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Abstract

We studied the effect of chronic hypobaric hypoxia (CHx; 10-11% O,) on the response to hypercapnia
(15% CO5) of individual solitary complex (SC) neurons from adult rats. We simultaneously measured
the intracellular pH and firing rate responses to hypercapnia of SC neurons in superfused medullary
slices from control and CHx-adapted adult rats using the blind whole cell patch clamp technique and
fluorescence imaging microscopy. We found that CHx caused the percentage of SC neurons inhibited
by hypercapnia to significantly increase from about 10% up to about 30%, but did not significantly
alter the percentage of SC neurons activated by hypercapnia (50% in control versus 35% in CHXx).
Further, the magnitudes of the responses of SC neurons from control rats (chemosensitivity index
for activated neurons of 166+11% and for inhibited neurons of 45+15%) were the same in SC neurons
from CHx-adapted rats. This plasticity induced in chemosensitive SC neurons by CHx appears to
involve intrinsic changes in neuronal properties since they were the same in synaptic blockade
medium.
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1. Introduction

The ventilatory response to CO, depends on CO,-sensitive chemoreceptors in the central
nervous system (CNS). Several anatomically distinct areas of central chemosensitivity have
been identified in the brainstem but the significance of a distributed chemosensitive network
is not clear (Feldman et al., 2003). Functional differences exist between these sites, such as
focal acidosis of the medullary raphé affecting ventilation during non-REM sleep but not
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wakefulness, while focal acidosis of the retrotrapezoid nucleus affects ventilation only during
wakefulness (Feldman et al., 2003). There may also be differences in the cellular mechanisms
of chemoreception between different CO,-sensitive sites in the CNS (Putnam et al., 2004). At
the very least, the phenotype of central chemoreceptors appears to differ between sites, such
as the glutamatergic neurons described for the retrotrapezoid nucleus (Guyenet et al., 2008)
and serotonergic neurons from the raphé nucleus (Richerson et al., 2001).

One way to study central chemosensitivity and the significance of different groups of central
chemoreceptors is to adapt animals to chronic changes in environmental gas levels and
investigate changes in chemoreceptors at the cellular level. In this study, we investigated the
effects of chronic hypoxia (CHXx) on central chemoreceptors in the solitary complex (SC:
including the nucleus tractus solitarius, NTS, and dorsal motor nucleus of the vagus, DMV).

We studied the SC because it is a well-known area of central chemosensitivity. The functional
significance of SC chemoreceptors has been demonstrated by the increased ventilation induced
by focal acidosis in the caudal SC (Coates et al., 1993; Nattie and Li, 2002). Of SC neurons
recorded with single-cell electrophysiological methods, 30 to 50% are excited by CO,, while
10 to 15% are inhibited and the balance show no response to CO, (Huang et al., 1997; Conrad
et al., 2009; Nichols et al., 2009).

We chose hypoxia as a chronic stimulus because it is expected to have multiple effects on the
SC. First, CHx alters CO, regulation with time-dependent decreases in arterial Pcop during
ventilatory acclimatization to hypoxia, and arterial Pcoo remains below control levels for days
after return to normoxia (Weil, 1986). This may involve plasticity of central chemoreceptors.
Second, CHXx results in tonic increases in afferent input from O,-sensitive chemoreceptors in
the carotid body, and the first synapse for these afferents in the CNS is in the caudal NTS
(zhang and Mifflin, 2007). Also, there is a time-dependent increase in the O,-sensitivity of the
carotid bodies in CHx that further increases afferent input to NTS neurons (Bisgard and
Neubauer, 1995). Finally, there is evidence for plasticity in the CNS with ventilatory
acclimatization to hypoxia that involves the NTS (Dwinell and Powell, 1999; Chung et al.,
2006).

Hence, we hypothesized that the NTS is a unique site for integrating information about chronic
changes in both O, and CO, and will exhibit plasticity during CHx. We investigated the effects
of CHx on the CO, responsiveness (percentage of neurons responding to hypercapnia with an
altered firing rate and the magnitude of that response as determined by the chemosensitivity
index (CI)) of neurons within the SC. The main findings of this study are that CHx induces
plasticity in chemosensitive SC neurons, significantly increasing the percentage of SC neurons
that are inhibited by hypercapnia, but not altering significantly the percentage of activated SC
neurons. We saw the same changes in percentages of SC neurons from CHx-adapted animals
in the presence of chemical synaptic block medium, suggesting that this plasticity is due to
changes in intrinsic neuronal properties. We found that CHx does not affect the ClI of SC
neurons.

A preliminary report of these findings has previously been published (Nichols et al., 2008).

2. Methods
2.1 Chronic adaptation to hypoxia

Adult male Sprague-Dawley rats (~P50) were exposed to hypobaric hypoxia (0.5 atmosphere
for Pg, of approximately 75 Torr), which we term chronic hypoxia (CHx), for > 7 days. We
chose this protocol for CHx since it allows us to compare our findings to those made previously
(Powell et al., 2000; Wilkinson et al., 2009) and it has been shown that 7 days is a sufficient
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period for ventilatory acclimatization to hypoxia (Olson and Dempsey, 1978) and for a change
in the central gain of the hypoxic ventilatory response (Powell et al., 2000). It is possible that
had we used a longer period of acclimatization that our results would have been different.

Sixteen groups of 4-6 adult male rats each were adapted to CHx and the body weights were
recorded for each animal prior to euthanasia. We used 16 groups, all treated identically, since
our chamber would only accommodate a maximum of 6 male rats at a time and we needed 16
groups to perform all of our experiments. Briefly, 4-6 Sprague-Dawley male adult rats were
placed in a plexiglas chamber (cylinder 91.4 cm long and 27.9 cm in diameter) in which they
were exposed to approximately 75 Torr O starting at ~P50. O, was monitored with an
electrode connected to an O, gauge (Teledyne Analytical Instruments, Industry, CA) and
pressure was monitored with a differential electronic manometer (HHP91, Omega, Stamford,
CT). All animals were maintained on a 12:12 light:dark cycle and had free access to food and
water. Chamber pressure was interrupted for 20-30 minutes 3 times a week for cleaning and
replacement of food and water. Each group was left in the chamber for 7 days and then exposure
continued until each animal was sacrificed and tested. For controls, 4-6 male adult rats were
placed in the chamber with a continuous flow of room air (21% O5) at normal barometric
pressure. Temperature and relative humidity were recorded continuously for all groups with
HOBO HO8 RH recorders (Onset Computer Corporation, Bourne, MA) placed in the Plexiglas
chamber. Temperature ranged from 17-23° C and relative humidity ranged from 23-60%.

We measured hematocrit as an index for acclimatization to hypoxia. In order to measure
hematocrit, blood samples were collected after decapitation by filling heparinized capillary
tubes (6 samples per animal) with blood from the carotid artery. These samples were then spun
for 3-5 minutes at maximal speed (13,460xg using a hematocrit centrifuge (IEC)). It was found
that the change in hematocrit above control induced by CHx was significant for each group of
rats (Fig. 1) (47.2 £ 0.2% for controls (n=44) which increased 18.7 + 0.8% for CHx animals)
(n=79) (P<0.0001), and body weight was significantly lower for rats adapted to CHx (269 +
8g for control animals and 230 + 3g for CHx animals) (P<0.0001). The change in hematocrit
that was induced by CHx is similar to the findings of others (Olson and Dempsey,
1978;Villafuerte et al., 2007), indicating that our rats were showing typical signs of
acclimatization to CHx.

All procedures involving animals were approved by the Institutional Animal Care and Use
Committee at Wright State University and were in agreement with standards set forth in the
National Institutes of Health Guide for Care and Use of Laboratory Animals. Wright State
University is accredited by AAALAC and is covered by NIH Assurance (no. A3632-01).

2.2 Solutions

In this study we used standard solutions employed in our previous studies. Artificial cerebral
spinal fluid (aCSF) contained the following (in mM): 124 NaCl, 5.0 KClI, 2.4 CaCl,, 1.3
MgSOy, 1.24 KH,PO4, 26 NaHCO3, and 10 glucose, and was equilibrated with 95 % O,/ 5%
CO3 (pH ~ 7.45 at 37°C). Synaptic blockade (SNB) solution was modified from aCSF with
0.2 mM CaCl, and 11.4 mM MgSO4 ([NaCl] was adjusted to maintain osmotic balance) in
order to block chemical synapses. The whole cell patch intracellular solution contained (in
mM): 130 K*-gluconate, 10 K*-HEPES, 0.4 EGTA, 1 MgCl,, 0.3 GTP, and 2 ATP (pH =7.45
at room temperature) (Filosa and Putnam, 2003). The high K*/nigericin solution that was used
for calibration in the imaging studies contained (in mM): 104 KCl, 2.4 CaCl,, 1.3 MgSOy,
1.24 KHyPOy, 25 N-methyl-D-glucamine (NMDG)-HEPES, 25 K-HEPES, 10 glucose, and
0.004 nigericin titrated with KOH or HCI to a pH value of 7.4. The pH-sensitive fluorescent
dye 8-hydroxypyrene-1,3,6-trisulfonic acid, trisodium salt (1 mM) (HPTS, pyranine) was
added to the whole cell patch intracellular solution and was purchased from Invitrogen (Eugene,
OR). All other chemicals were purchased from Sigma (St. Louis, MO) except where indicated.
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2.3 Slice preparation

Slices were prepared and used as previously described (Nichols et al., 2009). Briefly, control
and CHx adult male rats were anesthetized with a brief exposure to CO, (100 %), which was
followed by rapid decapitation. The brainstem was then removed and submerged in aCSF
equilibrated with 5% CO, / 95% O, gas mixture. Transverse slices (300 um) were prepared
on a vibratome (Pelco 101, series 1000) beginning at the obex and extending rostrally for ~
1mm and were allowed to recover for at least 1 hour at room temperature in aCSF equilibrated
with 5% CO5 / 95% Os. In this study we used 3 SC slices centered on the area postrema (slices
1-3 from figure 2 in Ritucci et al, 1997). Individual slices for study from control and CHx adult
male rats were placed in a superfusion chamber on the stage of an upright Nikon Optiphot-2
microscope. Slices were immobilized with a nylon grid and superfused at ~2.4 ml/min with
aCSF equilibrated with 5% CO, / 95% O, (pH 7.45 at 37° C).

Individual neurons from the SC were then studied. To study the response of these neurons to
hypercapnia, we used a protocol that consisted of a 5 minute exposure to aCSF equilibrated
with 5% CO5, / 95% O, a 10-15 minute exposure to aCSF equilibrated with 15% CO, / 85%
Oy (pH, ~ 6.8-6.9 at 37°C), and a 5-10 minute exposure to aCSF equilibrated with 5% CO, /
95% O,. We used very high hypercapnic challenges in order to differentiate chemosensitive
neurons and possibly detect small changes in percentages induced by CHx. We also used 15%
CO», as the hypercapnic challenge so that we could compare our results to those previously
reported for SC neurons from adult rats (Dean et al., 1989, 1990; Nichols et al., 2009). We
believe that the percentages of CO5 activated neurons that we observe in this study would have
been the same had we used lower levels of hypercapnic challenges since Dean et al. (1990)
previously showed that SC neurons that were activated by 15% CO», were also activated by
10% and 7% CO5 as well. For SNB studies, this protocol was repeated in the same neuron with
SNB solution.

2.4 Imaging of fluorescent neurons

pH; was measured as previously described (Mulkey et al., 2004a; Ritucci et al., 2005).
Individual SC neurons were loaded with 1mM of the pH-sensitive dye, pyranine, through a
whole cell patch pipette. Loaded neurons were excited and alternately exposed for 1s to light
of wavelength 450 £ 10 and 410 + 10 nm using a Sutter Lambda 10-2 filter wheel. Emitted
fluorescence at 515 + 10 nm was collected and processed using MetaFluor 7.1.4.0 software
(Molecular Devices), and the 450/410 fluorescence ratio (R¢) was determined. We used a one
point calibration (pH of 7.4) using the high K*/ nigericin technique (Thomas et al., 1979) to
determine initial pH; of SC neurons from adult rats that had been adapted to CHx. R¢ values
measured during the experiment were divided by the R¢ value for pH 7.4, which gave
normalized Rg (Ng). We used the equation (pH = 7.4969 + log (N4 -0.2003)/(2.0194 - Ng);
r2 = 0.99) (Nichols et al., 2009) to convert Ny, into pH;. A pH; versus time plot was made in
Microsoft Excel, from which the pH; recovery rate from CO,-induced acidification of an
individual neuron could be estimated from the slope of a linear fit to the pH; versus time trace
during acute hypercapnia (at least 5 points starting at minimum pH;).

2.5 Electrophysiological studies

The blind whole-cell patch clamp technique was used to measure neuronal membrane potential
(Vm) and integrated firing rate as described previously (Blanton et al. 1989; Nichols et al.,
2009). The experimental setup that was used has been previously described (Dean et al.,
1997; Huang et al., 1997; Filosa et al., 2002; Conrad et al., 2009; Nichols et al., 2009). Briefly,
a whole cell patch pipette (5 MQ) was fabricated from borosilicate glass using a Narishige
PP-830 dual stage pipette puller. The pipette was filled with whole cell patch solution (see
above). Positive pressure was maintained on the pipette while a -0.1nA pulse (30 msec, 5 Hz)
was applied. Tip impedance increased as the pipette approached a neuron, which was indicated
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by a 1-2 mV downward deflection. Negative pressure was applied to the pipette to obtain a
giga-ohm seal, brief suction was applied to the pipette to rupture the membrane, and then
Vm, and integrated firing rate were measured throughout the experiment. Integrated firing rate
(Hz) was determined from the V, trace in 10s bins using a window discriminator (FHC model
700B), which was then analyzed using pClamp 8.2 software. Viable neurons had a stable V,
of between -40 and -60 mV and fired action potentials that crossed through zero. The
electrophysiological response to hypercapnia was quantified using two measures: percentage
of neurons either activated or inhibited by acute hypercapnia, and the magnitude of the firing
rate response to acute hypercapnia, calculated as the Cl according to the equation of Wang and
Richerson (1999):

(log FRhc — log FRnc)

CI=100% x 10
’ (pH5 — pH15) /0.2

Where FRhc and FRnc are the neuronal firing rates at 15% and 5% CO», respectively, and pH5
and pH15 are the solution pH at 5% and 15% CO», respectively. A neuron was designated as
activated if its Cl was greater than 120% or inhibited if its Cl was less than 80%.

2.6 Statistical analysis

Values are reported as means + S.E.M. Fisher's exact tests were used to compare differences
between the percentages of neurons that respond to hypercapnia. Paired t-tests were used to
compare differences between two means with a level of significance of P<0.05. Differences
between three or more means were determined by one-way ANOVA. If significant differences
existed, then multiple comparisons were done using Tukey's method with a level of significance
of P<0.05.

3. Results

3.1 pHjand electrophysiological responses to acute hypercapnia of SC neurons from control
and CHx-adapted adult rats in aCSF

The initial pH; of SC neurons from control (7.30 £ 0.03; n = 27 neurons from 9 rats) and CHx-
adapted (7.35 % 0.06 pH unit; n = 12 neurons from 3 rats) adult rats did not differ. Both values
for adults were somewhat less alkaline than previously reported values for SC neurons from
neonates (7.49 £ 0.02; Ritucci et al., 1997), as previously noted (Nichols et al., 2009).

The typical response to hypercapnia (15% CO,) of an SC neuron from a control (Fig. 2A) and
a CHx-adapted rat (Fig. 2B) is a maintained acidification without pH; recovery and a reversible
increase in firing rate. On average, the pH; response to 15% CO, was the same in SC neurons
from CHx-adapted vs. control rats, acidifying by 0.26 + 0.013 pH unit (CHx, n = 89 neurons
from 24 rats) and by 0.28 £ 0.018 pH unit (control, n = 47 neurons from 10 rats). SC neurons
from both control and CHx-adapted adult rats exhibited a lack of pH; recovery (-0.005 £ 0.001
pH unit/min; n = 47 and -0.009 + 0.002 pH unit/min; n = 89, respectively). Upon return to
normocapnia, the pH; of SC neurons from control and CHx adapted adult rats returned to initial
values with no apparent overshoot (Fig. 2A and B), consistent with a lack of pH; recovery
during hypercapnia (Boron and De Weer, 1976;Ritucci et al., 1997).

The typical responses of a control SC neuron (Fig. 3A) and one from a CHx-adapted rat (Fig.
3B) that are inhibited by hypercapnia are a maintained intracellular acidification but with a
reversible reduction of firing rate.

Respir Physiol Neurobiol. Author manuscript; available in PMC 2010 September 30.
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SC neurons were classified (based on their integrated firing rate response to hypercapnia) as
activated (Cl > 120%) (Fig. 2A and B), inhibited (CI < 80%) (Fig. 3A and B), or non-
chemosensitive (80% < CI < 120%) (sample not shown). Activated SC neurons in 5% CO,
from control and CHx-adapted rats had a similar spontaneous integrated firing rate (0.76 +
0.10 Hz and 0.56 = 0.07 Hz respectively) that increased significantly in response to 15%
CO, (2.42 £ 0.56 Hz and 1.58 + 0.19 Hz respectively), and returned towards initial values of
1.37 £ 0.39 Hz (control) and 0.88 £ 0.12 Hz (CHx) upon return to 5% CO5. There were no
significant differences in firing rates between control and CHx values in activated SC neurons
at any level of CO». Inhibited SC neurons from control and CHXx rats had a similar basal
integrated firing rate in 5% CO, (0.55 = 0.13 Hz and 0.94 + 0.22 Hz respectively) that fell
significantly in response to 15% CO> (0.03 + 0.03 Hz and 0.32 £ 0.10 Hz respectively), and
returned towards initial values of 0.79 + 0.54 Hz (control) and 0.90 + 0.19 Hz (CHXx) upon
return to 5% CO,. The firing rate in response to 15% CO, was significantly lower for control
rats compared to CHXx rats (P=0.0055) and was the only significant difference in firing rates
between control and CHx values. Non-chemosensitive neurons from control and CHx animals
had a similar basal integrated firing rate in 5% CO, (1.75 £ 0.28 Hz and 1.09 + 0.24 Hz
respectively), which did not change significantly in 15% CO, (1.69 £ 0.29 Hz and 1.12 £ 0.23
Hz respectively), and remain unchanged upon return to 5% CO, (1.60 £ 0.26 Hz and 1.26 +
0.24 Hz respectively).

We assessed neuronal responses to acute hypercapnia in two ways, determining the percentage
of neurons that respond to and the magnitude of their response to acute hypercapnia. Previously,
we found that 57% of SC neurons from adult rats were activated (n = 32) and 9% were inhibited
(n =5) (Nichols et al., 2009) by hypercapnia. In this study we found that our controls showed
similar percentages with 46% activated (n = 18; Fig. 4A) and 8% inhibited (n = 3; Fig. 4B).
Interestingly, we did not find any significant change in the percentage of SC neurons that were
activated by hypercapnia 34% (n = 30; Fig. 4A) but we did find a significant (P=0.017) increase
in the percentage inhibited to 28% (n = 24; Fig. 4B). The magnitude of the response of SC
neurons to hypercapnia was quantified by calculating the CI (Wang and Richerson, 1999).
Previously, we showed that the average CI for activated and inhibited SC neurons from adult
rats was 177 + 8% and 63 = 10% respectively (Nichols et al., 2009). In this study, we found
similar control values for ClI for activated (166 + 11%; Fig. 4C) and for inhibited (45 £ 15%;
Fig. 4D) SC neurons from adult rats. Values of CI were unchanged in CHx-adapted rats, with
values of 160 + 6% (Fig. 4C) and 55 £ 3% (Fig. 4D) for activated and inhibited SC neurons
from CHx-adapted adult rats, respectively.

3.2 pH; and firing rate responses to acute hypercapnia of SC neurons from control and CHx-
adapted adult rats in synaptic blockade medium

We measured the impact of blocking chemical synaptic transmission on the response to
hypercapnia of SC neurons from CHx-adapted rats since we observed significant changes in
the percentage of neurons that respond to hypercapnia in these rats (Fig. 4A and B). Basal firing
rate increases in response to SNB in SC neurons from both control (Fig. 5A) and CHx-adapted
(Fig. 5B) rats, as we have previously observed (Nichols et al., 2009). The average basal firing
rate of SC neurons from control rats was 1.38 + 0.21 Hz (n = 22) (Fig. 5C) and for CHx rats
was 0.96 £ 0.17 Hz respectively (n = 22) (Fig. 5C). SC neuronal firing rate increased
significantly in the presence of SNB to 2.76 £ 0.47 Hz for control (P=0.0035) and 2.96 + 0.56
Hz for CHx-adapted rats (P=0.0004). These data suggest that SC neurons in slices from adult
rats receive tonic inhibitory input.

SNB had no effect on basal pH; of SC neurons from control animals (7.13 + 0.03 pH unit for
control animals in aCSF versus 7.10 £ 0.03 pH unit for control animals in the presence of SNB;
n =19 neurons from 7 rats). SNB slightly acidified basal pH; of SC neurons from CHx animals
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(7.21 £ 0.02 pH unit for CHx animals in aCSF versus 7.15 + 0.02 pH unit for CHx animals in
the presence of SNB; n = 26 neurons from 9 rats; P=0.0004).

For SNB experiments, a neuron's chemosensitive response was first studied in the absence of
SNB, which was followed by the same experiment in the presence of SNB. Before the
chemosensitive response was measured in the presence of SNB, the firing rate was decreased
back towards initial firing rate by injecting negative DC current. SNB did not affect the
magnitude of acidification caused by hypercapnia in SC neurons from either control animals
or CHx animals (0.27 £ 0.03 pH unit for control animals and 0.27 + 0.02 pH unit for CHx
animals in the presence of aCSF and 0.32 + 0.02 pH unit for control animals and 0.31 + 0.02
pH unit for CHx animals in the presence of SNB; n = 19 for control and n = 26 for CHXx).
Additionally, there was a lack of pH; recovery in SC neurons from both control (-0.005 + 0.002
pH unit/minute in aCSF and -0.011 £ 0.003 pH unit/minute in the presence of SNB) and CHx
animals(-0.011 £ 0.002 pH unit/minute in aCSF and -0.009 £ 0.002 pH unit/minute in the
presence of SNB). Upon return to normocapnia in aCSF and SNB, the pH; of SC neurons from
both control and CHx animals returned towards initial values with no apparent overshoot (data
not shown).

The integrated firing rate response to hypercapnic acidosis in SC neurons from control and
CHx adult rats did not change in the presence of SNB. In the absence of SNB 50% of SC
neurons from control animals were activated and 57% of SC neurons were activated in the
presence of SNB, while 30% of SC neurons from CHx animals were activated both in the
absence and presence of SNB (Fig. 6A). We found that 14% of SC neurons from control animals
were inhibited both in the absence and the presence of SNB, whereas 25% of SC neurons from
CHx animals were inhibited in the absence of SNB and 30% were inhibited in the presence of
SNB (Fig. 6B). Notice that SNB does not affect the percentage of neurons that respond to
hypercapnic acidosis in either control or CHx animals (Fig. 6A and B). The CI for activated
SC neurons was 164 £ 17% in the absence of SNB and 204 + 21% in the presence of SNB
from control animals and 155 + 13% in the absence of SNB and 178 + 20% in the presence of
SNB from CHx animals (Fig. 6C). Inhibited SC neurons from control animals had a Cl of 51%
in the absence of SNB and 69% in the presence of SNB (no error bar since n = 2), whereas
those from CHx animals had a Cl of 55 + 3% in the absence of SNB and 52 + 5% in the presence
of SNB (Fig. 6D). Since SNB had no effect on the chemosensitive response we conclude that
chemical synaptic transmission is not required for the SC neuronal chemosensitive response
in control and CHx animals. Further, the CHx-induced plasticity in changing the percentage
of SC neurons that are inhibited by hypercapnic acidosis is not due to changes in chemical
synaptic transmission. Therefore, the responses to hypercapnic acidosis of SC neurons and the
changes in these responses induced by CHx seem to involve changes of the intrinsic properties
of SC neurons.

4. Discussion

The main findings of this study are: 1) CHx results in a significant plasticity of adult SC
neurons, with an increase in the percentage of CO,-inhibited SC neurons without a concomitant
increase (if anything a small decrease was seen) in CO,-activated neurons, and 2) SNB does
not alter the firing rate response to hypercapnia of adult SC neurons from either control or
CHx-adapted rats. Thus, CHx induces plasticity in which the adult chemosensitive response
of SC neurons to hypercapnia is suppressed and this suppression does not appear to depend on
chemical synaptic transmission.

4.1 Ventilatory acclimatization to hypoxia

Upon exposure to hypoxia ventilation increases. If the hypoxic exposure is prolonged, there is
a time-dependent additional increase in ventilation (ventilatory acclimatization to hypoxia;
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VAH) (Bisgard, 2000). Intact carotid bodies are necessary for VAH (Smith et al., 1986) and
it is clear that VAH is at least in part due to increased sensitivity of carotid bodies to hypoxia
since the carotid body afferent input to the CNS increases over time of exposure to hypoxia
(Barnard et al., 1987; Vizek et al., 1987; Nielsen et al., 1988). Chronic hypoxia also induces
an increase in the CNS gain, defined as the increase of ventilation for a given carotid body
chemoreceptor afferent input to the CNS (Powell et al., 2000) but the basis for increased central
gain is not known. It is known that caudal NTS neurons receive the afferent input from the
carotid bodies (Donoghue et al., 1984; Mifflin, 1992) and therefore these NTS neurons will
receive increased afferent input in response to CHx (Powell, 2007). These observations lead
us to hypothesize that the increased gain could result from CHx-induced plasticity of caudal
SC neurons.

Chronic hypoxia has also been shown to alter the hypercapnic ventilatory response (HCVR),
which is defined by the ventilation vs. end-tidal CO, curve. Depending on the hypoxic
conditions and the animal being studied, chronic hypoxia results in either an increase in the
slope, a decrease in the intercept (apneic threshold) or both of the ventilation vs. CO, curve
(Engwall and Bisgard, 1990; Fatemian and Robbins, 1998; Powell et al., 2000; Khodadadeh
etal., 2006; Wilkinson et al., 2009). Since the caudal NTS is also a site of CO, chemoreception
(Dean et al., 1989, 1990; Nattie and Li, 2002), CHx-induced plasticity of SC neurons may also
be the basis for altered HCVR in animals exposed to chronic hypoxia. The current study is the
first to quantify the chemosensitive response of SC neurons in response to CHx exposure.

4.2 Hypoxic ventilatory response

CHx increases the O, sensitivity of the carotid bodies (Nielsen et al., 1988), thus afferent input
to the NTS should be tonically increased (Powell, 2007), which could cause central ventilatory
plasticity resulting in increased CNS gain. However, it is difficult to relate our findings of
increased percentage of CO»-inhibited neurons in CHx-adapted rats to plasticity of the hypoxic
ventilatory response. Since CHXx results in prolonged hyperventilation and therefore reduced
Pacoz (Weil, 1986), one interesting possibility is that CO»-inhibited SC neurons could be
“activated” by this hypocapnia (Richerson et al, 2001) and could result in increased ventilatory
drive from the SC under conditions of hypocapnia.

It is also possible that SC neurons from CHx-adapted rats have altered intrinsic properties
unrelated to their CO, responsiveness that contributes to increased central gain. In this regard,
CO»-sensitive SC neurons have been shown to be sensitive also to hyperoxia (Mulkey et al.,
2003) and to hypoxia (Dean et al., 1991; Pascual et al., 2002), and that O, sensitivity involves
a distinct cellular mechanism from CO, sensitivity (Mulkey et al., 2003). Thus, it might be
that CHx alters the O, sensitivity of SC neurons, a possibility that we did not study.

4.3 Hypercapnic ventilatory response

We found that CHXx resulted in plasticity of SC neurons, with a significant increase in CO»-

inhibited SC neurons. This finding would suggest that HCVR should be decreased in CHx-

adapted rats, which it is not (Engwall and Bisgard, 1990; Fatemian and Robbins, 1998; Powell
et al., 2000; Wilkinson et al., 2009). Attempts to correlate cellular chemosensitive responses
to hypercapnia of neurons from one brainstem region with whole animal ventilatory responses
is complicated by the likelihood that there are many chemosensitive brainstem regions and the
role of each in ventilatory control is not known (Nattie and Li, 2006; 2009). It could be argued
that CO»-sensitive SC neurons do not contribute to the respiratory network (Guyenet et al.,

2008). We believe this is untenable. We have recent evidence that focal acidosis of the caudal
SC (centered on the area postrema, i.e. from the exact same are of the SC from which our slices
were taken) from CHx-adapted rats reduces integrated phrenic nerve activity when compared
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with control rats (Wilkinson etal., 2009). This is consistent with CHx increasing CO,-inhibited
neurons within the SC and reducing hypercapnic drive from the SC to the respiratory network.

At this time, it is not clear how our results correlate with the whole animal response to
hypercapnia after CHx exposure. That HCVR is not decreased after CHx exposure while SC
neuronal input is decreased suggests that CHx activates chemosensitive neurons located in
another CO5-sensitive region. The carotid bodies have been shown to contribute substantially
to CO, chemoreception (Fatemian et al., 2003; Dempsey, 2004; Nattie, 2006; Smith et al.,
2006). While it is known that CHx increases the O, sensitivity of the carotid bodies (Nielsen
et al., 1988), it is not known how their CO,-sensitivity is changed. Thus, it seems reasonable
to postulate that the CO,- responsiveness of the carotid bodies may be elevated by CHx
exposure.

Another COy-sensitive region that may have an altered response after CHx exposure is the
retrotrapezoid nucleus (RTN) (Mulkey et al., 2004b; Ritucci et al., 2005). It is known that RTN
neurons receive input from peripheral chemoreceptors, although afferent output first gets
relayed through the caudal NTS (Stornetta et al., 2006; Takakura et al., 2006). It would thus
be of interest to know how CHx alters the CO,- responsiveness of RTN neurons.

4.4 Perspective

We observed an unexpected plasticity of SC neurons to CHx acclimatization. It is not clear
what role this plasticity plays in the effects of acclimatization on the central gain of the HVR
or on changes in the HCVR induced by CHx exposure. It is clear that we have identified a
model system in which to study CO,-inhibited neurons. In most chemosensitive regions,
inhibited neurons are rare, comprising about 10-15% of SC neurons (Conrad et al., 2009;
Nichols et al., 2009), about 15% of medullary raphé neurons (Wang and Richerson, 1999) and
5-15% of LC neurons (Hartzler et al., 2007). Here we show that the percentage of SC neurons
inhibited by hypercapnia increases to 30% after exposure to CHX, a sufficiently high proportion
of CO,-inhibited neurons to allow the study of the previously unexplored mechanism of how
hypercapnia can result in decreased neuronal firing rate. Additionally, we found that the shift
in the percentage of inhibited neurons was not due to chemical synaptic input, so the response
we observe in SC neurons from CHx-adapted rats must result from a shift in intrinsic neuronal
properties. We suggest that the increase in the percentage of inhibited neurons is due to changes
in the expression of CO,/H*-sensitive ion channels, converting CO,-insensitive SC neurons
into COy-inhibited neurons.

It appears that the relative increase in the percentage of SC neurons inhibited by CO, results
in reduced excitatory input to the respiratory network since focal acidification of the SC from
CHx-adapted rats has a reduced phrenic nerve response (Wilkinson et al., 2009). Since the
HCVR is not similarly reduced in CHx-adapted animals, CHx must increase the CO,
responsiveness of neurons in another part of the respiratory network. Studies of CHx-induced
plasticity of CO,-responsive neurons from other brainstem regions should prove interesting.

Finally we propose the novel hypothesis that reduced SC neuronal response to acidosis implies
increased responsiveness to alkalosis. We hypothesize that SC neurons that are inhibited by
hypercapnic acidosis will be activated by hypocapnic alkalosis. Thus, the increased percentage
of SC neurons that are inhibited by hypercapnia that occurs in CHx-adapted rats could result
in increased respiratory drive from the SC during conditions of hypocapnia, as observed in rats
chronically adapted to hypoxia. This novel hypothesis can be tested by studying the integrated
phrenic nerve response to focal alkalosis of the SC in CHx-adapted rats, which we would
hypothesize is greater than the integrated phrenic nerve response to focal alkalosis of the SC
in control rats.
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Figure 1.

The average increase in hematocrit for each of the 16 groups of rats exposed to CHx. Hematocrit
was recorded in both chamber control adult rats and adult rats adapted to CHx to verify that
hypoxia had been achieved in the adult rats adapted to CHx. The hematocrit was 47.2 £ 0.2%
for chamber control animals (n=44). The average change in hematocrit (18.7 + 0.8% for all
CHx animals (n=79) (P<0.0001)) was significantly increased in all sixteen groups of adult rats
adapted to CHx. The height of each bar represents the mean change in hematocrit for each
group adapted to CHx and the error bars represent 1 SEM (n=4-6 for each group).
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Figure 2.

A: The pH; and firing rate responses of an individual SC neuron that was activated by
hypercapnic acidosis from a chamber control adult rat. B: The pH; and firing rate responses of
an individual SC neuron that was activated by hypercapnic acidosis from an adult rat adapted
to CHx. The top panel shows the experimental protocol used. The second panel shows the
pH; response of the SC neuron to hypercapnic acidosis over time, which was a maintained
acidification with a lack of pH; recovery. Notice that once the hypercapnic solution was
removed, pH; returned back towards initial pH;. The bottom panel shows the firing rate
response of the SC neuron to hypercapnic acidosis over time, which was a reversible increase
in firing rate in response to hypercapnic acidosis.
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Figure 3.

A: The pH; and firing rate responses of an individual SC neuron that was inhibited by
hypercapnic acidosis from a chamber control adult rat. B: The pH; and firing rate responses of
an individual SC neuron that was inhibited by hypercapnic acidosis in an adult rat adapted to
CHx. The top panel shows the experimental protocol used. The second panel shows the pH;
response of the SC neuron to hypercapnic acidosis over time, which was a maintained
acidification with a lack of pH; recovery. Notice that once the hypercapnic solution was
removed, pH; returned back towards initial pH;. The bottom panel shows the firing rate
response of the SC neuron to hypercapnic acidosis over time, which was a reversible decrease
in response to hypercapnic acidosis.
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Figure 4.

A: The percentage of SC neurons from control adult rats (18 neurons from 9 rats) (white bar)
and adult rats adapted to CHx (30 neurons from 20 rats) (black bar) that were activated by
hypercapnic acidosis. The N values are denoted on each bar (39 neurons from 10 control rats
and 87 neurons from 27 CHXx rats). There is no significant change in the percentage of SC
neurons activated by hypercapnia in CHx-adapted rats. B: The percentage of SC neurons from
control adult rats (3 neurons from 3 rats) (white bar) and adult rats adapted to CHx (24 neurons
from 18 rats) (black bar) that were inhibited by hypercapnic acidosis. The N values are denoted
on each bar. The remaining, non-chemosensitive, neurons amounted to 18 neurons from 10
control rats and 33 neurons from 17 CHx rats. Notice that the percentage inhibited by
hypercapnic acidosis is significantly increased by CHx (* indicates P = 0.017). C: The
chemosensitivity index of SC neurons from control adult rats and adult rats adapted to CHx
that were activated by hypercapnic acidosis. D: The chemosensitivity index of SC neurons
from control adult rats and adult rats adapted to CHx that were inhibited by hypercapnic
acidosis. Notice that CHx does not affect the chemosensitivity index of SC neurons activated
(C) or inhibited (D) by hypercapnic acidosis. The height of each bar represents the mean
chemosensitivity index for that group and the error bars represent 1 SEM.
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A: Effect of synaptic blockade medium (SNB—11.4 mM Mg2* and 0.2 mM Ca?*) on basal
firing rate of an SC neuron from a control adult rat. Exposure to SNB solution is denoted by
the arrow. Notice that SNB causes an increase in basal firing rate. B: Effect of SNB on basal
firing rate of an SC neuron from an adult rat adapted to CHx. Exposure to SNB solution is
denoted by the arrow. Notice that SNB causes an increase in basal firing rate. C: The average
basal firing rate for SC neurons from control animals (white bar) significantly increases in the
presence of SNB (22 neurons from 7 rats) (gray bar) (* indicates P = 0.0035). The average
basal firing rate for SC neurons from adult rats adapted to CHx (black bar) also significantly
increases in the presence of SNB (22 neurons from 9 rats) (gray bar) (* indicates P = 0.0004).
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The height of each bar represents the mean firing rate for that group and the error bars represent
1 SEM.
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A: The percentage of SC neurons from control adult rats that were activated by hypercapnic
acidosis in the absence (7 neurons from 4 rats) (white bar) and presence of synaptic blockage
medium (SNB—11.4 mM Mg?2* and 0.2 mM Ca2*) (8 neurons from 6 rats) (gray bar) and SC
neurons from adult rats adapted to CHx that were activated by hypercapnic acidosis in the
absence (6 neurons from 6 rats) (black bar) and the presence (gray bar) of SNB (6 neurons
from 6 rats). The N values are denoted on each bar (14 neurons from 6 control rats and 20
neurons from 9 CHXx rats). B: The percentage of SC neurons from control adult rats that were
inhibited by hypercapnic acidosis in the absence (2 neurons from 2 rats) (white bar) and
presence (2 neurons from 2 rats) of SNB (gray bar) and of SC neurons from adult rats adapted
to CHx that were inhibited by hypercapnic acidosis in the absence (5 neurons from 4 rats)
(black bar) and the presence (6 neurons from 3 rats) (gray bar) of SNB. The N values are
denoted on each bar. The remaining, non-chemosensitive, neurons amounted to 5 neurons from
4 control rats and 7 neurons from 5 CHx rats. Notice that SNB does not affect the percentage
of neurons that respond within control or CHx animals. C: The chemosensitivity index of SC
neurons from control adult rats that were activated by hypercapnic acidosis in the absence
(white bar) and presence (gray bar) of SNB and of SC neurons from adult rats adapted to CHx
that were activated by hypercapnic acidosis in the absence (black bar) and presence (gray bar)
of SNB. D: The chemosensitivity index of SC neurons from control adult rats that were
inhibited by hypercapnic acidosis in the absence (white bar) and presence (gray bar) of SNB
and of SC neurons from adult rats adapted to CHx that were inhibited by hypercapnic acidosis
in the absence (black bar) and presence (gray bar) of SNB. The height of each bar represents
the mean chemosensitivity index for that group and the error bars represent 1 SEM. There are
no error bars for the CI of inhibited neurons from control animals in the absence and presence
of SNB because the two inhibited neurons in the absence and presence of SNB had the same
Cl. Notice that CHx does not affect the chemosensitivity index of SC neurons activated or
inhibited by hypercapnic acidosis.
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