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AbstrAct  

The present study was designed to investigate the ef-
fects of histamine on spontaneous neuropathic pain 
(NP) induced by peripheral axotomy. Rats and mice 
were subjected to complete transection of the left 
sciatic and saphenous nerves to induce spontaneous 
NP (the neuroma model). Rats were then treated with 
drugs once daily for 30 days (histidine and loratadine, 
i.p.) or 21 days (histamine, i.c.v.). Autotomy behavior 
was scored daily until day 50 post-operation (PO). 
On days 14 to 21 PO, some rats in the control group 
were subjected to single-fiber recording. Autotomy 
behavior was also monitored daily in histidine decar-
boxylase (the key enzyme for histamine synthesis) 
knockout (HDC-/-) and wild-type mice for 42 days. 
We found that both histidine (500 mg/kg) (a precur-
sor of histamine that increases histamine levels in 
the tissues) and histamine (50 µg/5 µL) significantly 
suppressed autotomy behavior in rats. HDC-/- mice 
lacking endogenous histamine showed higher levels 
of autotomy than the wild-type. In addition, the an-
algesic effect of histidine was not antagonized by 
loratadine (a peripherally-acting H1 receptor antago-
nist), while loratadine alone significantly suppressed 
autotomy. Electrophysiological recording showed that 
ectopic spontaneous discharges from the neuroma 

were blocked by systemic diphenhydramine (an H1 
receptor antagonist). Our results suggest that hista-
mine plays an important role in spontaneous NP. It is 
likely that histamine in the central nervous system is 
analgesic, while in the periphery, via H1 receptors, it 
is algesic. This study justifies the avoidance of a his-
tamine-rich diet and the use of peripherally-acting H1 
receptor antagonists as well as agents that improve 
histamine action in the central nervous system in pa-
tients with spontaneous NP.
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INtrODUctION

Neuropathic pain (NP) is defined as pain initiated or caused 
by a primary lesion or dysfunction of the nervous system. It 
occurs in many common diseases, following injuries and in 
response to drugs or toxins. The pain may be spontaneous, 
stimulus-evoked, or a combination of both, and spontane-
ous pain is a predominant complaint. Although it afflicts 
~1% of the population[1,2], NP remains a challenge. Clas-
sical analgesics such as opioids and NSAIDs are usually 
inadequate. Some antidepressants and antiepileptic drugs 
are partially effective but often have treatment-limiting 
adverse effects[1,3]. Therefore, further investigation of NP 
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pathophysiology is essential for developing approaches to 
achieve efficient analgesia.

Histamine acts as a neurotransmitter to regulate a 
variety of functions, including food intake, body tempera-
ture, memory retention, wakefulness and pain sensation. 
In acute pain sensation, the histamine effect can either be 
analgesic or algesic, depending on the site of action and 
the dose[4-6]. As to NP, however, most reports focus on the 
effect of histamine on evoked NP and the results are con-
troversial. For instance, local injection of H1 receptor antag-
onists attenuates the pain abnormalities induced by partial 
nerve injury[7], while histamine infused directly into the brain 
is either algesic or analgesic on evoked NP depending on 
the dose[8]. Some H3 or H4 receptor antagonists inhibit the 
evoked NP in several animal models[9,10], but others have no 
effect[10]. In contrast, very few studies have addressed the 
effect of histamine on spontaneous NP. Baron et al. found 
that cutaneous histamine application induces spontaneous 
pain in neuropathic skin[11], while Suzuki et al. reported that 
the H1 antagonist mepyramine does not affect the ongoing 
firing of deep dorsal horn neurons induced by spinal nerve 
ligation[12]. These studies imply an intriguing relationship of 
histamine with spontaneous NP, which deserves further in-
vestigation.

The neuroma model in rodents is produced by total 
denervation of one hindpaw[13]. Animals subjected to the 
neuroma model show a series of pain-like behaviors termed 
autotomy. Because its temporal and spatial parameters can 
be quantified, autotomy has been widely used to describe the 
onset, duration and level of spontaneous pain[14,15]. There-
fore, in the present study, we used the neuroma model to 
investigate the effects of histamine on spontaneous NP. 

MAtErIALs AND MEtHODs

Animals
Eighty-three male adult Sprague-Dawley rats (260–300 g, 
Grade II, Certificate No. SCXK2003-0001, Experimental 
Animal Center, Zhejiang Academy of Medical Science, 
Hangzhou, China), 11 histidine decarboxylase knockout 
(HDC-/-) mice (kindly provided by Professor Ohtsu[16]) and 
11 of their wild-type littermates (HDC+/+) were used in this 
study. Animals were raised at 22 ± 0.5°C under a 12:12 h 
light/dark cycle (lights on from 08:00 to 20:00) with food 

and water ad libitum. All experiments were in accordance 
with the guidelines of the International Association for the 
Study of Pain[17] and approved by the Animal Care and Use 
Committee of Zhejiang University. Efforts were made to 
minimize the number of animals used and their suffering.

the Neuroma Model and Autotomy Follow-Up
The neuroma model was induced as described previously[18,19]. 
Briefly, rats and mice were deeply anaesthetized by inha-
lation of isoflurane. The sciatic nerve was exposed and 
isolated by blunt dissection and tightly ligated with 5-0 silk 
just proximal to its trifurcation. Another ligation was made 2 
mm distal to the first and then the nerve was cut between 
the two ligatures. About 2–3 mm of the tibial, sural and 
common peroneal branches were excised to prevent nerve 
regeneration. The saphenous nerve was then exposed 
medial to the knee and transected. A 3-mm segment was 
removed. The wounds were then closed in layers. 

Animals were housed individually to prevent social 
interactions from affecting autotomy behavior[20]. Levels of 
autotomy were scored daily postoperatively (PO), from the 
day of surgery until day 50 PO for rats and day 42 PO for 
mice, using an accepted scale. In this scale, one point was 
assigned for removal of at least two nails, and one addi-
tional point for every ½ toe injured, to a maximum of 11[18]. 
When animals showed autotomy with 11 points, they were 
euthanized and their scores were retained for the remainder 
of the behavioral follow-up until the last day of observation. 

Single-fiber Recording
At days 14 to 21 PO, rats were deeply anaesthetized with 
urethane (1.2 g/kg) and the right jugular vein was cannulated 
to enable systemic injection of diphenhydramine or saline. 
Rats were placed on a small heating blanket that was 
feedback-controlled by a rectal thermometer, thereby main-
taining a core temperature of 37°C. Rats were paralyzed 
with gallamine triethiodide (10 mg/kg initially, supplemented 
when needed) and artificially ventilated throughout the ex-
periment. The injured sciatic nerve was re-exposed and a 
pool constructed by tying flaps of thigh skin to a frame was 
filled with warm paraffin oil (34°C) to protect the nerve from 
drying. 

Under a microscope, the perineurium was opened 
carefully and microfilaments were teased from the nerve 
trunk with a pair of sharply-honed jewelry forceps. The mi-
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crofilaments were placed on a pair of Ag/AgCl electrodes 
that were referenced to a nearby muscle. These filaments 
contained a few axons, usually 3–4, of which no more than 
2 fired spontaneously. Signals were fed to an amplifier 
(Cyberkinetics, USA) and the digitized data were then ana-
lyzed offline by dedicated software (Neuroexplorer, USA). 
When a microfilament was identified as having a unit with 
spontaneous firing, at least 10 min of baseline firing data 
were collected before administration of diphenhydramine or 
saline. 

Drug Administration
Rats were weighed and postoperatively given histidine (200 
or 500 mg/kg), loratadine (10 mg/kg), or their vehicles (40% 
propylene glycol or 60% saline, 1 mL) once daily (between 
09:00 and 11:00) via intraperitoneal injection (i.p.) through 
days 0–30 PO. For intracerebroventricular (i.c.v.) micro-
injection of histamine, a stainless-steel cannula (Reward, 
China) was implanted into the left lateral cerebral ventricle 
(AP: −0.96 mm, L: −2.0 mm, V: −4.0 mm) and then em-
bedded in the skull with dental cement seven days before 
nerve injury. Histamine (50 μg) or saline, both in 5 μL, was 
injected once daily in 10 min through days 0–21 PO via a 
disposable dental needle (30 G; Nipro Medical Industries 
Ltd, Japan), which was attached to a 15–20 cm PE-10 tube 
fitted to a 10 μL Hamilton syringe. In the single-fiber record-
ings, a bolus of diphenhydramine (25 mg/kg per bolus of 0.1 
mL) or saline was injected through the cannulated jugular 
vein in one minute.

Data Analysis
The postoperative day when the animal started autotomy 
behavior was defined as the onset day and was analyzed 
by a nonparametric test (Mann-Whitney test). Values of the 
area under the curve (AUC) were analyzed by one-way 
ANOVA followed by Dunnett’s test. Statistical analysis was 
performed with SPSS (ver. 16.0) for Windows and P <0.05 
was considered statistically significant.

rEsULts

Postoperative systemic Administration of Histidine 
Attenuated Autotomy in rats
Compared with the control group (vehicle; n = 8), postop-
erative histidine (200 mg/kg, n = 9) significantly delayed the 

onset of autotomy (6.43 ± 2.20 vs 13.43 ± 2.21 days PO, P 
<0.05), but did not yield a remarkable reduction in the AUC 
during the period of administration (days 0–30 PO) or dur-
ing the observation period after the cessation of drug treat-
ment (days 31–50 PO) (Fig. 1). However, the progression 
of autotomy was suppressed by histidine at 500 mg/kg: the 
onset of autotomy was postponed to 18.00 ± 4.68 days PO 
(n = 8; P <0.05 vs vehicle-treatment group; Fig. 1A, B); and 
the mean autotomy scores were reduced, as manifested 
by the decreased AUC of autotomy progression, during the 
period of administration (P <0.05) and after the cessation of 
drug treatment (P <0.001; Fig. 1C, D). 

Postoperative central Administration of Histamine 
Attenuated Autotomy in rats
Intracerebroventricular injection of histamine (50 μg) signifi-
cantly suppressed the autotomy behavior (Fig. 2A). The on-
set day was postponed to 29.00 ± 7.60 (n = 6), compared 
to the saline group (6.17 ± 1.45, n = 6, P <0.05; Fig. 2B). 
The AUC during the period of histamine administration (days 
0–21 PO) and during the observation period after the ces-
sation of drug treatment (days 22–50 PO) were both lower 
than that in the saline-treated group (P <0.05 and 0.001, 
respectively; Fig. 2C, D).

HDc-/- Mice showed Higher Levels of Autotomy than 
the Wild-type
After total denervation of one hindpaw, HDC-/- mice showed 
significantly higher autotomy scores than HDC+/+ mice (n 
= 11/group, Fig. 3A). Although no difference was detected 
between the two genotypes in the onset day of autotomy (P 
>0.05; Fig. 3B), the AUC in HDC-/- mice during the observa-
tion period was remarkably higher than that in HDC+/+ mice 
(106.60 ± 28.64 vs 30.94 ± 5.79; P <0.05; Fig. 3C).

Loratadine co-Administered with Histidine or Adminis-
tered Alone Attenuated Autotomy in rats
In order to investigate the mechanisms underlying the an-
algesic effect of histidine, loratadine at a commonly-used 
dose (10 mg/kg) was co-administered with histidine (500 
mg/kg). Loratadine did not antagonize the inhibition of au-
totomy by histidine, but significantly suppressed autotomy 
(Fig. 4A). The onset day was delayed to 28.50 ± 6.19 (n = 
8, P <0.01) and the progression was remarkably inhibited, 
demonstrated by the significant reduction of the AUC during  
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Fig. 1. Effect of histidine on autotomy behavior in rats. Animals were intraperitoneally injected with histidine at 200 or 500 mg/kg. A: Pro-
gression of autotomy. b: Onset day of autotomy. c and D: the area under the curve (AUc) for days 0–30 and 31–50 postoperatively 
(PO). *P <0.05, ***P <0.001 vs vehicle control group.

and after the drug treatment compared with that in the 
vehicle-treated group (P <0.01 and 0.001, respectively; Fig. 
4C and D). In addition, loratadine administered alone de-
layed the onset day to 24.60 ± 6.43 (n = 10, P <0.05) and 
inhibited the progression of autotomy (P <0.01 and 0.001, 
respectively; Fig. 4).

Diphenhydramine blocked spontaneous Firing from 
the Neuroma
At days 14–21 PO, the majority of nerve filaments in the 
sciatic nerve contained units with ongoing spontaneous 
activity. The firing pattern varied from an irregular discharge 
of single impulses, present in about 70%, to bursts of sev-
eral impulses. If the firing ceased for at least 60 s after 
drug administration, it was considered to be blocked. Fig. 
5 shows that two boluses of diphenhydramine (25 mg/kg) 
resulted in a complete and reversible blockade of ongoing 
discharge in a fiber, lasting ~90 min. However, injection of 

an equivalent volume of saline had no such effect. In trials 
where diphenhydramine blocked the spontaneous firing, 
latency to the blockade was usually less than 10 s, at most 
30 s. The ED50 for blockade was 50.92 mg/kg (n = 9) and 
the averaged blocking duration was >30 min.

DIscUssION

In the present study, we found that both histidine, the pre-
cursor of histamine, and histamine suppressed autotomy 
behavior in the neuroma model. Moreover, mice lacking en-
dogenous histamine showed higher levels of autotomy than 
their wild-type littermates. These results indicate that hista-
mine plays important roles in spontaneous NP, and may be 
a potential target for the treatment of this disorder.

As shown in Fig.1, after total denervation of one hind-
paw, rats showed autotomy to different extents as reported 
previously[18,19]. In order to evaluate the effect of histamine, 
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Fig. 2. Effect of central application of histamine on autotomy behavior in rats. Histamine (50 µg in 5 µL) was injected intracerebroven-
tricularly. A: Progression of autotomy. b: Onset day of autotomy. c and D: the area under the curve (AUc) for days 0–21 and days 
22–50 postoperatively (PO). *P <0.01, ***P <0.001 vs saline control group.

Fig. 3. Autotomy behavior in HDc+/+ and HDc-/- mice subjected to the neuroma model. A: Progression of autotomy in HDc+/+ and HDc-/- 
mice. b: Onset day of autotomy in the two genotypes. c: the area under the curve (AUc) for the period of observation. *P <0.05.
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Fig. 4. Effect of loratadine alone or combined with histidine on autotomy behavior in rats. Animals were intraperitoneally injected with lo-
ratadine (10 mg/kg) or a combination of histidine (500 mg/kg) and loratadine (10 mg/kg). A: Progression of autotomy. b: Onset day 
of autotomy. c and D: the area under the curve (AUc) for days 0–30 and days 31–50 postoperatively (PO). *P <0.05, **P <0.01, 
***P <0.001 versus vehicle group.

Fig. 5. Blockade of spontaneous discharges in a nerve fiber from the neuroma by diphenhydramine. A: Histogram of firing frequency be-
fore and after drug injection. The first injection of diphenhydramine (left arrow) reduced the firing frequency. The firing gradually 
ceased after the second injection (right arrow) and the ectopic discharges slowly recovered in 110 min post-injection. b–D: repre-
sentative firing traces at 1, 2 and 3 time-points labeled in A.
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we administered histidine systemically to increase the 
histamine levels in the tissues. Histidine at 500 mg/kg sig-
nificantly delayed the onset of autotomy by ~11 days and 
inhibited the severity of autotomy, as demonstrated by the 
decrease in the AUC for autotomy progression by ~75%. 
Moreover, central application of histamine (50 μg) also 
resulted in a strong inhibition of autotomy (Fig. 2). These 
results indicate that a sufficient increase in histamine levels 
suppresses spontaneous NP. The analgesic effect of his-
tamine was additionally supported by the contrast in auto-
tomy behavior between HDC+/+ and HDC-/- C57BL/6J mice. 
C57BL/6J is a strain known to show low levels of autotomy. 
As expected, the average autotomy score in the wild-type 
was no higher than 1. However, HDC-/- mice, which are 
born with a deficiency of endogenous histamine, showed 
much higher autotomy scores than the wild-type (Fig. 3). 
These results together demonstrated that the presence of 
certain levels of histamine attenuates spontaneous NP. 

To further explore the possible action mechanisms 
of histamine in spontaneous NP, we treated rats with lo-
ratadine in order to determine whether H1 receptors are 
involved. When administered together with histidine, lor-
atadine not only did not antagonize the analgesic effect of 
histidine, but even showed a tendency to inhibit autotomy 
more than histidine alone. Surprisingly, loratadine alone 
also resulted in a strong inhibition of autotomy (Fig. 4). 
Since loratadine is an H1 receptor antagonist that poorly 
permeates the blood-brain barrier, which precludes central 
action[21], these results suggest that, similar to its effect on 
acute pain[4,5] and evoked NP[7], histamine in the periphery 
via the H1 receptor pathway may contribute to the devel-
opment of spontaneous NP. In addition, the electrophysi-
ological recordings showed that another H1 receptor an-
tagonist, diphenhydramine, was able to block spontaneous 
discharges from the neuroma that are crucial for autotomy 
behavior[13,22]. It has been reported that some fibers ending 
in the neuroma are histamine-sensitive[23]. Therefore, H1 
receptor antagonists may have analgesic effects by an-
tagonizing endogenous histamine and blocking the ectopic 
discharges from the neuroma.

It has been demonstrated that histamine injected into 
the skin elicits itching in a dose-dependent manner, and 
most experimental itch stimuli act via histamine release 
from mast cells[24-26]. Interestingly, histamine-induced itching 

shows species-specificity. For example, histamine evokes 
scratching in most mouse strains but little in Sprague-
Dawley rats[27,28]. It is well accepted that a specific sub-class 
of C-fibers mediates itch and is distinct from that mediating 
pain[29]. However, Baron et al. proposed that partial nerve 
injury following zoster infection might induce de novo ex-
pression of histamine receptors on primary nociceptive 
neurons or central sensitization to histaminergic stimuli, 
and more than that, histamine-sensitive C-fibers that are 
normally exclusively involved in itch transduction may gain 
synaptic access to pain-signaling second-order neurons 
in the spinal dorsal horn in the state of NP[11]. As a result, 
peripheral histamine-induced itch would convert into pain 
under neuropathic conditions. This provides further sup-
port for the present finding that histamine in the periphery 
is algesic after peripheral axotomy. Given that histamine 
in the periphery is algesic, it is very likely that the inhibi-
tory effect of chronic histidine treatment on autotomy was 
largely due to its action in the CNS. It is acknowledged that 
histidine (500 or 1 000 mg/kg) increases the cerebral levels 
of histamine[30]. Therefore, we speculate that histamine in 
the CNS is responsible for the analgesic effect on sponta-
neous NP. The strong inhibition of autotomy by centrally-
infused histamine clearly verified this speculation. Huang 
et al. reported that acute application of histamine elevates 
or decreases the threshold for evoked pain depending on 
the dose[8]. Some H3 receptor antagonists, which increase 
the synthesis and release of histamine in the CNS, have 
been demonstrated to inhibit allodynia or hyperalgesia in 
animal models of evoked NP, but others do not[9,10]. Our 
results provide further evidence that histamine in the CNS 
may act as an analgesic factor in spontaneous NP, similar 
to that in acute pain[6,31] and evoked NP. Taken together, 
our results demonstrate that histamine in the periphery is 
algesic, whereas in the CNS it is analgesic for spontane-
ous NP. These data suggest that concurrent treatment with 
peripherally-acting H1 receptor antagonists and histidine 
should be more effective than either alone. Actually, we 
did find that the combination of histidine and loratadine 
appeared to be the most effective regimen in suppressing 
autotomy. Moreover, histamine in the diet may be absorbed 
into the circulation and thereby increase the levels in the 
periphery[32]. On the contrary, H3 receptor antagonists/H3 in-
verse agonists improve histaminergic action in the CNS[33]. 
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Therefore, our results indicate that H3 receptor antagonists/
H3 inverse agonists may be beneficial, while a histamine-
rich diet should be avoided in patients with spontaneous 
NP. 

We were interested to find that the inhibition of auto-
tomy yielded by histidine, histamine or loratadine outlasted 
the drug-treatment period. Such a long-lasting inhibitory 
effect on autotomy was also reported by us and others 
with other drugs such as amitriptyline and ralfinamide[19,34]. 
Although the exact mechanisms for the long-lasting effect 
are not clear, these results at least suggest that the early 
stage after nerve injury is crucial for the development of 
NP. Since autotomy behavior is driven by the combination 
of peripheral ectopic inputs and central sensitization, these 
results indicate that early intervention may suppress the 
generation of either process, and thereby attenuate the 
subsequent pain abnormality. Therefore, intervention ap-
proaches should be applied opportunely after nerve injury. 

In conclusion, we found that histamine in the CNS is 
analgesic, while that in the periphery via H1 receptors is al-
gesic, in spontaneous NP. Our study justifies the avoidance 
of a histamine-rich diet and the use of peripherally-acting 
H1 receptor antagonists as well as agents that improve his-
tamine action in the CNS, such as H3 receptor antagonists 
in patients with spontaneous NP.
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