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A B S T R A C T

Prandial drinking, an increase in the number of drinking responses and secondary or non-homeostatic polydip-
sia in the presence of dry food, is typically associated with a deficit in salivary secretion. This study investigates
the degree of salivary gland supersensitivity to pilocarpine administration after lesions to the superior salivatory
nucleus (SSN), the site of origin of the parasympathetic preganglionic neurons that innervate the submandibu-
lar-sublingual (S-S) salivary glands. The main aim was to determine if there is a relationship between the de-
gree of glandular supersensitivity, as an index of secretory deficit, and the development of prandial drinking in
lesioned rats. Results showed that following SSN lesions two subgroups of rats were obtained. One subgroup
exhibited prandial drinking but the other was similar to the control group. The SSN-lesioned prandial drinking
subgroup presented significantly greater supersensitivity than the SSN-lesioned non-prandial drinking rats; the
non-prandial drinking subgroup, in turn, presented significantly more supersensitivity than controls. Addition-
ally, S-S supersensitivity observed in rats that exhibited prandial drinking due to the sectioning of chorda tympani
efferent axons was compared to that observed in rats exhibiting prandial drinking due to SSN lesions. It was found
that both groups presented the same S-S supersensitivity curve. These results indicate that SSN lesions produce
a gradation of S-S supersensitivity values that appear to run parallel to the degree of glandular secretory deficit
caused by the lesions. Thus, only the rats with greater secretory deficit (greater supersensitivity) develop prandial
drinking. These data support the idea that there is in fact a functional link between the lateral reticular formation
of the brainstem (the region associated with the SSN) and S-S salivary glands.

1. Introduction

Prandial drinking was first described in rats that had recovered feed-
ing and drinking following lateral hypothalamic lesions [58,60]. This
style of drinking is characterized by the intake of small amounts of wa-
ter immediately after taking a piece of dry food into the mouth, which
leads to a marked polydipsia [27,29]. However, the phenomenon dis-
appears when the animals have a diet of wet food [28]. Some stud-
ies have suggested that this peculiar drinking pattern is a learned so-
lution to the failure in saliva secretion caused by the lesions. Indeed,
a wide range of data have confirmed this hypothesis, showing that to-
tal but not partial desalivation causes prandial drinking [3,18,54,57].
However, in rats recovered from lateral hypothalamic lesions the sali-
vary glands themselves are sensitive to pilocarpine injection [20,21],
see also [24-26,53].

Using this characteristic prandial pattern of drinking as a behavioral
model of a deficit in salivation, previous studies conducted in our lab
tried to functionally locate the superior salivatory nucleus (SSN). This
nucleus houses the parasympathetic preganglionic cell bodies that in-
nervate the submandibular ganglion, which controls the submandibu-
lar-sublingual (S-S) salivary glands. A consensus regarding the precise
anatomical localization of this secretory nucleus was reached based on
studies using the horseradish peroxidase tracing method [5, 6, 23, 32,
36, 41, 42, 45, 52, 62, 65, 67], retrograde transneuronal labeling by
pseudorabies virus [26, 55] and electrophysiological methods [10, 11,
33, 38, 40]. All of the aforementioned studies found the preganglionic
salivatory neurons to be scattered in the lateral reticular formation of
the brainstem, specifically, dorsolaterally to the facial motor nucleus
(for review see [34]. However, as far as we know, only our studies
have explored the effects of the SSN lesion on salivary function [47,
49,50]. In previous studies we observed that SSN lesions + parotidec
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tomy, resulting in total desalivation, caused prandial drinking [49,50].
However, there is no direct physiological evidence that lesions to this
nucleus result in a deficit in S-S salivary secretion. To address this issue,
in the present study we explore whether SSN lesions produce S-S super-
sensitivity, as an index of secretory deficit, and whether a relationship
exists between the degree of supersensitivity observed and the develop-
ment of prandial drinking behavior. To the best of our knowledge, the
glandular supersensitivity phenomenon has only been observed follow-
ing damage to peripheral secretory nerves, but not following central le-
sions [14]. For this reason, a further objective of our study is to examine
whether this phenomenon can be produced by cerebral lesions, which
would allow us to establish a link between the lateral reticular forma-
tion of the brainstem (the region, based on anatomic studies, associated
with the SSN) and S-S salivary glands.

Previous studies have shown that surgical or pharmacological
parasympathetic descentralization of the salivary glands produce glan-
dular supersensitivity, that is, an increase in the secreting capacity of the
glands in response to the injection of low doses of pharmacological ag-
onists [2,12-17,56,61]. Therefore, we hypothesized that decentraliza-
tion of the S-S salivary glands following SSN lesions should produce a
phenomenon of glandular supersensitivity. That is, the administration of
a small dose of a non-selective muscarinic agonist such as pilocarpine
should cause the lesioned rats to secrete higher amounts of S-S saliva
than the control rats. In our laboratory we have normally obtained two
populations of rats after SSN lesions, one that exhibits prandial drink-
ing and one that does not [50]. Based on this, the specific objective
of this study was to investigate whether there are differences in super-
sensitivity not just between lesioned vs. control rats, but, importantly,
between prandial drinking SSN-lesioned rats vs. non-prandial drinking
SSN-lesioned rats. We hypothesized that prandial drinking rats after sali-
vatory nucleus lesions should have a higher degree of decentralization
of the S-S salivary glands than the lesioned rats that do not exhibit pran-
dial drinking. Consequently, a higher degree of supersensitivity should
be observed in prandial drinking rats vs. non-prandial drinking rats.

2. Materials and methods

2.1. Subjects

A total of 61 male Wistar rats (280–310 g), bred in the University
of Granada Animalarium, were used. In 29 of the rats the SSN was le-
sioned, with the remaining 32 being assigned randomly to a periph-
eral decentralization group or to a sham-operated group. After the be-
havioral procedure it was observed that of the 29 lesioned rats, 14 de-
veloped a prandial style of drinking and 15 did not. The animals were
thus divided into four groups: SSN-lesioned exhibiting prandial drink-
ing (n=14), SSN-lesioned not exhibiting prandial drinking (n=15), pe-
ripheral decentralization of S-S salivary glands (n=10) and sham-oper-
ated (n=22). A peripheral decentralization group was included in or-
der to compare the values of supersensitivity obtained after SSN le-
sions with those obtained after complete parasympathetic S-S secretory
deficit. The rats were individually housed in single polycarbonate cages
(480×265×210 mm, Tecniplast, Italy) and maintained at a constant
temperature of 22±1 °C. Rats were given ad libitum food and water un-
til the experiment started. Experimental procedures were performed in
conformity with European and Spanish legislation (2010/63 EEC and
BOE 53/2013, respectively) and were approved by the Ethics Commit-
tee for Animal Research of the University of Granada.

2.2. Surgery

Stereotaxic surgery. Under sodium pentobarbital anesthesia (65 mg/
kg, i.p.; Sigma Chemical, St. Louis, MO, USA), rats were mounted in a
David Kopf stereotaxic instrument (model 900, Tujunga, CA, USA). The
distance between the horizontal plane passing through the interaural
line and the horizontal plane passing through the incisors was 5

mm. The anatomical location of the SSN in the rat, as described in pre-
vious studies using horseradish peroxidase and transneuronal labeling
based on pseudorabies virus methods [6,26,36,41], was transferred to
a stereotaxic atlas of the rat brain [44]. Given the large size of the
SSN, two contiguous electrolytic lesions were made on either side of the
brainstem, one in the ventral part and one in the dorsal part of the lat-
eral parvocellular reticular formation. This made it possible to affect as
large an area of the salivatory center as possible.

The bilateral lesions aimed at the ventral part of the SSN were lo-
cated 2.6 mm posterior to the auditory meatus, ±2.2 mm lateral to the
sagittal sinus and 0.1 mm ventral to the horizontal interaural zero plane
[44]. These lesions were made with a lesion-generating device (Grass
Instruments, model DCLMS, Quincy, MA, USA), by passing 0.5 mA DC
cathodal current for 7 s through a stainless steel electrode (insect pin
size 00) insulated with INSL-X except for the cross section of the cut
tip. Bilateral lesions aimed at the dorsal part of the SSN were located
2.6 mm posterior to the auditory meatus, ±1.8 mm lateral to the sagit-
tal sinus and 0.3 mm above the horizontal interaural plane (see Fig. 1).
The procedure used was the same as above except that 0.5 mA DC catho-
dal current was passed for 13 s. In the sham-operated group the elec-
trode was lowered to a point 0.5 mm above the horizontal interaural
plane, and no current was passed. Nontraumatic ear bars developed in
our own laboratory were used to avoid possible damage to the saliva-
tory fibers running through the middle ear. After surgery, each rat was
injected with buprenorphine to reduce post-operative pain (0.2 mg/kg,
i.p., Bupaq®, Richter Pharma AG, Austria).

Parotidectomy. On experimental day 17 all animals were anesthetized
(sodium pentobarbital 65 mg/kg, i.p.) for bilateral transection of the
parotid duct. The surgical procedure used involved a midline incision
approximately 2 cm long on the ventral throat, through which the
parotid ducts were ligated and transected at the level of the lateral re-
gion of the masseter muscle. Each rat was injected with buprenorphine
to reduce post-operative pain (0.2 mg/kg, i.p., Bupaq®, Richter Pharma
AG, Austria).

Peripheral decentralization of S-S salivary glands. In the peripheral de-
centralization group, a sectioning of the parasympathetic preganglionic
fibers to the submandibular ganglia was performed at the level of the
submandibular-sublingual ducts, precisely when these efferent neurons
from the chorda tympani reach the ducts. Under sodium pentobarbi-
tal (65 mg/kg, i.p.) the ducts supplying the submandibular-sublingual
glands were exposed and with the aid of a dissecting microscope and
fine point surgical tweezers, the preganglionic fibers that run along the
ducts were damaged and separated from the ducts' outer walls. Then the
ducts were carefully cleaned with cotton swabs to eliminate the tran-
sected fibers and prevent reinnervation. After surgery, each rat was in-
jected with buprenorphine to reduce post-operative pain (0.2 mg/kg,
i.p., Bupaq®, Richter Pharma AG, Austria).

2.3. Behavioral procedure

After the stereotaxic or peripheral decentralization surgery the an-
imals were given a recovery period of 8–10 days. Over the next five
days the rats were habituated to eating their usual daily dry diet (En-
vigo, Global Diet 2914, Madison, WI, USA) from 10.00 to 12.00 h only,
while water remained available 24 h ad lib. On the following day (ex-
perimental day 16), the feeding and drinking behavior of the rats was
videotaped (Sony Handycam, HC1000E, Tokyo, Japan) in order to de-
termine the number of drinking responses emitted by all subjects dur-
ing the 2-h feeding period. The frequency of drinking, during this and
similar phases, was computed by one of the researchers following a
blind methodology, viewing the video film a few days later. An an-
imal was considered to emit a drinking response each time it licked
the drinking spout and at the same time air bubbles rising from the
spout were observed. On the next day (experimental day 17) all ani-
mals were anesthetized for bilateral transection of the parotid ducts (see
Surgery). After parotidectomy, food and water were available ad lib for 7
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Fig. 1. Top: Micrograph showing two contiguous electrolytic lesions to the lateral reticular
formation in a representative rat. Abbreviations: G, genu of the facial nerve; 4 V, ventricle;
SpV, spinal nucleus of the trigeminal nerve; VII, nucleus of the facial nerve; 7n, descend-
ing root of the facial nerve. The horizontal bar equals 1 mm. AP coordinate with reference
to the auditory meatus according to the atlas of Pellegrino et al., [44]. Bottom: Coronal
sections showing the largest (gray) and smallest (clearer central area) superior salivatory
nucleus lesions. Abbreviations as indicated above. AP coordinates are shown in relation to
the auditory meatus.

days, after which the animals were once again subjected to a food re-
striction schedule like the one described above. On experimental day 30
the number of drinking responses emitted by all subjects was recorded
during the 2-h period when dry food was available. On day 31 the
dry food was replaced by a wet mash consisting of 3 parts isotonic
saline to 2 parts dry food, and the number of drinking responses was
recorded throughout the 2-h feeding period. After that, the rats received

dry food and water ad lib for four days. Finally, on experimental day
35, all rats were tested to determine S-S salivary gland supersensitiv-
ity. Specifically, animals were anesthetized with sodium pentobarbital
(50 mg/kg, i.p) and 15 min later were injected with pilocarpine nitrate
(0.3 mg/kg, i.p.; Sigma Chemical) in an amount that previous pilot stud-
ies in our lab had shown to be sensitive to detecting differences in the
supersensitivity of salivary glands (see also 49, expt. 4). S-S saliva secre-
tion was measured in each rat 10, 20, 30, 40, 50 and 60 min after pi-
locarpine injection. Saliva secreted was collected directly from the oral
cavity, using a slight modification of a technique developed by others
(8,19,53). Briefly, 3 pieces of absorbent cotton weighing approximately
10 mg each were used. Two pieces were placed in the lateral zones of
the oral cavity while the third was placed under the tongue. After 2 min
the pieces of cotton were removed and weighed to the nearest 0.1 mg
on a precision balance (Cobos, Barcelona, Spain), the amount of saliva
secreted being taken as the difference between the initial weight of the
cotton and its weight after 2 min in the rat's mouth.

The amount of food ingested and the amount of water consumed by
all subjects were also recorded during the 2-h feeding period on all test
days. The water consumed during the 22-h period of food restriction on
experimental day 30 was also measured.

2.4. Histology

When the behavioral testing was completed, the rats were deeply
anesthetized with sodium pentobarbital (90 mg/kg, i.p.) and perfused
intercardially with 0.9% saline, followed by 10% formalin. After extrac-
tion from the skull the brains were post-fixed in 10% formalin for several
days and subsequently in 10% formalin-30% sucrose until sectioning.
Coronal sections (40 µm) were cut on a cryostat (Leica CM 1850, Leica
Microsystems, Germany) and stained with cresyl violet, a Nissl stain.

2.5. Data analyses

ANOVAs and post-hoc Newman-Keuls tests were used. All analyses
were conducted with the Statistica software 10.0 (StatSoft, Tulsa, OK,
USA).

3. Results

3.1. Histological results

Tissue damage was microscopically identified by the presence of pro-
nounced necrosis or missing tissue (Fig. 1). In all experimental rats le-
sions affected an extensive area located just dorsal to the lateral half of
the facial nucleus and just medial to the spinal nucleus of the trigem-
inal nerve. In some animals a small portion of the most dorsal area of
the facial nucleus was also slightly affected. In addition, in a small num-
ber of animals minimal unilateral damage in the most medial region of
the spinal trigeminal nucleus was observed. In the lateral plane the size
of the lesion was 0.4–0.6 mm. In the dorsoventral plane, the lesions ex-
tended to the ventrolateral edge of the genu of the facial nerve, present-
ing a length of 0.5–0.9 mm. In the majority of the brains the center of
the lesions was located 2.4/2.6 mm posterior to the interaural zero point
[44]. At the most rostral level, lesions were observed to be dorsolat-
eral to the facial nucleus and medial to the descending root of the facial
nerve, within the lateral reticular formation, between 2.0 and 2.2 mm
posterior to the interaural coronal plane. Caudally, damage extended in
the majority of animals up to 2.8/3.0 mm posterior to the auditory mea-
tus, always within the lateral reticular formation. Therefore, the entire
damaged area corresponded very precisely with the parvocellularis lat-
eral reticular formation, which has been identified as the SSN (see, for
example, 6, 26).
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3.2. Prandial drinking and water intake

Prandial drinking behavior, measured by the frequency of drinking,
and the water intake recorded on the different test days are shown in
Fig. 2. After recovery from the stereotaxic or peripheral decentraliza-
tion surgery, on experimental day 16, groups did not differ significantly
in the number of drinking responses in the presence of dry food (F3,

57 = 0.14, p=0.93. Fig. 2A) nor in the total amount of water consumed
during the 2-h period (F3, 57=0.88, p=0.45. Fig. 2B). However, af-
ter all the animals had been parotidectomized, significant differences
in the frequency of drinking became evident. On experimental days 30
and 31, a 2-way mixed ANOVA (4 group x 2 type of diet), with group
as the between-subject variable and type of diet as within-subject vari-
able, showed a significant effect of group (F3, 57=121.27, p<0.0001,
η2p = 0.86. Fig. 2C and 2E), type of diet (F1, 57=460.94, p<0.0001,

Fig. 2. Prandial drinking and water intake. A) Mean frequency of drinking (±SEM) during the 2-h period of feeding of experimental day 16. B) Mean amount of water consumed (±SEM)
during the 2-h period of feeding of experimental day 16. C) Mean frequency of drinking (±SEM) during the 2-h period of feeding (dry food) of experimental day 30. D) Mean amount
of water consumed (±SEM) during the 2-h period of feeding (dry food) and during the 22-h period of privation of food, of experimental day 30. E) Mean frequency of drinking (±SEM)
during the 2-h period of feeding (wet diet) of experimental day 31. F) Mean amount of water consumed (±SEM) during the 2-h period of feeding (wet diet) of experimental day 31.

4



UN
CO

RR
EC

TE
D

PR
OO

F

J.M.J. Ramos et al. Physiology & Behavior xxx (xxxx) xxx-xxx

η2p = 0.88) and group x type of diet interaction (F3, 57=119.08,
p<0.0001, η2p = 0.86). Newman-Keuls tests performed to analyze the
interaction revealed that on day 30, when dry food was presented,
SSN-lesioned prandial drinkers showed a significantly higher frequency
of drinking than SSN-lesioned non-prandial drinkers (p<0.0001) and
than sham-operated rats (p<0.0001); however, SSN-lesioned non-pran-
dial drinkers and sham rats did not differ significantly (p=0.45). Addi-
tionally, peripheral decentralized rats did not differ significantly from
the SSN-lesioned prandial drinking group (p=0.15), however, a signif-
icant effect was found upon comparing peripheral decentralized rats
with SSN-lesioned non-prandial drinking (p<0.0001) and with the sham
group (p<0.0001). In contrast, on day 31, the day on which all an-
imals were presented with a wet diet, these differences disappeared
completely and no significant differences between groups were de-
tected (SSN prandial drinking vs. SSN non-prandial drinking, p=0.92;
SSN prandial drinking vs. sham, p=0.97; peripheral decentralization vs.
sham, p=0.93).

As a consequence of the high frequency of drinking in the pres-
ence of dry food, on experimental day 30, SSN-lesioned prandial drink-
ing rats developed secondary polydipsia. A 2-way mixed ANOVA (4
group x 2 type of diet) indicated a significant effect of group (F3,
57=21.83, p<0.0001, η2p = 0.53; Fig. 2D and 2F), type of diet (F1,
57=537.83, p<0.0001, η2p = 0.90) and group x type of diet interaction
(F3, 57=45.17, p<0.0001, η2p = 0.70). Newman-Keuls tests showed
that on day 30 (dry food) SSN-lesioned prandial drinking rats con-
sumed over twice the volume of water as did the SSN-lesioned non-pran-
dial drinking (p<0.0001) and the control rats (p<0.0001), however,
SSN-lesioned prandial drinking and peripheral decentralized animals
consumed a similar amount of water (p=0.37). In contrast, during
the 2-h period of exposure to wet food on day 31, these differences
were completely abolished and the 4 groups showed an equivalent in-
take of water (SSN prandial drinking vs. SSN non-prandial drinking,
p=0.88; SSN prandial drinking vs. sham, p=0.74; peripheral decen-
tralization vs. sham, p=0.61). Interestingly, despite the polydipsia ob-
served in the prandial drinking and peripheral decentralization groups
during the 2-h period when dry food was offered on day 30, the rats
in these groups showed hypodipsia throughout the remaining 22-h of
daily food deprivation (F3, 57=48.77, p<0.0001, η2p = 0.71. Fig. 2D).
Newman-Keuls indicated that SSN prandial drinking and peripheral de-
centralized rats drank significantly less water than the SSN non-prandial
drinking (p<0.0001) and sham rats (p<0.0001). However, upon com-
paring the last two groups (p=0.14) or SSN-lesioned prandial drinking
vs. decentralized rats (p=0.35), an equivalent intake was evident dur-
ing the 22-h of food deprivation. Finally, the 4 groups consumed simi-
lar amounts of food on experimental days 16, 30 and 31 (F3, 57 = 0.84,
p=0.47; F3, 57 = 0.43, p=0.72; F3, 57 = 0.49, p=0.68, respectively).

3.3. Supersensitivity

S-S salivary secretion recorded on experimental day 35 is shown
in Fig. 3. A 2-way mixed ANOVA (4 group x 6 time) found a signif-
icant effect in the group factor (F3, 57=8.81, p<0.0001, η2p = 0.31),
time factor (F5, 285=58.16, p<0.0001, η2p = 0.50) and group x time
interaction (F15, 285=6.84, p<0.0001, η2p = 0.26). Ten minutes after
pilocarpine injection, Newman-Keuls tests for the analysis of the in-
teraction revealed significant differences between SSN prandial drink-
ing vs. sham (p<0.0001) and a greater but still marginal S-S saliva
secretion in SSN non-prandial drinking vs. sham (p=0.06), suggesting
in this way a phenomenon of “true” supersensitivity following SSN le-
sions. Importantly, SSN-lesioned rats that had developed prandial drink-
ing secreted a significantly higher amount of saliva than the SSN-le-
sioned rats that were not prandial drinkers (p<0.04). In addition, as
could be expected, the peripheral decentralization group secreted sig-
nificantly higher amounts of saliva than SSN non-prandial drinking
(p<0.001) and sham groups (p<0.0001), but an amount similar to that
of the SSN prandial drinking group (p=0.28). Twenty minutes after pilo

Fig. 3. Supersensitivity. Mean amount of S-S saliva (±SEM) secreted in response to pilo-
carpine injection (0.3 mg/kg, i.p.), during the 60 min immediately after.

carpine injection differences similar to those described above were still
detected (SSN prandial drinking vs. sham, p<0.0001; SSN non-pran-
dial drinking vs. sham, p<0.05). However, at twenty minutes no sig-
nificant differences were found between SSN prandial drinking vs. SSN
non-prandial drinking (p=0.15). Likewise, the amount of saliva secreted
by the peripheral decentralization group was significantly greater than
that observed in the sham group (p<0.001) but similar to that registered
in the SSN prandial drinking (p=0.74) and SSN non-prandial drinking
groups (p=0.26). Thirty minutes after pilocarpine administration sig-
nificant differences were observed only when comparing SSN prandial
drinking vs. sham rats (p<0.01). Finally, at minute 40 and in successive
measurements, the differences disappeared and equivalent amounts of
saliva were recorded in the four groups, with no significant difference
being detected.

This data suggest that SSN lesions produce a profound deficit in
S-S saliva secretion. This deficit is manifested in a significant glandu-
lar supersensitivity during the first 20–30 min after pilocarpine injec-
tion. An important finding is that only some rats develop a prandial
style of drinking after central lesions + parotidectomy. Upon compar-
ing these two groups, the results of the present study show that the rats
exhibiting prandial drinking have greater supersensitivity than SSN-le-
sioned non-prandial drinking rats. On the other hand, the supersensitiv-
ity observed in SSN prandial drinking is similar to that observed after
parasympathetic peripheral decentralization of the S-S salivary glands,
suggesting that salivatory nucleus lesions are capable of producing the
maximum supersensitivity. These results suggest, therefore, a greater
glandular secretory deficit in lesioned prandial drinking rats as com-
pared to lesioned non-prandial drinking rats.

4. Discussion

In the present study we used glandular supersensitivity, as an in-
dex of salivary secretion deficit, to examine whether there is a relation-
ship between the degree of S-S secretory deficit and the appearance of
prandial drinking behavior in rats with SSN lesions. Following SSN le-
sions two subgroups of rats were obtained: one had developed prandial
drinking and polydipsia but another was similar to the controls. Impor-
tantly, a gradation in the supersensitivity values were obtained in all
three groups, with the prandial drinking rats showing significantly more
supersensitivity than the non-prandial drinking subjects and the latter,
in turn, showing greater supersensitivity than the control group. When
the SSN-lesioned prandial drinking rats were compared to a group in
which the efferent axons of the chorda tympani had been sectioned, caus-
ing a total decentralization of the S-S salivary glands, no differences in
supersensitivity were found.

The present results suggest that the greater the supersensitivity of
the S-S glands the higher the degree of secretory deficit in the rats.
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In this respect, the SSN-lesioned prandial drinking rats present a maxi-
mum S-S secretory deficit, similar to the one observed in the rats with
peripheral decentralization. In line with the foregoing, the complete
deficit of saliva secretion leads the SSN-lesioned prandial drinking rats
to develop a prandial pattern of drinking to alleviate their dry mouth
and swallow food properly. However, the SSN-lesioned non-prandial
drinking rats present less supersensitivity, which implies they have a
smaller secretory deficit and maintain a certain saliva flow, which is suf-
ficient to swallow food efficiently. Consequently, in this last group of
animals, with partial affectation of the S-S glands, there is no need to
develop prandial drinking [54, 57].

Although SSN lesions produce prandial drinking and polydipsia in an
intermediate percentage of experimental rats (50% approximately), this
nucleus, apparently, has no relationship with the brain circuits involved
in thirst. In effect, in our study the high intake of water is associated
with the intake of dry food and it disappears completely in the presence
of wet food, thus suggesting that the polydipsia observed in these ani-
mals arises from the use of water to facilitate the swallowing of dry food
in the absence of saliva [27-29,48]. In support of the foregoing it must
be noted that the high intake of water during the 2-h period of dry food
presentation was completely reversed during the following 22-h period
of food deprivation on experimental day 30, when prandial drinking rats
showed hypodipsia. This hypodipsia suggests that the excessive drink-
ing seen in these animals during the 2-h period is of a non-homeostatic
nature and is thus secondary to the consumption of dry food. For this
reason, the fact that the prandial drinking rats significantly reduce their
intake of water during the 22-h of food deprivation to compensate the
excessive consumption observed during the 2-h period of feeding with
dry food, suggests that homeostatic mechanisms of water regulation are
intact in these animals.

The present findings provide physiological and behavioral evidence
that supports a close correspondence between the brainstem lateral
reticular formation and the SSN. Since prandial drinking appears exclu-
sively when salivary secretion is completely blocked [57], the present
data suggest that lesions to the lateral reticular formation must have
caused severe damage to a region directly involved in the neural con-
trol of S-S saliva. The development of prandial drinking in SSN-lesioned
rats could thus be explained by centrally induced impairment of S-S sali-
vary secretion in conjunction with peripheral parotidectomy, with these
two treatments together causing complete blockage of salivary secre-
tion. Indeed, prandial drinking did not appear in control rats in which
only a bilateral parotidectomy was performed, achieving only a partial
desalivation. Complementarily, in previous studies we have shown that
SSN-lesion + extirpation of S-S salivary glands did not lead to prandial
drinking, since only partial desalivation resulted, with the parotid sali-
vary glands remaining intact in this case [50]. Also supporting the exis-
tence of a close link between the lateral reticular formation and the SSN,
previous data from our lab and others have shown that activation of the
lateral reticular formation causes hypersecretion of S-S saliva, with only
a minimal magnitude of parotid saliva being obtained [9,32,47,50]. Im-
portantly, the S-S hypersecretion following lateral reticular formation
activation was completely abolished by the section of the preganglionic
efferent nerves of the chorda tympani or after atropine injection, but nei-
ther alfa- nor beta-adrenergic antagonists had an effect on the salivary
secretion caused by lateral reticular formation activation [47, 51].

The aforementioned studies contrast with classic physiological in-
vestigations that had not been able to identify the precise location of
the salivatory centers [4,31,64]. These studies observed salivation re-
sponses after electrical stimulation of numerous points within the brain-
stem of cats and monkeys. However, the points that produced saliva-
tion were distributed extensively throughout the medulla and pons. Al-
though some points were located within the lateral reticular forma-
tion, most were situated along the course of efferent axons from the
salivatory nucleus. Other regions were identified around the nucleus
of the solitary tract or within the spinal trigeminal nucleus. With re

spect to the last two structures, it is well known that the stimulation of
these regions can activate salivatory neurons, and the activation of re-
gions afferent to a salivatory center can be confused with the stimulation
of the salivatory nucleus itself [38-40]; see also, [35].

A final question is the mechanism underlying supersensitivity. With
respect to this matter, muscarinic receptors are present in a great num-
ber of cerebral structures [30, 43], including the SSN [37, 63]. Thus,
pilocarpine injection could produce salivation by acting centrally or by
acting directly on the muscarinic receptors of the glands themselves
[1,37,46]. However, in SSN-lesioned prandial drinking rats, central
cholinergic mechanisms apparently do not contribute to the develop-
ment of supersensitivity. If, following electrolytic lesions, the surviving
neurons of the SSN had developed adaptive changes, increasing their
sensitivity in response to the pilocarpine, then SSN-lesioned prandial
drinking rats should have secreted more saliva than S-S peripheral de-
centralized rats during the supersensitivity test. In effect, in this case
the saliva secreted by the action of the pilocarpine on the surviving SSN
neurons would be added to that secreted by the action of the pilocarpine
on the salivary glands themselves. Yet this did not occur and the two
groups secreted equivalent amounts of saliva during the supersensitiv-
ity test. In consequence, a glandular mechanism is likely responsible for
the increase in sensitivity to pilocarpine after salivatory nucleus lesions
[7,14,22,59,66].

In summary, following SSN lesions two subgroups of rats were ob-
tained, with some animals becoming prandial drinkers and others not.
The main difference between the two subgroups of rats is the magnitude
of S-S salivary gland supersensitivity. Prandial drinkers show greater
glandular supersensitivity than non-prandial drinkers. These data sup-
port a greater S-S secretory deficit in prandial drinking vs. non-prandial
drinking rats. In fact, our data indicate that the S-S deficit observed in
SSN-lesioned prandial drinking rats is similar to that observed after sec-
tioning chorda tympani preganglionic fibers that control S-S secretory ac-
tivity.

Acknowledgements

This work was supported by grants from the Spanish Subdirección
General de Proyectos de Investigación, Ministerio de Economía y Com-
petitividad (Madrid, Spain) and the European Regional Development
Fund- ERDF (PSI2010–14979 and PSI2013–41098-P). The author de-
clares no conflict of interest.

References

[1] T L Borella, L A De Luca, D S A Colombari, J V Menani, Central muscarinic
receptor subtypes involved in pilocarpine-induced salivation, hypertension and
water intake, Br. J. Pharmacol 155 (2008) 1256–1263.

[2] A Cangiano, Denervation supersensitivity as a model for the neural control of
muscle, Neuroscience 14 (1985) 963–971.

[3] H W Chapman, A N Epstein, Prandial drinking induced by atropine, Physiol.
Behav 5 (1970) 549–554.

[4] P O Chatfield, Salivation in response to localized stimulation of the medulla, Am.
J. Physiol 133 (1941) 637–641.

[5] G A Chibuzo, J F Cummings, Motor and sensory centers for the innervation of
mandibular and sublingual salivary glands: a horseradish peroxidase study in the
dog, Brain Res 189 (1980) 301–313.

[6] R J Contreras, M M Gómez, R Norgren, Central origins of cranial nerve
parasympathetic neurons in the rat, J. Comp. Neurol. 190 (1980) 373–394.

[7] L G Costa, S D Murphy, Characterization of muscarinic cholinergic receptors in
the submandibular gland of the rat, J. Auton. Nerv. Syst. 13 (1985) 287–301.

[8] S Cox, M Thirlaway, T Cox, A dental roll technique for the measurement of
salivary activity, Behav. Res. Methods 13 (1981) 40–42.

[9] J Donaldson, J Mitchell, D Templeton, Electrical stimulation of the salivatory
nucleus in the rat, J. Physiol. 356 (1984) 1–7.

[10] J S Eisenman, E C Azmitia, Physiological stimulation enhances HRP marking of
salivary neurons in rats, Brain Res. Bull 8 (1982) 73–78.

[11] J S Eisenman, Response of rat superior salivatory units to chorda tympani
stimulation, Brain Res. Bull 10 (1983) 811–815.

[12] J Ekström, N Emmelin, Reinnervation of the denervated parotid gland of the cat,
Q. J. Exp. Physiol. 59 (1974) 1–9.

[13] J Ekström, D Templeton, Difference in sensitivity of parotid glands brought about
by disuse and overuse, Acta Physiol. Scand 101 (1977) 329–335.

[14] J Ekström, Degeneration secretion and supersensitivity in salivary glands
following denervations, and the effects on choline acetyltransferase activity, in:

6



UN
CO

RR
EC

TE
D

PR
OO

F

J.M.J. Ramos et al. Physiology & Behavior xxx (xxxx) xxx-xxx

J R Garrett, J Ekström, L C Anderson (Eds.), Neural Mechanisms of Salivary Gland
Secretion, Eds, Karger, New York, 1999, pp. 166–184.

[15] N Emmelin, Action of transmitter on the responsiveness of effector cells,
Experientia 21 (1965) 57–65.

[16] N Emmelin, Control of salivary glands, in: N Emmelin, Y Zotterman (Eds.), Oral
Physiology, Eds, Pergamon Press, New York, 1972, pp. 1–16.

[17] N Emmelin, Denervation as a method to produce a prolonged stimulation of
salivary glands, in: T Zelles (Ed.), Saliva and Salivation, Ed, Pergamon Press, New
York, 1981, pp. 1–9.

[18] A N Epstein, D Spector, A Samman, C Goldblum, Exaggerated prandial drinking in
the rat without salivary glands, Nature 201 (1964) 1342–1343.

[19] F W Flynn, D L Schirer, J C Mitchell, Reduced salivation in rats following
ventromedial hypothalamic lesions, Physiol. Behav. 24 (1980) 451–455.

[20] F R Hainsworth, Saliva spreading, activity, and body temperature regulation in
the rat, Am. J. Physiol 212 (1967) 1288–1292.

[21] F R Hainsworth, A N Epstein, Severe impairment of heat-induced saliva-spreading
in rats recovered from lateral hypothalamic lesions, Science 153 (1966)
1255–1257.

[22] B Hedlund, J Abens, T Bartfai, Vasoactive intestinal polypeptide and muscarinic
receptors: supersensitivity induced by long-term atropine treatment, Science 220
(1983) 519–521.

[23] T Hiura, Salivatory neurons innervate the submandibular and sublingual glands in
the rat: horseradish peroxidase study, Brain Res 137 (1977) 145–149.

[24] Y Hosoya, M Matsushita, Brainstem projections from the lateral hypothalamic
area in the rat as studied with autoradiography, Neurosci. Lett. 24 (1981)
111–116.

[25] Y Hosoya, M Matsushita, Y Sugiura, A direct hypothalamic projection to the
superior salivatory nucleus neurons in the rat. A study using anterograde
autoradiographic and retrograde HRP methods, Brain Res 266 (1983) 329–333.

[26] A S P Jansen, G J Ter Horst, T C Mettenleiter, A D Loewy, CNS cell groups
projecting to the submandibular parasympathetic preganglionic neurons in the
rat: a retrograde transneuronal viral cell body labeling study, Brain Res 572
(1992) 253–260.

[27] H R Kissileff, Food-associated drinking in the rat, J. Comp. Physiol. Psychol. 67
(1969) 284–300.

[28] H R Kissileff, Oropharyngeal control of prandial drinking, J. Comp. Physiol.
Psychol. 67 (1969) 309–319.

[29] H R Kissileff, A N Epstein, Exaggerated prandial drinking in the “recovered
lateral” rat without saliva, J. Comp. Physiol. Psychol. 67 (1969) 301–308.

[30] A I Levey, C A Kitt, W F Simmonds, D L Price, M R Brann, Identification and
localization of muscarinic acetylcholine receptor proteins in brain with
subtype-specific antibodies, J. Neurosci. 11 (1991) 3218–3226.

[31] H W Magoun, L E Beaton, The salivatory motor nuclei in the monkey, Am. J.
Physiol 136 (1942) 720–725.

[32] R Matsuo, T Yamamoto, Y Kawamura, Morphological and functional evaluation of
the superior salivatory nucleus in rabbits, Exp. Neurol. 68 (1980) 147–157.

[33] R Matsuo, Y Kang, Two types of parasympathetic preganglionic neurones in the
superior salivatory nucleus characterized electrophysiologically in slice
preparations of neonatal rats, J. Physiol 513 (1998) 157–170.

[34] R Matsuo, Central connections for salivary innervations and efferent impulse
formation, in: J R Garrett, J Ekström, L C Anderson (Eds.), Neural Mechanisms of
Salivary Gland Secretion, Karger, New York, 1999, pp. 26–43.

[35] R Matsuo, T Yamamoto, Gustatory-salivary reflex, Neural activity of sympathetic
and parasympathetic fibres innervating the submandibular gland of the hamster,
J. Auton. Nerv. Syst. 26 (1989) 187–197.

[36] J Mitchell, D Templeton, The origin of the preganglionic parasympathetic fibres to
the mandibular and sublingual salivary glands in the rat: a horseradish peroxidase
study, J. Anat. 132 (1981) 513–518.

[37] Y Mitoh, H Ueda, H Ichikawa, M Fujita, M Kobashi, R Matsuo, Effects of
cervimeline on excitability of parasympathetic preganglionic neurons in the
superior salivatory nucleus, Auton. Neurosci. 206 (2017) 1–7.

[38] T Murakami, M Yoshihara, K-I Ishizuka, M Uchiyama, Antidromic responses and
reflex activity of single salivatory neurons in the cat, Exp. Neurol. 76 (1982)
218–224.

[39] T Murakami, K-I Ishizuka, M Yoshihara, M Uchiyama, Reflex responses of single
salivatory neurons to stimulation of trigeminal sensory branches in the cat, Brain
Res 280 (1983) 233–237.

[40] T Murakami, K-I Ishizuka, M Uchiyama, Convergence of excitatory inputs from
the chorda tympani, glossopharyngeal and vagus nerves onto superior salivatory
nucleus neurons in the cat, Neurosci. Lett. 105 (1989) 96–100.

[41] J E Nicholson, C M Severin, The superior and inferior salivatory nuclei in the rat,
Neurosci. Lett 21 (1981) 149–154.

[42] S Nomura, N Mizuno, Central distribution of afferent and efferent components of
the chorda tympani in the cat as revealed by the horseradish peroxidase method,
Brain Res. 214 (1981) 229–237.

[43] T Oki, Y Takagi, S Inagaki, M M Taketo, T Manabe, M Matsui, S Yamada,
Quantitative analysis of binding parameters of [3H] N-methylscopolamine in
central nervous system of muscarinic acetylcholine receptor knockout mice, Brain
Res. Mol. Brain Res. 133 (2005) 6–11.

[44] L J Pellegrino, A S Pellegrino, A J Cushman, A Stereotaxic Atlas of the Rat Brain,
Plenum Press, New York, 1979.

[45] S A Perwaiz, M A Karim, Localization of parasympathetic preganglionic neurons
innervating submandibular gland in the monkey: an HRP study, Brain Res 251
(1982) 349–352.

[46] G B Proctor, G H Carpenter, Regulation of salivatory gland function by autonomic
nerves, Auton. Neurosci. 113 (2007) 3–18.

[47] J M J Ramos, A Puerto, The nucleus parvocellularis reticularis regulates
submandibular-sublingual salivary secretion in the rat: a pharmacological study,
J. Auton. Nerv. Syst. 23 (1988) 221–228.

[48] J M J Ramos, A Puerto, Effects of parasympathetic denervation of the salivary
glands on feeding and drinking behavior in the rat, Psychobiology 19 (1991)
75–78.

[49] J.M.J. Ramos, M.E. Castillo, A. Puerto, Salivatory neurons in the brainstem nu-
cleus parvocellularis of the rat: effects of electrolytic lesions, Brain Res. Bull. 21
(1988a) 547–555.

[50] J.M.J. Ramos, M.E. Castillo, A. Puerto, Submandibular and parotid salivary secre-
tion after electrolytic lesioning of the brainstem nucleus parvocellularis in the rat,
Physiol. Behav.44 (1988b) 173–180.

[51] J M J Ramos, M E Castillo, A Puerto, Peripheral pathways mediating salivary
secretion after nucleus parvocellularis activation in the rat, Brain Res. Bull. 22
(1989) 469–473.

[52] H Satomi, K Takahshi, H Ise, T Yamamoto, Identification of the superior salivatory
nucleus in the cat as studied by the HRP method, Neurosci. Lett. 14 (1979)
135–139.

[53] T Schallert, L R Leach, J J Braun, Saliva hypersecretion during aphagia following
lateral hypothalamic lesions, Physiol. Behav. 21 (1978) 461–463.

[54] J C Smith, I J Miller Jr, R F Krimm, M S Nejad, L M Beidler, A comparison of the
effects of bilateral sections of the chorda tympani nerve and extirpation of the
submaxillary and sublingual salivary glands on the eating and drinking patterns of
the rat, Physiol. Behav 44 (1988) 435–444.

[55] S E Spencer, W B Sawyer, H Wada, K B Platt, A D Loewy, CNS projections to the
pterygopalatine parasympathetic preganglionic neurons in the rat: a retrograde
transneuronal viral cell body labeling study, Brain Res 534 (1990) 149–169.

[56] F J E Stefano, C J Perec, Denervation supersensitivity in salivary glands, Trends
Pharmacol. Sci. 2 (1981) 107–109.

[57] E M Stricker, Influence of saliva on feeding behavior in the rat, J. Comp. Physiol.
Psychol. 70 (1970) 103–112.

[58] E M Stricker, Neurochemical and behavioral analyses of the lateral hypothalamic
syndrome: a look back, Behav. Brain Res. 231 (2012) 286–288.

[59] B R Talamo, S C Adler, D R Burt, Parasympathetic denervation decreases
muscarinic receptor binding in rat parotid gland, Life Sci 24 (1979) 1573–1580.

[60] P Teitelbaum, A N Epstein, The lateral hypothalamic syndrome: recovery of
feeding and drinking after lateral hypothalamic lesions, Psychol. Rev. 69 (1962)
74–90.

[61] S M Thesleff, L C Sellin, Denervation supersensitivity, Trends Neurosci 3 (1980)
122–126.

[62] R Tramonte, J A Bauer, The location of the preganglionic neurons that innervate
the submandibular gland of the cat. A horseradish peroxidase study, Brain Res
375 (1986) 381–384.

[63] H Ueda, Y Mitoh, M Fujita, M Kobashi, R Yamashiro, T Sugimoto, H Ichikawa, R
Matsuo, Muscarinic receptor immunoreactivity in the superior salivatory nucleus
neurons innervating the salivary glands of the rat, Neurosci. Lett. 499 (2011)
42-26.

[64] S C Wang, Localization of the salivatory center in the medulla of the cat, J.
Neurophysiol 6 (1943) 195–202.

[65] J S Way, Evidence for the site of the superior salivatory nucleus in the guinea pig:
a retrograde HRP study, Anat. Rec. 201 (1981) 119–126.

[66] A Westlind-Danielsson, R M Müller, T Bartfai, Atropine treatment induced
cholinergic supersensitivity at receptor and second Messenger levels in the rat
salivary gland, Acta Physiol. Scand. 138 (1990) 431–441.

[67] M C Whitehead, M E Frank, Anatomy of the gustatory system in the hamster:
central projections of the chorda tympani and the lingual nerve, J. Comp. Neurol.
220 (1983) 378–395.


	RELATIONSHIP between prandial drinking behavior and supersensitivity of salivary glands after superior salivatory nucleus lesions in RATS
	Keywords
	Abstract
	Introduction
	Materials and methods
	Subjects
	Surgery
	Behavioral procedure
	Histology
	Data analyses

	Results
	Histological results
	Prandial drinking and water intake
	Supersensitivity

	Discussion
	Acknowledgements
	References


