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Abstract

We investigated whether pre-treatment with neonatal sustained hypoxia (SH) prior to chronic 

intermittent hypoxia (SH+CIH) would modify in vitro carotid body (CB) chemoreceptor activity 

and the excitability of neurons in the caudal nucleus of the solitary tract (nTS). Sustained hypoxia 

followed by CIH exposure simulates an oxygen paradigm experienced by extremely premature 

infants who developed persistent apnea. Rat pups were treated with 5 days of SH (11% O2) from 

postnatal age 1 (P1) followed by 10 days of subsequent chronic intermittent hypoxia (CIH, 5% 

O2/5mins, 8hrs/day, between P6–15) as described previously (Mayer et al., Respir. Physiol. 

Neurobiol. 187(2): 167–75, 2013a). At the end of SH+CIH exposure (P16), basal firing frequency 

was reduced, and the hypoxic sensory response of single unit CB chemoafferents was attenuated. 

Further, basal firing frequency and the amplitude of evoked excitatory post-synaptic currents 

(ESPC’s) of nTS neurons was augmented compared to age-matched rats raised in normoxia. These 

effects were unique to SH+CIH exposure as neither SH or CIH alone elicited any comparable 

effect on chemoafferent activity or nTS function. These data indicated that pre-treatment with 

neonatal SH prior to CIH exposure uniquely modified mechanisms of peripheral (CB) and central 

(nTS) neural function in a way that would be expected to disturb the ventilatory response to acute 

hypoxia.
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2.0 Introduction:

Preterm infants experience frequent bouts of O2 de-saturation associated with apnea of 

prematurity (AOP; Di Fiore et al., 2010; Martin et al., 2011). Recent clinical trials aimed to 

target preterm infants to a lower level of O2 saturation (SaO2) for the first few months of life 

resulted in a sustained increase in the incidence of de-saturation events (Di Fiore et al., 

2012) and an increase in infant mortality (Stenson et al., 2011; Carlo et al., 2010). Using a 

previously devised model aimed to closely mimic the O2 characteristics experienced by 
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these preterm infants, we showed that neonatal sustained hypoxia exposure (SH, 11% O2 

between postnatal (P) age P1-5 days) prior to chronic intermittent hypoxia (CIH, 5% 

O2/5min, 8hrs/day, between P6-15) attenuated the acute hypoxic ventilatory response in rats 

(Mayer et al., 2013a). In the current study, we investigated whether the same neonatal SH

+CIH exposure modified in vitro carotid body (CB) O2 sensitivity and excitability of nucleus 

tractus solitarius (nTS) neurons where the vagus and chemoafferents terminate.

The CB is the primary peripheral O2 chemoreceptor located in the bifurcation of the carotid 

artery and initiates afferent transmission of blood oxygenation to first order neurons of the 

nTS (Mifflin, 1992; Andreson and Kunze et al., 1994; Finley and Katz et al., 1992). CB 

input is then relayed to other brainstem respiratory neural control regions to generate the 

appropriate ventilatory response and preserve SaO2 in defense against tissue O2 deprivation. 

A significant portion of the CB-nTS neural pathway develops during the first postnatal 

weeks in the rat (Bamford et al., 1999; Donnelly 2000; Liu et al., 2010a,b) but development 

can be modified by early life experiences. Numerous studies have shown neonatal SH, CIH 

or hyperoxia exposure, for example, exert various effects on chemoafferent mechanisms of 

respiratory control (Bavis and Mitchell, 2008; Eden and Hanson 1987; Hanson et al., 

1989a,b; Sladek et al., 1993; Wyatt et al., 1995; Bisgard et al., 2005; Bavis et al., 2011; 

Pawar et al., 2008; 2009; Peng et al., 2004; Julien et al., 2011). However, virtually nothing is 

known about the effects of neonatal hypoxia (or hyperoxia) on nTS neuronal function and 

the majority of studies are performed on adults. Stimulation of the commissural solitary 

tract, the conduit for visceral vagal and CB afferent fibers, in the in vitro brainstem slice 

preparation from adult rats exposed to 10 days of CIH increased nTS neuron excitatory 

postsynaptic current (EPSC) firing (Kline et al., 2007). Further, the magnitude of acute 

hypoxia-induced increase in the KATP –dependent outward current in nTS neurons was 

reduced following 7 days of either SH or CIH exposure, which would be expected to 

translate into an enhanced chemoreflex response to acute hypoxia (Zhang et al., 2008). 

Despite the diverse effects of hypoxia exposure on CB and nTS neuron function, no studies 

have investigated the combined effects of neonatal SH and CIH on the function of CB/PG, 

and nTS neuron activity.

We showed previously that neonatal SH treatment prior to CIH (SH+CIH) attenuated the 

ventilatory response to acute hypoxia in neonatal rats, whereas, neither SH or CIH alone 

elicited any comparable effect on respiratory function (Mayer et al., 2013a). We developed 

this exposure paradigm to closely mimic some of the hypoxia profiles experienced by 

preterm infants in a recent clinical trial (Carlo et al., 2010). Specifically, preterm infants 

were maintained below (89% SaO2) a lower than normal (>91% SaO2) O2 saturation target 

starting within hours of birth. These infants developed a profound increase in the incidence 

of intermittent hypoxia events after the second week of life (presumably related to apnea), 

which remained elevated through to 2 months of age (Di Fiore et al., 2012) and there was an 

unexpected degree of infant mortality compared to infants maintained at a higher level of 

SaO2 (>91% SaO2; Carlo et al., 2010). The cause of the mortality remains unknown, 

although a prolonged period of low SaO2 followed by a predominance of CIH could indicate 

a possible disturbance in the respiratory neural control system sub-serving the reflex 

response to hypoxia. Therefore, in the current study, we used a neonatal SH+CIH exposure 

paradigm that: 1) aimed to closely replicate the infant scenario in the clinical trial; and 2) we 
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previously showed attenuated the acute hypoxic ventilatory response of rats (Mayer et al., 

2013a), to investigate whether it disturbs in vitro CB and nTS neuronal excitability.

3.0 Experimental procedures:

Time-pregnant Lewis rats were purchased from a commercial vendor (Charles River, colony 

PO6) and were later observed to give birth at CWRU; experiments were performed on 16 

day old male rats following 15 days of hypoxia exposure (see below). Lewis rats were 

chosen as we showed previously that this inbred strain exhibits an attenuated ventilatory 

response to acute hypoxia following neonatal SH+CIH (Mayer et al., 2013a). All procedures 

were carried out in accordance with the National Institute of Health (NIH) guidelines for 

care and use of laboratory animals and were approved by the Animal Care and Use 

Committee at Case Western Reserve University.

3.1 Hypoxia exposures:

Following the day of birth (P0), the dam (and her pups) were assigned to one of 4 groups 

that received either of the following experimental protocols until the pups were 15 days of 

age: normoxic (NX) raised rat pups; CIH only treated rats: pups raised in normoxia (NX) 

for 5 days, followed by 10 days of CIH (5% O2/5 mins, 8 hrs/day); SH+CIH treated rats: 

pups raised in sustained hypoxia (SH, 11% O2) for 5 days, followed by 10 days of CIH; SH 
treated rats: pups raised in SH for 5 days, followed by 10 days of NX. SH was achieved by 

placing the mother and pups inside a plexiglas chamber (30 x 50 x 28 cm) connected to 

adjustable rotameters for mixing air and nitrogen (N2). Oxygen levels were monitored (TED 

60T, Teledyne Analytical Instruments; CA, USA) and adjusted if necessary to maintain SH 

(~11% O2). Airflow through the chambers was maintained at ~3L/min and carbon dioxide 

(CO2) levels in the airflow exiting the chambers was measured to ensure flow was adequate 

to prevent CO2 accumulation. SH exposure lasted 24 hrs/day for 5 consecutive days. At the 

end of the 5th day of exposure, the rats were then raised for a further 10 days in either 

normoxia or CIH, according to the groups outlined above.

Chronic intermittent hypoxia was achieved by purging N2 inside custom-made chambers (53 

x 58 x 23cm) until the O2 levels reached 5% O2 at which time air was purged into the 

chambers to return to room air (see Mayer et al., 2013a). Switching between air and N2 flow 

through the chamber was achieved using time-controlled solenoid valves so that each 

hypoxic nadir (i.e. 5% O2) occurred every 5 minutes, 8hrs/day for 10 days. CIH exposure 

occurred during the nocturnal period of their light cycle (between 9am-5pm). Cages, water 

and food were replaced every 3 days. Normoxic rats received room air for the same time 

period. At the end of the experiment, the pups were anaesthetized with isoflurane and 

decapitated for removal of the CB containing an intact PG or for sectioning of the brainstem 

containing the nTS and commissural solitary tract.

3.2 Carotid body recording:

At the end of the exposure period (P16), the left and right carotid artery bifurcation 

containing the intact CB and PG was removed for in vitro extracellular single unit 

recordings of PG cells containing functional connections with the CB as described 
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previously (Donnelly and Rigual, 2000). The CB/PG complex and carotid artery bifurcation 

were located ventrally, the trachea was dissected and retracted rostrally, and the superior 

cervical ganglion was removed along with the entire carotid bifurcation containing the intact 

PG and CB. The tissue was transferred to a chamber filled with Ringers containing 

collagenase (0.1%, Roche Diagnostics type P) and protease (0.02% Sigma type XIV) at 

37°C for 30 min and gently agitated in a hybridization incubator at 4 revolutions per minute. 

The bifurcation was then removed for further manual dissection to isolate the CB, carotid 

sinus nerve, glossopharyngeal nerve and petrosal/nodose ganglia. The CB-PG complex was 

then placed in a recording chamber perfused at a constant rate (7ml/min; MPII, Harvard 

Instruments, Holliston, MA) with Ringers Solution (in mM: 125 NaCl, 5 KCl, 2 CaCl2, 1 

Na2HPO4, 1 MgSO4, 26 NaHCO3, and 5 dextrose) bubbled with 21% O2 and 5% CO2 

(balanced N2) at 37°C (TC-324B, Warner Instruments, Hamden, CT). Chamber O2 levels 

were measured during several recordings using a fiber-optic electrode (Oxymicro, World 

Precision Instruments, Sarasota, FL.) positioned immediately proximal to the CB. Individual 

cell bodies in the PG were identified and drawn into a suction electrode to then determine 

the sensory response to graded hypoxia (8% and 0% O2; 5 min each) in 5% CO2. A 

stimulating electrode (pipette filled with 1M NaCl; 2μm tip diameter) placed in the CB to 

elicit an evoked response was used to first determine that the PG cell intended for recording 

was in fact connected to the CB (see Fig. 1A, inset). A constant–current stimulus (100–

400μA; 0.1ms duration) was delivered at 1 Hz using a stimulus isolation unit (Isostim A320, 

World Precision Instruments, Sarasota, FL) and subsequent detection of an evoked 

orthodromic action potential was determined in the immediate post-stimulus period. An 

initial 1–2 minutes of initial recording was analyzed using the spike discrimination module 

in LabChart (ADInstruments) to confirm the activity was from an individual cell. If action 

potential clusters exhibiting distinctly different amplitude, shape, or firing frequencies 

(indicative of multiple cells) the recording was discontinued and a different cell was located. 

After a 10 minute baseline period of single unit activity was recorded, hypoxia (8% O2) was 

administered for 3 minutes by switching the upstream flow of perfusate; the solution was 

then changed to 0% O2 for a further 3 minutes.

The response to graded hypoxia was detected using a suction electrode (A-M systems, 

Carlsborg, WA) filled with krebs solution and the signal was amplified, bandpass-filtered 

(0.2–3 kHz) using a P511 amplifier (Grass Technologies, Warwick, RI), digitized (10 kHz 

sample rate) and stored on computer for later analysis (LabChart, ADInstruments). Analysis 

of single unit activity was discriminated using the event detection program and the number 

of individual spikes per second was graphed as a function of time and a 3 s moving average 

was used for determining peak firing frequencies. On most occasions, a second cell was 

located after return to normoxia, but only 2 cells were recorded/preparation. The breakdown 

of CB recordings for each treatment group were as follows: NX: 7 rats from 5 litters, N=12 

CB’s; SH: 6 rats from 4 litters, N=11 CB’s; CIH: 8 rats from 5 litters, N=13 CB’s; and SH

+CIH: 6 rats from 5 litters, N=11 CB’s.

3.3 In vitro nTS recordings:

After deeply anesthetizing with isoflurane, the rats were decapitated and the brainstem was 

removed while the head was immersed in a 95% O2, 5% CO2 (carbogen)-gassed artificial 
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cerebral spinal fluid (aCSF; in mM: 124 NaCl, 3 KCl, 1.5 CaCl2, 1 MgSO4, 0.5 NaHPO4, 25 

NaHCO3, 30 d-glucose). Horizontal medullary slices were made on a vibratome (Leica 

VT1000, Instruments, St. Louis, MO), while continuously perfused with chilled (3–6°C) 

carbogen gassed aCSF. 300 μm slices containing the commissural portion of the nTS and the 

solitary tract were cut for recording of individual nTS neurons. After sectioning, the slice 

was placed in a polycarbonate chamber (26GLP, Warner instruments, Hamden, CT) and held 

in place with a platinum ring overlain with nylon threads. The slice was then continuously 

perfused with aCSF bubbled with carbogen and gabazine (30μM) to block inhibitory 

transmission, while maintaining the preparation at 27°C.

Putative first order relay neurons of the commissural nTS were identified under an upright 

microscope (Leica DM/LFS) for whole-cell patch clamp recording of spontaneous EPSCs. 

Patch pipettes (Borosilicate glass BF150, Sutter Instruments, Novato, CA) were pulled (1.5–

2μm tip diameter; Sutter Instruments P-97) and filled with the recording solution (in mM: 10 

NaCl, 130 K+ gluconate, 11 EGTA, 1 CaCl2, 10 HEPES, 1 MgCl2, 0.2 NaGTP, 2 MgATP). 

Pipette resistance was 6.5–7.5MΩ before obtaining a tight seal (>1GΩ) on the cell, and the 

membrane was then ruptured by applying a negative pressure to the electrode. Capacitance 

and series resistances were measured and compensated for using software (PatchMaster 

software suite, HEKA Elektronik) and transients were eliminated using automated and 

manual compensation (EPC10, HEKA Elektronik, Bellmore, NY). A bipolar concentric 

electrode (FHC, Bowdoin, ME) was used to stimulate the solitary tract to assess evoked 

responses. Monosynaptic connections were determined by the occurrence of a single evoked 

EPSC by the neuron in response to solitary tract stimulation. Cells that exhibited a standard 

deviation in the jitter <250μs between the artifact from the solitary tract stimulation and the 

EPSC latency were used to confirm it was a second order neuron monosynaptic and directly 

connected to solitary tract sensory fibers (Kline et al., 2002). The average jitter was not 

significantly different between the treatment groups (NX: 0.23±0.01 ms; CIH: 0.21±0.01 

ms; SH: 0.21±0.01 ms; SH+CIH: 0.21±0.01ms). Two sweeps at each stimulus intensity were 

performed for each cell at 30 second intervals. Stimulation intensity for evoked EPSCs were 

set at 1.5X the minimum current needed to evoke an EPSC from a given neuron, and 

stimulation frequency set to 10 or 20Hz (all neurons were held at −65mV). Cells that 

exhibited leak currents in excess of 100 pA were not used for analysis. We analyzed 

spontaneous burst frequency, amplitude, rise time, decay time, and current area, using Mini 

Analysis software (Synaptisoft Inc., Decatur, GA.). The breakdown of nTS recordings for 

each treatment group are as follows: NX: 3 rats from 2 litters, N= 7 cells; SH: 3 rats from 2 

litters, N=9 cells; CIH: 3 rats from 2 litters, N=11 cells; and SH+CIH: 4 rats from 3 litters, 

N= 10 cells.

3.4 Statistical analysis:

Statistical comparisons of baseline CB and nTS spontaneous activity between groups were 

performed using a One-way ANOVA. Comparisons between treatment groups for in vitro 
CB responses to graded acute hypoxia and nTS evoked responses were made using a Two-

way, Repeated Measures ANOVA using a Student-Newman-Keuls post-hoc analysis. 

Differences were considered significant at p < 0.05. All values are expressed as mean ± 

SEM.
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4.0 Results:

4.1 Petrosal ganglion sensory responses to in vitro acute hypoxia:

The basal (21% O2) spontaneous firing frequency of PG cells collected from neonatal rats 

exposed to SH+CIH was augmented (4.25 ± 1.3.4 imp/s) compared to PG cells from rats 

raised in NX (1.6 ± 0.2 imp/s) and exposed to either SH (1.8 ± 0.3 imp/s) or CIH (2.2 ± 0.4 

imp/s) alone (Fig. 1A and B). Basal firing frequency of PG cells collected from rats exposed 

to either SH or CIH alone were similar to age-matched rats raised in NX. With the exception 

of the PG cells recorded from SH+CIH treated rats, all groups exhibit a significant response 

to graded hypoxia (slope) (Fig. 2A), although there was no significant difference in the 

average response between 8 and 0% O2 for any group. Indeed, firing frequency of PG cells 

from SH+CIH treated rats was significantly less during bath-applied acute hypoxia (Fig. 2A; 

344.9 ± 68.2 % and 290.5 ± 62.2% change from baseline; 8 and 0% O2, respectively) 

compared to NX raised rats (530.2 ± 75.5 % and 599.8 ± 85.8 %; 8 and 0% O2, 

respectively). The hypoxic sensory response of PG cells from rats exposed to either SH or 

CIH alone, however, were quantitatively similar to NX rats and higher than SH+CIH 

animals regardless of the level of bath hypoxia (Fig. 2).

4.2 nTS neuronal spontaneous and evoked responses:

Spontaneous EPSC firing characteristics are indicated in figure 3 and 4. Average 

spontaneous ESPC amplitude, decay time, rise time and current area were not different 

between treatment groups (Fig. 3A-D). Spontaneous EPSC firing frequency, however, was 

increased in SH+CIH (12.9 ± 1.8 Hz) treated rats compared to either NX (5.8 ± 1.7 Hz), or 

SH (8.3 ± 2.1 Hz) and CIH (8.1 ± 2.0 Hz) treatment; the increased frequency was unique to 

the SH+CIH group as there was no difference between each of the other hypoxia groups 

(Fig. 4A). Membrane resistance and capacitance was also not affected by hypoxia (Fig. 4B 

and C).

Although the amplitude of spontaneous nTS neuron EPSC’s were similar between groups, 

the amplitude of only the initial evoked response to 10Hz stimulation (20 stims/train) was 

augmented in neurons from SH (147.3 ± 22.1 pA) and SH+CIH (174.5 ± 32.7 pA) treated 

rats compared to NX controls (80.1 ± 16.7 pA; Fig. 5A), although there was no difference 

between SH and SH+CIH groups. There was no statistical difference between groups in the 

amplitude of evoked responses after the initial stimulus event of the train. Similarly, the 

initial evoked EPSC of the 20 Hz stimulus train was augmented (versus all other groups) in 

neurons following SH+CIH (209.3 ± 55.9 pA) treatment (Fig. 5D). When evoked EPSC’s 

were expressed as a delta from baseline, there was a greater initial (5th stimulation event 

number) depression in the SH and SH+CIH treated groups at 10Hz stimulation (Fig. 5B) 

compared to NX rats. However, there was also a greater initial (5th event number) and 

sustained (10th and 20th event numbers) depression of evoked EPSC’s that occurred 

exclusively in the SH+CIH treated rats at 20Hz stimulation compared to NX rats (Fig. 5E). 

Finally, there was no difference in the failure rate between any treatment groups for either 

10Hz or 20Hz stimulation, although it was interesting to note that evoked EPSC’s of neurons 

from SH+CIH treated rats never failed in response to stimulation (Figure 5B and E, insets).
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5.0 Discussion:

The primary results of the current study indicated that neonatal SH exposure prior to CIH 

(SH+CIH): 1) enhanced baseline PG and presumably CB spontaneous firing frequency, 2) 

attenuated the PG/CB response to in vitro acute hypoxia, but 3) enhanced evoked EPSC 

amplitude of neurons in the nTS where vagal and PG/CB afferents terminate. These data 

demonstrate the combination of SH and CIH exposure disturbs functional development of 

the peripheral (CB) and possibly central (nTS) mechanisms mediating the reflex response to 

acute hypoxia. We first provide a critique of our methods before discussing the significance 

of these findings.

5.1 Critique of methods:

We recorded the firing properties of EPSC from monosynaptic neurons located in the caudal 

nTS where vagal and PG/CB chemoafferents terminate. However, it isn’t possible to 

determine whether the changes in firing characteristics of these neurons following SH+CIH 

were unique to those that communicated directly with the CB without performing 

appropriate back-labeling experiments. Technical limitations and the need for invasive 

surgical procedures in such small animals make it difficult for such experiments that would 

allow us to determine possible differences in characteristics of CB-related nTS neurons from 

other vagal-related neurons. Therefore, caution should be expressed with interpretation of 

these data as others have shown excitability of CB-related nTS neurons may be differently 

affected by hypoxia exposure than other neurons that may not be directly involved in the 

chemoreflex pathway (Zhang et al., 2008).

5.2 CB responses:

Neonatal hypoxia exposure augmented in vitro single unit PG cell basal spontaneous firing 

frequency and attenuated the sensory response to bath-applied acute hypoxia although these 

effects were unique to the SH+CIH exposure group. Although these measurements were 

made from PG cells, these data suggest SH+CIH exposure most likely modified the O2-

sensitivity of the CB chemoreceptor. Development of CB sensitivity to acute hypoxia occurs 

largely during the first postnatal weeks (Kholwadwala and Donnelly 1992; Donnelly, 2000; 

Carroll, 2003) so it is not surprising it may be vulnerable to prolonged O2-related 

challenges. SH alone delayed CB development and function (Hanson et al., 1989a,b; Sterni 

et al., 1999) whereas CIH enhanced CB basal activity in both neonatal and adult rats (Pawar 

et al., 2008). In the current study, however, CIH did not affect basal activity unless the rats 

were pre-treated with SH exposure (between P1–5). The discrepancies between these effects 

of SH or CIH on CB basal activity could be related to timing of CIH exposure which began 

at P6 suggesting we may have missed an earlier more vulnerable period. As little as 16 hours 

of IH exposure in 2-day old animals was sufficient to elicit changes in basal CB activity, 

suggesting an early period of augmented CB vulnerability to even a brief bout of intermittent 

hypoxia exposure (Peng et al., 2004). Finally, SH exposure during the first 5 postnatal days 

in our study did not affect basal firing frequency of the CB/PG, although the measurements 

were made 10 days after the rats were allowed to recover in room air. It is difficult to know if 

SH exhibited an early effect on CB function that, without subsequent CIH exposure, may 

have resolved on its own. On the other hand, differences in the strain of rats used in the 
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various studies and how they are affected by hypoxia exposure might also explain 

discrepancies.

The consequences of augmented CB basal activity are unclear, although it could translate to 

increased resting ventilatory drive, ultimately leading to a potentially undesirable relative 

hyperventilation and destabilization of breathing (MacFarlane et al., 2013). Indeed, we noted 

previously that SH+CIH increased resting (during normoxia) minute ventilation compared to 

NX treated rats (Mayer et al., 2013a), although whether this was attributed to increased basal 

CB drive is difficult to determine since these rats also exhibited an elevated metabolic rate, 

which in itself could explain the increased ventilation.

Neonatal SH+CIH exposure also attenuated the sensory response to bath-applied acute 

hypoxia which, similarly to the effects on basal activity, wasn’t seen in rats exposed to either 

SH or CIH alone. In fact, SH+CIH treatment eliminated the slope of the response to acute 

hypoxia, indicating a reduction in the gain setting of CB O2 sensitivity (Fig. 2A). Further, in 

some SH+CIH PG cells (see Fig. 2B), we noted severe hypoxia (0% O2) tended to attenuate 

firing frequency (compared to 8% O2), suggesting a severe disturbance to CB sensory 

mechanisms even though activity was restored within minutes of return to recovery in 

baseline O2 levels (Fig. 2B). Prolonged periods of neonatal O2 exposure can have diverse 

effects on CB sensitivity to subsequent acute hypoxia. Specifically, neonatal SH (Sterni et 

al., 1999; Wyatt et al., 1995) or hyperoxia (Bavis et al., 2004; Bavis et al., 2011; Kim et al., 

2013) suppressed CB hypoxic sensory responses, whereas CIH enhances it in both neonates 

(Pawar et al., 2008; Peng et al., 2004) and adults (Peng et al., 2003; Peng and Prabhakar 

2004). Whereas neonatal SH exposure attenuated CB sensory responses, it can (but not 

always) have the opposite effect in the adult (Liu et al., 2013; Wilkinson et al., 2010; Vizek 

et al., 1987), suggesting the presence of a transitional stage of development during which the 

effects of SH on the neonatal respiratory system contrasts markedly from its effects on the 

adult (Mayer et al., 2013b).

The mechanisms mediating attenuated hypoxic sensory responses following neonatal SH

+CIH are beyond the scope of this study, although the CIH-induced enhancement of basal 

CB activity (during 21% O2) and the augmented hypoxic sensory response was prevented by 

antioxidant treatment (Pawar et al., 2009). Similarly, SH or CIH may initiate a pro-

inflammatory response that could modify CB sensory responses (Powell 2009; Del Rio et 

al., 2012; Lam et al., 2008, 2009; Liu et al., 2012), whereas SH altered glomus cell K+, Na+ 

and Ca2+ currents (Hatton et al., 1997; Hempleman 1996; Wyatt et al., 1995). Since nTS 

neurons integrate CB chemoafferent inputs and relay systemic hypoxia signals to increase 

respiratory drive during acute hypoxia, we investigated the firing properties of nTS neurons 

in vitro located in the vicinity of where CB afferents terminate.

5.3 nTS activity:

Spontaneous nTS neuron EPSC firing frequency was augmented following neonatal hypoxia 

exposure compared to NX rats and, similarly to the CB, these effects were exclusive to the 

SH+CIH treatment group. All other parameters including membrane resistance, capacitance, 

current amplitude, rise and decay time, and current area were unchanged by either hypoxia 

exposure paradigm. The majority of nTS studies have focused on adults and there is 
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evidence for changes in the central neural integration of afferents following SH (Dwinell et 

al., 2000) and CIH (Kline et al., 2007). However, in one study on neonatal monkeys, basal 

nTS neuron excitability was enhanced following intermittent ozone exposure and attenuated 

the response to solitary tract stimulation (Chen et al., 2003). The cause for the augmented 

basal nTS neuron firing following SH+CIH treatment is unknown, but could involve 

modification of pre-synaptic neurotransmitter release mechanisms (Kline et al., 2007), 

including changes in ATP sensitive potassium channels, which were modified by either SH 

or CIH in adults (Zhang et al., 2008). Indeed, the magnitude of evoked EPSCs depression 

was greater in SH+CIH treated rats suggesting a disturbance in the pre-synaptic release 

mechanisms. Also of interest, was the presence of increased spontaneous currents (termed 

“asynchronous” activity) during and after a 20Hz stimulus train in nTS neurons of adult rats 

exposed to CIH (Kline et al., 2007). We did not observe asynchronous activity in any of the 

hypoxia exposures used in the current study, adding support to the concept that 

developmental influences may be important determinants to the vulnerability of neural 

function to prolonged hypoxia exposure. Finally, since the effects of hypoxia exposure (e.g 

acute intermittent hypoxia) on the respiratory neural control system can vary across species 

and also within rat strains (Baker-Herman et al., 2010), genetic determinants could also 

explain the discrepancies between our studies and others.

The amplitude of evoked (10 Hz stimulation) EPSC’s were augmented following neonatal 

hypoxia and, at this level of stimulus intensity, these effects were common to both SH and 

SH+CIH treated rats. These data are consistent with SH effects on evoked EPSC responses 

of adult rats (Zhang et al., 2009) whereas adult CIH exposure had the opposite effect (Kline 

et al., 2007). At higher stimulus intensity (20 Hz), the augmented evoked EPSC’s was 

unique to the SH+CIH treated animals, whereas neither SH or CIH alone had any 

comparable effect. Although the cause of augmented evoked ESPC amplitude or depression 

following neonatal SH+CIH was not a focus of the current study, the enhanced evoked 

response in adult rats following SH was associated with increased GluR2, but not GluR1 

receptor expression (Zhang et al., 2009). Collectively, these data could indicate alterations in 

neurotransmitter release sites and/or release probability and warrant further investigation. 

Future studies should aim to investigate whether changes in glutamatergic receptor signaling 

are affected by neonatal hypoxia exposure since nTS neuron GluR2/3 AMPA receptor 

expression increases during the first 10 postnatal days in the rat (Whitney et al., 2000) and 

are important modulators of the hypoxic ventilatory response (Ohtake et al., 2000).

The reasons for changes in evoked EPSC firing properties following neonatal hypoxia 

exposure are difficult to determine, but could reflect either a direct effect of hypoxia on nTS 

neuron function, or an indirect effect in response to hypoxia-induced modification in the 

firing characteristics of afferent inputs (Kline et al., 2007; Zhang et al., 2008). The reduced 

amplitude of nTS evoked ESPC’s in adult rats following CIH, for example, could represent a 

homeostatic compensatory response to counterbalance augmented afferent excitatory inputs 

(Kline et al., 2007). Maintaining a stable balance between nTS neurotransmission and 

modified afferent inputs may be important for manifesting efficient hypoxic signaling 

(Zhang et al., 2008). This hypothesis of homeostatic regulation between integrative function 

and sensory inputs are in part consistent with the results of the current study, indicating the 

enhanced evoked response could be an attempt to compensate for attenuated afferent inputs. 
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Alternatively, over-excitation of nTS neurons has been shown to limit efficient 

neurotransmission. For example, dampening of nTS neuron excitability could protect against 

over-excitation due to excessive glutamate release to optimize the subsequent reflex 

response to hypoxia (Zhang et al., 2008). Thus, although the enhanced nTS evoked response 

following SH+CIH is counter-intuitive to the attenuated HVR we observed previously 

(Mayer et al., 2013a), hyper-excitable nTS neurons may not be conducive to efficient 

neurotransmission of low intensity peripheral sensory inputs.

5.5 Summary and significance:

The results of the current study suggest early life experiences to specific patterns and/or 

sequences of hypoxia could cause major disturbances to CB function and excitability of nTS 

neurons that may be responsible for central integration of vagal afferent inputs. An 

augmented CB and nTS excitability during basal conditions could exacerbate normoxic 

respiratory pattern irregularities in a way that may precipitate apnea, while an attenuated CB 

hypoxic sensitivity could disturb the ability to terminate an apneic event (MacFarlane et al., 

2012; Di Fiore et al., 2013). Although the design of the study does not allow us to confirm 

whether SH+CIH uniquely affected second order neurons directly involved in the CB 

chemoreceptor pathway, these data show a potentially deleterious effect on the excitability 

of neurons in a key relay station that receives afferent sensory input with likely projections 

to other respiratory related regions. These data emphasize the importance of maintaining 

adequate levels of oxygenation in the early neonatal period to protect against potentially 

deleterious effects of hypoxia on neural function, which may be particularly relevant to 

preterm infants who may be more susceptible and vulnerable to prolonged periods of 

continuous and intermittent hypoxemia.
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Figure 1. 
Average firing frequency (A) and representative raw signals (B) of spontaneous single unit 

in vitro PG extracellular action potential recordings during baseline (21% O2) in NX, CIH, 

SH and SH+CIH treated rats. Note, spontaneous firing frequency was increased only in SH

+CIH treated rats compared to other treatment groups. Values in (A) for each group are 

calculated from a 60sec recording of baseline activity prior to bath-applied acute hypoxia 

(see Fig. 2). Before each recording from an individual PG cell, the presence of an evoked 

response (inset) elicited by a stimulating electrode positioned into the CB was used to ensure 

the cell was connected to and received inputs from the CB. An overlay of all the individual 
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action potentials analyzed for each group is also shown (insets, B). Values in (A) are means 

± 1S.E.; *significantly different from Nx, #SH, and @CIH treated groups (P<0.05).
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Figure 2. 
Hypoxic sensory response of PG cells in NX, CIH, SH, and SH+CIH treated rats. A) 

average peak response to 8% and 0% O2 for each treatment group (as indicated) and B) 

representative recordings. Note the attenuated sensory response of SH+CIH treated rats at 

each level of acute hypoxia and the tendency for it to decrease during 0% as demonstrate in 

the representative recording in (B) bottom; also shown is the post-hypoxia recording in a SH

+CIH cell demonstrating recovery of activity ~2 minutes after return to baseline O2. Values 

in A) are expressed as a % change from baseline; means ± 1S.E. Vertical dashed lines (B) 

designate switching to the hypoxic perfusate. *significant difference from NX, #SH, and 
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@CIH treated groups for respective level of bath-applied hypoxia (P<0.05); $significant 

slope of the response to hypoxia.
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Figure 3. 
Average spontaneous excitatory postsynaptic current (EPSC’s) burst amplitude (A), decay 

time (B), current area (C), and rise time (D) of whole-cell patch clamped in vitro nTS 

neurons from NX, CIH, SH and SH+CIH treated rats. Note, there were no differences 

between treatment groups for any of the measured variables. Values for each group are 

calculated from a 2 sec recording of baseline activity. Values are means ± 1S.E.
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Figure 4. 
Average spontaneous excitatory postsynaptic current (EPSC) firing frequency (A), 

membrane resistance (B) and capacitance (C) of whole-cell patch clamped in vitro nTS 

neurons in NX, CIH, SH and SH+CIH treated rats. Note, spontaneous firing frequency was 

significant enhanced for SH+CIH treated rats compared to all other groups, whereas 

resistance and capacitance was no affected by either hypoxia exposure. Representative traces 

of a neuron from each treatment group are also provided (D). Values in for each group are 

calculated from a 2 min recording of baseline activity. Values are means ± 1S.E.; 

*significant difference from NX, #SH, and @CIH treated groups (P<0.05).
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Figure 5. 
Average 10Hz (A) and 20Hz (D) evoked EPSC’s burst amplitude of whole-cell patch 

clamped nTS neurons in NX, CIH, SH and SH+CIH treated rats. Values in B and E are 

10Hz and 20Hz evoked EPSC’s expressed as a delta from the first stimulus event to 

highlight the magnitude of EPSC depression. Note the initial evoked burst amplitude was 

increased only in SH and SH+CIH treated groups at 10Hz (A), whereas only SH+CIH 

treated rats exhibited increased evoked responses at 20Hz (D). Neurons from SH+CIH 

treated rats exhibited the significant EPSC depression (20Hz) compared to cells from NX 

rats. Representative 10Hz (C) and 20Hz (F) evoked responses for the 1st and last (20th) 

stimulation event are shown below. Inset: Photo of the recording and stimulating electrode 

positioned into the nTS region (A) and failure rate for both 10Hz and 20Hz stimulus trains 

(B and D, inset) . Values are means ± 1S.E.; *significantly different from NX; #significantly 
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different from CIH; @significantly different from SH treated rats within corresponding 

stimulus event number (P<0.05).
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