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then increases during the progression towards the 
diestrus stage. Estrous cycle activity has been implicated 
as a cause of migraine development because high levels 
of estrogen during the proestrus and estrus stage can 
enhance the excitability of neurons in the trigeminal 
nucleus caudalis (TNC), which results in migraine 
attacks [6]. Furthermore, estrogen exposure also 
increases the sensitization of the temporomandibular 
branch, which is innervated by TG neurons [7]. These 
results demonstrated that estrogen can affect the 
trigeminal system. 

In the trigeminal nociceptive system, estrogen activates 
the estrogen receptor (ER) on TG neurons via either 
genomic or non-genomic pathways. Estrogen modulates 
neuronal activity through the expression of ion channels 
or by increasing intracellular cascades, such as 
extracellular-signal-regulated kinase (ERK) signaling, 
which phosphorylates various types of ion channels [8, 
9]. In addition, previous research has demonstrated that 
voltage-gated Na channels [10-12] and voltage-gated K 
channels [13] in dorsal root ganglion (DRG) cells are 
activated by exogenous estrogen. In other words, 
activation of voltage-gated ion channels affects AP 
development in TG neurons, which is a major 
nociceptive signal from the periphery to higher cortical 
neurons. Thus, fluctuation of estrogen level during the 
estrous cycle may alter AP development in TG neurons 
which correlate to the change of nociceptive inputs from 
trigeminal system. 

Our study aimed to investigate whether the estrous 
cycle is involved in neuronal excitability of trigeminal 
system by comparing AP properties of TG neurons in 
four different stages of estrous cycle. The AP properties 
reflect the activation of voltage-gated ion channels that 
affect the excitability of TG neurons. Our results 
suggested that modulation of the trigeminal system 

underlies the pathophysiology of menstrual migraine. 

Methods 

Animals 

Female Sprague–Dawley rats, 6-8 weeks old, had a 
sufficient estrogen level for observing the estrous cycle 
[14, 15]. Animals used in all experiments were purchased 
from the National Laboratory Animal Center, Mahidol 
University, Nakorn-Pathom, Thailand. Rats were housed 
in stainless cages in a ventilated room under a 12-hour 
dark-light cycle and were fed ad libitum. All of the 
protocols were approved by the Animal Care and Use 
Committee of the Faculty of Medicine, Chulalongkorn 
University, Thailand (No. 4/58). 

Immunoassay of Estrogen levels 

Immediately after decapitation, the arterial blood was 
collected from the left cardiac ventricle for storage in a 
1.5-ml microcentrifuge tube. The collection tubes were 
centrifuged at 3,200 rpm for 10 min. Then, serum was 
collected and stored at -20 °C. The serum concentration 
of estradiol (E2) was measured using the 
Chemiluminescent Microparticle Immunoassay (CMIA) 
method. 

Estimation of estrous cycle stages 

Using a dropper, the vagina was flushed by normal 
saline. Subsequently, one drop of vaginal fluid was 
placed on a slide and stained with 1% methylene blue. In 
this manner, vaginal smears were observed under a light 
microscope (with a 40X objective lens). Four different 
stages of the estrous cycle were determined by observing 

Table 1  RMP and AP properties of TG neurons at each stage of the estrous cycle.�Each variable is shown as the mean ± SEM. *P <
0.05 compared with the diestrus stage (one-way ANOVA followed by post hoc test). 

Variables Diestrus Proestrus  Estrus  Metestrus  
 (n  = 52) (n  = 24) (n  = 35) (n  = 27) 

RMP (mV) -46.57 ± 1.13 -47.88 ± 2.38 -49.39 ± 2.46 -41.98 ± 1.86 

Threshold (mV) -19.14 ± 1.76 -27.46 ± 0.52* -27.00 ± 2.20* -29.95 ± 3.14 

Rheobase (pA)  73.33 ± 3.54  55.63 ± 0.27*  49.58 ± 2.70*  66.36 ± 8.00 

AP height (mV)  109.21 ± 3.35  116.66 ± 1.16*  98.24 ± 4.97*  92.53 ± 6.40 

AV overshoot (mV)  52.41 ± 2.76  67.41 ± 1.02*  51.63 ± 3.84  39.10 ± 6.56 

AP rising time (ms)  1.52 ± 0.63  1.26 ± 0.39  1.24 ± 0.62  1.95 ± 0.93 

AP falling time (ms)  5.21 ± 0.40  3.22 ± 0.56*  2.43 ± 0.31*  4.41 ± 0.66  

AP duration (ms)  6.46 ± 0.46  4.48 ± 0.20*  3.67 ± 0.31*  5.99 ± 0.82 

AHP depth (mV) -5.10 ±0.49 -12.15 ± 2.36* -13.56 ± 1.00* -6.85 ± 1.78 

AHP duration (ms)  7.46 ± 1.10  7.92 ± 1.12  5.20 ± 0.82  7.62 ± 2.23 
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the population of three types of cells in the vaginal smear 
(i.e., nucleated epithelial cells, cornified epithelial cell 
and leukocyte, Fig. 2B, 2C and 2D, respectively) 
[16]. Total 138 female rats were used in the experiment. 
There were 52 rats in diestrus stage, 24 rats in proestrus 
stage, 35 rats in estrus stage and 27 rats in metestrus 
stage (Table 1). 

Primary culture of TG neurons 

Primary dissociated TG neurons were cultured as 
described previously [17-19]. Briefly, rats were 
euthanized with an overdose intra-peritoneal injection of 
sodium pentobarbital (1 ml/1 rat) before decapitation. 
Both trigeminal ganglia were removed and placed in a 
35-mm culture dish of ice-cold Hank’s Balance Salt 
Solution (HBSS) with penicillin/streptomycin (10-20 μl; 
10,000 U penicillin and 10 mg streptomycin/mL), 
washed twice in HBSS, and sectioned into small pieces 
with a sterile razor blade in 1 ml of HBSS. Collagenase 
(100 μl; 2 mg/mL) and dispase (200 μl; 50 U/mL) were 
filtrated using a 0.22-μm filter and then added to the 
sample.  Immediately following filtration, the sample 
was incubated at 37 °C for 20 min. Papain was filtered 
and added, and then the sample was incubated at 37° C 
for 20 min again. Afterwards, the sample was centrifuged 
at 1,500 rpm for 2 min, and the supernatant was 
removed. The precipitate was triturated 3 times in L-15 
complete medium using a glass pipette. Next, the sample 
was centrifuged at 1,500 rpm for 8 min. The precipitate 
was collected and washed twice with F-12 complete 
medium. Finally, 400 μl of F-12 complete medium was 
added to the sample and placed into a 35-mm 
Laminin/PDL dish for incubation in an incubator (37 °C, 
5% CO2) for 3 hours. The sample was washed twice with 
F-12 complete medium for further electrophysiological 
study [20]. 

Electrophysiological recording 

Whole-cell patch clamp recording was used to record the 
electrophysiological and AP properties of dissociated TG 
neurons that were maintained in primary culture for 3 
hours. Plastic chambers containing trigeminal neurons 
were placed on the microscope sample stand (Olympus 
BX51WI microscope, Olympus, USA), after which the 
cells were superfused with extracellular solution flowing 
into the plastic chamber at a flow rate of 1 ml/min at 
room temperature. The extracellular solution was 
composed of 145 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 
mM MgCl2, 10 mM D-Glucose and 10 mM HEPES; the 
pH value was adjusted to 7.40 with 1 M NaOH, and the 
osmolality was adjusted to 320 mOsm/kg with glucose. 
Glass microelectrodes with an outer diameter of 1.5 mm 
and an inner diameter of 0.86 mm (Sutter Instruments, 

Navato, CA, USA) were pulled on a microelectrode 
puller (Sutter Instrument) and heat polished using a 
microforge (Narashige, Tokyo, Japan) to a diameter of 1-
2 μm. 

Next, microelectrodes were filled by an intracellular 
solution (composed of 140 mM K-gluconate, 1 mM 
CaCl2, 2 mM MgCl2, 10 mM EGTA, 10 mM HEPES and 
10 mM ATP; osmolality adjusted to 280 ± 5 with 
glucose). Then, microelectrodes were inserted to the 
headstage of an Axopatch amplifier (Axon, Sunnyvale, 
CA, USA). In current-clamp recording, to evaluate AP 
properties in response to the different stages of estrous 
cycle, the membrane potential was manually held at -60 
mV and injected with a current of 10 pA/step with 100 
ms duration. The criteria for successful recording were a 
minimum 10 min recording time, with a stable RMP of 
more negative than -40 mV; an amplitude of the action 
potential that was greater than 70 mV; and an input 
resistance that was higher than 100 mega-ohm. The 
protocol was adapted from previous reports [21, 22]. The 
cell diameter was evaluated as the average of the longest 
and shortest axis in a BX51WI upright microscope 
(Olympus, Tokyo, Japan). Only cells with diameter < 38 
μm were analyzed. 

Assessment of the AP properties 

The current clamp injected with brief (100 ms) current 
pulses from a holding potential at -60 mV is shown in 
Fig. 1A. The threshold (mV) was the lowest membrane 
potential that yielded the first depolarization phase of an 
AP. Rheobase (pA) was the minimal current injection 
that was able to cause the depolarization phase of an AP. 
The AP height (mV) was measured as the elevation of an 
AP measured from the holding potential to peak 
amplitude of the AP. The AP overshoot (mV) was 
measured as the elevation of an AP measured from 0 mV 
to peak amplitude of the AP. The rising time (ms) was 

Fig. 1 Assessment of the AP properties.  (A) Currents in each 
step are incremented by 10 pA (total 7 currents and 2 spikes). (B) 1 
= threshold, 2 = AP rising time, 3 = AP falling time, 4 = AP 
duration, 5 = AP overshoot, 6 = AP height and 7 = AHP depth. (C)
7 = AHP depth and 8 = AHP duration     



S-32 J Physiol Sci (2015) 65 Suppl 2: S-29 – S-35 

8th FAOPS Congress, November 22-25, 2015, Bangkok, Thailand

measured as the duration of the rapid depolarization 
phase, which was measured from the threshold to peak 
amplitude of an AP. The AP falling time (ms) was 
measured as the duration of the less positive phase, 
which was measured from a peak amplitude of an AP to 
the holding potential (Fig. 1B). The after-
hyperpolarization depth (AHP depth mV) is the de-
escalation of an AP measured from the holding potential 
to the negative peak of an AHP. The AHP duration (ms) 
is the duration time from the negative peak of an AHP to 
50% of the recovery of the holding potential (Fig. 1C). 

Data analysis 

All data are presented as mean ± standard errors of the 
mean (SEM). Statistical analysis was performed using 
IBM SPSS Statistics data editor. A one-way ANOVA 
was used to detect the change among groups that are 
varied due to the stages of estrous cycle. An independent 
Bonferroni post hoc test was used to determine 
intergroup differences. A P < 0.05 was accepted as 
statistically significant. 

Results 

After decapitation, blood serum was immediately  

collected to analyze the estrogen level. A comparison of 
the estrogen levels at each stage of the estrous cycle (Fig. 
2A) demonstrated that the estrogen level at the proestrus 
stage (61.00 ± 1.41 pg/ml, n = 5) was the highest among 
the estrous cycle stages (comparing with diestrus, 31.00 
± 2.18 pg/ml, n = 5; post hoc test, P < 0.05). Further-
more, the estrogen level at the estrus stage was signifi-
cantly higher than the level at the diestrus stage (46.33 ± 
2.89 pg/ml, n = 5; post hoc test, P < 0.05), whereas the 
estrogen level at the metestrus stage was significantly 
lower than the level at the diestrus stage (21.00 ± 2.65 
pg/ml, n = 5; post hoc test, P < 0.05). The results showed 
that the overall estrogen level among four different stages 
of estrous cycle was significantly changed (one-way 
ANOVA, P < 0.05). 

The vaginal smear demonstrated that the cytological 
properties of the vaginal cells changed according to the 
estrogen level at different stages of the estrous cycle. At 
the diestrus stage, there were more leukocytes than 
nucleated epithelial cells (Fig. 2E). In the proestrus stage, 
there were only clusters of round nucleated epithelial 
cells, which included a granular cytoplasm and a nucleus 
(Fig. 2F). In the estrus stage, there were only clusters of 
cornified epithelial cells (Fig. 2G). In the metestrus stage, 
there were more leukocytes than cornified epithelial cells 
(Fig. 2H). However, there were no differences in the 
morphology of TG neurons at four different stages of 

Fig. 2 Evaluation of estrous cycling female rats.  (A) the 
concentration of estrogen at each stage of estrous cycle. * P < 0.05 
compared with diestrus stage (one-way ANOVA followed by post
hoc test). (B-D) representative microphotographs of vaginal 
cytological samples. (B) Nucleated epithelial cells; (C) cornified 
epithelial cells; and (D) leukocytes. Panel (E-H), representative 
samples taken from vaginal smears at each stage of the estrous 
cycle. (E) Diestrus stage, leukocytes appear more than nucleated 
epithelial cells 

(F) proestrus stage, only nucleated epithelial cells are found; (G)
estrus stage, only cornified epithelial cells are found; (H) mete-
strus stage, leukocytes appear more than cornified epithelial cells. 
Panel (I-L), representative characterization of primary cultured 
TG neurons at four different stages of the estrous cycle. (I) Dies-
trus stage; (J) proestrus stage; (K) estrus stage; and (L) metestrus 
stage. The morphology of TG neurons do not change due to estro-
gen level or stage of the estrous cycle.
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estrous cycle stage (Figs. 2I, 2J, 2K and 2L).  
At each stage of the estrous cycle, the dissociated TG 

neurons in the primary culture were recorded using a 
whole-cell patch clamp configuration, of which depola-
rizing current steps were used to stimulate TG neurons to 
analyze the AP characteristics (Fig. 3A, 3B, 3C and 3D). 
The TG neurons at each stage of the estrous cycle had 
similar RMP values (Table 1, RMP, one-way ANOVA, p
= 0.207). The threshold at the proestrus and estrus stages 
was significantly lower than thresholds at the diestrus 
stage (Table 1, Threshold, post hoc test, P < 0.05, P <
0.05, respectively). However, threshold in metestrus 
stage was invariant to diestrus stage (Table 1, AP thre-
shold, post hoc test, P = 0.422). The rheobase at the 
proestrus and estrus stages was also lower than the rheo-
base at the diestrus stage (Table 1, Rheobase, post hoc
test, p < 0.05, P < 0.05, respectively). The AP height and 
overshoot at the proestrus stage were significantly higher 
compared to the diestrus stage (Table 1, AP height and 
AP overshoot, post hoc test, P < 0.05, P < 0.05, respec-
tively). The rising time of the AP was not significant at 
any stage (Table 1, AP rising time, one-way ANOVA, P
= 0.124), and the falling time of the AP at the proestrus 
and estrus stages were significantly shorter compared to 
the diestrus stage (Table 1, AP falling time, post hoc test, 
P < 0.05, P < 0.05, respectively). Moreover, the duration 
of the AP at the proestrus and estrus stage were also sig-
nificantly shorter compared to the diestrus stage (Table 1, 
AP duration, post hoc test, P < 0.05, P < 0.05, respective-
ly). The depth of the AHP at the proestrus and estrus 
stages was significantly deeper compared to the diestrus 
stage (Table 1, AHP depth, post hoc test, P < 0.05, P < 
0.05, respectively), whereas the duration of the AHP was 
not changed at any stage (Table 1, AHP duration, one-
way ANOVA, P = 0.131). 

Discussion

The present study investigated the effects of four differ-
ent stages of estrous cycle on the alteration of the AP 
properties linked to the trigeminal nociceptive system. 
Each stage of the estrous cycle was associated with dif-
ferences in the morphology of the vaginal epithelium, 
which was influenced by the level of estrogen. Our find-
ings are consistent with Goldman, et al. [17]; however, 
the morphology of the TG neurons did not change, while 
the properties of the AP were changed.  

Estrogen, which binds to ER-alpha and ER-beta 
receptors, acts via both genomic and non-genomic 
mechanisms to modulate the pain response, 
neurotransmitter systems, and other modulatory systems 
[23, 24]. For AP development in all neurons, voltage-
gated Na channels have a key role in response to rapid 
depolarization, eliciting an AP in TG neurons, which 

leads to pain perception. Voltage-gated Na channels 
Nav1.1 to 1.9 are expressed in TG neurons, including 
Nav1.7 (a tetrodotoxin-sensitive Na channel; TTX-S), 
Nav1.8 (a tetrodotoxin-resistant Na channel; TTX-R), 
and Nav1.9 (TTX-R), which can be stimulated to induce 
an AP [25, 26]. Our results demonstrated that AP 
threshold, rheobase and AP height were altered in the 
condition of high estrogen level at proestrus and estrus 
stages. These findings are consistent with a previous 
study demonstrating that high estrogen level increases 
the specific expression of Nav1.8 and Nav1.9, as well as 
the excitability of trigeminal ganglion neurons by 
reducing the AP threshold and rheobase and that estrogen 
also increases the height of the AP [19]. Nav1.7 and 
Nav1.9 activates at subthreshold resulting to shift of 
membrane potential closing to AP threshold. After 
membrane potential reaches AP threshold, opening of 
Nav1.8 produces AP upstroke in rapid depolarization 
phase [26, 27]. In addition, estrogen has been shown to 
increase the expression of ERK [15], which 
phosphorylates voltage-gated Na channels in TG neurons 
[28]. Thus, high estrogen level during the proestrus and 
estrus stages may increase the expression of Nav1.8, 
Nav1.9, and ERK, which enhances the excitability of TG 
neurons resulting in lower threshold, lower rheobase and 
higher AP height of AP development. 

Additionally, voltage-gated K channels play a key role 
during the falling phase, undershoot phase and 
repolarization phases. Our findings demonstrated that AP 
falling time were reduced while AHP depth were 
increased in the condition that estrogen is elevated at 
proestrus and estrus stages. Previous research has 
demonstrated that estrogen alters the duration of an AP 
through the calcium-activated K channel (BKCa) and 
changes the depth of AHP through the calcium-activated 
K channel (SKCa) in the hippocampal pyramidal neurons 
[29]. Moreover, estrogen also activates L-type Ca 
channels to allow Ca2+ influx, which increases 

Fig. 3  Representative traces of AP development in TG neurons 
at each stage of the estrous cycle. (A) Diestrus stage (B) proes-
trus stage (C) estrus stage; and (D) metestrus stage. 
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intracellular Ca2+ and activates voltage-gated K channels 
[26, 28]. Consequently, a high level of estrogen at the 
proestrus and estrus stages may potentiate the K efflux 
during AP development in TG neurons, which presents 
as shorter AP falling time and deeper AHP depth. 

Overall, our results indicated that increase of TG 
neurons excitability in the condition of high estrogen 
level during proestrus and estrus stages may involve 
migraine attacks during menstrual cycle. It has been 
suggested that activation of voltage-gated ion channels 
surrounding TG nociceptors induces AP development 
which increases TG neurons excitability and causes 
headache pain perception over the migraine attack [30]. 
Upregulation of voltage-gated ion channels following 
high level of estrogen may facilitate AP development in 
TG neurons likely reflects a raise in excitability of the 
trigeminal system to generate migraine attacks in 
menstrual migraine, as TG neurons increase their 
excitability before headache starts. Importantly, the 
influence of estrogen fluctuation on AP properties 
changes in TG neuronal excitability may help explain the 
profound headache observed in menstrual migraine as 
well as suggest a novel target for the treatment of this 
migraine condition. 

Conclusion

Our study demonstrated that estrous cycle modulates AP 
properties of TG neurons in intact female rats. Interes-
tingly, modification of AP development in TG neurons at 
four different stages of the estrous cycle may be induced 
by the cyclical fluctuation of estrogen levels, which may 
relate to modulation of voltage-gated ion channels. The 
results of this study reveal that the neuronal excitability 
of the trigeminal system increases during menstruation, 
which may be the fundamental mechanism underlying 
menstrual migraine. 
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