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Abstract: Objective: This study was to explore whether the acute intermittent hypoxia (AIH) induced hypoglossal 
nerve discharge metaplasticity was dependent on 5-HT2A R-activated PKC (PKC θ) in chronic intermittent hypoxia 
(CIH)-pretreated rats. Methods: Twenty-nine Sprague-Dawley rats were pretreated with CIH before AIH for 3 con-
secutive weeks. The frequency and average peak amplitude of hypoglossal nerve discharges were then recorded 
and compared before and after intravenous injection of saline (control group, n=6), ketanserin tartrate (a selec-
tive antagonist of 5-HT2A receptors, 2 mg/kg, n=8), PKC θ-pseudosubstrate (40 µg/kg, n=8) or ketanserin tartrate 
combined with PKC θ-pseudosubstrate (n=7). Another 15 rats without CIH-pretreatment were randomly divided into 
3 normoxia exposure groups: normoxia-treated rats without AIH exposure as time controls (n=5), normoxia-treat-
ed rats with AIH exposure (n=5) and normoxia-treated rats with ketanserin and PKC θ-pseudosubstrate injection 
(n=5). Results: AIH induced a sustained elevation of hypoglossal nerve activities characterized by long-term facili-
tation (LTF) in spontaneously breathing, vagotomized and anesthetized, CIH-pretreated rats. The increase in CIH-
pretreated rats was significantly higher than innormoxia-treated rats. CIH-induced plasticity by AIH occurred through 
increasing hypoglossal frequency. Compared with control group, the frequency and average amplitude increased 
less in ketanserin group, whereas they significantly decreased in both PKC θ-pseudosubstrate group and ketanse-
rin combined with PKC θ-pseudosubstrate group. Conclusion: Our results indicated that CIH strengthened the AIH 
induced hypoglossal plasticity primarily via increasing hypoglossal frequency, and 5-HT2A R-activated PKC (PKC θ) in 
the hypoglossal neurons may modulate the AIH induced hypoglossal nerve plasticity in CIH-pretreated rats.

Keywords: Acute intermittent hypoxia, chronic intermittent hypoxia, long term facilitation, hypoglossal nerve, fre-
quency long-term facilitation, amplitude long-term facilitation

Introduction

Respiratory behavior has a variety of forms  
of plasticity by altering breathing patterns.  
Rats exposed to acute intermittent hypoxia 
(AIH) and chronic intermittent hypoxia (CIH) 
may present a related form of respiratory neu-
roplasticity [1]. As one of the most widely inves-
tigated forms of respiratory plasticity, respira-
tory long-term facilitation (LTF) is usually 
induced by AIH. However, CIH treatment may 
reduce the stimulation threshold of plasticity 
and amplify the AIH induced plasticity [2]. 
Different forms of LTF, including ventilatory LTF, 

LTF of phrenic and hypoglossal nerve activity 
and LTF of genioglossus activity, have been 
observed and studied in humans and animals 
[3-6]. In anesthetized and vagotomized rats, 
AIH elicits both phrenic amplitude and frequen-
cy LTF but the frequency LTF is small in com-
parison with amplitude LTF [7].

LTF was once investigated as a model for respi-
ratory plasticity without clear physiological 
implications. Nevertheless, its potential signifi-
cance in diseases such as obstructive sleep 
apnea (OSA) has begun to be appreciated [2, 3, 
8-10]. LTF might be a potential physiological 
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compensatory mechanism by which the stabili-
ty of the upper airway was promoted and kept 
open to inhibit the occurrence of apneas [11, 
12]. Studies have revealed that an airway 
obstruction can result from an elevation in pha-
ryngeal negative pressure and from a reduced 
neuromuscular excitability of pharyngeal dila-
torsat sleep onset [13, 14]. The pharyngeal 
musculature is innervated by the hypoglossal 
nerve motoneurons whose neurotransmitters 
are important for the motor control of the pha-
ryngeal dilators [15]. Consequently, the induc-
tion and enhancement of hypoglossal nerve 
LTF (hLTF) may well prevent the collapse of the 
upper airway and lessen the spontaneous 
apneas by enhancing the active contraction of 
the upper airway dilator muscles, allowing 
obstructive sleep apnea-hypoapnea syndrome 
(OSAHS) patients who have not yet reached the 
clinical criteria to compensate for a long time 
[2, 11, 16-19]. Although it is well-known that 
CIH is the most common pathophysiologi- 
cal feature of OSAHS, the role of hypogloss- 
al nerve discharged in OSAHS is still unclear 
after simulation of OSA with CIH-pretreatment. 
Two forms of respiratory plasticity, respiratory 
motor output LTF and progressive augmenta-
tion, may be initiated during and after exposure 
to IH and are able to maintain the breathing 
stability during sleep in sleep apnea individuals 
[3, 10, 20]. Therefore, a thorough understand-
ing of the mechanism(s) underlying the hypo-
glossal plasticity may provide more evidence 
for the development of strategies focusing on 
the enhancement of activity of the pharyngeal 
musculature.

Findings from in vitro experiments have shown 
that the expression of hLTF is serotonin and 
5-HT2A receptor-dependent [19, 21]. Neverthe- 
less, whether adult rats share the same me- 
chanism remains unknown in vivo [22]. More- 
over, the down-stream signal transduction cas-
cades of 5-HT2A receptors have only been dem-
onstrated in phrenic LTF (pLTF), and little is 
known about their roles in hLTF. However, an 
investigation based on the Western blot assay 
showed that the expression of phospho-pro- 
tein kinase C theta (P-PKC θ) in the pre-Bötzing-
er complex was significantly up-regulated in 
CIH-treated rats, indicating that PKC θ plays a 
prominent role in the formation of LTF [23]. 
Since 5-HT2A receptors are definitely coupled to 
PKC, we hypothesized that a 5-HT2A R-activated 

PKC (PKC θ) mechanism may contribute to the 
AIH-induced hypoglossal plasticity in vivo in 
CIH-pretreated rats. In the present study, simi-
lar equipment and experimental protocols were 
used to investigate the cellular/synaptic mech-
anisms of LTF [24-27], in which the changes in 
the frequency and average peak amplitude of 
hypoglossal nerve discharges were determined 
in vagotomized and anesthetized rats, aiming 
to test our hypothesis.

Material and methods

Animals and experimental protocols

Adult male Sprague-Dawley rats weighing 250-
300 g were purchased from the Center for 
Animal Experiments of Wuhan University. The 
whole protocols employed in this study were 
approved by the Committee on the Use of 
Animals for Teaching and Research of the 
Medical School of Wuhan University. These pro-
tocols also conformed to the China Committee 
of Experimental Animal Care, and the NIH 
guidelines.

CIH exposure and AIH stimulation

Rats were housed in animal chambers (30 
cm×20 cm×13 cm, 7.8 L, 3 rats per chamber) 
and exposed to intermittent hypoxia (30 s  
of normobaric hypoxia [10% FiO2] interrupt- 
ed with 60 s of normoxia [FiO2=21%]) for 8 h 
once daily (8:00 AM to 4:00 PM) for 3 con- 
secutive weeks. Normobaric hypoxia was gen-
erated according to previously reported [28].  
In brief, the chambers were flushed with alter-
nating mixtures of 100% oxygen and 100% 
nitrogen with a time-concentration cycled mo- 
de in a 90-second-long cycle at a stable and 
sufficient rate controlled by the gas control 
delivery system. This system was developed by 
Fenget al, can control gas concentration and 
simulate intermittent hypoxia/re-oxygenation, 
and is suited for studies on the effects of inter-
mittent hypoxia in animals [28, 29]. In accor-
dance with the study design, after daily CIH 
exposure, animals were removed from the 
chambers and housed under a normal condi-
tion in room air. Rats were given ad libitum 
access to food and water throughout the exper-
iments, and the room temperature was main-
tained at 23-25°C.

The AIH protocol consisted of three hypoxic 
exposures (10% O2 in nitrogen, 5 min per expo-
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sure) interrupted by 5 min of 100% O2. The  
traces of oxygen in the chambers during CIH 
and AIH are shown in Figure 1.

Hypoglossal nerve electrophysiological record-
ing

Rats were intraperitoneally anesthetized with 
20% urethane (1.0-1.2 g/kg), which was sup-
plemented hourly with a 15% initial dose to 
maintain adequate anesthesia and was evalu-
ated by testing the withdrawal reflex to a toe 
pinch before surgery. Animals were fixed in  
the supine position on aheating pad, and the 
rectal temperature was maintained at 37.5 ± 
1°C. A longitudinal incision was made at the 
midcervical region anda tracheostomy was  
carried out beneath the cricoid cartilage. Then, 
rats were mechanically ventilated (Rodent Ven- 
tilator 683, Harvard Apparatus Inc., Holliston, 
MA, USA).A femoral vein was cannulated with 
an intravenous catheter, and was continuous- 
ly infused with 10% potassium chloride in 5% 
glucose sodium chloride (5 ml/250 ml) at a  
rate of 6-9 ml/kg/h to maintain homeostasis, 

The vagus nerves were isolated and cut bilater-
ally. The left hypoglossal nerve was isolated 
through a ventral approach, desheathed, sub-
merged in liquefied petrolatum and placed on a 
bipolar silver electrode. All efforts were made 
to ensure the normal physiological function of 
the nerve. The hypoglossal nerve discharge sig-
nals were digitized, recorded and analyzed with 
a medical biological signal processor (band-
pass filtered 30-3000 Hz, model RM-2000, 
Nihon Kohden, Japan). The amplified signal was 
integrated (time constant 50 ms) and acquired 
with a software. At the end, rats were killed by 
overdose anesthesia with urethane.

Experimental protocol

Ketanserin tartrate, a selective antagonist  
of 5-HT2A receptors (Tocris-Cookson, Ellisville, 
MO, USA) and PKC θ-pseudosubstrate (Bio- 
Source International Inc., Camarillo, CA, USA) 
were used in this study. All the drugs were dis-
solved in dimethylsulfoxide (DMSO) or saline 
according to manufacturer’s instructions, and 

Figure 1. Traces of chamber oxygen during CIH (A) and AIH (B) exposures. CIH 
exposure: Rats were placed in chambers and repeatedly exposed to normo-
baric hypoxia (FiO2=10%) for 30 s interrupted with 60 s of normoxia exposure 
(FiO2=21%) for a total of 8 h once daily for 3 consecutive weeks. Non-CIH 
exposure: normoxia-treated rats were housed in room air andnot exposed to 
hypoxia. AIH exposure: Rats were exposued to AIH (FiO2=10%) for 5 min fol-
lowed by 5-min 100% O2, which was repeated three times.

oradministrated an intrave-
nous bolus of 5% sodium 
bicarbonate to correct meta-
bolic acidosis, if possible. 
Contralateral femoral venous 
catheter was inserted for  
drug administration. A femo-
ral arterial catheter was also 
cannulated for blood sam-
pling and subsequent arterial 
blood gas analysis (ABL-800; 
Radiometer Medical ApS, Co- 
penhagen, Denmark) as well 
as monitoring of blood pres-
sure. The arterial blood was 
collected a few min before  
AIH and at 15, 30 and 60  
min after AIH, or at corre-
sponding time points in con-
trol group. The end-tidal CO2 
partial pressure (PETCO2) was 
measured from the expired 
gas with a CO2 analyzer (Ca- 
pnogard, Respironics Nova- 
metrix, Wallingford, CT, USA), 
and used to reflect the arte- 
rial CO2 for the purpose of 
maintaining isocapnia and 
were confirmed by blood gas 
analysis.
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administered through an established femoral 
vein catheter (≤0.2 ml per injection).

All experiments were performed on a total of 
44 Sprague-Dawley rats which were randomly 
divided into 7 CIH groups and a normoxia group 
(Table 1). Twenty-nine rats were pretreated 
with CIH for 3 consecutive weeks before AIH: a 
control group (group 1, n=6) with saline injec-
tion only; a ketanserin group (group 2, n=8), 
and a PKC θ-pseudosubstrate group (group 3, 
n=8), where three 5 min exposures to AIH 
(FiO2=10%, 16 h after the last exposure to  
CIH) were performed 10 min after ketanserin  
(2 mg/kg) or PKC θ-pseudosubstrate (40 µg/
kg) treatment, and then the hypoglossal ner- 
ve discharges were recorded and analyzed. 
There was also a ketanserin combined with 
PKC θ-pseudosubstrate group (group 4, n=7), 
in which ketanserin was first administered fol-
lowed by a PKC θ-pseudosubstrate injection 
with a 10 min interval, and then three 5 min 
exposures to AIH (FiO2=10%) were adminis-
tered 10 min later. Afterwards, the hypoglo- 
ssal nerve discharges were recorded and ana-
lyzed. Another 15 rats without CIH-pretreat- 
ment were randomly divided into 3 normoxia 
groups: normoxia-treated rats without expo-
sure to AIH (group 5, n=5), normoxia-treated 
rats with AIH stimulation (group 6, n=5) and 
normoxia-treated rats with ketanserin and  
PKC θ-pseudosubstrate injection (group 7, 
n=5). The normoxia-treated rats were main-
tained for an equivalent duration at baseline 
conditions but not exposed to hypoxia. Ratsin 
group 5 were not subjected to exposure to AIH, 
but instead were left undisturbed for the equal 
amount of time needed to run the AIH treat-
ment, to account for any changes in recorded 
parameters over time. However, arterial blood 
gases were tested following this control period. 
In intermittent hypoxia exposure groups, arteri-

al blood gas and MAP were detected at base-
line, and 15 min, 30 min and 60 min after drug 
injections.

Data analysis

The frequencies and peak amplitudes of hypo-
glossal nerve discharges were recorded and 
analyzed at baseline and 15, 30 and 60 min 
after AIH. Different baselines (control vs. mea-
sures made after application of a selected 
drug) were being used to normalize the data. 
Expressing changes in hypoglossal amplitude 
relative to the baseline or a standardized maxi-
mum level of activity served to minimize con-
cerns regarding potential normalization arti-
facts that could occur when comparing neuro-
grams within and between rats. Changes in the 
amplitude were normalized as a percentage of 
the baseline value because all responses were 
similar regardless of the normalization used, 
while the burst frequency was recorded as an 
absolute value. The changes in the average fre-
quency and peak amplitude of hypoglossal 
nerve discharges of rats receiving ketanserin 
and PKC θ-pseudosubstrate treatment were 
normalized to those of rats receiving saline 
alone. Data were analyzed for a normal distri-
bution using box plots. A two-way ANOVA and 
repeated measures ANOVA were used to iden-
tify the interactions or effects of treatment and 
time, followed by a LSD (Least Significant 
Difference) test to compare the changes in 
hypoglossal nerve discharges among all groups 
at baseline and 15, 30 and 60 min after drug 
delivery and to evaluate the effects of treat-
ments (normoxic-treated vs. normoxic-treated 
+ AIH, CIH-pretreated, or CIH-pretreated + AIH) 
over time after drug injections (saline, ketanse-
rin, PKC θ-pseudosubstrate, or ketanserin + 
PKC θ-pseudosubstrate). The groups were com-
pared if the overall F value was significant 

Table 1. Study design
Group N CIH-pretreated Normoxia-treated Drug (s) AIH
1 6 + Saline +
2 8 + Ketanserin +
3 8 + PKC θ-pseudosubstrate +
4 7 + Ketanserin + PKC θ-pseudosubstrate +
5 5 +
6 5 + +
7 5 + Ketanserin + PKC θ-pseudosubstrate
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Table 2. Arterial blood gases and mean arterial pressure at baseline and 15, 30 and 60 min post 
acute intermittent hypoxia
Parameters Groups N Baseline 15 min 30 min 60 min
PaCO2 (mm Hg) Group 1 6 44.9 ± 1.9 45.2 ± 2.1 45.1 ± 2.1 45.2 ± 1.9

Group 2 8 45.1 ± 2.1 45.0 ± 2.0 45.1 ± 1.9 44.9 ± 2.1
Group 3 8 44.5 ± 2.0 43.8 ± 1.9 44.1 ± 2.1 43.9 ± 2.0
Group 4 7 44.8 ± 1.9 43.2 ± 2.1 44.3 ± 2.0 44.6 ± 2.1
Group 5 5 45.4 ± 2.1 45.4 ± 1.9 44.7 ± 1.8 44.7 ± 2.1
Group 6 5 45.1 ± 2.0 45.2 ± 2.2 45.0 ± 2.1 44.9 ± 2.0
Group 7 5 45.0 ± 1.8 45.3 ± 2.0 44.7 ± 2.3 45.0 ± 2.1

PaO2 (mm Hg) Group 1 6 214.2 ± 13.0 218.5 ± 8.9 216.1 ± 10.2 216.5 ± 9.8
Group 2 8 219.3 ± 12.9 217.8 ± 10.2 218.6 ± 9.9 220.3 ± 10.1
Group 3 8 216.3 ± 13.1 218.3 ± 11.9 219.2 ± 12.1 219.6 ± 13.0
Group 4 7 215.8 ± 13.1 225.8 ± 12.2 225.4 ± 12.0 224.9 ± 13.1
Group 5 5 217.5 ± 11.7 217.3 ± 11.5 217.0 ± 13.2 214.9 ± 12.4
Group 6 5 218.3 ± 13.2 218.8 ± 10.9 218.3 ± 11.6 215.8 ± 14.2
Group 7 5 216.7 ± 12.3 218.3 ± 13.4 218.2 ± 13.1 216.7 ± 12.2

pH Group 1 6 7.40 ± 0.01 7.41 ± 0.02 7.39 ± 0.01 7.40 ± 0.01
Group 2 8 7.37 ± 0.01 7.36 ± 0.01 7.38 ± 0.02 7.36 ± 0.03
Group 3 8 7.38 ± 0.01 7.33 ± 0.01 7.34 ± 0.00 7.32 ± 0.01
Group 4 7 7.34 ± 0.01 7.37 ± 0.01 7.36 ± 0.01 7.35 ± 0.01
Group 5 5 7.37 ± 0.02 7.41 ± 0.01 7.41 ± 0.01 7.39 ± 0.01
Group 6 5 7.37 ± 0.03 7.40 ± 0.02 7.39 ± 0.02 7.39 ± 0.02
Group 7 5 7.36 ± 0.01 7.41 ± 0.01 7.42 ± 0.01 7.40 ± 0.01

HCO3
- (mmol/L) Group 1 6 21 ± 1 23 ± 1 24 ± 1 23 ± 2

Group 2 8 21 ± 1 22 ± 1 22 ± 2 20 ± 1
Group 3 8 22 ± 1 24 ± 2 23 ± 1 22 ± 1
Group 4 7 23 ± 1 24 ± 1 23 ± 2 24 ± 1
Group 5 5 21 ± 1 25 ± 1 24 ± 1 26 ± 1
Group 6 5 22 ± 2 26 ± 1 25± 1 25 ± 2
Group 7 5 22 ± 1 25 ± 2 24 ± 2 26 ± 2

MAP (mm Hg) Group 1 6 108 ± 5 105 ± 6 109 ± 9 106 ± 5
Group 2 8 105 ± 4 107 ± 6 108 ± 5 105 ± 6
Group 3 8 107 ± 7 109 ± 9 109 ± 6 111 ± 13
Group 4 7 108 ± 4 110 ± 6 108 ± 10 108 ± 5
Group 5 5 108 ± 4 107 ± 6 109 ± 5 106 ± 5
Group 6 5 110 ± 5 108 ± 5 110 ± 4 108 ± 4
Group 7 5 109 ± 4 106 ± 4 108 ± 4 105 ± 6

Notes: Data are means ± SEM. There were no significant differences in the arterial blood gases and MAP among groups 
during the entire experiments. Group 1: CIH-pretreated + saline (n=6); Group 2: CIH-pretreated + ketanserin (n=8); Group 3: 
CIH-pretreated + PKC θ-pseudosubstrate (n=8); Group 4: CIH-pretreated + ketanserin & PKC θ-pseudosubstrate (n=7); Group 
5: normoxia-treated without AIH (n=5); Group 6: normoxia-treated with AIH (n=5); Group 7: normoxia-treated with ketanserin & 
PKC θ-pseudosubstrate (n=5).

(P<0.05). That is, statistical comparisons be- 
tween the normoxic group or the control group 
and the intermittent hypoxia exposure groups, 
and other pairwise multiple comparisons were 
made using the LSD method. To determine 
whether or not blood-gas values and mean 

arterial pressure (MAP) changed over time, a 
one-way ANOVA across the different time po- 
ints was used in each experimental group and 
between groups. All the data are expressed as 
means ± standard error (SE). A value of P<0.05 
was considered statistically significant.
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Results

General data 

Our results showed a continuously stable rhyth-
mic hypoglossal nerve discharge in both nor-
moxia treated rats and CIH-pretreated rats  
for at least 60 min. Also, there were no time-
dependent changes in hypoglossal motor out-
put in the absence of hypoxia. Likewise, ketan-
serin or PKC θ-pseudosubstrate alone failed  
to alter the hypoglossal motor output over  
time in the absence of hypoxia.

Blood gases and MAP

Since alterations in PaCO2 as small as 1-2 
mmHg may significantly influence the bre- 
athing, arterial PaCO2 was closely monitored 

throughout the experiments. Although slight 
variations were found in thearterial blood gases 
and MAP during the whole experiments, signifi-
cant difference was not observed (Table 2). The 
baseline pH, PaCO2 and HCO3

- were compara-
ble across all groups. Also, MAP before drug 
administration was similar across all groups, 
and both AIH and time had no influence on the 
MAP throughout the experiments (Table 2).

Effect of AIH on the hypoglossal nerve dis-
charge in CIH-pretreated rats

After three 5 min exposures to AIH, the frequen-
cy and average peak amplitude of hypoglossal 
nerve discharges significantly increased, which 
sustained for at least 60 min in both normoxia-
treated rats and CIH-pretreated rats, indicat- 

Figure 2. Representative integrated signals of hypoglossal nerve discharge before and after AIH in normoxia group 
(A) and CIH-pretreated group (B). (C and D) frequencies and average peak amplitudes of hypoglossal nerve discharg-
es in both groups. The nerve activities significantly increased at 15, 30 and 60 min after AIH in both groups, and 
the increase in the hypoglossal discharge of normoxia group was significantly lower than in CIH-pretreated group. 
*P<0.05 vs baseline. #P<0.05 vs control group.
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ing a characteristic of hypoglossal LTF (Figure 
2A and 2B). Further, the frequency of hypog- 
lossal nerve discharges in CIH-pretreated rats  
significantly increased after AIH (94.38 ± 13.15 
bursts/min at baseline, 179.62 ± 15.36 bursts/
min at 15 min, 192.31 ± 12.45 bursts/min  
at 30 min and 200.13 ± 14.25 bursts/min at 
60 min, respectively), which were significant- 
ly higher than those innormoxia-treated rats 
(59.34 ± 12.52, 102.36 ± 13.61, 103.78 ± 
16.22 and 101.81 ± 16.10 bursts/min, re- 
spectively) (Figure 2C). Also, the increases in 
the average peak amplitude in CIH-pretreated 
rats were higher than innormoxia-treated rats. 
At 15, 30 and 60 min, the average peak am- 
plitude was 150.73 ± 8.35%, 163.86 ± 10.23% 
and 200.12 ± 9.42% respectively, in CIH-pre- 
treated rats and 103.46 ± 9.35%, 109.65 ± 
8.91% and 113.28 ± 10.26%, respectively, in 
normoxia-treated rats (Figure 2D). These re- 
sults demonstrate that AIH can induce a long-
lasting enhanced hypoglossal nerve discharge 
(hLTF) and it may be markedly strengthened  
by CIH.

Ketanserin partially eliminates CIH-enhanced 
hypoglossal nerve discharge

Figure 2C and 2D illustrate the frequencies  
and average peak amplitudes of hypoglossal 
nerve discharges innormoxia group and in CIH-
pretreated group. After intravenous injection  
of ketanserin prior to AIH, the frequency and 
average peak amplitude of hypoglossal nerve 
discharges modestly increased when com-
pared with those at baseline, the extents were 
significantly lower than those incontrol group, 
and the parameters at 30 min and 60 min  
were still higher than those at the baseline 
(Figure 3A). The hypoglossal nerve activities in 
the ketanserin-treated group still significant- 
ly increased at 15, 30 and 60 min after AIH 
(Figure 3B), they were 136.83 ± 4.46, 133.32 
± 12.35 and 108.09 ± 11.52 bursts/min, re- 
spectively, in ketanserin group (vs 95.76 ± 
18.07 bursts/min at baseline), and 181.76 ± 
19.59, 202.13 ± 17.73 and 225.40 ± 11.41 
bursts/min, respectively insaline group (vs 
94.48 ± 13.03 bursts/min at baseline). How- 

Figure 3. Representative integrated signals of hypoglossal nerve discharge before and after AIH in ketanserin-
treated group (A). (B and C) frequencies and average peak amplitudes of hypoglossal nerve discharges in both 
ketanserin-treated group and control group (saline injection only). The nerve activities significantly increased at 15, 
30 and 60 min after AIH, and the increase in hypoglossal discharge of ketanserin-treated group was significantly 
lower than incontrol group. *P<0.05 vs baseline. #P<0.05 vs control group.
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ever, the increase in hypoglossal discharge  
frequency in ketanserin group was significant- 
ly lower than incontrol group (Figure 3C). 
Similarly, the increase in the average hypog- 
lossal amplitude post-AIH was markedly lower 
than incontrol group (Figure 3C). At 15, 30 and 
60 min, they were 128.3 ± 7.61%, 136.48 ± 
9.39% and 158.36 ± 14.35%, respectively, in 
ketanserin group and 151.82 ± 8.84%, 161.93 
± 18.27% and 200.77 ± 12.85%, respectively, 
in saline group. These results demonstrate that 
the enhanced hypoglossal nerve activity after 
CIH is not completely blocked by ketanserin.

PKC θ-pseudosubstrate inhibits AIH-stimulated 
long-term hypoglossal nerve activity in CIH-
pretreated rats

In order to identify the possible involvement  
of PKC θ in the formation of long-term hypog- 
lossal nerve activity, PKC θ-pseudosubstrate 
was intravenously injected before AIH. The fre-
quency and average amplitude of hypoglossal 
nerve discharge transiently increased at 15 

min, and then decreased gradually to the base-
line level at 30 and 60 min after AIH (Figure 
4A). The average frequency of hypoglossal 
post-AIH reduced to 65.98 ± 24.10 bursts/min 
at 30 min and 87.07 ± 18.53 bursts/min at  
60 min, while the average amplitude post-AIH 
dropped to 97.69 ± 8.29% at 30 min and in- 
creased to 105.10 ± 6.85% at 60 min when 
compared with that at baseline (Figure 4B and 
4C). These findings indicate that the hypoglos-
sal nerve discharge is able to be blocked by 
PKC θ-pseudosubstrate, suggesting that hypo-
glossal plasticity expression is associated with 
PKC θ.

Effect of ketanserin combined with PKC 
θ-pseudosubstrate on the hypoglossal nerve 
motor output after AIH in CIH-pretreated rats

In the combined treatment group, PKC θ-pseu- 
dosubstrate was used 10 min after intravenous 
injection of ketanserin, and then rats were 
given three 5 min exposures to AIH. The aver-

Figure 4. Effect of PKC θ-pseudosubstrate on the CIH-enhanced plasticity (A). Changes in frequency (B) and aver-
age amplitude (C) were determined at 15, 30 and 60 min after PKC θ-pseudosubstrate administration prior to AIH. 
Rats in control group (saline injection only) had no PKC θ-pseudosubstrate administration. *P<0.05 vs baseline. 
#P<0.05 vs control group.
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age frequencies of hypoglossal post-AIH de- 
creased to 65.89 ± 3.3 bursts/min at 30 min 
and 64.74 ± 12.46 bursts/min at 60 min, while 
the average amplitudes post-AIH decreased  
to 90.27 ± 8.8% at 30 min and to 98.42 ± 
5.48% at 60 min. Both the average frequencies 
and amplitudes of hypoglossal post-AIH de- 
creased (Figure 5A-C). These findings suggest 
that the combined delivery of ketanserin and 
PKC θ-pseudosubstrate before AIH completely 
block hLTF. However, when compared with 
treatment with PKC θ-pseudosubstrate alone, 
the respiratory rate LTF after combined treat-
ment was not only abolished but actually 
reversed to be long-term depression, because 
the respiratory rate significantly declined be- 
low the baseline level after AIH.

Discussion

Our findings demonstrated that AIH induced an 
enhancement of the frequency of hypoglossal 
nerve activities in CIH-pretreated rats, accom-
panied by an increase in the average peak 

amplitude. These indicate that it is a frequency 
hypoglossal LTF and a amplitude LTF. Following 
the intravenous injection of ketanserin, a selec-
tive antagonist of 5-HT2A receptors, the CIH-
enhanced long-term hypoglossal nerve acti- 
vity after AIH was partially eliminated, while  
the hypoglossal nerve facilitation disappear- 
ed after administration of PKC θ-pseudosubs- 
trate. These suggest that the AIH-induced plas-
ticity in vagotomized and anesthetized CIH-
pretreated rats requires the 5-HT2A R-activated 
PKC θ signal transduction pathway, and the  
frequency LTF or amplitude LTF is PKC θ de- 
pendent.

However, in each group, the mean PaCO2  
was comparable at different time points and 
among groups, implying a consistent isocap- 
nic condition throughout the experiment. Like- 
wise, PaO2 remained unchanged after AIH, sug-
gesting a consistent hyperoxia condition which 
also excludes the PaO2 fluctuatione. These 
results confirm that neither hypoglossal am- 

Figure 5. Effect of ketanserin combined with PKC θ-pseudosubstrate on CIH-enhanced plasticity (A). Changes in fre-
quency (B) and average amplitude (C) were determined at 15, 30 and 60 min after PKC θ-pseudosubstrate admin-
istration prior to AIH. Rats in control group (with saline injection only) had no ketanserin and PKC θ-pseudosubstrate 
administration. *P<0.05 vs baseline. #P<0.05 vs control group.
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plitude LTF nor frequency LTF are influenced  
by PaCO2.

Hypoglossal nerve plasticity after AIH can be 
strengthened by CIH

AIH is a physiological stimulation and it has 
been demonstrated that exposure to AIH can 
evoke pLTF [30] and hypoglossal LTF [16, 22] in 
anesthetized rats as well as ventilatory LTF 
(vLTF) in conscious, spontaneously breathing 
dogs, goats, ducks, rats and mice [31-36]. Our 
present results showed that AIH induced the 
plasticity of the hypoglossal nerve discharge in 
normoxia-treated rats and CIH-pretreated rats, 
in which the increased hypoglossal nerve dis-
charges were significantly higher than those in 
normoxia-treated rats, which means that the 
hypoglossal nerve plasticity after AIH can be 
enhanced by CIH. These finding were consis-
tent with those reported in earlier studies [2, 
37].

Thus, the effect of CIH on LTF is a good example 
of metaplasticity in respiratory motor control 
[2, 12]. CIH pretreatment establishes a new 
background condition, which modulates a sub-
sequent LTF when it is similarly elicited. The 
same phenomenon was found in the hypoglos-
sal nerve discharge in our study.

Enhanced hypoglossal nerve activity after CIH 
partially depends on 5-HT2A receptor

Although studies have shown that the pLTF 
after intermittent hypoxia is 5-HT2A receptor-
dependent in vivo in rats [38], there is little  
evidence on whether hLTF also requires the 
activation of 5-HT2A receptor. Some studies re- 
veal that 5-HT2 receptor agonist can elicit the 
hLTF [19], however, there are limitations in 
these investigations since only neonatal rats 
were used and the changes in LTF and sero-
tonin receptors were age dependent [39-42]. 
Meanwhile, multiple 5-HT receptor subtypes, 
including 5-HT2A receptor, have been identified 
and found to play a crucial role in eliciting  
pLTF [43-45]. However, only 5-HT2A receptor 
seems to be able to evoke all kinds of LTF [21, 
22, 46]. Furthermore, 5-HT2A receptor is abun-
dant in the motor nuclei of the hypoglossal 
nerve [47]. Thus, we speculate that hLTF may 
also require 5-HT2A receptor. In the present 
study, results showed CIH pretreated rats  
with ketanserin administration before AIH pre-

sented only partially blocked hLTF, which was 
consistent with the findings from previous stud-
ies [2, 35, 48]. However, an earlier investiga- 
tion showed the eupneic hypoglossal motor 
output was tonic facilitory influenced by the 
5-HT2 receptor, which was conflicting with our 
findings [21]. One possible explanation is that 
hLTF may be attributed to their genetic pre- 
disposition [49] but another, perhaps more  
likely, is that 5-HT receptor subtypes other  
than 5-HT2A receptor or non-serotonin recep-
tors such as alpha-1 receptor [50] are involved. 
However, AIH-induced pLTF is dominated by  
the serotonin-dependent pathway and actually 
restrained via inhibiting the adenosine-depen-
dent pathway. Severe AIH with PaO2 25-30 
mmHg shifts the pLTF from a serotonin-de- 
pendent mechanism to an adenosine-depen-
dent mechanism [51]. Therefore, we conclude 
that many signaling pathways are involved in 
the formation of hLTF, and especially the 
upstream signal transduction of 5-HT2A recep-
tor needs to be fully characterized.

CIH enhances hypoglossal nerve plasticity with 
involvement of PKC θ activation

G protein-coupled receptors are participants  
of complex signal transduction and plasticity 
regulatory mechanisms that modulate recep- 
tor responsiveness before activating the PKC 
pathway [52]. 5-HT2A receptor belongs to G  
protein-coupled receptor family and iscoupled 
to PKC [52], and therefore, PKC plays a critical 
role in the formation of LTF. Studies have 
revealed that PKC is a common signal trans-
duction downstream pathway including at le- 
ast the 5-HT2 receptor [37, 50, 53] and 
α1-adrenergic receptors [50]. This was also 
confirmed in the present study. Our results 
showed that the combined delivery of ketanse-
rin and PKC θ-pseudosubstrate before AIH 
completely blocked hypoglossal nerve activity 
for long-term expression. Although PKC θ-pseu- 
dosubstrate alone completely suppressed the 
response, the respiratory rate LTF in the pres-
ence of two drugs was not only abolished but 
actually reversed to be long-term depression, 
because the respiratory rate significantly de- 
clined below the baseline level after AIH (Fig- 
ure 5A-C). In contrast, if intravenous ketanserin 
alone was used, hLTF was only partially elimi-
nated. Thus, the CIH-enhanced hypoglossal LTF 
is dependent on PKC θ. Our results are con- 
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sistent with the findings in an earlier report  
in which PKC θ was expressed in the pre- 
Bötzinger complex, and its expression is obvi-
ously up-regulated in CIH-treated rats [23].

The frequency and amplitude hypoglossal LTF 
increase following CIH pre-treatment

Our results demonstrated an AIH induced hypo-
glossal nerve plasticity following CIH pre-treat-
ment, which is in agreement with earlier stud-
ies [2, 54]. However, after CIH pre-treatment, 
the impact of AIH on the hypoglossal nerve 
activity changed and found on both the burst 
frequency and the amplitude of hypoglossal 
activity, indicating increases in the frequency 
hypoglossal LTF and the amplitude LTF. In 
Figure 2, the amplitude LTF was very small in 
normoxia-treated rats (3-13%), but it was 
58-100% in rats pretreated with CIH. Therefore, 
almost the entire amplitude LTF, about 90%, 
could be ascribed to the CIH pretreatment. In 
contrast, for the respiratory rate LTF, the magni-
tude of this effect was 72-75% in normoxia-
treated rats and 92-112% in rats pretreated 
with CIH. These results suggest that CIH ampli-
fies the frequency hypoglossal LTF and ampli-
tude hypoglossal LTF.

The increased frequency hypoglossal LTF (also 
amplitude hypoglossal LTF) was not observed 
in normal rats (without CIH) of most studies 
where the frequency LTF was small and incon-
sistent [7]. In general, studies on anesthetized 
animals report that LTF is expressed as in- 
creased burst amplitude (amplitude LTF) from 
the phrenic or hypoglossal nerve [24, 25], with 
inconsistent changes in burst frequency (fre-
quency LTF). In contrast, studies on conscious 
animals generally report that LTF is associated 
with increased breathing frequency, with small 
and inconsistent changes in tidal volume [34-
36, 40]. LTF in conscious animals also tends to 
have smaller magnitude and shorter duration 
than that in anesthetized animals [24]. There is 
evidence indicating that frequency LTF arises 
from a mechanism with involvement of brain-
stem which is different from the mechanism 
giving rise to phrenic amplitude LTF [7]. It may 
involve peptides including substance P or orex-
in [7, 36]. Reactive oxygen species (ROS) may 
also play a role in the maintenance of enhanced 
LTF in CIH-pretreated rats because it can be 
prevented by a potent scavenger of O2

- [2, 55].

The frequency and amplitude hypoglossal LTF 
require PKC θ

Both LTF per se and the effect of CIH on LTF  
are forms of intermittent hypoxia-induced respi-
ratory plasticity, which are serotonin-depen-
dent and constitute a central mechanism, and 
the carotid body may also play a role [56]. 
Accumulating evidence suggests that respira-
tory burst amplitude LTF occurs at or near the 
respective motor neuron pools. AIH-induced 
phrenic LTF requires the spinal serotonin recep-
tor activation and new serotonin-dependent 
brain-derived neurotrophic factor (BDNF) within 
the ventral cervical spinal segments containing 
the phrenic motor nucleus [57]. XII nerve LTF is 
thought to occur by similar mechanisms, but 
operate in the hypoglossal motor nucleus [12].

How CIH enhances LTF is unknown. It was spec-
ulated that CIH repeatedly activates the neural 
networks, leading to an activity-dependent  
up-regulation of serotonin receptors in moto-
neurons [12]. These newly synthesized sero-
tonin receptors increase the overall efficacy  
of serotonergic synaptic transmission. This 
leads to additional increases in the BDNF syn-
thesis, protein kinase(s) activity and the modi-
fied NMDA channels when LTF is subsequent- 
ly induced, thus enhancing this LTF [12].

However, the frequency hypoglossal LTF and 
the amplitude hypoglossal LTF reported in our 
study were strong. Interestingly, this hypoglos-
sal frequency LTF or amplitude hypoglossal LTF 
is also PKC θ dependent (Figures 3 and 4). 
Since the PKC θ reported in the respiratory sys-
tem is in the pre-Bötzinger complex (a major 
site of rhythm generation), and CIH has already 
been shown to significantly increase PKC θ at 
this site [23], our findings may provide evidence 
for the brainstem-dependent LTF, albeit exclu-
sively in CIH-pretreated animals, indicating that 
PKC θ may play a prominent role in the forma-
tion of enhanced LTF following CIH.

It has been reported that only motor neuron 
plasticity underlies LTF following AIH in normal 
rats, but that CIH brings a new ability to express 
sensory LTF with chemoafferent activity. There 
are few existing reports that moderate AIH is 
capable of eliciting LTF via mechanisms having 
involvement of the rhythm generator, with or 
without CIH [58]. Our results imply such an 
effect, and show that it requires PKC θ activity. 
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However, it is not yet clear what and where the 
PKC θ affected by the peptide is located. In 
addition, there was no consideration on the off-
target effects, what the anatomical site of the 
effects might be, and it is necessary to confirm 
the PKC θ specificity with another antagonist 
[12].

Study limitations

We did not test whether ketanserin or PKC 
θ-pseudosubstrate alone or combined treat-
ment altered the hypoglossal motor output 
without AIH in CIH-pretreated rats, and we did 
not record the baseline respiratory rate dur- 
ing AIH treatment. Therefore, if they altered 
baseline respiration in this condition is unclear. 
Ketanserin is a fairly selective 5-HT2A antago-
nist with a mild effect on the affinity to alpha-1 
adrenergic receptors. However, 5-HT recep- 
tor subtypes other than 5-HT2A receptors or 
non-serotonin receptors may be involved in  
the expression of hLTF. Thus, many signaling 
pathways are needed to befully characterized. 
Moreover, although the strong frequency LTF 
was found in our study as compared to ampli-
tude LTF being larger in most other studies, we 
did not simultaneously record the phrenic ner- 
ve electrical activity to elucidate if amplitude 
LTF dominated as reported in other studies. 
Furthermore, since severe AIH may shift pLTF 
from a serotonin-dependent to an adenosine-
dependent mechanism but moderate AIH is 
unable to induce this consequence [51], it is 
important to detect the blood gases during 
each acute hypoxia exposure. However, we did 
not measure the oxygen partial pressure during 
AIH. Lastly, we did not explore the differences 
in the effects of ketanserin and PKC θ pseudo-
substrate because they might have off-target 
effects.

Our results demonstrate that the hypoglo- 
ssal plasticity excited by AIH is strengthened  
by CIH and regulated by a 5-HT2A R-activated 
PKC (PKC θ) mechanism. In addition, there is  
an increase in both frequency LTF and ampli-
tude LTF following CIH. Furthermore, both the 
amplified hypoglossal LTF and frequency or 
amplitude LTF are PKC θ dependent. Although 
the exact physiological significance of hLTF 
remains unknown, LTF is regarded as a com-
pensatory mechanism for OSAHS [2, 3, 16, 26]. 
Therefore, to exploit the 5-HT2A R/PKC (PKC θ) 
signal transduction pathway and the central 

and peripheral mechanisms of hLTF may be 
helpful for therapeutic interventions for OSAHS.
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