulsa, OK). Effects were considered significant if p < 0.05.
Outliers were defined as values + 2 SD away from the group mean.
When the number of licks for a particular day were considered an
outlier, that day was excluded from calculation of the average across
time for each animal and from analysis of drinking microstructure.
Missing values for licks or microstructure values were not replaced.
ANOVAs were used as appropriate to examine main effects of sex, ge-
notype, treatment, and/or time, as well as interaction effects. Omnibus
ANOVAs were conducted with all variables included (genotype and sex,
as well as treatment and time if applicable). Planned analyses included
assessing data from wildtype and Brattleboro rats separately when a
main effect of genotype was detected. This was to remove the potential
for obfuscation because of the vastly different baseline between wild-
type and Brattleboro rats [28,37,38]. If the omnibus ANOVA detected
significant interaction effects, these were further probed using
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Student-Newman-Keuls post hoc tests. If there was not a main effect of
genotype or a significant genotype*treatment interaction effect, the
genotypes were not analyzed separately and/or post hoc tests were not
conducted. All analyses were conducted with sex as a variable first, but if
a main effect of sex was not detected, data were collapsed across sex and
re-analyzed. When appropriate, female rats were analyzed separately to
test for an effect of cycle stage. Additionally, as previously done in other
studies comparing the water intake of Brattleboro rats to other rats,
baseline water intake and changes from baseline were taken into ac-
count [39,40].

3. Results

3.1. Experiment 1: characterization of the body weight and ingestive
behaviors of wildtype and Brattleboro rats

3.1.1. Body weight

A summary of daily body weights by age for the rats in Experiments
1-3 are shown in Fig. 1A. This summary is for illustration only, and the
data were not used for statistical hypothesis testing because of mis-
matches in available days of data; however, statistical comparisons were
made for two specific sets of days (PD 57-63 and PD 113-119; Fig. 1B
and C) during which more complete data sets were available. At both of
these times, wildtype rats weighed more than Brattleboro rats (Fy51 =
23.84, p < 0.001; Fj 20 = 30.06, p < 0.001) and male rats weighed more
than female rats (F1 51 = 520.42, p < 0.001; Fy 0 = 210.38, p < 0.001).
From PD 57-63, the sex difference in body weight was apparent even
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when the genotypes were analyzed separately (Fig. 1B; significant main
effects highlighted in Fig. 1C and D; wildtype, tyg = —17.95, p < 0.001;
Brattleboro, tys = —13.77, p < 0.001). Additionally, during PD 113-119,
there was a significant sex*genotype interaction (F1 20 = 10.55, p =
0.004) and post hoc comparisons found that wildtype males weighed
more than Brattleboro males, both of which weighed more than female
rats of either genotype. There were no genotype differences in body
weight of female rats during this time bin. When the genotypes were
analyzed separately, the sex difference in each genotype was still
apparent (Fig. 1E; wildtype, t;5 = —11.52, p < 0.001; Brattleboro, tg =
—8.57, p < 0.001).

3.1.2. Food and water intakes

Intake of food and water by rats in Experiment 1 was measured for
five consecutive days. Analysis of food intake as a function of body
weight (Fig. 2A) confirmed well-documented sex differences (Fig. 2B;
F1,23 = 47.31, p < 0.001), but did not find any difference in food intake
as a function of genotype (F; 23 = 0.58, p = 0.454). To test for an effect of
estrous cycle stage on food and water intakes, we recorded the cycle
stage of the female rats and used this information to separate days of
intake into the corresponding days of the estrous cycle. Analysis of food
intake by cycle stage found no effect of genotype (F19 = 3.03, p =
0.116), but detected a main effect of cycle (F3 27 = 2.93, p = 0.05). Post
hoc analysis did not reveal any significant differences between the days
of the cycle, but an exploratory t-test between diestrus 1, when intake
should be highest, and proestrus, which contains the period of behav-
ioral estrus when intake should be lowest, revealed a significant

Fig. 1. Body weight over time in Brattleboro and wildtype rats. Body weight
was measured for the duration of all experiments. (A) The development of the
differences in body weight in the genotypes for rats in Experiments 1-3
(summary for illustration only). (B) Average body weight for each group of
rats from Experiments 1-3 from PD 57-63. Wildtype rats weighed more than
Brattleboro rats and male rats weighed more than female rats, but there was
no statistically significant interaction. (C) Significant main effect of genotype
for PD 57-63 highlighted; wildtype rats weighed more than Brattleboro rats
during this time range. (D) Significant main effect of sex for PD 57-63; male
rats weighed more than female rats during this time range. (E) Average body
weight for each group of rats from Experiment 4 from PD 113-119. There was
a significant sex*genotype interaction: wildtype male rats weighed more than
Brattleboro male rats. Male rats weighed more than the female rats of either
genotype, however, there were no genotype differences in female rats. Sta-
tistical significance (p < 0.05) is indicated by asterisks or by bars with
different letters. Abbreviations used: Male, M; Female, F; Wildtype, WT;
Brattleboro, BB.
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Fig. 2. Food intake by wildtype and Brattleboro rats. Food intake was
measured for 5 consecutive 24 h periods. (A) When differences in body
weight were controlled for, same sex wildtype and Brattleboro rats ate
similar amounts of food and male rats of both genotypes ate signifi-
cantly more than female rats of either genotype. (B) Significant main
effect of sex highlighted. (C) When examining food intake across days
of the estrous cycle, there were no differences between the genotypes,
but there was a main effect of cycle stage, with no comparisons
reaching the threshold for significance in the post hoc test. (D)
Although ANOVA did not reveal differences between the days of the
cycle, an exploratory t-test found a significant difference in food intake
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difference (t;9 = —2.20, p = 0.026). Because there were significant ge-
notype differences in body weight in rats of this age, and because energy
balance is highly dependent on body weight, we analyzed food intake
across the estrous cycle as a function of body weight and found the same
results (Fig. 2C; no effect of genotype, Fy g = 2.19, p = 0.173; main effect
of cycle stage, F3 57 = 4.38, p = 0.012). A post hoc analysis did not reveal
any noteworthy differences between the days, but an exploratory t-test
between diestrus 1 and proestrus revealed a significant difference
(Fig. 2D; t19 = —2.88, p = 0.008). Overall, with or without controlling
for body weight differences, there was an effect of the estrous cycle on
the food intake of both wildtype and Brattleboro rats: intake was sup-
pressed during proestrus relative to diestrus 1, but there were no dif-
ferences in food intake between the two genotypes.

As expected, there were large genotype differences in water intake
(Fig. 3A). Brattleboro rats drank significantly more than wildtype rats
(F1,23 = 220.86, p < 0.001). When the genotypes were analyzed sepa-
rately, intake appeared to be greater in wildtype male rats than it was in
wildtype female rats, but this did not reach statistical significance (Fy 12
= 4.03, p = 0.068). There were no sex differences observed in water
intake by Brattleboro rats (F1,11 = 0.12, p = 0.734). Thus, as expected,
Brattleboro rats drank more than wildtype rats, but without observed
sex differences in the amount of water consumed.

When we tested for an effect of cycle stage on water intake, we found
a main effect of genotype (Fig. 3B; F1,9 = 106.91, p < 0.001), prompting
separate analyses of each genotype. There was no effect of cycle stage on
water intake by wildtype rats (F3 15 = 1.39, p = 0.286) or by Brattleboro
rats (F3 12 = 1.15, p = 0.367); however, an exploratory t-test revealed a
significant difference between diestrus 1 and proestrus, but only in
wildtype rats (Fig. 3C; wildtype, ts = —2.76, p = 0.010; Brattleboro, t4 =
0.37, p = 0.635). Consistent with previous reports, there was a sup-
pression of water intake in proestrus by wildtype female rats [41-46],
but this was not observed in female Brattleboro rats.

In addition to the volume of water consumed, we also recorded
licking behavior with a contact lickometer and examined drinking
microstructure across all 5 testing days. There was a significant effect of
genotype on the number of bursts of licking. Brattleboro rats had a larger
number of licking bursts than wildtype rats (Fig. 3D; F; 23 = 90.41, p <
0.001). We did not find any sex differences in burst number, even when
the genotypes were analyzed separately (wildtype, F1 12 = 0.06, p =
0.810; Brattleboro, F; 31 = 0.14, p = 0.712). This is suggestive of

D1D2 P E D1 P
All Females

reduced post-ingestive feedback, or less satiety, in both male and female
Brattleboro rats compared to wildtype rats of both sexes. We also
analyzed burst number across the estrous cycle. Because there was a
main effect of genotype (Fig. 3E; F1 9 = 28.01, p < 0.001), we analyzed
the genotypes separately and found that there was an effect of cycle
stage on burst number in wildtype rats (F3 15 = 3.74, p = 0.034), but not
in Brattleboro rats (F3 12 = 0.38, p = 0.767). A post hoc test in wildtype
rats revealed that burst number was lower on the day of estrus compared
to diestrus 1 (p = 0.049).

Analysis of the number of licks per burst (burst size) did not find a
main effect of genotype (Fig. 3F; Fy 23 = 1.28, p = 0.270), but did reveal
a main effect of sex (Fig. 3G; F; 23 = 7.90, p = 0.010); female rats had a
lower average burst size compared to male rats. Additionally, there
appeared to be a genotype*sex interaction, but this did not reach sta-
tistical significance (F123 = 3.97, p = 0.058) and was, therefore, not
explored by a post hoc analysis. These results suggest similar orosensory
feedback from water between wildtype and Brattleboro rats, with dif-
ferences between male and female rats that may be dependent on ge-
notype. When burst size was analyzed across the estrous cycle (Fig. 3H),
there was not a statistically significant effect of genotype (F19 = 4.28, p
= 0.069) or cycle stage (F327 = 2.31, p = 0.098). Nevertheless, the
overall findings point to a difference in post-ingestive feedback being
responsible for the intake differences between wildtype and Brattleboro
rats.

3.2. Experiment 2: effect of central administration of Ex4 on 24 h food
and water intakes

To test if the GLP-1R agonist, Ex4, suppresses food and water intakes
in Brattleboro rats as it has been shown to in other laboratory rats, we
injected Ex4 into the LV of rats shortly before the onset of the dark phase
and measured food and water intakes for 24 h.

3.2.1. Food intake

Consistent with previous reports [7,9,14,17,47,48], Ex4 significantly
reduced food intake, but no differences in genotype or sex were found
(Fig. 4A; no effect of genotype, Fy 23 = 2.73, p = 0.112; no effect of sex,
F1,23 =0.65, p = 0.428) when food intake was expressed as a function of
body weight. Collapsing the data across sex failed to reveal a statistically
significant effect of genotype (Fy 25 = 3.03, p = 0.094). The main effect
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Fig. 3. Water intake by wildtype and Brattleboro rats. Water intake was measured for 5 consecutive 24 h periods. (A) Brattleboro rats drank significantly more than
wildtype rats. (B) Water intake across the estrous cycle. There was a main effect of genotype without an effect of cycle stage in wildtype or Brattleboro rats. (C) An
exploratory t-test between diestrus 1 and proestrus found a significant reduction in water intake during proestrus in wildtype female rats (y axis changed to illustrate
the effect), but not in Brattleboro rats (data not shown). (D) Brattleboro rats had a significantly higher number of licking bursts that underlie the differences in
baseline drinking between wildtype and Brattleboro rats. (E) The number of licking bursts is a function of estrous cycle stage, but only in wildtype rats. ANOVA
detected a main effect of genotype and a lower number of bursts on the day of estrus compared to the day of diestrus 1 in wildtype rats, but the effect of cycle was not
observed in Brattleboro rats. (F) There were no differences between the genotypes on burst size. (G) Female rats had fewer licks per burst. (H) There were no
differences in burst size across the estrous cycle between genotypes or in either genotype. Asterisks indicates significant differences, p < 0.05. Abbreviations used:
Male, M; Female, F; Wildtype, WT; Brattleboro, BB; Diestrus 1, D1; Diestrus 2, D2; Proestrus, P; Estrus, E.

of Ex4 was statistically significant (Fig. 4B; F1 25 = 167.02, p < 0.001)
without a significant drug*genotype interaction (Fi 5 = 2.41, p =
0.133). We also calculated a suppression score by subtracting the intake
after Ex4 from the intake after vehicle in the same rat (using intake
expressed as a function of body weight). This analysis also did not detect
main effects of genotype (Fy 23 = 1.39, p = 0.251) or of sex (Fy 23 = 2.62,
p = 0.12). Collapsing across sex did not reveal a difference between the
genotypes (F1 25 = 1.20, p = 0.284). Thus, it seems clear that the sup-
pression of food intake by Ex4 was the same in male and female wildtype
and Brattleboro rats.

To further test for an effect of Ex4 on food intake, we analyzed data
without adjusting for differences in body weight. When differences in
body weight were not controlled for, there was a main effect of genotype
on the amount of chow consumed (F; 23 = 10.82, p = 0.003), but no
significant interactions. When the genotypes were analyzed separately,
there was a main effect of sex (wildtype, Fi11 = 28.56, p < 0.001;
Brattleboro, F; 12 = 8.48, p < 0.001) and drug (wildtype, F; 11 = 132.89,
p < 0.001; Brattleboro, F; 12 = 90.30, p < 0.001) in both genotypes and a
significant drug*sex interaction in wildtype rats (F;1; = 9.21, p =
0.011). When a suppression score was calculated using the

aforementioned method, there was no effect of genotype (Fy,23 = 0.01, p
= 0.940), sex (F1,23 = 3.52, p = 0.073), or a genotype*sex interaction
(F1,23 = 3.90, p = 0.060). Thus, even when differences in body weight
were not controlled for, the food intake suppression between wildtype
and Brattleboro rats was equivalent.

3.2.2. Water intake

Consistent with previous reports, Ex4 also suppressed water intake
[5-9]. Similar to the analysis of food intake, we found no effect of sex
(F1,24 =1.69,p = 0.206), but in stark contrast to the food intake analysis,
we found a significant main effect of genotype (F1 24 = 186.96, p <
0.001) and a significant drug*genotype interaction (Fy,24 = 42.01, p <
0.001) on water intake. Post hoc analyses on the interaction failed to
detect a well-documented effect of Ex4 in wildtype rats (male, p = 0.638;
female, p = 0.770), but there was a drug-induced suppression of intake
in Brattleboro rats (male, p < 0.001, female, p < 0.001). When sex was
removed as a variable in the analysis, the main and interaction effects
persisted (main effect of genotype, F; 26 = 186.92, p < 0.001; main effect
of drug, Fy 26 = 66.39, p < 0.001; significant drug*genotype interaction,
F1,26 = 42.66, p < 0.001), with post hoc analyses showing an effect of
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Ex4 in Brattleboro rats (p < 0.001), but not in wildtype rats (p = 0.264).
The lack of a well-documented effect of Ex4 on fluid intake in wildtype
rats was likely a function of the largely different baseline intakes of the
two genotypes because when wildtype rats were examined separately,
there was a main effect of drug (Fig. 4D; F,12 = 79.75, p < 0.001) and a
main effect of sex (Fig. 4E; F; 12 = 8.67, p = 0.012), without a significant
sex*drug interaction (F1 12 = 1.50, p = 0.245). When analyzed sepa-
rately, Brattleboro rats did not show a sex difference in intake (no effect
of sex: 1,12 = 0.88, p = 0.366). We, therefore, collapsed the data across
sex and found a significant suppression of water intake associated with
Ex4 administration (F; ;3 = 54.33, p < 0.001) in Brattleboro rats, but
with what appeared to be a greater magnitude of suppression. To test the
hypothesis that the magnitude of suppression was genotype-dependent,
we analyzed the suppression generated by Ex4 as a percent of baseline
intake (Fig. 4F). When examining intake over the entire 24 h test, there
was a significant difference in the percent suppression between the two
genotypes (Fy24 = 11.08, p = 0.003). There was no effect of sex on the
percent suppression in either genotype when they were analyzed sepa-
rately (wildtype, Fy,12 = 0.01, p = 0.924; Brattleboro, F; 12 = 3.46,p =
0.087). To gain a better understanding of when this suppression was
occurring across the 24 h test, we analyzed percent suppression across
time and found that the difference in water intake suppression between
the genotypes was driven largely by an effect that persisted into the later
hours of the test (h 17-24) in Brattleboro rats, with no difference in
percent suppression between wildtype and Brattleboro rats during the
earlier hours of the test (Fig. 4G). Specifically, there was a main effect of
genotype (F124 = 13.05, p = 0.001), a main effect of time (Fs5120 =
13.52, p < 0.001), and a significant time*genotype interaction (Fs 120 =
6.20, p < 0.001), but no effect of sex (Fy 24 = 2.09, p = 0.161). When sex
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Fig. 4. The GLP-1R agonist Ex4, injected into the LV immediately before dark
phase onset. (A) All groups had an agonist-induced decrease in food intake
(normalized by body weight) without any detected genotype or sex differ-
ences. The main effect of drug is illustrated in panel B. (C) There was a sig-
nificant drug*genotype interaction on Ex4 drinking with Brattleboro rats
showing a larger magnitude of an effect of Ex4 that was statistically significant
in the post hoc testing. Main effects of drug and sex in wildtype rats are
illustrated in panels D and E, respectively, with y axes changed to illustrate the
effects. (F) The effect of Ex4 on fluid intake also was analyzed as percent of
baseline, further revealing the exaggerated response to Ex4 in Brattleboro rats.
(G) When data were analyzed as a percent of baseline across time, suppression
was equivalent between the two genotypes for the first 16 h of the test, but
Brattleboro rats were significantly more suppressed than wildtype rats were
during the later hours of the test. Asterisks indicate significant differences, p <
0.05. Abbreviations used: Male, M; Female, F; Wildtype, WT; Brattleboro, BB.

was removed as a variable from the analysis, the main and interaction
effects were still statistically significant (main effect of genotype, Fy 26 =
12.99, p = 0.001; main effect of time, F5130 = 14.45, p < 0.001;
time*genotype interaction, F5130 = 6.63, p < 0.001). A post hoc test
revealed significant differences from h 17-20 (p < 0.001) and h 21-24 (p
< 0.001). Thus, it seems that Brattleboro rats are suppressed more and
for longer than their wildtype counterparts. Indeed, as shown in Fig. 4G,
the effect of Ex4 wanes faster in wildtype rats, but persists in Brattleboro
rats well into the last 12 h of the test.

In addition to analyses of volume consumed, drinking microstructure
was examined. Consistent with the results of Experiment 1, Brattleboro
rats had a greater number of bursts than wildtype rats in both the first
and second halves of the test (Fig. 5A; h 0-12, F; 59 = 38.53, p < 0.001;
Fig. 5D; h 13-24, F; 23 = 60.30, p = 0.001). Because there were no sig-
nificant interactions in the first half of the test, the genotypes were
analyzed separately. There was an effect of drug in the first half of the
test in wildtype rats (Fig. 5B; to7; = —3.52, p < 0.001), but no effect of sex
(F1,10 = 1.59, p = 0.235). This was different from Brattleboro rats, the
analysis of which found there was no effect of Ex4 in Brattleboro rats in
the first half of the test (F1 10 = 0.53, p = 0.482), although there was a
sex difference in the number of bursts (Fig. 5C; Fy,19 = 5.99, p = 0.034).
In the second half of the test, there was a significant drug*genotype*sex
interaction (Fig. 5D; Fy 23 = 12.83, p = 0.002). A post hoc analysis was
conducted and found that Ex4 treatment was associated with a greater
number of bursts in Brattleboro rats, but only in female rats (Brattleboro
male, p = 0.429; Brattleboro female, p < 0.001). For wildtype rats, post
hoc analysis found no effect of drug in either sex (wildtype male, p =
0.529; wildtype female, p = 0.340). When the genotypes were analyzed
separately, there was no effect of sex in either genotype (wildtype, Fy 12
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Fig. 5. Drinking microstructure across the Ex4 intake measure. (A) Brattleboro rats had a greater number of licking bursts across the first 12 h of the test. (B) In
wildtype rats, there was a main effect of drug in the first 12 h, with Ex4 causing a decrease in the number of bursts. (C) In Brattleboro rats, there was no effect of drug
on burst number in the first 12 h, but there was a main effect of sex (highlighted here). (D) In the second 12 h of the test, there was a significant drug*genotype*sex
interaction. Brattleboro rats had a greater number of licking bursts. Brattleboro female rats had a greater number of bursts after Ex4 treatment. (E) When the ge-
notypes were analyzed separately, there was a main effect of drug on burst number in wildtype rats, with more licking bursts in the Ex4-treated group in the second
half of the test (y-axis changed to illustrate effect). (F) When the genotypes were analyzed separately, there was a main effect of drug on burst number in Brattleboro
rats, with more licking bursts in the Ex4-treated group in the second half of the test. This effect seemed to be driven by changes in Brattleboro female rats. (G)
Analyses of burst size in the first half of the test found that Brattleboro rats had more licks per burst than wildtype rats. (H) When analyzed separately, Ex4-treatment
was associated with a decrease in the number of licks per burst in wildtype rats. (I) The same was true for Brattleboro rats—Ex4-treatment was associated with a
decrease in the number of licks per burst. (J) There was a significant main effect of sex on burst size in Brattleboro rats. (K) There was a significant drug*genotype
interaction on burst size in the last 12 h of the test. Post hoc test showed a main effect of drug in Brattleboro rats that was not present in wildtype rats. Asterisks
indicate significant differences, p < 0.05. Abbreviations used: Male, M; Female, F; Wildtype, WT; Brattleboro, BB.

= 0.00, p = 0.971; Brattleboro, F; 11 = 2.97, p = 0.112); however, when a significant drug*genotype interaction in the second 12 h (Fig. 5K; Fy 23

collapsed across sex there was a main effect of drug in both genotypes = 24.08, p < 0.001). When the genotypes were analyzed separately to
(Fig. 5E; wildtype, F1 13 = 19.01, p < 0.001; Fig. 5F; Brattleboro, F 12 = test for an effect of Ex4, we found main effects of drug (Fig. 5H; to3 =
8.31, p = 0.014), although the effect of drug on burst number in Brat- —5.34, p < 0.001), but not sex (Fy,12 = 0.13, p = 0.724), in the first 12 h
tleboro rats seems to have been driven by changes in female rats. of the test in wildtype rats and an effect of both drug (Fig. 5I; Fy 19 =

Analysis of the average number of licks per burst found a significant 22.90,p < 0.001) and sex (Fig. 5J; F1,10 = 9.24, p = 0.012) in Brattleboro
difference between wildtype and Brattleboro rats, with a main effect of rats. When examining the last 12 h of the test, there was not a main effect

genotype in the first 12 h of the test (Fig. 5G; F; 20 = 5.05, p = 0.036) and of genotype (Fy,23 = 0.00, p = 0.963) or of sex (F; 23 = 3.53,p = 0.073),
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but there was a significant drug*genotype interaction (F; 23 = 24.08,p <
0.001). Post hoc analysis showed a main effect of drug in Brattleboro
rats (male, p < 0.001; female, p < 0.001) but not wildtype rats (male, p
= 0.497; female, p = 0.983) When data were collapsed across sex there
was a significant effect of drug (Fig. 5H; Fy 25 = 52.74, p < 0.001) and a
significant drug*genotype interaction (Fy o5 = 24.51, p < 0.001), with a
post hoc test revealing a significant decrease in burst size in Brattleboro
rats given Ex4 compared to Brattleboro rats given vehicle (p < 0.001),
but not wildtype rats (p = 0.115).

3.3. Experiment 3: effect of central administration of Ex9 on spontaneous
water intake

To test for genotype differences in a role for endogenous GLP-1 in
fluid intake, the GLP-1R antagonist Ex9 was administered shortly after
the onset of the light phase and water intake was measured for the
subsequent 2 h (without food available). An omnibus ANOVA found a
main effect of genotype (Fig. 6A; F1 21 = 190.14, p < 0.001). When each
genotype was analyzed separately, there was a significant increase in
water intake in wildtype rats given Ex9, but only in males (Fig. 6B;
significant drug*sex interaction, F1 19 = 15.25, p = 0.003; post hoc test
male, p = 0.012, female, p = 0.149). There was no difference in the
amount of water consumed in any other group (Brattleboro rats, Fy 12 =
0.05, p = 0.830).

Drinking microstructure was examined for the duration of the test
and this analysis found a significant difference in burst number between

B WT Water Intake:

A Water Intake Main Effect of Drug

*

504 © Vehicle

=5 e Ex9 -
E 404 * £
o l_ I Q
:gg 30 ° f‘g
£ 20 = o =
_ T
2 104 g
s =
M F M F
WT BB
WT Burst Number:
C Burst Number D Main Effect of Drug
* *
150- I_I_l 50+ |—‘—|
. [ ]
& E 404
E 1004 o ® R g
Z e 2 =
- 38
Bowf 7
m o a m
E . F BB Burst Size:
Burst Size . Main Effect of Sex
*
250- I_I_I 250- ,_I_|
200- * 2004 *
o 8
& 150 38e © » 1501 g8 *
- et
Baood o * £ 100- °
o 8 o %0 vy
504 ﬁﬂ ﬁﬁ @ 5. HIb
0. (] 0
M F M F M F
WT BB

Physiology & Behavior 262 (2023) 114093

the genotypes (Fig. 6C; F1 22 = 42.63, p < 0.001). When the genotypes
were analyzed separately, there was a significant drug*sex interaction in
wildtype rats (F;,11 = 10.13, p = 0.009) with a post hoc test revealing a
significant Ex9-associated increase in burst number in wildtype male
rats (p = 0.031), but no change was observed in wildtype female rats (p
= 0.323). In Brattleboro rats, there was no effect of sex (Fy,11 = 0.42,p =
0.530) or Ex9 on burst number (Fy ;2 = 0.07, p = 0.799). Similar to
Experiment 2, there was a difference in burst size between the genotypes
(F1,22 = 19.34, p < 0.001) with Brattleboro rats having a significantly
higher burst size than wildtype rats. When the genotypes were analyzed
separately, there was no effect of sex (F; 11 = 0.06, p = 0.812) or drug
(F1,12 =0.25, p = 0.624) in wildtype rats. In Brattleboro rats, there was a
main effect of sex (F,11 = 5.79, p = 0.004), but no effect of drug (Fy,11 =
0.11, p = 0.748) on burst size. Thus, in wildtype male rats there was an
increase in water intake after injection of Ex9 that was driven largely by
an increase in burst number.

3.4. Experiment 4: effect of central administration of Ex9 on the drinking
response to subcutaneous hypertonic saline

To address the possibility of a ceiling effect preventing the obser-
vation of an Ex9-induced increase in water intake by Brattleboro rats in
Experiment 3, we repeated the experiment, but rats were stimulated to
drink by an injection of hypertonic saline immediately after injection of
either vehicle or the GLP-1R antagonist. Because the experiments were
conducted separately, the results from Experiments 3 and 4 were not

Fig. 6. The GLP-1R antagonist, administered during the light phase via an
indwelling cannula aimed at the LV. (A) There was a main effect of genotype
on water intake after Ex9. (B) When not otherwise stimulated to drink, an
injection of Ex9 caused an increase in drinking, but only in male wildtype rats
(y-axis changed to illustrate effect). (C) There was a significant effect of ge-
notype on burst number during the Ex9 test. (D) There was a significant in-
crease in burst number in wildtype male rats given Ex9 (y-axis changed to
illustrate effect). (E) There was a significant difference between the size of the
licking bursts between genotypes, but there were no changes in burst size in
response to Ex9 injection. (F) There was a main effect of sex on burst size in
Brattleboro rats. Asterisk indicates significant difference, p < 0.05. Abbrevi-
ations used: Male, M; Female, F; Wildtype, WT; Brattleboro, BB.
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directly/statistically compared, but the results of this experiment sug-
gest that increased intake is possible in Brattleboro rats, reducing the
likelihood that the lack of an effect of Ex9 observed in Experiment 3 was
because of a ceiling effect. Analysis of the data using an omnibus ANOVA
found a significant effect of genotype in the amount of water consumed
after the injection of Ex9 in rats given hypertonic saline (Fig. 7A; F 20 =
898.13, p < 0.001). When wildtype rats were analyzed separately, there
was a main effect of sex (Fig. 7B; F1,12 = 14.80, p = 0.002) and of drug
(Fig. 7C; F1,12 = 6.09, p = 0.030), but there was no drug*sex interaction
(F1,12 = 1.81, p = 0.204). Because the interaction did not reach the
threshold for significance, a post hoc analysis was not conducted, but the
effect of drug seems to be driven by the difference in intake in wildtype
male rats. In Brattleboro rats, however, there was no effect of sex (F; g =
1.42, p = 0.267) or drug (F1,9 = 0.07, p = 0.791) on water intake.

Analysis of the drinking microstructure for the duration of the test
found that Brattleboro rats had a significantly greater number of licking
bursts than wildtype rats (Fig. 7D; Fy 20 = 111.99, p < 0.001). Although
there was a significant drug*genotype*sex interaction (Fy 20 = 4.69,p =
0.04), post hoc tests did not find noteworthy differences. When the ge-
notypes were analyzed separately, there was no effect of sex or drug in
wildtype rats (sex, Fy,12 = 2.76, p = 0.123; drug, F; 13 = 3.40, p = 0.088)
or in Brattleboro rats (sex, F1 g = 0.46, p = 0.518; drug, F1 9 = 0.02,p =
0.902). Similar to the analysis of burst number, we found a significant
difference in burst size between the two genotypes (Fig. 7E; Fy 20 = 6.37,
p = 0.020). When the genotypes were analyzed separately there was no
effect of sex (wildtype, Fy12 = 0.59, p = 0.458; Brattleboro, F1 g = 1.63,
p = 0.237) or drug (wildtype rats, F; 13 = 0.40, p = 0.536; Brattleboro
rats, F1 9 = 0.00, p = 0.999) in either genotype.

4. Discussion

These experiments suggest that the Brattleboro rat can serve as a
fruitful model for the disassociation of fluid and food intakes, especially
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with respect to control by GLP-1. The experiments show, for the first
time, that Brattleboro rats were hypersensitive to GLP-1R agonist
treatment. It is especially striking that this hypersensitivity affected
water intake, but not food intake, because of the critical need for water
intake by Brattleboro rats. Moreover, Brattleboro rats had no hyper-
dipsia after GLP-1R antagonism. Collectively, these data suggest there
are differences in GLP-1 production, GLP-1 release, or GLP-1R expres-
sion between wildtype and Brattleboro rats. Identifying these differ-
ences may help determine which parts of the GLP-1 system are specific
to fluid intake without having any direct control of food intake. Eluci-
dating these differences will help us gain a better understanding of the
roles played by GLP-1 in the control of ingestive behaviors.

Findings from the current study showing the Brattleboro rats’ hy-
persensitivity to the fluid intake suppressive effects of the GLP-1R
agonist with normal food intake suppression adds to this growing
body of literature on the separability of GLP-1's control of food and fluid
intakes. Previous studies have shown that maintenance on a high fat diet
alters the feeding effects of Ex4 [49], but has no effect on Ex4-induced
suppression of fluid intake [50]. Additionally, food intake was associ-
ated with changes in plasma GLP-1 levels that were not observed after
drinking, but either eating or drinking caused changes in central pro-
glucagon mRNA [5], suggesting that feeding-related GLP-1 has both
central and peripheral effects, whereas drinking-related GLP-1 is
exclusively central. Collectively, these studies are consistent with other
reports separating peripheral and central GLP-1 systems [50,51] and
additionally show that the feeding and drinking effects of GLP-1 are
separable. This is an important finding because GLP-1 has been shown to
reduce a wide variety of motivated behaviors, but whether it does so
selectively or not, and if it does so through different sites of action, re-
mains unknown.

The model described here has the potential to reframe and advance
our understanding of fluid intake satiation. Indeed, satiation of fluid
intake is poorly understood. This may be because the field has, for too
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Fig. 7. The GLP-1R antagonist, as well as a subcutaneous injection of hypertonic saline to further stimulate drinking, administered during lights on via an indwelling
cannula aimed at the LV. (A) There was a main effect of genotype on drinking. (B) When the genotypes were analyzed separately, there was a significant difference in
the amount of water consumed between male and female wildtype rats (y-axis changed to illustrate effect). (C). There was a main effect of Ex9 on drinking in
wildtype rats. This effect seemed to be driven by male wildtype rats (y-axis changed to illustrate effect). (D) There was a main effect of genotype on burst number, but
there were no drug-induced differences in burst number in any group. (E) There was a main effect of genotype on burst size, but there were no drug-induced
differences in burst size in any group. Asterisks indicate significant differences, p < 0.05. Abbreviations used: Male, M; Female, F; Wildtype, WT; Brattleboro, BB.
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long, attempted to fit fluid intake satiation into the framework that
describes food intake satiation. If there are considerable differences in
these forms of satiation, however, the erroneous application of the
feeding-related framework to drinking could prevent a better under-
standing of fluid intake satiation. When evaluating licking patterns
during intake of caloric substances, the classic view is that licking
microstructure can be dichotomized into oral and post-oral feedback,
which are related, respectively, to burst size and number [34,35].
Because these differences in licking microstructure also map onto dif-
ferences in taste and satiety, this framework places the oral cavity in the
taste (hedonics) category and post-oral systems in the satiety category.
But more recent advances in the study of fluid intake, along with often
overlooked earlier findings, provide evidence that fluid intake satiation
is both oral and post-oral, making us reconsider what now appears to be
a false dichotomy in our earlier conceptualization [52-56]. This is
important because there is growing evidence that water itself is the
satiating factor [57]. Indeed, the act of drinking causes rapid suppres-
sion of dehydration-induced neural activity in the hypothalamus [58],
and human studies have shown that sensation of thirst and desire to
drink is quenched by drinking long before the water has a chance to
enter the bloodstream and reverse the deficit that caused the thirst in the
first place [59]. If water in the mouth quenches thirst, how does the
Brattleboro rat drink copious amounts of water without that water
causing satiation? The answer to this question could provide important
information about the underlying mechanism of fluid intake satiety
because it seems plausible to conclude that Brattleboro rats (a) lack the
system that water acts on to cause satiation, (b) have a system that is
relatively insensitive to water, or (c) are somehow able to override the
satiety signals from water that normally terminate intake. Accordingly,
studies already underway in the laboratory that evaluate differences in
the brains of Brattleboro and wildtype rats could provide a path toward
discovering the key neural circuits that underlie fluid intake satiety.

In addition to the studies that pharmacologically stimulated GLP-1R,
we also tested the effect of GLP-1R antagonism. The results of these
experiments will help guide future studies aimed at elucidating differ-
ences between wildtype and Brattleboro rats. Our lab found that male
Sprague Dawley rats drank more water after injection of the GLP-1R
antagonist, Ex9, and that the effect was primarily a function of burst
number [5]. The current study replicated this finding in wildtype male
rats, and extended the results to include a test of Brattleboro rats and
female wildtype rats. Interestingly, the antagonist-induced increase in
drinking that was found in male rats was not present in female wildtype
rats or Brattleboro rats of either sex. This might suggest that GLP-1R is
less responsive or expressed at lower levels, but it is difficult to reconcile
this with the exaggerated response to the GLP-1R agonist in these rats.
This might suggest differences in GLP-1 production or release between
male and female, and between wildtype and Brattleboro rats. Indeed,
GLP-1 producing and GLP-1R expressing neurons have been mapped in
the male [60,61] and female [12,61] rat brain, but a thorough com-
parison between the two has not been reported. The present findings
demonstrate the need for a systematic study testing for sex differences in
the GLP-1 system, and indicate that a thorough comparison of Brattle-
boro and wildtype rats could be particularly helpful in understanding
which, if any, sex differences contribute to the observed behavioral
differences.

When considering possible sex differences in the response to GLP-1,
it is important to include the role of the estrous cycle. Indeed, estradiol
has a well-documented effect on ingestive behaviors [41]. Female
Brattleboro rats have a more variable cycle [36], but we are not aware of
any studies directly measuring estradiol levels across the cycle in Brat-
tleboro rats. In the present studies, we found that food intake was a
function of the estrous cycle in both wildtype and Brattleboro rats.
Interestingly, we did not find any estrous cycle-related changes in fluid
intake in Brattleboro rats. This makes it tempting to speculate that fluid
intake is more sensitive than food intake to cycle perturbations. Indeed,
food intake cyclicity was found to be intact in Brattleboro rats, even with
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the documented disruption in the estrous cycle, but the disruption in the
estrous cycle was apparently sufficient to prevent cyclic changes in fluid
intake. Thus, these rats could be a helpful tool to provide further insight
into estradiol’s role in the control of water intake.

The relationship between the estrous cycle and intake is an impor-
tant factor when considering sex differences in ingestive behaviors. In
this respect, it is noteworthy that previous studies found an interaction
between GLP-1 and estradiol in food intake. Specifically, rats given GLP-
1 and estradiol ate less than rats given GLP-1 alone, and the effect of
GLP-1 lasted longer in estradiol-treated rats than is typically seen in
male rats [62]. Although the present studies did not manipulate estra-
diol, we made a direct comparison between male and female rats and
found a main effect of sex on food intake in both wildtype and Brattle-
boro rats. Further analysis of the data, however, suggests that body
weight may be more directly responsible for the effect because when
food intake was normalized by body weight, the sex differences were no
longer detected by the ANOVA. Whether or not body weight was
responsible for the differences observed in Maske et al. [62] remains an
empirical question, but the authors explicitly noted the difference in
body weight between the oil- and estradiol-treated groups. This effect of
estradiol on body weight is well documented in female rats [43,63-69].
Accordingly, additional studies to tease apart the roles of estradiol and
of body weight on food intake suppression by GLP-1 in both laboratory
animal and human subjects are needed.

In spite of decades of work characterizing the Brattleboro rat, the
present experiments extend this work and force the reconsideration of
our current understanding of these rats. Specifically, the prevailing view
is that Brattleboro rats have normal thirst responses, and that the
observed polydipsia is entirely secondary to the polyuria [40]. Given the
difference in the response to GLP-1R agonist treatment in these rats, it
calls other results into question. Brattleboro rats, for instance, have
elevated plasma renin and angiotensin II, and relatively low levels of
aldosterone and corticosterone [70]. Although it was previously
believed that this was entirely a consequence of the polyuria, it may
reflect longer-term adaptations in these rats that allow them to continue
to drink in spite of an abundance of what would otherwise be satiating
water intake. Moreover, the reported differences in responses to dipso-
genic treatments [40] may reflect adaptations that would impact thirst
responses even if the polyuria were resolved. Although this possibility
presents an exciting research direction, it is purely speculative at this
point. Indeed, the present studies did not measure urine output. This
limitation prevents us from drawing firm conclusions about any more
direct effects on diuresis (or antidiuresis) on the observed changes in
fluid intake in Brattleboro rats. Similarly, the studies do not directly
address or rule out any interactions with vasopressin, which is absent in
Brattleboro rats, on the effect of Ex4. We find these potential in-
teractions to be an unlikely explanation for the observed differences in
wildtype and Brattleboro rats because of the direction of the difference.
Interactions between GLP-1 and vasopressin have been identified.
Central injections of GLP-1 increase plasma vasopressin [9,71] (but
peripheral injections have the opposite effect [72]). There is colocali-
zation of GLP-1R with vasopressin mRNA in the paraventricular and
supraoptic nuclei of the hypothalamus [72], and GLP-1 immunoreactive
terminals have been observed in the paraventricular hypothalamus, but
very few of these terminals were found to be in apposition to vaso-
pressinergic neurons [73]. These interactions appear inconsistent with
the results observed in the present study and in other studies of GLP-1
and drinking. For instance, GLP-1R agonists decrease fluid intake
when injected centrally or peripherally, but, as stated above, central and
peripheral injections of GLP-1 have opposite effects on peripheral
vasopressin. This seems to rule out an effect of peripheral vasopressin on
the effects of GLP-1R agonists. Central vasopressin may not have the
same response to GLP-1 as does peripheral vasopressin, but central
vasopressin does not acutely affect fluid intake [74]. Moreover, any
effect of vasopressin in the periphery would likely be antidipsogenic,
secondary to the antidiuresis causing retention of fluid and suppression
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of thirst. In the absence of this, one would predict more drinking, not
less, after GLP-1 treatment in Brattleboro rats. This is not what was
observed in the present studies. Accordingly, we are more confident that
the observed results are because of a hypersensitivity to the GLP-1R
agonist, and not directly because of the lack of vasopressin.

In summary, the present report describes foundational work on
Brattleboro rats and the response to GLP-1 in this rodent model. These
findings provide a novel path toward elucidating central mechanisms
that control food and fluid intakes. Separating how GLP-1 controls
various functions is instrumental in furthering our understanding of
these basic life processes, as well as refining current and discovering new
pharmacological interventions.
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