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Chronic Intermittent Hypoxia Depresses Afferent
Neurotransmission in NTS Neurons by a Reduction in the
Number of Active Synapses

Carlos Eduardo L. Almado, Benedito H. Machado, and Ricardo M. Leao
Department of Physiology, School of Medicine of Ribeirao Preto, University of Sdo Paulo, Ribeirao Preto, Sao Paulo 14049-900, Brazil

Long-term synaptic plasticity has been recently described in brainstem areas associated to visceral afferent sensory integration. Chronic
intermittent hypoxia (CIH), an animal model for studying obstructive sleep apnea in humans, depresses the afferent neurotransmission
in nucleus tractus solitarii (NTS) neurons, which affect respiratory and autonomic regulation. Here we identified the synaptic mecha-
nisms of CIH-induced depression of the afferent neurotransmission in NTS neurons in juvenile rats. We verified that CIH reduced the
amplitude of both NMDA and non-NMDA glutamatergic excitatory currents (eEPSCs) evoked by tractus solitarii stimulation (TS-eEPSC)
of second-order neurons in the NTS. No changes were observed in release probability, evidenced by absence of any CIH-elicited effects on
short-term depression and failures in EPSCs evoked in low calcium. CIH also produced no changes in TS-eEPSC quantal size, since the
amplitudes of both low calcium-evoked EPSCs and asynchronous TS-eEPSCs (evoked in the presence of Sr>") were unchanged. Using
single TS afferent fiber stimulation in slices from control and CIH rats we clearly show that CIH reduced the quantal content of the
TS-eEPSCs without affecting the quantal size or release probability, suggesting a reduction in the number of active synapses as the
mechanism of CIH induced TS-eEPSC depression. In accordance with this concept, the input- output relationship of stimulus intensity
and TS-eEPSC amplitude shows an early saturation in CIH animals. These findings open new perspectives for a better understanding of
the mechanisms underlying the synaptic plasticity in the brainstem sensory neurons under challenges such as those produced by CIH in

experimental and pathological conditions.

Introduction

The nucleus tractus solitarii (NTS) is the first central synaptic
station for the cranial visceral afferents, including those carrying
information from the cardiovascular and respiratory systems
(Andresen and Kunze, 1994). This primary integration center
processes different visceral afferent information, such as those
arising from the arterial baroreceptors and chemoreceptors,
whose integrated signals are sent to other important brainstem
regions for the regulation of the autonomic and respiratory func-
tions. Previous studies described activity-dependent plasticity
mechanisms in the NTS circuitry, including short-term (Fortin et
al., 1992; Chen et al., 1999) and long-term plasticity (Glaum and
Brooks, 1996; Zhou et al., 1997), which may produce long-term
changes in synaptic transmission after periods of intense afferent
stimulation to the NTS.
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Chronic intermittent hypoxia (CIH) in experimental animals
is commonly used as a model for studying the autonomic and
respiratory changes observed in obstructive sleep apnea, a pathol-
ogy associated with several cardiorespiratory dysfunctions. CIH
leads to long-term activation of peripheral chemoreceptors and
baroreceptors producing episodic increases in the discharge of
visceral afferents in the NTS (Fletcher et al., 1992; Vidruk et al.,
2001; Peng et al., 2003; Zoccal et al., 2008, 2009). Additionally,
CIH induces a sustained increased activity of TS afferents by
enhancement of the resting discharge of carotid chemoreceptors
(Peng et al., 2003). As a likely consequence of CIH-enhanced
afferent activity in the NTS, CIH exposure results in a long-term
synaptic depression in the NTS neurons (Kline et al., 2007).

Previous studies describing long-term depression (LTD) of
NTS excitatory inputs after CIH, documented, based on a de-
crease in the inverse of the squared coefficient of variation (1/
CV?) of EPSCs, that CIH-induced depression was caused by a
reduction in vesicle release probability (Kline et al., 2007). Sur-
prisingly, given this hypothesis, short-term depression was not
affected by CIH, as would be expected if the depression was
caused by a reduction in release probability (Brenowitz et al.,
1998; Brenowitz and Trussell, 2001; Blitz et al., 2004; Xu-
Friedman and Regehr, 2004; Yamamoto et al., 2010). One possi-
ble explanation is that because 1/CV? is an index not only of Py
but also of the number of functional synapses (1), the observed
reduction in the this parameter by CIH could reflect changes
in the number of active synapses (Malinow and Tsien, 1990;
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Kerchner and Nicoll, 2008). Thus, the precise mechanisms of
CIH-induced depression in the NTS remain unclear.

In the present study we used a series of experimental ap-
proaches to evaluate the mechanisms of the CIH-induced synap-
tic depression of TS-evoked neurotransmission in rats. Our data
indicate that CIH depresses afferent neurotransmission in NTS
neurons by a reduction in the number of functional synapses
without affecting vesicle release probability at individual syn-
apses or quantal size. Herein we describe a precise mechanism of
synaptic plasticity in the NTS, which probably reflects an activity-
dependent adaptation of its afferents in response to a long-term
overexcitation of visceral sensory inputs to second-order NTS
neurons.

Materials and Methods

Animals. Juvenile male Wistar rats (19-21 d) were obtained from the
Animal Care Facilities of the University of Sao Paulo, campus of Ribeirao
Preto, Brazil. All experimental protocols were approved by the Ethical
Committee on Animal Experimentation (CETEA, protocol 070/2007) of
the School of Medicine of Ribeirdo Preto, University of Sao Paulo.

CIH. The animals were divided in two groups: CIH and control. The
detailed CIH protocol used in the present study was previously described
by Zoccal et al. (2008). Briefly, both groups were housed in collective
cages and maintained inside Plexiglas chambers (volume, 210 L)
equipped with gas injectors as well as sensors for O,, CO,, humidity, and
temperature. The CIH group was exposed to a protocol of 5 min of
normoxia (inspired fraction of O,, FIO,, of 20.8%) followed by 4 min of
pure N, injection to reduce the FIO, from 20.8 to 6%, remaining at this
level for 40 s. After this hypoxic period, pure O, was injected into the
chamber to return the FIO, back to 20.8%. This 9 min cycle was repeated
8 h a day (from 9:30 A.M. to 5:30 P.M.) for 10 d. During the remaining
16 h the animals were maintained at a FIO, of 20.8%.

The injections of N, and O, (White Martins) into the chamber were
regulated by a solenoid valve system whose opening—closing control was
operated by a computerized system (Oxycycler; Biospherix). In a similar
chamber in the same room, the control group was exposed to a constant
FIO, of 20.8% for 10 d with similar background noise. In both CIH and
control chambers, the gases were injected at the upper level of the cham-
ber to avoid stressing the animals by jets of gas impacting the animals.

Patch-clamp recordings. Horizontal brainstem slices were prepared af-
ter 10 d of exposure to CIH or normoxic (control) protocols. Rats were
anesthetized with halothane and the brainstem was rapidly removed and
placed in an ice-cold standard artificial CSF (aCSF) that contained the
following (in mwm): 125 NaCl, 2.5 KCl, 2 CaCl,, 1 MgCl,, 1.25 NaH,PO,,
25 p-glucose, 0.4 L-ascorbic acid, and 25 NaHCO;, pH 7.4, and bubbled
with 95% O, + 5% CO,. The brainstem was mounted in a cutting stage
of a vibrating blade slicer (Vibratome 1000 plus; Vibratome) and slices
containing the NTS were obtained in a quasihorizontal orientation
(Doyleetal., 2004). The slices were then incubated at 35°C for 30 min and
after this period they were kept at room temperature (22-25°C). For
electrophysiological recordings each slice was transferred to a recording
chamber (0.4 ml volume) and fixed with nylon grids to a platinum frame.
The slice was submerged and continuously superfused at a rate of 1-2
ml/min with standard aCSF containing 20 uM bicuculline (Sigma) to
block GABAergic synaptic currents.

Patch electrodes were made from pulled thick-walled borosilicate glass
capillaries (Sutter Instruments), using a programmable puller (Sutter
P97; Novato). The composition of the intracellular solution contained
the following (in mm): 130 K-gluconate, 20 KCI, 10 HEPES, 5 EGTA, 2
Mg,ATP, 0.3 Na,GTP, and 5 phosphocreatin-Na,. The tip resistance of
the electrodes ranged from 3 to 6 M() when filled with this solution.
Neurons located in the caudal and intermediate NTS, more precisely in a
region caudal to the rostral edge of area postrema, were preselected by
visual identification with an upright microscope equipped with infrared
differential interference contrast optics (BX-51; Olympus). During the
recording, the membrane potential was held at —70 mV. The access
resistance was checked regularly during the recording and neurons with
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access resistance >30 M{) were discarded. Recordings of postsynaptic
currents began 5 min after the whole-cell access was established. Record-
ings were made with an AxoPatch 200B patch-clamp amplifier connected
toa PC computer via a DigiData 1440 Interface. Whole-cell currents were
acquired using pClamp 10 (Molecular Devices), lowpass filtered at 2
kHz, digitized at 10 kHz, and stored in a PC computer for off-line anal-
ysis. All experiments were performed at room temperature (22—25°C).

Stimulation of the solitary tract. Evoked EPSCs (eEPSCs) were gener-
ated by placing a concentric bipolar stimulating electrode (Frederick
Haer) on the ipsilateral solitary tract (TS) at least 1.5 mm cranially to the
neuron to be recorded and stimulated at a duration of 0.3 ms with an
isolated stimulator (D2A; Digitimer). Stimulation was delivered every
10 s. The intensity of TS stimulation was progressively increased until an
eEPSC was evoked. When an additional increase in the intensity did not
alter eEPSC amplitude, it was considered as the maximum response. For
study of synaptic depression we used a train of five stimuli at 33 Hz. For
the calcium dose—response curve and variance-mean analysis we mea-
sured TS-EPSCs in different calcium concentrations (0.1, 0.25, 0.5, 1, 2,
and 4 mm). In this set of experiments, Mg>" concentration was adjusted
to keep the overall divalent cation concentration constant when using
Ca?* concentrations <2 mm, and kept at 1 mm when using 4 mm Ca* ™.
Slices were perfused for at least 10 min with each of the aCSF containing
different Ca** concentration before starting recording.

NMDA TS-eEPSCs recordings. TS-evoked NMDA currents were re-
corded at a holding potential of +40 mV, using an intracellular solution
designed to reduce the voltage-activated potassium conductances to
minimize background noise. This solution was composed of the follow-
ing (in mm): 130 Cs-methanesulfonate, 20 CsCl, 10 HEPES, 5 EGTA, 2
Mg,ATP, 0.3 Na,GTP, 5 phosphocreatin-Na,, and 5 tetraethylammo-
nium. At least 15 trials were recorded at +40 mV in the presence of
bicuculline, and then 40 um DL-AP5 were added to perfusion to selec-
tively block the NMDA component of the TS-eEPSC. At least 15 TS-
eEPSCs were recorded in the presence of bicuculline and prL-AP5.
Subsequently, the mean NMDA TS-eEPSC was calculated by subtracting
the mean AMPA TS-eEPSC (in the presence of pL-AP5) from the total
TS-eEPSC obtained in the absence of DL-AP5 (see Fig. 2 A).

Recording of asynchronous TS-eEPSCs. Equimolar replacement of ex-
ternal Ca** by Sr** (2 mm) leads to a desynchronization of TS-eEPSCs
in their quantal units, named asynchronous TS-EPSCs (aEPSCs), allow-
ing the calculation of the quantal content (1) of the regular TS-eEPSCs
(Oliet et al., 1996; Bekkers and Clements, 1999; Xu-Friedman and Re-
gehr, 2000). After recording at least 15 trials in the normal Ca®" condi-
tion, Sr*"-containing aCSF was perfused for at least 10 min to assure
complete exchange of Ca*>* by Sr®". Thereafter, 30—40 trials were re-
corded. For aEPSC analysis, the first TS-evoked EPSC (which is usually
composed with less asynchronous currents) was discarded, and the sub-
sequent aEPSCs were analyzed using a time window of 200 ms from the
stimulus artifact. By discarding the first aEPSC from the analysis proce-
dure, we reduced the influence of occasional multiquantal/nondesyn-
chronized TS-eEPSCs in our analyses. The 200 ms analysis time window
for the aEPSCs had two purposes: (1) to minimize the contamination of
our aEPSCs by spontaneous EPSCs that can originate from non-TS syn-
apses and (2) to reduce the influence of the asynchronous EPSCs that
have been described to occur in some TS synapses even in the absence of
Sr2* (Peters et al., 2010).

Minimal TS stimulation or single TS fiber stimulation. To obtain a single
quantal current we used the technique of minimal stimulation of single
axonal afferent TS fiber (Raastad et al., 1992; Allen and Stevens, 1994;
Stevens and Wang, 1994; Isaac et al., 1996; Dobrunz and Stevens, 1997;
Franks and Isaacson, 2006). Theta glass electrodes (Sutter Instruments)
were pulled to obtain tips of 1-3 wm diameter. After being filled with
aCSF and connected to an isolated stimulator using silver wires, the theta
electrode was placed over the TS at an intermediate position between the
concentric bipolar electrode (used for multifiber stimulation) and the
recorded cell. Pulses were applied while adjusting stimulus intensity
and/or the position of the theta electrode onto the TS to find conditions
of minimal stimulation. To be considered a “minimal” synaptic current
(single fiber) the following criteria were required: (1) it was produced
with the minimal intensity of stimulus necessary to evoke synaptic cur-
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Figure 1.  CIH selectively depresses low variability TS-eEPSCs. 4, Representative examples of EPSCs evoked by TS stimulation in a low latency-SD NTS neuron (left) and in a high latency-SD NTS

(right). The traces represent 10 superimposed eEPSCs. Notice the very low variability of the eEPSC latency onset from the low latency-SD NTS neuron and the high variability in the latency and
presence of failures of the eEPSCs from high latency-SD neurons. B, Representative traces of TS-eEPSCs from low latency-SD () neurons and high latency-SD (ii) neurons, from control and CIH
animals. The traces represent an average of 20 TS-eEPSCs. €, Mean peak amplitudes of the TS-eEPSCs after 10 d of normoxic (Con) or CIH exposure from low latency-SD NTS neurons (Con, n = 58;
(IH, n = 59) and high latency SD-NTS neurons (Con, n = 27; CIH, n = 18). ***p << 0.0001, Mann—Whitney test. D, Cumulative frequency distribution of the amplitudes of TS-eEPSCs from low
latency-SD and high latency-SD NTS neurons from control and CIH animals. £, Comparison of the inverse of squared coefficient of variation (1/CV?) of low latency-SD neurons from Con and CIH

animals. **p = 0.009, Mann—Whitney test.

rents and (2) the distribution of the synaptic currents’ amplitudes fol-
lowed a single Gaussian curve. Minimal stimulation EPSCs that
presented amplitude distributions not following a single Gaussian distri-
bution were considered multifiber EPSCs and excluded from the
analysis.

Data analysis. All final membrane potential values took into account a
calculated liquid junction potential of —14 mV. The recorded synaptic
currents were analyzed off-line using Clampfit version 10 (Molecular
Devices). Spontaneous postsynaptic currents were recorded for 2 min
and their frequency, amplitude and half-width were analyzed with the
Mini-Analysis Program version 5.0 (Synaptosoft). For the short-term
synaptic depression analysis, eEPSC failures were included in the calcu-
lation. The latency for eEPSC initiation was calculated manually as the
time from the stimulus artifact to the onset of the evoked current, which
was determined as the first data point that exceeded 2 SDs of the baseline
noise. Subsequently, we calculated the SD of eEPSC latency for at least 15
eEPSCs. The V-M analysis was performed as described by Accorsi-
Mendonga et al. (2011). Briefly, we recorded 40-50 TS-EPSCs in each
extracellular calcium concentration, and the mean TS-eEPSC amplitude
(M) for each condition was calculated taking the failures into account
and plotted against their variance ( V). Individual plots were fitted with a
quadratic polynomial equation assuming zero variance in zero ampli-
tude. The binomial parameters quantal size (q) and number of release
sites (11) were expressed in the equation as follows: V= gM — M?*/N. The
release probability (Py) was estimated by calculating the maximum EPSC
amplitude (given by the binomial distribution N.q) and dividing it by the
EPSC amplitude in 2 mm calcium.

Statistical analysis was performed with GraphPad Prism (version 5.0;
GraphPad Software) and the on-line software Statistics to Use (www.
physics.csbsju.edu/stats/). Statistical comparison was made using Mann—
Whitney U test, Kruskal-Wallis test, ANOVA test, Student’s ¢ test, or the
Kolmogorov—Smirnov (K-S) test (for distributions comparison). The
data are expressed as mean * SEM and significance level was set as
p <0.05.

Salts, drugs, and reagents. Bicuculline free-base, baclofen, bL-AP5, and
tetrodotoxin (TTX) were purchased from Tocris Bioscience and Sigma.
All reagents and salts were from analytical grade. Solutions were prepared
using ultrapure water (resistivity > 18.2 M{) - cm ~') obtained from a
Direct-Q UV System (Millipore).

Results

CIH decreases glutamatergic eEPSC amplitude in NTS
neurons with low SD of the synaptic latencies

It was demonstrated (Kline et al., 2007) that CIH produced a
synaptic depression in second-order neurons in the NTS identi-
fied on the basis of the SD of the synaptic latencies (Doyle and
Andresen, 2001). Recently, Accorsi-Mendonga et al. (2011)
showed that chemosensory second-order neurons receive affer-
ents from the carotid body (CB) with TS-eEPSC SD of latencies
higher than the initially proposed cutoff of 0.2 ms to define
second-order neurons in the NTS, which was based on measure-
ments in neurons receiving afferent inputs from arterial barore-
ceptors (Doyle and Andresen, 2001; Bailey et al., 2006). To verify
if the CIH-induced depression could also be observed in the NTS
neurons with TS-eEPSCs with SD of latencies in the range
observed in chemosensory neurons (>0.2 ms), we compared
the effect of CIH on the TS-eEPSC in low latency SD synapses
(Accorsi-Mendonga et al., 2011; <0.25 ms) with its effect on
neurons with higher latency SD synapses (0.25 ms) (Fig. 1A).
We observed that CIH produced, as previously described by
Kline etal. (2007), a reduction of the TS-eEPSCs in low latency
SD NTS synapses (Con: 325.1 *= 22.1 pA, n = 58 vs CIH =
186.6 * 10.6 pA, n = 59; t test, p < 0.0001; Fig. 1 Bi,C,D), while
the amplitude of the TS-eEPSCs of high latency SD synapses
was not affected (Con: 102.2 £ 19.3 pA, n = 27 vs CIH =
99.5 = 14.1 pA, n = 18; t test, p = 0.92; Fig. 1Bii,C,D). As seen
previously by Kline et al. (2007), we also verified a reduction in
the inverse of 1/CV? of the TS-eEPSCs from low latency SD
synapses (Fig. 1E). These data show that the effect of CIH
occurs only in synapses from the TS presenting a low eEPSC
latency SD, and for this reason, all subsequent experimental
protocols were planned to explore the mechanisms underlying
the CIH-induced depression of the TS-eEPSCs on this specific
neuronal population.
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term plasticity of the TS-eEPSCs would be
changed, because it is strongly affected
by changes in the release probability
(Brenowitz et al., 1998; Blitz et al.,
2004; Xu-Friedman and Regehr, 2004;
Yamamoto et al., 2010). A decrease in the
release probability would produce a
smaller depletion of the vesicle releasable
pool, which in turn, leads to a less pro-
nounced synaptic depression (Brenowitz
et al., 1998; Xu-Friedman and Regehr,
2004). To test the hypothesis that CIH
changes the release probability we com-
pared the amount of short-term synaptic
depression of TS-eEPSCs in NTS neurons,
from both control and CIH rats. Trains of
five stimuli delivered at 33 Hz produced
significant depression of TS-eEPSCs (Fig.
3A), which at this range is not influenced
by receptor desensitization (Chen et al.,
1999). When the eEPSCs were normalized
to the peak amplitude of the first eEPSC,
we observed that the magnitude of de-
pression was similar in both groups [sec-
ond, third, fourth, and fifth normalized
TS-eEPSCs (Con: 32 & 3,24 *+ 3,20 = 3,
and 20 * 3%, n = 50) vs (CIH: 32 = 3,
27 £ 3,23 = 2,and 24 £ 2%, n = 52),
two-way ANOVA, Fy 497y = 1.95, p =

150 ms

CHH

[¢]

non-NMDA eEPSC amplitude (pA) O
©
S
)

CHH CHH

Figure 2.

individual neurons and the lines the mean == SEM.

CIH equally affects TS-evoked NMDA and

non-NMDA currents

The decrease in the 1/CV? is compatible with a presynaptic
mechanism of depression. A reduction in the release of glutamate
would affect in a similar manner both NMDA and non-NMDA
TS-eEPSCs, whereas postsynaptic affects might differentially af-
fect the NMDA and non-NMDA currents. To test this hypothe-
sis, we evaluated the effect of CIH on NMDA and non-NMDA
TS-eEPSCs recorded in the same cells (Fig. 2A). Our data show
that both non-NMDA (Con: 732 * 77 pA, n = 10; CIH: 382 = 53
pPA, n = 10; p < 0.01; Fig. 2 B) and NMDA eEPSCs (Con: 165 =
27 pA,n=10;CIH: 81 = 9 pA, n = 10; p < 0.01; Fig. 2 B-D) were
significantly depressed by CIH. In addition, the ratio between
NMDA and non-NMDA TS-eEPSCs was similar in control and
CIH (Con: 0.235 = 0.047; CIH: 0.268 = 0.077; p = 0.85; Fig. 2 E),
supporting the concept that CIH affects both NMDA and non-
NMDA glutamatergic neurotransmission in NTS neurons.

CIH does not change release

probability

The reduction of the 1/CV? and an observed similar depression
of the NMDA and non-NMDA components suggest that the site
of the depression is presynaptic. However, if this depression was
a consequence of a reduction in the release probability the short-

CIH depresses Ts-evoked NMDA currents. A, Representative traces of an eEPSC corresponding to the average of 15
eEPSCs evoked at 40 mV, before () and after (ii) application of the NMDA receptor antagonist o.-AP5 (40 wum). fii, NMDA current
obtained by the subtraction of trace iii from trace i. B, Representative traces of NMDA TS-eEPSCs obtained in low latency-SD NTS
neurons from control (Con) and CIH animals. €, Mean amplitude of the non-NMDA and (D) NMDA eEPSCs (recorded in the same
neurons) from Con and CIH animals. ***p = 0.0001, unpaired ¢ test; **p = 0.0052, Mann—Whitney test. E, Comparison of the
ratio of NMDA and non-NMDA currents in NTS neurons from Con and CIH animals. Symbols represent the mean response from

Con CIH

0.16; Figure 3A,B], a finding consistent
with a lack of effect on release probabil-
ity. In addition, we verified a significant
increase in the number of failures dur-
ing the high-frequency train in the CIH
group [percentage of failures for the
first, second, third, fourth, and fifth TS-
eEPSCs of each train (Con: 0 = 0,11.5 =
3.5,12.6 = 2.9,24.0 = 4.0, and 23.7 =
3.7%,n = 50) vs (CIH: 0.1 = 0.1,23.5 =
4.6,23.7 = 23.7,33.3 = 4.0, and 37.4 = 4.1%, n = 52), two-
way ANOVA, F(; 500y = 17.91, p < 0.0001; Bonferroni post-
test, fifth eEPSC Con vs CIH, p < 0.05; Figure 3C].

The similar short-term depression in both control and CIH
groups is not consistent with a model of synaptic depression
by a decrease in vesicular release probability. To validate this
prediction in our preparation, we compared the effects of two
approaches known to produce a reduction in the amplitude of
the TS-eEPSCs by distinct mechanisms: (1) application of
baclofen, a GABAy agonist (10 uM), which reduces the release
probability and (2) application of submaximal concentrations of
6,7-dinitroquinoxaline-2,3-dione (DNQX), an AMPA/kainate
receptor antagonist (2 uM), which decreases the receptor avail-
ability. In accordance with findings from other preparations, we
expected that application of baclofen should produce a decrease
in the synaptic short-term depression and DNQX should not
change the amount of the short-term depression (Brenowitz et
al., 1998; Tzounopoulos et al., 2007). Accordingly, we observed
that while both approaches decreased the amplitude of the TS-
eEPSCs to similar levels as CIH (baclofen: from 424 * 49 pA to
191 * 43 pA, n = 5; paired t test, p = 0.0009; Fig. 4A1,Bi) (DNQX:
from 318 * 45 pAto 195 = 43 pA, n = 5; paired r test, p = 0.0003;
Fig. 4 Aii,Bii), the magnitude of short-term depression was re-
duced only by baclofen [second, third, fourth, and fifth normal-
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ized eEPSCs: (Pre:22 = 2,16 = 3,11 *2, A

and 12 = 1%, n = 5) vs (baclofen: 46 * 7, V\W
42 + 11,39 = 10, and 32 = 10%, n = 5),
two-way ANOVA, F( 4 = 24.22, p <
0.0001; Figure 4C]. It is also important to
note that only baclofen reduced the 1/CV?
of TS-eEPSCs (baclofen: 24.9 * 10.6%
from control, n = 5; paired t test, p =
0.0021; Fig. 4D). This observation sup-
ports the concept that any reduction of eE-
PSC amplitude by presynaptic mechanisms
implies a concurrent reduction of 1/CV?,

Control
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On the other hand, experiments with low
DNQX concentration demonstrated that
a decrease in the number of receptors or
conductance does not affect short-term
plasticity or 1/CV?2. CIH, in turn, reduced
only the 1/CV? of the eEPSCs, not affect-
ing short-term depression, an effect not
compatible with either a reduction in ve-
sicular release probability or with a reduced receptor number or
conductance. Subsequent series of experiments were performed
to better assess the origin of this discrepancy and investigate the
precise mechanisms of CIH-induced depression of the TS-
eEPSCs.

Figure 3.

CIH does not change the TS-eEPSCs evoked in low Ca**

The data presented above suggest that CIH reduces the TS-eEPSC
by a mechanism distinct from a purely reduced release probabil-
ity or receptor number/conductance. In agreement with this hy-
pothesis we did not observe any changes induced by CIH in the
parameters of the miniature spontaneous synaptic currents (re-
corded in the presence of 1 um TTX), which are affected by
changes in release probability (frequency) or in receptor number/
conductance (amplitude and half-width) (Table 1). Considering
that these currents could originate from non-TS synapses, which
might not be affected by CIH, we also analyzed TS-evoked cur-
rents in conditions of very low release probability, which produce
quantal or near-quantal events. For this, TS-eEPSCs in NTS neu-
rons from control and CIH animals were recorded in low calci-
um/high magnesium conditions (0.2 mM/3 mM, respectively).
Under this experimental condition we verified that the peak am-
plitude of the eEPSCs was dramatically reduced (Fig. 5A) and
most of the trains produced failures. Surprisingly, the distribu-
tions of the amplitudes of TS-eEPSCs evoked under the low cal-
cium condition were similar in both groups, showing no shift to
smaller amplitudes (K-S test, p = 0.99; Fig. 5B). We also verified
that the mean amplitude of the low calcium TS-eEPSCs was not
statistically different between neurons from both control and
CIH groups (Con: 34.3 = 2.7 pA, n = 12 vs CIH: 33.9 = 3.9 pA,
n = 12; p = 0.93; Fig. 5B). These results strongly support the
concept that the minimal synaptic current is not reduced by CIH.

Short-term synaptic depression is not affected by CIH. A, A train of five stimuli delivered at 33 Hz produces strong
short-term depression in NTS synapses. The traces correspond to the average of 15 consecutive trains of eEPSCs from both control
(left) and CIH animals (right). The amplitude of the first CIH eEPSC is scaled to the first control eEPSC. B, Graph showing the
normalized efficacy of the TS-eEPSCs during a 33 Hz train of stimuli in both control (Con) and CIH animals (n = 52 in both groups).
€, Percentage of TS-eEPSC failures during a 33 Hz train of stimuli in Con and CIH animals. ***p < 0.0001, two-way ANOVA; #p <
0.05, Bonferroni post-test, fifth eEPSC failure in CIH different from control.

We then asked whether the CIH-induced reduction of the
TS-eEPSC could be a result of an altered sensitivity of synaptic
exocytosis to extracellular calcium. For this we analyzed the de-
pendence of both TS-EPSC amplitude and failure rate to a broad
range of extracellular Ca** concentrations (0.1—4 mm). Contrary
to the hypothesis of a different calcium relationship of synaptic
vesicle exocytosis after CIH, we found that TS-eEPSC amplitude
had the same Ca** dependence in both groups, with similar ECs,
(Con: 0.92 = 0.03 mMm, n = 11 vs CIH: 0.92 * 0.03 mm; extra
sum-of-squares F test, F; ;,, = 0.0529, p = 0.818; Fig. 5D) and Hill
slope (Con: 1.75 = 0.19, n = 11 vs CIH: 1.71 =% 0.18; extra sum-of-
squares Ftest, F(; ;,7) = 0.0357, p = 0.850; Fig. 5D). Concerning the
Ca*" dependence of the failure rate, we observed no changes in Hill
slope (Con: —4.51 = 0.51, n = 11 vs CIH: —4.31 = 0.38; extra
sum-of-squares F test, F(, ;,, = 0.0987, p = 0.754; Fig. 5E), which
reinforces the findings suggesting that CIH produces no changes in
calcium-release relationship of synaptic vesicles. Altogether, these
data clearly show that the exocytosis and Ca*" dependence of NTS
synapses is not affected by CIH, which also rules against changes in
vesicle release probability produced by CIH. Nevertheless, we veri-
fied a significant increase (rightward shift) in the IC5, of Ca** dose—
response curve for failure rate (Con: 0.30 = 0.01 mm, #n = 11 vs CIH:
0.34 * 0.01 mm; extra sum-of-squares F test, F(, ;,,) = 4.742, p =
0.031; Fig. 5E). This finding is in agreement with our results showing
an increased number of failures during the high-frequency train of
stimulation after CIH exposure. Both results point to a possible re-
duction in the quantal content (1) of TS-EPSCs.

CIH produces a reduction in the quantal content (m) of the
TS-eEPSCs by reducing the number of available quanta (n)
Our data clearly show that the mechanisms of CIH-induced syn-
aptic depression are more complex than a simple presynaptic
decrease on release probability or a postsynaptic reduction in the
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A i ii (Malinow and Tsien, 1990; Kerchner
and Nicoll, 2008), similar to our observa-
tion for CIH. The quantal parameters can
be estimated by a stationary fluctuation
analysis, known as variance-mean analy-
sis (V-M) of the EPSCs, which is achieved

Baclofen DNQX by changing vesicle release probability
< L < manipulating the amount of external
g . 8 e Ca’"(Clements and Silver, 2000; Cle-
Bij 2015 I ments, 2003, Yamamoto et al., 2010;
500 400 Accorsi-Mendonga et al., 2011). We then
< 400 L < 1 analyzed the data from our calcium dose—
E E 300 . response curve to obtain the V-M plots
2 3004 2 (Fig. 6A). After fitting the data with a
& g 200 second-degree polynomial equation we
3w o obtained the estimated parameters g, P,
g 1004 é’ 100; and n. We found that while P, and g were
@ . similar in both control and CIH groups
o . 0 . (Pg: Con: 0.81 £ 0.03, n = 10 vs CIH:
) Fre Racioton .. bre FINGDX 0.79 =+ 0.06, n = 8; p = 0.727; Fig. 6 B; g:
Ci ... [/ . Con:24.5+ 3.3 pA,n=10vs CIH:31.2 +
g S e g 4.9 pA, n = 8; p = 0.254; Fig. 6C), n was
g 5 g 8 much smaller in CIH synapses (n: Con:
2 ool 2 ol 31251 =10vsCIH: 16 £ 1,n = 8; p =
g g 0.046; Fig. 6 D). This result strongly sug-
; 401 ; 401 gests that » is the parameter affected by
g Lol £ L0 CIH and we proceed to obtain more direct
& K experimental evidence corroborating this
0 . o model.
D A To assess the hypothesis of a CIH-

Dij p— il o induced reduction in TS-eEPSC parame-

Baclofen ter n, we first used a manipulation that
gﬁs- g175- allowed us to estimate the number of
g, 1501 g, 150 quanta released for each stimulus using
L 125 L 125 strontium (Sr>*), which decomposes the
R & 10 TS-eEPSCs in their quantal currents
s 7 5 75 (Oliet et al., 1996; Bekkers and Clements,
g 501 g 501 1999; Xu-Friedman and Regehr, 2000).
Z 251 Z 25 With this approach its is possible to eval-

o D o b B co“"' = P uate the npmberl of quanta released by

Normalized eEPSC (%) Normalized eEPSC (%) each TS stimulation, i.e., the TS-eEPSC

quantal content, m. Using equimolar re-

Figure 4.  Short-term depression of the TS-eEPSC in conditions of reduced release probability and reduced receptor occupancy. 4, placement of Ca** by Sr2* (2 mm), we

Representative traces of eEPSCs before (black trace) and after (gray trace) the application of baclofen 10 wum (i) or DNQX 1 um (ii). B,
Summary of the effect of baclofen (i) and DNQX (i) on the peak eEPSCamplitude. ***p = 0.0003, paired ttest,n = 5, forbaclofen; ***p =
0.0009, paired t test, n = 5, for DNQX. C, Effect of baclofen () and DNQX (i) on the short-term depression. The figures show the relative
efficacy of the TS-eEPSCs during a train of five stimuli at 33 Hz. For baclofen: “p << 0.0001, two-way ANOVA, n = 5; *p << 0.05, Bonferroni
post-test, third and fourth eEPSCs different from control. For DNQX: n = 5. D, Plot of the effect of baclofen () and DNQX (ii) on the
normalized 1/CV ?in relation to the TS-eEPSC amplitude reduction. Only baclofen reduces TS-eEPSC amplitude with a concurrent effect on
1/CV2 The mean = SEM of all data s shown in the black circle. The dotted line represents a perfect correlation of the two variables.

quantal size. According to the classical model of quantal neu-
rotransmitter release described by Del Castillo and Katz (1954),
quantal content, m, is defined by the product of the quantal size
(the minimal synaptic current, q), release probability (Py), and
the number of available quanta (n). Since we observed no changes
in release probability (P,) and quantal size (g), the most likely
possibility for explaining the CIH-induced synaptic depression is
a reduction in the number of available quanta (#), which re-
flects the number of releasable vesicles, active zones, and/or
terminals. A reduced number of available quanta would produce
depression of the TS-eEPSCs without altering short-term syn-
aptic depression with a decrease in the 1/CV? of the eEPSC

verified that the stimulation of the TS
clearly produced smaller aEPSCs (Fig.
7A). Consistent with the idea of a reduced
number of quanta released, we observed
that the average number of aEPSCs pro-
duced per trial was significantly reduced
in neurons from CIH rats (Con: 4.7 = 0.7,
n=10vsCIH:2.3 = 0.4,n=10;p = 0.01;
Fig. 7B). On the other hand, a normalized histogram shows that
the distribution of aEPSCs amplitudes in both control and CIH
groups were similar (Fig. 7C). These histograms can be fitted with
a double Gaussian function and we considered the peak of the
first Gaussian as the mean amplitude of the uniquantal events for
each analyzed neuron (Fig. 7C). The amplitudes of the uniquan-
tal aEPSCs were similar in both groups (Con: 17.9 £ 1.1 pA, n =
10vsCIH:17.9 = 0.7,n = 10; p = 0.97; Fig. 7D). Considering that
we demonstrated that release probability is not altered in neurons
from CIH rats, the most likely explanation for the reduction in
the number of aEPSCs per trial is a reduced number of available
quanta, i.e., the parameter n.
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Minimal stimulation experiments show a reduction in the number
of active synapses in the NTS neurons induced by CIH

To provide further evidence to confirm the hypothesis of a CIH-
induced reduction in the number of available synapses, we per-
formed experiments of minimal stimulation of the TS using theta
glass electrodes. This protocol allows the detection of the mini-
mal response to a stimulus applied to a
single TS afferent fiber, which corre-
sponds to a quantal event.

Minimal stimulation of the TS by a
theta glass electrode (Fig. 8A) produced
small eEPSCs elicited in an all-or-none
pattern, whose amplitude and latency
were consistently regular (Fig. 8 B). This
pattern of response likely represents the
release of a single vesicle (quanta). Con-
firming this observation, we verified that
the amplitude distribution of single-fiber
EPSCs (sfEPSCs) was unimodal in both

Ai

w

Almado et al. ® Hypoxia-Induced Synaptic Depression in the NTS

Table 1. Parameters of the mEPSCs recorded in low latency-SD NTS neurons from
control and CIH rats

Frequency (Hz) Amplitude (pA) Half-width (ms)
Control (n =9) 0.99 £0.25 277 £ 20 2.61+0.23
CH(n=13) 1.61 = 0.26 312117 2,65 +0.22
P 0.119 0.205 0.908
Control i CIH
/ - Ca*2mM / -=- Ca*2mM
{ — Ca**0.2mM / — Ca*0.2mM

-
=)
3
7]

-3
o
3

control and CIH conditions, supporting <M T 0l )

the concept that these minimal EPSCs % 0.8 = o _—

represent a single quantal unit originated & - E 0 _ﬁ _E

from an sfEPSC (Fig. 8C). Interestingly, s —g 304 o0

we observed that the amplitude of the % 0.4 & 20 S 0::

minimal sfEPSC was slightly smaller g o2 bod @

(—9%) in the CIH group (Con: 17.6 * 0.6 = %

pA,n=22,vs CIH:16.0 = 0.5 pA, n =22, 0-30 = % 60 8 150 130 o 7 =

p = 0.042; Fig. 8 D) while the TS-eEPSCs eEPSC amplitude (pA)

in these neurons were greatly reduced D E

(—54%; Con: 417 = 38 pA, n = 22, vs o © Con © Con 100
S © CH © CH

CIH: 191 + 18 pA, n = 22, p < 0.0001; <

Fig. 8 E). Although we detected a small de- 3 80 e g

crease in the amplitude of the quantal eE- S sol 60 €

PSC induced by CIH, it is very unlikely H @

that this minimal effect was the cause of 2 4 40 "

the pronounced depression observed in ;ﬁ 20 20

the total TS-eEPSC. Indeed, we found no o o 0

correlation between the amplitude of the 0.1 1 10 0.1 1

sfEPSC and the multifiber (total) TS- Log [Ca?"] Log [Ca®*]

eEPSC in control as well as in CIH
neurons (Con: Spearman correlation coeffi-
cient = —0.2964, p = 0.1804; CIH: Spear-
man correlation coefficient = —0.0401,
p = 0.8594; Fig. 8 F), suggesting that the
main factor determining the amplitude of
TS-EPSCs is the n, and not the quantal
amplitude, q. We then calculated the
quantal content (1) of the TS-eEPSCs di-
viding the amplitude of the TS-eEPSC
(elicited by a regular concentric electrode
on the TS) by the amplitude of the sfEPSC (elicited by the theta
electrode) in the same cell. We found that the quantal content
(m) was significantly smaller in CIH neurons (Con: 24.3 = 2.4,
n=22,vs CIH: 12.2 = 1.3, n = 22, p < 0.0001; Fig. 8G) while the
percentage of failures, an index of the release probability since we
are presumably recording from single terminals, was similar in
both groups (Con: 37.5 = 6.0%, n = 11, vs CIH: 41.0 = 3.6%, n =
11, p = 0.62; Fig. 8 H). Considering that the quantal content is
the product of # and Py and also that we observed no changes
in the release probability, in different experimental protocols,
we conclude that the depression of the TS-eEPSCs is a result of
a reduction of the quantal parameter n, indicating a decrease
in the number of active synapses.

Figure 5.

Evoked neurotransmission in control and CIH NTS neurons at different release probability conditions produced by
changing external Ca® ™. A, Representative traces of TS eEPSCs from control (i) and CIH (ii) animals in normal (2 mu; dotted line)
and low (0.2 mw; solid line) external Ca2 ™. B, Cumulative histogram of amplitudes of the TS-eEPSCs evoked in reduced Ca 2*in
control (Con;n = 12) and CIH (n = 12) neurons. €, Mean amplitude of the TS-eEPSCs evoked in reduced Ca > of NTS neurons from
Con and CIH animals. The symbols represent the average TS-eEPSC peak amplitude from individual neurons and the lines corre-
spond to the group mean = SEM. D, Calcium dose—response curve for the normalized TS-eEPSC amplitude. The data were
normalized by the TS-eEPSCamplitudes obtained in 2 mm external calcium. The fitted curves correspond to logistic functions with
variable slope. E, Calcium dose—response curve for the TS-eEPSC failure rate. The points were fitted with a logistic function with
variable slope; n = 11 in both groups.

To make this model even more consistent, we predicted that
although sfEPSCs were similar in control and CIH animals, a
progressive fiber recruitment by increasing stimulus intensity
would lead to comparable increases in the TS-eEPSC amplitudes
in NTS neurons from both groups up to certain point from which
the eEPSC amplitudes of CIH neurons would reach saturation, while
the eEPSCs of NTS neurons from the control group would keep
responding to the increasing stimulation intensity. To test this pre-
diction, we performed intensity-response curves in NTS neurons
from both control and CIH rats using the theta glass electrode and
verified that our prediction was correct, because the TS-eEPSCs in
both groups presented similar amplitudes until stimulus intensity
increments of 15 V above the sfEPSC threshold [comparison of the
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Figure7.  Asynchronous-evoked neurotransmission in the presence of Sr*. A, TS-eEPSCs evoked in control conditions (Ca ™) andin

the presence of Sr>* (2 mu) in control (Con) (7) and CIH (i) NTS neurons. B, Number of aEPSCs evoked per trial in NTS neurons from Con
(n = 12) and ClH animals (n = 12).**p = 0.004, Mann—Whitney test. C, Frequency distribution of the amplitudes of atPSCs in Con (clear
circles) and CIH NTS neurons (dark circles). The lines represent the fit of a double Gaussian function to the data (Con, dotted line; CIH, solid
line). The gray region corresponds to the peak of the first Gaussian curve from which we obtained the amplitude of uniquantal aEPSCs
shownin D. D, Mean amplitude of the uniquantal aEPSCs of Con (n = 12) and CIH (n = 12) neurons.

slope obtained by linear regression: Con (n = 9-11) vs CIH (n =
10-11): 3.218 vs 3.767; extra sum-of-squares F test, F(, 5oy = 0.1022,
p = 0.750; Figure 81]. After this point, additional increases in the
stimulus intensity produced a linear increase of eEPSC amplitude in
the control group, while the eEPSC amplitudes in the CIH neurons
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reached a plateau (Fig. 8 I). The comparison
of the equations that define the linear re-
gression for each group confirms that be-
yond an increment of 15 V in stimulus
intensity, the profile of the curves and con-
sequently the amplitudes of the eEPSCs is
statistically different between groups [Con:
y=4.76 X —11.05 (n = 7-9) vs CIH: y =
—0.48 X +84.12 (n = 3-10); extra sum-of-
squares F test, F(, ;) = 5.477, p = 0.0061;
Fig. 81]. This observation is consistent with
the proposed model in which the number of
active synapses (the quantal parameter n) is
reduced in NTS neurons of CIH rats, result-
ing in a decrease of the maximum TS-
evoked EPSC.

Discussion

The present study shows that CIH de-
presses the TS-evoked glutamatergic post-
synaptic currents by decreasing the number of
active synapses. Our findings presented
no evidence of CIH-induced changes in
vesicular release probability or in the
number or conductance of the postsynap-
tic non-NMDA receptors. Considering
that both non-NMDA and NMDA cur-
rents are equally depressed, we propose
that CIH produces a loss of active syn-
apses either at the presynaptic or the post-
synaptic site.

Our conclusions are based upon a
series of experiments designed to test
the mechanisms underlying CIH-induced
synaptic depression. First, we observed no
change in relative short-term synaptic de-
pression, which is expected to be reduced
if release probability is decreased (Bre-
nowitz et al., 1998; Brenowitz and Trus-
sell, 2001). In fact, we demonstrated that
decreasing release probability, via activa-
tion of GABAj, receptors, diminishes the
relative short-term depression of the TS-
eEPSCs. Second, we did not detect differ-
ences in the Ca®"-sensitivity of the TS-
eEPSC amplitude induced by CIH. Third,
the Py estimated by V-M analysis did not
change after CIH. Altogether, these results
are not consistent with a possible effect of
CIH on decreasing the release probability
of TS synaptic vesicles. Fourth, we demon-
strated that there is no relevant decrease in the
quantal size by different experimental proto-
cols: (1) recordings of miniature spontaneous
EPSCs, (2) TS-eEPSCselicited in alow Py, (low
external Ca*™), (3) g estimation through V-M
analysis, (4) asynchronous TS-eEPSCs (in the
presence of Sr*"), and (5) single-fiber TS-
eEPSCs.

Interestingly, we observed a very small reduction in the quan-
tal TS-eEPSC amplitude evoked by single-fiber stimulation.
However, this reduction (9%) is not enough to account for the
depression of the multifiber synaptic current (53%). The obser-
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Figure8.  EPSCs evoked by single-fiber TS stimulation in low latency-SD NTS neurons of control (Con) and CIH animals. 4, Photomicrograph showing a horizontal brainstem slice containing the

intermediate NTS and the stimulating (concentric and theta) electrodes and recording pipette. B, Representative single-fiber eEPSC recordings and failure to stimulation. ¢, Amplitude frequency
distribution of the TS-eEPSCs of NTS neurons of Con (n = 22) and CIH (n = 22) animals obtained by single afferent fiber stimulation. The lines represent single Gaussian fits (Con, dashed line; CIH,
solid line), which indicates that sfEPSCs are uniquantal. D, Amplitude of sfEPSCs of NTS neurons of Con (n = 22) and CIH (n = 22) animals produced by theta-electrode stimulation of TS. *p = 0.042,
unpaired ttest. £, Amplitude of TS-eEPSCs of NTS cells of Con and CIH animals obtained by TS-multifiber stimulation (by concentricelectrode). ***p << 0.0001, Mann—Whitney test. F, Graph showing
the absence of correlation between eEPSCand sfEPSC amplitudes for the 22 cells studied in Con animals (open circles) and for the 22 cells studied in CIH animals (gray circles). G, Quantal content of
the TS-eEPSCs in control and CIH NTS neurons. ***p = 0.0004, Mann—Whitney test. H, Percentage of failures to single-fiber stimulation in NTS neurons from both Con and CIH animals. /, Changes
in the amplitude of eEPSCs, evoked by theta-glass electrode stimulation of TS, produced by systematic increases in stimulus intensity. The point labeled “0” corresponds to minimal sfEPSC. **p =
0.0031, two-way ANOVA, CIH (n = 3-11), Con (n = 7-11). For stimulus increments from 0 to 15 V the linear regressions of the data in Con (dashed) and CIH (solid) are similar (p = 0.89, extra

sum-of-squares F test), whereas in between 15 and 40 V the regression lines are significantly different (p = 0.0061; extra sum-of-squares F test).

vation that such effect was not present when we used low calcium
and strontium can be explained since the TS-eEPSCs evoked in
those experimental conditions are potentially contaminated with
multiquantal and multifiber events, which probably masked the
small reduction in the quantal TS-eEPSC evidenced by single-
fiber stimulation. Additionally, we did not detect a decrease of the
quantal size in CIH synapses estimated by V-M analysis; however,
the g values obtained with this method are weighted g value,
which emphasizes synapses with greater quantal size.

In line with the lack of evidence for a reduction in P, or quan-
tal TS-eEPSC amplitude, three main findings point directly to a
reduced number of functional synapses as the mechanism for
CIH-induced decrease in TS-eEPSC amplitude: (1) the reduced

number of aEPSCs elicited per trial, (2) the earlier plateau in
neurons from CIH animals for the intensity-response curve of
the TS-eEPSC amplitude, (3) the decreased quantal content of
the TS-eEPSCs, and (4) the reduced n in CIH synapses obtained
in the V-M analysis. Based upon this strong experimental evi-
dence, we propose that the CIH-induced depression of the TS-
evoked EPSCs is due to a reduction of the number of functional
synapses (the quantal parameter #), which in turn reduces the
quantal content (the quantal parameter m) of the EPSC (Del
Castillo and Katz, 1954). This model is compatible with the ob-
served reduction in 1/CV? of the TS-eEPSCs because this param-
eter is sensitive not only to changes in P, but also to changes in n
[1/CV? = (n - Pp)/(1 — Pg); Malinow and Tsien, 1990)]. Addi-
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tionally, this model is in line with the increased likelihood of
occurrence of failures during a high-frequency train of stimuli as
well as the rightward shift of the ICs, for Ca*" dose-response
curve for failure rate after CIH, since a decrease of n would pro-
duce an increased failure rate.

Several changes can contribute to reduce the number of func-
tional synapses, which may occur both presynaptically (Moulder
et al., 2004; Voronin and Cherubini, 2004; Enoki et al., 2009;
Doussau et al., 2010) or postsynaptically (Négerl et al., 2004). At
presynaptic level it may represent a decrease in releasable vesicles,
active zones, or terminals, and postsynaptically it could reflect
dendrite spine retraction or complete removal of postsynaptic
glutamatergic receptors. Our data clearly demonstrate that CIH-
induced depression is also detected measuring NMDA currents,
which discard a postsynaptic silencing due to a selective removal
of non-NMDA receptors. Thus, CIH seems to produce a com-
plete synaptic silencing (Voronin and Cherubini, 2004) either
postsynaptically or presynaptically, rather than specifically affect-
ing non-NMDA receptors as seen in several forms of LTD
(Luscher et al., 1999; Liithi et al., 1999; Collingridge et al., 2010).

Physiological significance of the CIH-induced depression of
glutamatergic transmission from the TS

CIH is an important pathophysiological challenge that leads to
intermittent and sustained increases in the discharge of visceral
peripheral afferent inputs in the NTS, such as those arising from
the peripheral chemoreceptors and arterial baroreceptors
(Fletcher et al., 1992; Vidruk et al., 2001; Peng et al., 2003; Zoccal
et al., 2008), leading to a remarkable increase in the traffic of
information to the NTS during each hypoxic episode. The in-
creased activity in the TS afferents could be the cause of activity-
dependent homeostatic plasticity (Turrigiano, 2008) in the NTS
afferent neurotransmission, which is expressed as a depression of
the neurotransmission aiming the stabilization of neuronal cir-
cuitry function under the pathophysiological circumstances of
the recurrent cycles of hypoxia and normoxia of our protocol.
More specifically, this adaptive homeostatic plasticity could be
expressed as a potential LTD of glutamatergic afferent neu-
rotransmission, which has been described in NTS (Zhou et al.,
1997) and could be, at least in part, related to the CIH-induced
depression, albeit the mechanisms of LTD described by Zhou et
al. (1997) are distinct of those herein observed.

Although it is plausible to propose that CIH induces a form of
LTD in overexcited TS synapses, we cannot discard the possibility
that CIH-induced synaptic depression in the NTS is a conse-
quence of downregulatory mechanisms of initially potentiated
synapses (Collingridge et al., 2010). This hypothesis would imply
that a reasonable fraction of TS synapses are in a potentiated state
before CIH and this challenge would reverse this potentiation.
Interestingly, the distribution of the eEPSC amplitudes of the low
latency-SD synapses in NTS neurons from control rats presents a
bigger kurtosis (—0.668) than NTS neurons from CIH rats
(—0.052), suggesting that CIH is mainly affecting stronger syn-
apses (Fig. 1 D), which could represent potentiated synapses.

Which NTS afferents are affected by CIH?

Both baroreflex and chemoreflex pathways are known to be af-
fected by CIH (Peng et al., 2003; Braga et al., 2007; Zoccal et al.,
2009). Werecently described (Accorsi-Mendongaetal.,2011) the
characteristics of the TS-eEPSCs from morphologically identified
neurons receiving afferents from the CB-NTS neurons (chemo-
sensory synapses) and the aortic depression nerve (ADN-NTS
neurons; barosensory synapses). CB-NTS eEPSCs presented
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higher variability in their latencies than ADN-NTS EPSCs in a
range previously assumed to be characteristic of higher order
neurons (Doyle and Andresen, 2001; Bailey et al., 2006). Surpris-
ingly, in the present study we found that CIH affects synapses
with a low variability of eEPSC latencies consistent with barosen-
sory synapses but produces no changes in synapses with variabil-
ity of their eEPSC latencies in the range of the peripheral
chemosensory afferents (Accorsi-Mendonga et al., 2011). There-
fore, these data, combined with our previous studies, suggest that
CIH-induced synaptic depression is restricted to second-order
neurons probably integral to the baroreflex pathways and could
be an adaptation to increased blood pressure and recurrent baro-
receptor activation in response to each episode of intermittent
hypoxia.

Nevertheless, we cannot state that chemosensory synapses are
not affected by CIH, because in the present study they probably
represent a fraction of the synapses with TS-eEPSC latency vari-
ability >0.25 ms, and any effect on these specific synapses could
be masked by other CIH nonresponsive synapses with similar
TS-eEPSC latency variability. On the other hand, chemosensory
synapses could even present a different pattern of responses to
CIH. For instance, de Paula et al. (2007) showed that CIH en-
hanced non-NMDA currents, elicited by exogenous application
of the glutamatergic non-NMDA agonist AMPA, in dissociated
NTS neurons receiving inputs from the CB.

Finally, the different mechanisms of depression proposed
herein and by Kline et al. (2007) might potentially represent dis-
tinct mechanisms of CIH-induced synaptic depression acting on
different populations of NTS neurons. For instance, Kline et al.
(2007) recorded from caudal NTS neurons showing TS-eEPSCs
with an “all-or-none” fashion, while we recorded from interme-
diate and caudal NTS neurons, and did not restrict our record-
ings to “all-or-none” synapses. Thus, it is possible that CIH might
have different effects on the afferent transmission in different
populations of NTS neurons.

Conclusions

Our findings strongly support the concept that CIH selectively
depresses afferent neurotransmission in putative barosensitive
second-order NTS neurons by a reduction in the number of func-
tional synapses. This effect is a likely result of activity-dependent
plasticity due to the overexcitation of barosensitive afferent in-
puts during CIH exposition, which could be a homeostatic re-
sponse to the increased activity of these synapses. These data open
new perspectives for a better understanding of the mechanisms
underlying the synaptic plasticity in the brainstem sensory neu-
rons under challenges like those produced by chronic intermit-
tent hypoxia.
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