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Abstract To evaluate relative factors for anorectic effects

of L-histidine, we performed behavioral experiments for

measuring food and fluid intake, conditioned taste aversion

(CTA), taste disturbance, and c-Fos immunoreactive (Fos-

ir) cells before and after i.p. injection with L-histidine in

rats. Animals were injected with saline (9 ml/kg, i.p.) for a

control group, and saline (9 ml/kg, i.p.) containing L-his-

tidine (0.75, 1.5, 2.0 g/kg) for a L-histidine group. Injection

of L-histidine decreased the average value of food intake,

and statistically significant anorectic effects were found in

animals injected with 1.5 or 2.0 g/kg L-histidine but not

with 0.75 g/kg L-histidine. Taste abnormalities were not

detected in any of the groups. Animals injected with 2.0 g/

kg L-histidine were revealed to present with nausea by the

measurement of CTA. In this group, a significant increase

in the number of Fos-ir cells was detected both in the area

postrema and the nucleus tractus solitarius (NTS). In the

0.75 g/kg L-histidine group, a significant increase in the

number of Fos-ir cells was detected only in the NTS. When

the ventral gastric branch vagotomy was performed,

recovery from anorexia became faster than the sham-

operated group, however, vagotomized rats injected with

2.0 g/kg L-histidine still acquired CTA. These data indicate

that acute anorectic effects induced by highly concentrated

L-histidine are partly caused by induction of nausea and/or

visceral discomfort accompanied by neuronal activities in

the NTS and the area postrema. We suggest that acute and

potent effects of L-histidine on food intake require sub-

stantial amount of L-histidine in the diet.
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Introduction

Several studies have demonstrated an anorectic effect of

dietary histidine [1–4], and intraperitoneal or intracere-

broventricular administration of L-histidine reduced food

intake in rats [5–7]. In contrast with these studies, two

recent studies have reported no significant anorectic effects

of orally and/or IP applied L-histidine at doses within

physiological range [8, 9].

L-histidine is a substrate for neuronal histamine that is

synthesized in the brain by the catalytic action of a his-

tidine decarboxylase (HDC) [10, 11]. As L-histidine can

pass through the blood–brain barrier, it is considered to be

available for histamine synthesis in the tuberomammillary

nucleus (TMN) where histaminergic neurons are localized.

Histaminergic neurons project widely throughout the

forebrain, including the VMH and the PVN [12–16], key

hypothalamic structures for feeding behavior.

Histaminergic control of food intake has been demon-

strated by previous studies. Sakata et al. have demonstrated

that hypothalamic neuronal histamine, which is produced

by the neurons in the TMN, suppressed feeding by its

& Makoto Funahashi

mfuna@den.hokudai.ac.jp

1 Department of Gerodontology, Division of Oral Health

Science, Hokkaido University, Graduate School of Dental

Medicine, Kita 13, Nishi 7, Kita-ku, Sapporo 060-8586,

Japan

2 Department of Dental Pharmacology, Okayama University

Graduate School of Medicine, Dentistry and Pharmaceutical

Sciences, 2-5-1 Kita-ku, Shikata-cho, Okayama 700-8525,

Japan

3 Department of Oral Physiology, Division of Oral Functional

Sciences, Hokkaido University, Graduate School of Dental

Medicine, Kita 13, Nishi 7, Kita-ku, Sapporo 060-8586,

Japan

123

J Physiol Sci (2017) 67:467–474

DOI 10.1007/s12576-016-0476-x

http://orcid.org/0000-0002-0594-660X
http://crossmark.crossref.org/dialog/?doi=10.1007/s12576-016-0476-x&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12576-016-0476-x&amp;domain=pdf


action on H1-receptors in the paraventricular nucleus

(PVN) and the ventromedial hypothalamic nucleus (VMH)

[17]. Pharmacological blockade of H1-receptors in the

VMH increased feeding [15].

Whereas the feeding suppression by L-histidine and

increased feeding in response to anti-histamine action impli-

cate histaminergic influences on feeding behavior, an alter-

native explanation was proposed, which attributed histidine’s

effects on feeding to a functional disruption of taste, smell,

appetite, and food intake and other neurological abnormalities

via a mechanism that involves histidine-induced zinc-chela-

tion sufficient to cause zinc depletion [18]. Yoshimatsu and

Sakata, who had concluded histidine acted via its conversion

to histamine by histaminergic neurons, responded to the

comments byHenkin [19] that their animals showed nomotor

signs of zinc deficiency. There are some studies suggesting a

weak influence of histidine administration on zinc concen-

tration in the tissues rather than increases in the urinary zinc

excretion [20, 21], but it remains controversial whether L-

histidine administration can induce a taste disorder that is a

consequence of zinc deficiency [1, 22, 23].

We believe a third option exists to explain the anorectic

effects of L-histidine. We hypothesized that excessive his-

tidine intake may suppress feeding by causing nausea and/or

visceral discomfort that is mediated by a direct action of L-

histidine on the visceral nervous system or a structure such as

the area postrema, the central chemoreceptor trigger zone for

nausea and/or vomiting. To address these potential auto-

nomic actions of L-histidine, we studied animals that

underwent vagotomy and examined changes in brainstem

neuronal activity with c-Fos immunohistochemistry.

Materials and methods

Animals

Experimental protocols were approved by the Hokkaido

University Animals Use Committee. Sprague–Dawley rats

(weighing 200–250 g at the beginning of the experiment)

were housed in individual home cages in a room where the

temperature and humidity were adjusted to 23 ± 3 �C and

50 ± 10 %, respectively. The light:dark cycle was main-

tained at 12 h:12 h. Animals were given free to access food

(dry pellets, CE-2, CREA, Japan) and tap water except

when they were deprived of water or food for training and

testing as described below.

Measurement of L-histidine-induced changes in food

intake

Firstly, we confirmed the anorectic effects of L-histidine

administration. Rats were housed in an individual cage

with free access to food and water for 1 week to acclimate

themselves to their new surroundings. Scheduled food

deprivation (12 h/day) was put in operation during the

experimental period as summarized in Fig. 1a. Food intake

was measured at 1, 3, 6, and 12 h after starting of the

feeding period. On day 7, at 30 min before the starting of

feeding period, rats were injected with L-histidine (mono-

hydrochloride monohydrate, Sigma-Aldrich, Japan) dis-

solved in saline (9 ml/kg, i.p.) at one of three different

concentrations (0.75, 1.5, 2.0 g/kg), or the control solution

(saline, 9 ml/kg, i.p.). Food intake was measured at 1, 3, 6,

and 12 h after starting the feeding period, and data were

compared with the pre-treatment control values obtained

on day 6 for each animal. Animals were free to access

water throughout this experiment.

Assessment of L-histidine-induced taste disorder

To determine whether food suppression by L-histidine

causes a taste disorder, a two-bottle fluid preference test

was performed before and after L-histidine injection as

summarized in Fig. 1b. One of the bottles contained dis-

tilled water (DW) and the other contained quinine solution

(0.05 mM, quinine hydrochloride dihydrate, Sigma-

Aldrich, Japan). The volume of each bottle was 100 ml.

The bottles were replaced in the cage every day to elimi-

nate the effect of positional memory of the bottles, and rats

were free to access to these bottles for 24 h.

Fig. 1 Measurement of food intake and the 2-bottle preference test.

a Protocol for the measurement of food intake before, during, and

after L-histidine administration. The first 6 days are the training

period of the feeding cycle with 12 h of food deprivation. Food intake

was measured at 1, 3, 6, and 12 h after starting the feeding period. On

day 7, rats were injected with L-histidine (i.p.) or saline (i.p.), and

food intake was measured at 1, 3, 6, and 12 h after starting the feeding

period. b Protocol for the two-bottle preference tests using quinine

solution (0.05 mM) and distilled water (DW) before (3 days) and

after (3 days) L-histidine or saline administration (i.p.)
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Measurement of conditioned taste aversion

Our conditioned taste aversion (CTA) protocol is summa-

rized in Fig. 2. After water deprivation for 23.5 h, rats

were trained to drink DW from two bottles (100 ml volume

in each) for 30 min in each home cage for a week. They

were given free to access food throughout the CTA

experiment. On the conditioning day, after water depriva-

tion for 23.5 h, we gave rats two bottles of 0.1 % sodium

saccharin solution (conditioned stimulus, CS) for 30 min,

and then saline or L-histidine was injected (0.75 or 2.0 g/kg

i.p.) as the unconditioned stimulus (US). The water-depri-

vation schedule described above was repeated throughout

the test of CTA. On the recovery day, two bottles of DW

were given. Every 5 days thereafter, saccharin preference

(saccharin intake/total fluid intake) was measured by using

the two-bottle choice test, i.e., one of the bottles containing

0.1 % sodium saccharin solution and another one con-

taining DW.

Immunohistochemical analysis of c-Fos expression

To evaluate responses of brainstem neurons to L-histidine,

c-Fos expression was measured using an immunostaining

technique. Rats used in the c-Fos study received the same

dose of L-histidine as rats used in the CTA experiment.

Two hours after L-histidine injection, rats were fixed by

perfusion with 4 % paraformaldehyde in 0.1 M sodium

phosphate buffer (pH 7.4) under urethane anesthesia (1 g/

kg, i.p.). The brainstem was dissected from the skull and

was kept in 4 % paraformaldehyde in 0.1 M sodium

phosphate buffer (pH 7.4) for a day. Before making

coronal sections, the fixed brainstem was cryoprotected in

a phosphate buffered sucrose solution (30 %) for 2 days.

Coronal sections (50 lm) containing the NTS and the

area postrema were made with a freezing microtome. To

quench endogenous peroxidase activity, the sections were

incubated with 80 % methanol containing 1 % hydrogen

peroxide for 1 h. After several rinses with PBS, they were

incubated with goat anti-c-Fos IgG (3.3 ng protein/ml,

Santa Cruz Biotechnology, Inc.) for 24 h at 4 �C. The

c-Fos immunoreactive (Fos-ir) cells were visualized using

Elite ABC kit (Vector Laboratories) and diaminobenzi-

dine. Sections were dry-mounted on APS-coated glass

slides, dehydrated in alcohol and coverslipped with

Entellan (Merck). Fos-ir cells were quantified by a den-

sitometric method using ImageJ software (NIH). The

digital photomicroscopic images of each section were

taken using a microscope/CCD camera system (Nikon,

Japan), and stored on computer disk for analysis. Fos-ir

neurons were identified as black spots by contrast analy-

sis. All of the Fos-ir neurons within the area postrema or

the NTS in a single section were counted and the number

of cells per unit area in each nucleus was calculated.

Ventral gastric branch vagotomy

To determine the effect of L-histidine on the vagal afferent

information that may contribute to feeding suppression, we

performed subdiaphragmatic ventral gastric branch vago-

tomy [24]. Under pentobarbital anesthesia (pentobarbital

sodium, 50 mg/kg, i.p., Dainippon Sumitomo Pharma,

Japan), a midline incision was performed in the abdomen,

and the stomach was gently manipulated to pick out the

ventral gastric branch of the subdiaphragmatic vagus. The

ventral branch of vagal nerve was transected, and pyloro-

plasty was performed to prevent the pyloric stenosis. The

pyloric sphincter was incised longitudinally (0.5–0.7 mm)

and the incised part was sutured with silk sutures. Same

surgery was performed for sham-operated rats except

vagotomy. After 10–14 days for recovery, these rats were

subjected to the behavioral studies.

To assess accuracy of vagotomy, Fluoro-Gold (1 mg/ml

dissolved in saline, retrograde neuronal tracer, Setareh

Biotech) was applied to the cut end of nerve. Four days

after surgery, the brainstem was fixed with 4 %

paraformaldehyde in 0.1 M sodium phosphate buffer (pH

7.4). Neurons in the dorsal motor nucleus (DMN) uptaking

Fluoro-Gold retrogradely were visualized by the methods

described in previous studies [25, 26].

Statistical analysis

Statistical analyses were performed using Student’s t test

for a comparison of average values between two groups.

For a comparison between more than two groups, we used

Tukey–Kramer’s method as a post hoc correction for

multiple comparisons in an ANOVA. p\ 0.05 was con-

sidered significant. Data were represented by

Fig. 2 Protocol for conditioned taste aversion (CTA). During the

14 days, the daily schedule consisted of a 0.5-h drinking period and

23.5 h of water deprivation period. On day 8 after 7 days of training

period, taste conditioning with saccharin solution and injection of L-

histidine (i.p.) or saline (i.p.) was performed. Day 9 is set out for

recovery period. From day 10 to 14, amount of saccharin and DW

intake was measured on each day
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means ± standard deviations. The measured values of food

and fluid intakes were adjusted for rat body weights.

Results

We used a total of 54 rats to investigate feeding and

drinking behavior before and after each experiment.

Anorectic effects of intraperitoneal administration

of L-histidine

We measured the effect of L-histidine injection (i.p.) on

food intake (Fig. 3). The higher dose of L-histidine (2.0 g/

kg) elicited a severe anorectic effect, i.e. a significant

reduction of food intake at 1, 3, 6, and 12 h (0,

22.5 ± 14.3, 40.4 ± 11.3, 75.5 ± 9.6 % of the control

level, respectively, n = 7 in each) (Fig. 3). Rats receiving

an injection of L-histidine (1.5 g/kg) had their appetite back

faster than those receiving an injection of L-histidine

(2.0 g/kg). Rats receiving an injection of L-histidine

(0.75 g/kg), which should be a maximal dose within

physiological limits, tended to show lower food intake at

1 h post injection compared to saline injected controls

(70.1 ± 22.6 % of the control level, n = 6), however,

there was no statistically significant changes between them.

To demonstrate the mechanism of above-mentioned phe-

nomenon, we examined more details of animals injected

with saline and L-histidine (0.75, 2.0 g/kg) in the next step.

Absence of taste disorders after L-histidine injection

Given that animals were presented with two water bottles

simultaneously, one containing quinine and the other

containing distilled water, we compared the relative

consumption from each bottle as a measure of taste sen-

sitivity. If the total consumption of quinine solution during

any of the 3 days after L-histidine injection was signifi-

cantly larger than the total consumption of distilled water,

the rat was judged to have a taste disorder. The con-

sumption of quinine solution was smaller than DW in all

rats tested on each of the 3 days after L-histidine injection

(L-histidine 0.75 g/kg, n = 5; 2.0 g/kg, n = 5) (Fig. 4).

None of the rats were judged to have impaired taste.

Acquisition of CTA by high dose administration

of L-histidine

To clarify whether L-histidine induces nausea or not, we

measured acquisition of CTA. In the experimental protocol

shown in Fig. 2, the amount of fluid intake was measured

every day from day 7 to day 14 (Fig. 5a). There was no

significant difference in the daily fluid intake among the

groups from day 7 to day 14.

As shown in Fig. 5b, saccharin intake on day 10 (the 1st

day of the CTA test) significantly decreased in the rats with

the higher dose L-histidine injection (2.0 g/kg), but no

significant change of saccharin intake was observed in the

rats receiving the lower dose of L-histidine (0.75 g/kg).

Saccharin preference was evaluated by the calculation of a

saccharin preference ratio (saccharin intake/total fluid

intake) (Fig. 5c). The average saccharin preference ratio

was 0.37 ± 0.13 in rats with L-histidine injection (2.0 g/kg,

n = 5) and 0.72 ± 0.14 in the control group (n = 5).

Saccharin preference was significantly decreased in rats

with L-histidine injection (2.0 g/kg, n = 5). These results

indicate that high-dose administration of L-histidine (e.g.,

2.0 g/kg) elicited abdominal discomfort as the uncondi-

tioned stimulus for CTA.

Fig. 3 Effects of injection of L-histidine (i.p.) on food intake. The

vertical scale represents the cumulative amount of food intake per rat

body weights. The cumulative amount of food intake is measured at 1,

3, 6, and 12 h after injection of L-histidine (i.p.) or saline (i.p.).

*p\ 0.05 (Tukey–Kramer’s test)

Fig. 4 Test of taste sensation. Data obtained in the two-bottle taste

preference test are plotted in the graph. Quinine consumption ratio is

the value calculated by quinine intake/total fluid intake. Day-1, -2, -3,

before L-histidine injection; day 0, on the day of L-histidine injection;

day 1, 2, 3, after L-histidine injection
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c-Fos expression in the brainstem induced

by L-histidine

After 5 days of CTA measurement, L-histidine was injected

again in each animal, and c-Fos expression in the brainstem

neurons was measured at 2 h after injection. Typical pho-

tomicrographs of the brainstem section are shown in

Fig. 6a. Fos-ir cells were identified in the NTS and the area

postrema.

As shown in Fig. 6b, the number of Fos-ir cells in the

area postrema was 5.5 ± 3.0/mm2 (n = 5) in the control,

5.4 ± 2.0/mm2 (n = 5) in L-histidine (0.75 g/kg) group,

and 295.5 ± 60.9/mm2 (n = 6) in L-histidine (2.0 g/kg)

group. In the NTS, the number of Fos-ir cells were

6.4 ± 3.8/mm2 (n = 6) in the control, 67.9 ± 9.1/mm2

(n = 5) in L-histidine (0.75 g/kg) group, and 257.1 ± 30.4/

mm2 (n = 6) in L-histidine (2.0 g/kg) group (Fig. 6c).

There was a significant difference in the number of Fos-ir

area postrema cells in L-histidine (2.0 g/kg) group, and in

the number of Fos-ir NTS cells in either of L-histidine (0.75

or 2.0 g/kg) groups.

Effects of vagotomy on the L-histidine-induced

feeding suppression and CTA acquisition

To determine the possible contribution of abdominal vagal

nerve activity to the L-histidine-induced feeding suppres-

sion, we tested the effect of abdominal vagotomy in rats

injected with saline (n = 5), L-histidine (0.75 g/kg, n = 5),

or L-histidine (2.0 g/kg, n = 5). As shown in Fig. 7a,

feeding suppression induced by injection of L-histidine

(2.0 g/kg) was still robust in the vagotomized animals

especially in early phase until 1 h later from L-histidine

injection. In the later phase, after 3 h from L-histidine

injection, vagotomy blocked the feeding suppression

induced by injection of L-histidine (2.0 g/kg) (Fig. 7a).

Acquisition of CTA induced by injection of L-histidine

(2.0 g/kg) was not attenuated by ventral gastric branch

vagotomy (Fig. 7b). The average saccharin preference ratio

in vagotomized rats and in sham-operated rats was

0.39 ± 0.08 (n = 5) and 0.48 ± 0.16 (n = 5),

respectively.

We used Fluoro-Gold to assess the accuracy of vago-

tomy. As shown in Fig. 7c, we examined if Fluoro-Gold

labeled cells were present or absent in the left side of the

dorsal motor nucleus. Successful ventral gastric branch

vagotomy was determined by the absence of Fluoro-Gold

labeled cells in the left side of the dorsal motor nucleus

(n = 15).

Discussion

The present study demonstrated that administration of

considerable quantity of L-histidine caused increases in the

neuronal activity in the NTS and the area postrema, and

potently suppressed the food intake with induction of

nausea and/or visceral discomfort but without taste

derangements. Low-dose administration of L-histidine

(e.g., 0.75 g/kg equivalent to 3.6 mM/kg) decreased an

average food intake for 1 h after administration of L-his-

tidine, however, there was no statistical significance.

Lastly, the present study suggests that histidine-induced

feeding suppression was partly elicited via vagal afferent

activity.

In the recent study that have reported no significant

anorectic effects of administration of L-histidine (2 mM/

kg i.p.), such concentration of L-histidine is considered to

be within the physiological range [9]. Low-dose L-his-

tidine used in the present study (e.g., 0.75 g/kg equivalent

Fig. 5 Measurement of CTA induced by L-histidine administration.

a Amount of fluid intake per rat body weights in each experimental

group (the control group, n = 5; L-histidine 0.75 g/kg group, n = 6;

L-histidine 2.0 g/kg group, n = 5) from day 7 (the last training day) to

day 14 in the CTA measurement schedule. Proportion of saccharin

intake and DW intake is indicated in each column. b Amount of

saccharin intake per rat body weights in each experimental group on

day 8 (the conditioning day) and day 10 (the control group, n = 5;

L-histidine 0.75 g/kg group, n = 6; L-histidine 2.0 g/kg group,

n = 5). *p\ 0.05 compared with the control group. �p\ 0.05

compared with L-histidine 0.75 g/kg group (Tukey–Kramer’s test).

c Saccharin preference in each experimental group on day 10

(saccharin intake/total fluid intake). *p\ 0.05 compared with the

control group (Tukey–Kramer’s test)
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Fig. 6 c-Fos expression in the

NTS and the area postrema

(AP). a Example

photomicrographs of brain

sections containing c-Fos

positive cells. b c-Fos

expression in the area postrema

in each experimental group (the

control group, n = 5;

L-histidine 0.75 g/kg group,

n = 5; L-histidine 2.0 g/kg

group, n = 6). c c-Fos

expression in the NTS in each

experimental group (the control

group, n = 6; L-histidine

0.75 g/kg group, n = 5;

L-histidine 2.0 g/kg group,

n = 6). *p\ 0.05 compared

with the control group,
�p\ 0.05 compared with

L-histidine 0.75 g/kg group

(Tukey–Kramer’s test)

Fig. 7 Effects of L-histidine on

feeding suppression in ventral

gastric vagotomized rats.

a Cumulative amount of food

intake per rat body weights at 1,

3, 6, 12 h after injection of

L-histidine (i.p.) or saline (i.p.)

in rats with vagotomy or sham

operations. *p\ 0.05 compared

with control group. �p\ 0.05

compared with L-histidine

0.75 g/kg group (Tukey–

Kramer’s test). b Effects of

L-histidine 2.0 g/kg or saline on

saccharin preference in

vagotomized rats and sham-

operated rats. *p\ 0.05. c The

typical photomicrograph of a

brain section from rats with

ventral gastric vagotomy.

Absence of Fluoro-Gold

labeling in the left DMN as

shown by an arrow indicates a

successful vagotomy
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to 3.6 mM/kg) seems to be a substantial dose if compared

with plasma concentration of L-histidine in rats fed with a

regular diet (e.g., 0.1 mM/l in the plasma concentration of

L-histidine as reported by Peng et al. [27]. However, low-

dose L-histidine did not show significant anorectic effects

but also visceral discomfort in the present study. There is

a previous study demonstrated the effects of long-term

intake of L-histidine enhanced synthesis of brain his-

tamine [28].

We demonstrated c-Fos expression in the area postrema

when animals showed the L-histidine-induced CTA against

saccharin. Expression of c-Fos protein indicates the facil-

itation of neuronal activity associated with the depolar-

ization of membrane potentials. The data indicate the

excitation of area postrema neurons and a possible induc-

tion of nausea [29].

The significant increase in the number of Fos-ir cells

was also detected in the NTS when L-histidine was injec-

ted. This is considered as the result of facilitatory effects of

L-histidine on the vagal afferent nerve activity [30]. Such

data suggest a direct effect of L-histidine on the peripheral

vagal nerve terminals including the gastric branches. It is

well known that the Hepato-Portal System functions as a

sensor for circulating amino acids via vagal hepatic affer-

ents, however, the mechanism by which L-histidine is

detected via vagal gastric nerve branches remains unde-

fined [30].

Taste abnormalities that may be caused by long-term L-

histidine intake have been discussed previously

[1, 22, 23]. The relation between dietary L-histidine and a

zinc-deficient taste disorder have been controversial.

There is a study by Henkin et al. [22], in which zinc

deficiency can be triggered by L-histidine-induced urinary

zinc excretion, and it resulted in several disorders

including taste abnormalities. On the other hand, there are

studies that demonstrated significant changes only in

urinary zinc excretion but not plasma zinc concentration

[20, 21], and also demonstrated that urinary zinc excretion

is much smaller than endogenous zinc that is passed in

the stools [31–33]. Furthermore, some studies suggested

that anorexia was induced by dietary L-histidine intake

without a taste disorder [1, 23]. The present study also

indicated that the acute anorectic effects of L-histidine are

unrelated to taste disorders.
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