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Modulation of Neural Network Activity in vitro by Cyclothiazide, a 
Drug That Blocks Desensitization of AMPA Receptors 

Gregory D. Funk,” Jeffrey C. Smith,b and Jack L. Feldman 

Systems Neurobiology Laboratory, Department of Physiological Science, University of California at Los Angeles, 
Los Angeles, California 900951527 

To determine whether AMPA receptor channel desensiti- 
zation has a physiological role in shaping network activity 
by modulating signal transmission through excitatory cir- 
cuits, we examined the effects of cyclothiazide (CYT), the 
most potent known blocker of AMPA receptor desensiti- 
zation, on the behavior of an endogenously active neural 
system in vitro, the brainstem network generating rhythmic 
respiratory oscillations in neonatal rat medullary slices. 
Bath application of 100 PM CYT significantly increased the 
frequency of endogenously generated rhythm and in- 
creased the amplitude of the circuit output [i.e., discharge 
of hypoglossal (XII) respiratory motoneurons]. Local appli- 
cation of CYT within the XII motor nucleus produced a con- 
centration-dependent increase (up to 35%) in amplitude of 
the motoneuron population discharge as well as an in- 
crease in the peak current (23%) and total charge transfer 
of the rhythmic inspiratory synaptic drive (33%) to individ- 
ual XII motoneurons. CYT also acted postsynaptically to 
increase the amplitude of spontaneous EPSCs in motoneu- 
rons. In addition, CYT produced a profound, long-term aug- 
mentation of network frequency and motor output that may 
be secondary to block of desensitization. These results 
suggest that AMPA receptor desensitization has function- 
ally significant effects on the temporal behavior and output 
of the rhythmic, respiratory neural network, and, by extrap- 
olation, on other integrative actions of the mammalian 
CNS. 

[Key words: excitatory amino acids, non-NMDA recep- 
tors, synaptic transmission, hypoglossal motoneurons, re- 
spiratory network, brainsfern] 

Excitatory synaptic transmission within the vertebrate CNS is 
mediated primarily by NMDA and non-NMDA (AMPA and 
kainate) glutamate receptor channels. Non-NMDA receptors are 
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primary mediators of fast excitatory transmission, and accord- 
ingly, their kinetic properties have been the subject of intense 
study. A prominent feature of AMPA receptors is their rapid 
desensitization, the time-dependent decay of the current re- 
sponse in the presence of a constant concentration of (exoge- 
nously applied) agonist (see Trussell and Fischbach, 1989; May- 
er et al., 1991; Vyklicky et al., 1991; Yamada and Rothman, 
1992). Desensitization may modulate the time course and efti- 
cacy of endogenous excitatory transmission (Trussell and Fisch- 
bath, 1989; Mayer et al., 1991; Vyklicky et al., 1991; Yamada 
and Rothman, 1992). Indeed, recently discovered drugs that 
block desensitization, especially certain benzothiadiazides (Ya- 
mada and Rothman, 1992; Patneau et al., 1993; Trussell et 
al.,l993; Yamada and Tang, 1993) increase the amplitude and, 
in some cases, decay time constants of AMPA receptor-mediated 
postsynaptic currents, consistent with a role of desensitization in 
shaping EPSCs (Isaacson and Nicoll, 1991; Tang et al., 1991; 
Vyklicky et al., 1991; Thio et al., 1992; Yamada and Tang, 
1992). Whether desensitization has a physiological role in reg- 
ulating signal transmission in functionally active networks in the 
CNS, however, remains unanswered. 

The onset kinetics of desensitization may be fast enough 
(Tang et al., 1989; Trussell and Fischbach, 1989) or may be too 
slow (e.g., Colquhoun et al., 1992; Hestrin, 1992) to affect uni- 
tary synaptic events. The role of desensitization may also depend 
on the pattern of synaptic activity (Trussell et al., 1993). At low 
levels of activity, glutamate (Glu) may be removed from the 
synapse before the onset of desensitization. With elevated activ- 
ity, however, Glu may persist sufficiently for desensitization to 
occur. Synaptic transmission may therefore be modulated by de- 
sensitization (I) during synchronized multiquantal release of 
neurotransmitter when clearance is slowed (Trussell et al., 1993), 
or (2) during high-frequency synaptic activity (Smith et al., 
1991a, Trussell et al., 1993). Since time constants for recovery 
from desensitization are long (20-70 msec) (Patneau et al., 1993; 
Trussell et al., 1993) depression of postsynaptic currents can 
occur with high frequency repetitive inputs, affecting temporal 
summation and limiting the frequency response of transmission. 

While the effects of desensitization on AMPA receptor chan- 
nel kinetics and individual EPSCs have been examined in detail 
(Vyklicky et al., 1991; Yamada and Rothman, 1992; Trussell et 
al., 1993) the effects of desensitization on signal transmission 
and behavior of endogenously active networks have not been 
examined. We therefore tested the role of desensitization in reg- 
ulating activity of an oscillatory motor network that generates 
the respiratory motor pattern. This network has several advan- 
tages for the present study. (I) The network is functionally active 
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and generates endogenous oscillations in isolated slice prepara- 
tions from the medulla of neonatal rats (Smith et al., 1991 b; 
Funk et al., 1993). (2) The network oscillations originate within 
a defined locus in the ventrolateral medulla in the slice and are 
transmitted via polysynaptic pathways to the output elements, 
i.e., the brainstem respiratory motoneurons (Smith et al., 1991; 
Funk et al., 1993). Generation of these oscillations and trans- 
mission of the oscillatory drive in vitro involves glutamatergic 
synapses mediated almost entirely by non-NMDA receptors 
(Greer et al., 1991; Smith et al., 1991; Funk et al., 1993); thus, 
the role of desensitization in modulating various parameters of 
network activity including cycle frequency and the amplitude of 
the output (i.e., amplitude of motoneuron activity) can be ana- 
lyzed. (3) The network activity is endogenous so that the con- 
centration and time course of transmitter within synaptic clefts, 
as well as the frequency of transmitter release, reflects that oc- 
curring in the intact nervous system. (4) The duration of the 
synaptic drive during each periodic burst is > 100 times longer 
than endogenous unitary synaptic events, which should prolong 
transmitter presence within the synaptic cleft and increase the 
likelihood of desensitization. Furthermore, the frequency of ac- 
tion potential discharge (40-50 Hz) and EPSCs of neurons dur- 
ing rhythmic bursts of activity are high relative to estimated rate 
constants for recovery from desensitization. Thus, a portion of 
AMPA receptors may remain desensitized between consecutive 
EPSCs and lead to a reduction in EPSC amplitude (Trussell and 
Fischbach, 1989; Smith et al., 1991a; Colquhoun et al., 1992; 
Trussell et al., 1993) and consequent inspiratory drive. (5) A 
population of active respiratory motoneurons in the slice (XII 
motoneurons) are easily identified and spatially segregated from 
other circuit elements. This provides the opportunity to analyze 
the role of desensitization in modulating endogenous signal 
transmission to identified neurons with obvious behavioral cor- 
relates (i.e., modulation of the amplitude of motor activity). 

We used cyclothiaxide (CYT) to assess the role of desensiti- 
zation in this circuit. CYT is the most potent of the benzothia- 
diazides that reversibly blocks AMPA receptor desensitization 
(Yamada and Rothman, 1992; Patneau et al., 1993; Yamada and 
Tang, 1993) and its potency and relative selectivity is greater 
than any other agent known to affect rapid desensitization in- 
cluding Concanavalin A, wheat germ agglutinin, and aniracetam. 
CYT, in addition to blocking desensitization, may slow receptor 
channel deactivation in some preparations (Patneau et al., 1993; 
Yamada and Tang, 1993; but see Trussell et al., 1993). However, 
our studies are a necessary first step to determine if CYT affects 
endogenous signal transmission in an active network. We ana- 
lyzed the effects of CYT on the temporal pattern of network 
activity, amplitude of functional output (motoneuron population 
activity), as well as the amplitude and total charge transfer of 
synaptic drive currents and individual spontaneous EPSCs in 
functionally identified motoneurons. CYT produced significant 
concentration-dependent augmentation of all of these parame- 
ters. It also produced a profound, longer term augmentation of 
network activity and signal transmission that may be secondary 
to the potentiation of synaptic activity. These results provide 
further evidence that AMPA receptor channel desensitization can 
modulate synaptic transmission, thereby affecting the behavior 
of neural networks. 

Materials and Methods 
S/ice prqxuution.s. Experiments were performed on medullary slice 
preparations from I-4.d-old neonatal rats that retain functional respi- 

ratory networks. We report results obtained from 45 slices. Details of 
the preparation have been previously described (Smith et al., 199lb; 
Funk et al., 1993). Briefly, neonatal rats were anesthetized with ether, 
decerebrated, and the neuraxis isolated by dissection in a bath contain- 
ing control artificial cerebrospinal fluid (aCSF) [(in mM) 128 NaCI, 3.0 
KCI, I .5 CaCIZ, I .O MgSO,, 21 NaHCO,, 0.5 NaH?PO, and 30 o-glu- 
cose] equilibrated with 95% 02-5% CO? at 27-28°C. The neuraxis was 
sectioned with a vibratome in the transverse plane starting from the 
rostra1 medulla to within 150 pm of the locus containing the neuron 
populations generating the respiratory network oscillation (i.e., the pre- 
Botzinger Complex; see Smith et al., 1991). A single, 500-650 pm 
thick transverse slice extending caudally to obex was then cut and 
pinned down on SYLGARD elastomer in a 5 ml recording chamber. 
The slice was continuously superfused (20 ml/min) first with control 
aCSF for -30 min, followed by aCSF with extracellular K’ concentra- 
tion raised to 9 mM (aCSF,+) to maintain rhythmic output (see Funk et 
al., 1993). Respiratory network motor output was recorded from cut 
ends of XII nerve roots; respiratory activity in individual XII motoneu- 
rons was monitored with whole-cell recording techniques. 

Drug application. Cyclothiazide (Lilly Research Laboratories; Indi- 
anapolis, IN) and glibenclamide (Research Biochemical; Natick, MA) 
were dissolved in DMSO (20 M stock solution). CYT stock solution 
was diluted to IO-100 PM for bath application or to 100 pM for local 
application from pressure-ejection pipettes positioned superticial to the 
XII motor nucleus. Glibenclamide was diluted to 10 FM for bath ap- 
plication. Maximum concentration of DMSO in the bath or injection 
solutions was 0.5%. L-Glutamate (2.0 mM; Sigma; St. Louis, MO) was 
dissolved in aCSF,+ 

To determine the effects of CYT on the entire respiratory network, 
CYT was applied to the bath, where it could affect respiratory inter- 
neurons (including rhythm generating neurons), premotoneurons as well 
as motoneurons. Cumulative dose responses were performed. The con- 
centration of CYT was increased progressively in steps from zero to 
IO, 20, 40, 60, and 100 PM. Following 7 min equilibration at each dose, 
network burst frequency, peak amplitude of the XII motoneuron pop- 
ulation discharge, and the total integrated population activity were av- 
eraged over an additional 3 min. Drug concentration was then increased 
to the next level without an intervening washout period. Washout after 
the highest concentration was followed for 2 hr. The peak amplitude of 
the population discharge was obtained from rectified, filtered (Paynter 
filter, 7 = I5 msec) signals of XII nerve discharge; integrated activity 
was obtained from the area under the rectified, filtered signal. CYT dose 
responses were also performed in the presence of bath-applied 10 KM 

glibenclamide. Cumulative dose responses were also performed for ace- 
tazolamide (Sigma; St. Louis, MO), a carbonic anhydrase inhibitor, us- 
ing a similar protocol except concentration was increased in steps from 
zero to 0.1, 0.2, 0.4, and I.0 mM (Maren, 1977; Coates et al., 1991). 

To determine the effects of bath applied CYT on respiratory activity 
in XII motoneurons, whole-cell recordings of XII motoneurons were 
obtained during bath application of two levels of CYT (40 and 80 FM). 

Washout was followed for 10 min. 
To determine the effects of CYT on inspiratory drive to XII moto- 

neurons at the premotor to XII motoneuron synapse, the site of action 
of CYT was limited to the XII motor nucleus through local application 
of drugs. Drug application was controlled via timed pressure injection 
(5-40 psi) from triple-barreled pipettes (8 pm tip diameter per barrel) 
(Funk et al., 1993) superficial to one XII motor nucleus. Pipette tips 
were placed between 100-200 pm from the midline to minimize dif- 
fusion of CYT to the contralateral nucleus. Pipette barrels contained 
100 PM CYT dissolved in 0.5% DMSO in aCSF,+, 2.0 mM Glu in 
aCSF,+ solution. or 0.5% DMSO in aCSF,+ solution. 

Whole-cdl recordings from XII motoneu~ons. Currents were recorded 
from 30 XII motoneurons, 150-250 ym below the slice surface, with 
an Axopatch 1 -D amplifier (Axon Instruments; 2-5 kHz low-pass filter) 
using blind whole-cell recording techniques (Blanton et al., 19x9) Din= -, , - I - 
to thv difficulty of washing ou;CYT, typically only one cell per slice 
was studied. Electrodes (3.3-4.5 Ma, 1.50-2 pm tip size) contained 
K+-gluconate solution [(mM) 120 K+-gluconate, 5 NaCl, 1 Car&, 1 
MgCl,, IO HEPES (N-2.hydroxyethylpiperazine-N’-2-ethanesulfonic 
acid; Sigma), 10 BAPTA [I ,2-bis(2-aminophenoxy)ethane-N,N,N’N’-te- 
traacetic acid, tetra K+ salt; Sigma], 2 ATP (Mg” salt), Lucifer yellow 
(dipotassium salt, 1%; Sigma), pH adjusted to 7.3 using KOH], and 
were coated with SIGMACOTE to reduce electrode capacitance. Seal 
resistances prior to membrane rupture ranged from I .5-2.5 Go. 

Series resistance (R,) and whole-cell capacitance were estimated us- 
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ing 100 Hz, -10 mV, 3.0 msec voltage pulses. R, compensation was 
60-80%. Neuron input resistance (R,) was calculated at -70 mV hold- 
ing potential from the current responses to IO mV, 300 msec, hyper- 
polarizing voltage steps. Effects of drugs on resting membrane potential 
(RMP) and R, were determined. Membrane potentials were adjusted to 
correct for liquid junction potentials (- IO mV for K’-gluconate solu- 

tion). 
Motorzeurorz iderzr$ccrtior~. All XII motoneurons studied were func- 

tionally identified respiratory motoneurons. Selection criteria for respi- 
ratory motoneurons are described elsewhere (Funk et al., 1993). They 
include the presence of oscillatory synaptic drive currents in synchrony 
with rhythmic burst of activity in XII nerve roots; multipolar soma 
located in the ventral portion of XII nucleus; an axon exiting the slice 

in the XII nerve; stable resting membrane potentials with leakage cur- 
rents (I,, hK ) < 100 pA at holding potentials (V,,) of -70 mV; and stable 

access resistances < 40 M12. Anatomical identification was based on 
Lucifer yellow labeling of neurons. 

Dntrr tr~?tr!,si.s. Intracellular signals were recorded on tape. Selected 
segments of data were digitir.ed at 2-10 kHz/channel and signal am- 
plitudes representing peak synaptic currents, integrals representing total 
charge transfer over the oscillatory drive current, and time course of 
synaptic currents were analyzed with a time signal analysis software 
package (RS PROBE, BBN Laboratories). Although data are presented 
relative to control values, all statistical tests were performed on raw 
data. Statistical values are reported as mean + SD. Differences between 
means were tested with ANOVA and Bonferroni simultaneous conti- 
dence intervals for multiple comparisons (RS PROBE, BBN Laborato- 
ries). Values of 1’ < 0.05 were assumed significant. 

EPSC time consmnt, amplitutlr, tmcl intervd tmalysis. The time con- 
stant of smaller amplitude, single spontaneous EPSCs occurring in XII 
motoneurons during the expiratory period, the period between bursts of 
inspiratory activity, were determined before and after CYT treatment. 
EPSCs were filtered at S kHz and analyzed off line using AxoI)ATA/ 
AXOGRAPH (Axon Instruments). Single-exponential analysis of time 
constants was carried out for IS-20 EPSCs of varying amplitude per 
cell, before and after CYT. Statistical comparisons were made using the 
Student’s t test. Values of !, < 0.05 were assumed significant. 

Amplitude and interval distributions of EPSCs occurring during the 
expiratory period were also determined before and after CYT treatment 

using a Vaxlab Peak-Processing algorithm (DIGITAL) that detected in- 
creasing and decreasing trends in the current records. Distributions were 
not Gaussian and thus were compared using Bootstrap methods for sta- 
tistical inference (Efron and Tibshirani, 1993) that do not require nor- 
mality. One thousand bootstrap estimates of the mean amplitude and 
interval before and after CYT treatment were calculated and the differ- 
ence between these simulated distributions was compared using the Stu- 
dent’s t test. Values of p < 0.05 were assumed significant. 

Results 
Buth-upplied CYT increusrs network oscillatory ,freyuencg und 
motor output 

To determine the effects of CYT on respiratory network activity, 
we applied CYT to the &SF bathing the entire slice (n = 6) 
where it could affect respiratory interneurons (including rhythm- 
generating neurons), premotoneurons, and motoneurons. CYT 
produced signiticant increases in the rhythmic burst frequency, 
and in the peak and integrated XII motoneuron population dis- 
charge (Fig. I). At concentrations 1 100 PM, tonic activity ap- 
peared on the XII nerves, occasionally obscuring the rhythmic 
activity. Thus, CYT was not increased beyond 100 PM, which 
corresponds to concentrations producing maximal potentiation 
of synaptic activity in other preparations (Patneau et al., 1993; 
Yamada and Tang, 1993). During washout of CYT, burst fre- 
quency and XII burst amplitude continued to increase. The du- 
ration of this post-CYT potentiation was variable. Frequency and 
peak burst amplitude remained elevated for up to 2 hr. The peak 
amplitude of the integrated motoneuron discharge typically re- 
turned toward 100 PM levels within 60 min but always remained 
significantly greater than control levels. 

Diazoxide, a benxothiadiazide drug similar to CYT, opens 

ATP-sensitive K’ channels (Dunne et al., 1987; Misler et al., 
1989; Quaste and Cook, 1989; Standen et al., 1989). Similar 
actions of CYT on medullary neurons (Mourre et al., 1989; Mil- 
ler, 1990) could also affect respiratory network activity. To sep- 
arate effects of CYT on AMPA receptor properties from poten- 
tial effects on ATP-sensitive K’ channels, CYT dose-response 
curves were repeated with 10 FM glibenclamide, an ATP-de- 
pendent K’ channel blocker (Schmid-Antomarchi et al., 1987; 
Ziinckler et al., 1988) applied to the bath. Network responses to 
CYT were similar in the presence or absence of glibenclamide 
(Fig. l&D; II = 3). 

CYT is also is also an antihypertensive and diuretic drug that 
inhibits carbonic anhydrase (CA). Thus, to determine whether 
alterations in pH due to blockade of CA by CYT contributed to 
the effects of CYT on respiratory network behavior, we exam- 
ined changes in network activity following block of CA with 
0. l-l .O acetazolamide (Fig. 1 E; N = 5). Acetazolamide (0. I mM) 
blocks 99% of red-cell carbonic anhydrase activity (Maren, 
1977); however, acetazolamide concentrations as high as I .O mM 
had no significant effects on network frequency or XII burst 
amplitude. In addition, there was no potentiation of network ac- 
tivity during washout of acetazolamide, as was consistently ob- 
served during washout of CYT. 

To establish that the observed changes in activity were not 
due to DMSO, we examined the effects of 0.5% DMSO (n = 2 
preparations). No changes were observed. 

Synuptic drive to XII motoneurms increuses with bath-applied 
CYT 

To determine if an increase in synaptic drive to XII motoneurons 
contributed to the increased XII burst amplitude, we bath-ap- 
plied CYT (40 and 80 J*M) while recording from XII motoneu- 
rons (n = 5; Fig. 2). During each burst of XII nerve activity, 
individual XII respiratory motoneurons exhibited periodic, 
large-amplitude, rapidly incrementing, slowly decrementing syn- 
aptic drive currents (under voltage clamp) that mirrored the time 
course of the integrated motoneuron population discharge (Fig. 
2A). We have previously shown (Funk et al., 1993) that these 
synaptic drive currents are blocked by local application of the 
non-NMDA receptor antagonist CNQX, whereas the NMDA 
channel blocker MK-801 does not affect the drive currents at 
the holding potentials used in the present study (-70 mV). 

Bath-applied CYT produced a dose-dependent potentiation of 
the synaptic drive current. The responses of the motoneuron 
shown in Figure 2B were similar to group results (Fig. 2C,L>). 
Peak current increased marginally at 40 E”,M CYT, but the charge 
transfer during the drive current (integrated synaptic current en- 
velope) increased to I.17 ? 0. I I of control (Fig. 20). Peak 
current and charge transfer increased significantly to 1. I8 +- 
0.12 (Fig. 2C) and 1.37 + 0.18 of control (Fig. 20), respec- 
tively, at 80 FM CYT With washout, peak current and charge 
transfer showed further increases to I .26 ? 0. I5 and I .53 ? 
0.20 at 5 min, decreased to I .07 + 0.02 and I .44 + 0.05 after 
IO min, but remained elevated above control for up to 30 min, 
the longest period monitored. The initial increase during wash- 
out may reflect relief from an additional inhibitory effect of CYT 
(see Discussion). CYT did not affect R, at any dose (n = 5; 
control, I35 -+ 55 MI1; 80 FM CYT, I37 ? 60 Mf2). 

Locull~ upplied CYT patentiates XII motoneuron currents 

To establish whether CYT could potentiate synaptic currents to 
XII motoneurons by acting on postsynaptic Glu receptors at the 
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Figure 1. Potentiation of respiratory network motor output in a 650 p,rn thick medullary slice with increasing concentrations of bath-applied CYT 
affecting respiratory interneurons (including rhythm-generating neurons), premotor neurons, and motoneurons. A, Traces are rectified, filtered 
(Paynter tilter, r = IS msec) signals of XII respiratory motoneuron population discharge recorded on XII nerve (]Xll). Cumulative doseeresponse 
relationships showing that CYT produced concentration-dependent increases in peak amplitude (B), integrated amplitude (C), and frequency (D) of 
XII motoneuron discharge with (o[>en circles, n = 3) and without (closed squares, II = 6) 10.0 WM glibenclamide. Long-term augmentation of 
motor output amplitude and frequency after washout of 100 pM CYT is shown to the right c$ the verticul &shed line for B-D. E, Cumulative 
dose responses showing that acetazolamide (acrf.) block of carbonic anhydrase does not affect network activity. Note that the x-axis changes from 
[CYT] or [Awt.] to time of washout at the vertical &shed line. Vertical bars represent SD. 

inspiratory premotor neuron to XII motoneuron synapse, we lo- 
cally applied 100 FM CYT to the XII motor nucleus while re- 
cording (I ) currents induced by exogenous application of Glu 
with and without TTX, and (2) endogenous synaptic drive cur- 
rents. 

Currents induced by exogenously upplied Glu: protocol I. 
Pressure and duration of Glu pulses (2.0 mM) were adjusted for 
each cell to produce an inward current similar in magnitude to 
the inspiratory drive current. Due to the depth of most recorded 
cells within the slice (2 200 pm) and slow diffusion of Glu into 
and out of the tissue, however, the duration of the response to 
exogenous application was greater than that of the endogenous 
current. To account for the potential role of 0.5% DMSO in the 
vehicle solution, CYT/Glu (test) responses were compared to 
control/Glu responses. Control Glu pulses were preceded by ap- 
plication of aCSF, ’ containing 0.5% DMSO. Test Glu pulses 
were preceded by equivalent duration CYT application. Two or 
three control Glu pulses were delivered at 2 min intervals to 
ensure that the response of XII motoneurons to exogenously 

applied Glu was consistent. Control pulses were followed by one 
test pulse and several control pulses, each at 2 min intervals. 

The postsynaptic response of XII motoneurons to brief control 
pulses of Glu was very consistent. The average standard devi- 
ation in charge transfer per Glu pulse was only 4 + 9% (n = 
8, 2 of 8 in the presence of TTX; Fig. 3A). Application of CYT 
for only 5 set (n = 6) increased the charge transfer per pulse 
to I.78 ? 0.98 of control. Values returned to control (0.98 + 
0.1 I) within 2 min (Fig. 3B). Twenty second CYT application 
increased charge transfer to 5.10 + 2.11 of control (n = 4; Fig. 
3A,B). These effects were also completely reversible (Fig. 3A,B). 
Six minute CYT application did not produce further potentiation 
(6.36 ? 4.36 of control, n = 3) relative to 20 set applications, 
although washout and recovery were markedly slowed (Fig. 3B). 
Glu responses remained elevated from control (2.23 ? 0.38) 
following 6 min of CYT washout. 

Protocol II. To determine the time required for CYT to access 
the postsynaptic membrane and potentiate exogenous Glu re- 
sponses, we established steady-state Glu currents through pro- 
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2s 200 ms 

B 

Washout Washout 

Figure 2. Potentiation of synaptic drive currents to respiratory XII motoneurons by bath-applied CYT A, Traces illustrating relationship between 
integrated motoneuron population discharge (JXU, top truce) and voltage-clamp recording of synaptic drive current (I) of individual XII motoneuron 
(&tom truce; holding potential V, = -70 mV) under control conditions. The integrated motoneuron population burst and inspiratory drive current 
envelope marked with an asterisk are shown in expanded time scale in the right side of panel A. R, Voltage-clamp recordings of synaptic drive 
current envelopes (I) from a single motoneuron prior to CYT application (control), during the last 3 min of a 10 min exposure to 40 and 80 PM 

CYT, and during minutes 8-l 1 after start of CYT washout (30 drive current envelopes averaged per trace). (V,, = -70 mV, R,$ = 21 MR). C, 
Summary of dose- and time-depend&t effects of CYT on peak synaptic drive currents and (D) charge transfer from five motoneurons (*, significant 
difference from control; p < 0.05). 

longed, simultaneous application of Glu and control solution 
(0.5% DMSO). Pressure ejection of control solution was then 
turned off and CYT simultaneously turned on until a new 
steady-state current was established. CYT was then turned off 
and control solution turned on to follow recovery (Fig. 3C). 
Results of experiments performed with (IZ = 2) and without (n 
= 1) 1.0 PM TTX were similar. 

The steady-state current increased to 1.36 f 0.04 of control 

(Fig. 30; n = 3) I3 & 3.6 set after CYT application and 
returned to pre-CYT levels 14 + 3.0 set after removal of CYT. 

Endogenous synaptic currents: 5-120 set CYT application. 
Since the period between consecutive inspiratory drive inputs 
ranged from 4-9 set, short applications of CYT (5 set pulses) 
only bracketed one cycle of synaptic drive. Thus, short pulses 
of CYT were timed so that the inspiratory synaptic current 
occurred at the end of the CYT pulse. Longer applications of 
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Figure S. Potentiation of glutamate (Gin)-induced currents in respiratory XII motoneurons by locally applied CYT (100 FM). A, Currents induced 
by a 500 msec Glu pulse (2.0 mM) during 20 set application of control solution (aCSF,+ and 0.5% DMSO; Control), during 20 set application of 
CYT, and again during 20 set of control solution after 2 min recovery period from CYT (Recovev). All currents were measured under voltage- 
clamp (V, = -70 mV, R,s = 24 Ma) with I.0 pM TTX in the perfusate. B, Relationship between duration of CYT application and the relative 
increase in charge transfer per Glu pulse (5 set application, n = 6; 20 set application, n = 4; 6 min application, II = 3). Recovery value was 
calculated 2 min after CYT application for the 5 and 20 set CYT applications and after 6 min for the 6 min application to illustrate slower recovery 
following longer CYT exposure. C, Effects of locally applied CYT on steady-state Glu-induced currents in a XII motoneuron (1 .O FM TTX in 
bath). Local application of control solution with Glu (C; 0.5% DMSO aCSF,+ with 2.0 mM Glu) induced a 160 pA current that increased to 210 
pA when control solution was replaced with 100 FM CYT (V,, = -70 mV). D, Summary of relative change in steady-state Glu-induced currents 
produced by 100 FM CYT (n = 3). (*. significant difference from control, p < 0.05; 9, significant difference from Glu response produced following 
5 set CYT application, p < 0.05). 

CYT (up to 2 min) bracketed several cycles allowing averaging 
of several drive current envelopes. Averaging provided more 
reliable estimates of the effects of CYT since endogenous drive 
currents vary from cycle to cycle. The standard deviation of 
the charge transfer per cycle for IO XII motoneurons (20 cycles 
each) under control conditions averaged 24 ? 9% of the mean 
value. Thus, CYT effects could be missed if only analyzing 
single drive current envelopes as with applications < 10 sec. 

Local application of 100 pM CYT for up to 2 min had no 
effect on the synaptic drive currents (n = 8 motoneurons test- 
ed). The peak as well as the- total charge transfer of the drive 
current envelope were unchanged by brief application of CYT. 

Endogenous synuptic currents: 6 min CYT upplication. 
Twenty second local CYT application was sufficient for poten- 
tiation of exogenous Glu responses (Fig. 3) but insufficient for 
potentiation of the endogenous currents. This suggested that 
the endogenous inputs were mediated by a population of Glu 
receptors less accessible to CYT than those mediating re- 
sponses to exogenous Glu. To explore this possibility, local 
CYT application was prolonged to 6 min and the effects on the 
synaptic drive and XII discharge amplitude were analyzed. 

Six minute CYT application increased the discharge ampli- 

tude of the ipsilateral population of XII motoneurons to more 
than twice control in one slice preparation (Fig. 4A). The am- 
plitude increased further during early washout but returned to- 
ward levels observed in the presence of CYT following 1 hr 
of washout. The increase in discharge amplitude developed 
slowly and was highly variable (Fig. 4B), ranging from IS to 
135% after 6 min (n = 6). The discharge of the contralateral 
population of XII motoneurons (Fig. 4B) as well as the burst 
frequency (Fig. 4C) were not affected, indicating effects of 
CYT were confined to synaptic connections in the ipsilateral 
motor nucleus. 

The effects of prolonged CYT application on the ipsilateral 
motoneuron synaptic drive currents are summarized in Figure 
5A-C. Peak current and total charge transfer increased signif- 
icantly in four of five cells. The increase became significant 
following 2 min application in one cell, after 5 min in three 
cells and were not significant in the remaining cell. Following 
5 min CYT application, peak currents and charge transfer in- 
creased to 1.23 + 0.14 and 1.33 + 0.15 of control, respec- 
tively (Fig. 5&C). Following 5 min of CYT washout, peak 
currents and charge transfer showed further significant increas- 
es in four of five cells to 1.41 -+ 0.41 and 1.67 ? 0.27 of 
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Figure 4. Augmentation of XII motoneuron population activity with prolonged local application of CYT where CYT action was limited to the 
inspiratory premotor to X11 motoneuron synapse. A, Peak XII nerve burst amplitude increased to 135% of control after 6 min application of 100 
)LM.CYT over ipsilateral XII motor nucleus, and increased further after washout of CYT (2 min washout period). Discharge amplitude remained 
potentiated with only slight recovery 60 min after start of CYT washout. Traces are rectified filtered signals of XII nerve discharge. B, Summary 
of time course of CYT effects (100 FM, 6 min application) on peak ipsi- and contralateral XII nerve discharge amplitude and (C) discharge 
frequency (n = 6). CYT was applied between time 0 and 6 min. Values were averaged over I min intervals. Vertical bars represent SD. Lack of 
effect of CYT on contralateral burst amplitude and frequency show that drug actions were confined to motoneurons under pressure-ejection pipette. 

control. CYT application did not affect R, in any cell (control, 
126 + 76 MR; CYT, I20 + 70 MR). 

CYT poteatiates individual spontuneous EPSCs 

Individual EPSCs during the inspiratory drive current could not 
be resolved. Thus, we examined the effects of CYT on the time 
constant and amplitude and interval distributions of small am- 
plitude, spontaneous EPSCs recorded during the expiratory pe- 
riod (Fig. 6) (see Liu and Feldman, 1992), to determine whether 
CYT could potentiate individual EPSCs to XII motoneurons. 
The time constants of five XII motoneurons averaged 8.2 & I .5 
msec prior to CYT treatment and 12.0 2 2.9 after CYT (p < 
0.05). 

Only 2 of the 30 XII motoneurons recorded had sufficient 
spontaneous synaptic activity between inspiratory bursts to al- 
low analysis of amplitude and interval distributions. We assumed 
that a postsynaptic site of action would alter the amplitude dis- 
tribution but not the interval distribution, and presynaptic action 
would affect the interval distribution (Redman, 1990). In one 
cell, 1092 EPSCs were sampled before and after CYT, 230 
EPSCs were sampled in the other. Control data were collected 
for 3 min prior to CYT application and test data were collected 
during the last 3 min of a 6 min local CYT application. CYT 
caused significant increases in the mean EPSC peak amplitude 
(Fig. 6A-D) in both neurons (17.3% and 12.0%; p < 10m4 in 
both cases) without affecting the interval between peaks (Fig. 
6E). Examples of current traces showing the maximum ampli- 

tude potentiation are given in Figure 6A-C. The amplitude dis- 
tributions shown in Figure 60, indicating the means, were quan- 
tified over 3 min. 

Discussion 
EHects cf CYT on endogenous respiratory network activity 
To test for a role of AMPA receptor channel desensitization in 
shaping neural network activity, we examined the effects of 
CYT, the most potent known blocker of desensitization, on the 
behavior of the medullary respiratory network in vitro. CYT 
modulated network behavior, increased network burst frequency, 
peak, and integrated amplitudes of the network motor output, 
and potentiated postsynaptic drive currents of inspiratory mo- 
toneurons. Desensitization may therefore play an important role 
in shaping network activity. 

Generation of the respiratory network oscillations in vitro is 
mediated almost entirely by non-NMDA (AMPA and kainate) 
receptors (Greer et al., 1991; Smith et al., 1991; Funk et al., 
1993). Respiratory burst frequency is reduced (monotonically) 
as a function of bath concentration of the competitive non- 
NMDA receptor antagonist CNQX, but is not perturbed by block 
of NMDA receptor channels (see Funk et al., 1993). Thus, the 
simplest explanation for the elevation of respiratory frequency 
is that CYT potentiates the non-NMDA receptor-mediated syn- 
aptic interactions underlying generation of respiratory rhythm. 

Transmission of respiratory drive from the rhythm generating 
network to motoneurons depends on (multiquantal) release of 
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Figure 5. Effects of locally applied CYT (100 (*M) on endogenous 
synaptic drive currents to XII motoneurons. A, Voltage-clamp recording 
of synaptic current envelopes for one motoneuron prior to CYT appli- 
cation (corit~~l), during the last 3 min of a 6 min exposure 100 pM 

CYT (CYT), and at two points (8-10 rnir? arzcl 18-20 min) after CYT 
washout (20 current envelopes averaged per trace; V,, = -70 mV, R,, 
= .34 Mbl). Summary of peak synaptic currents (B) and total charge 
transfer (C) before, during, and after CYT application (n = 6 moto- 
neurons). CYT was applied from time zero to 6 min (*, significant 
difference from control; 3, signiticant difference from levels recorded 
at 6 min of CYT application; 1~ < 0.05). 

neurotransmitter during relatively high frequency bursts at all 
synapses in the transmission pathway. Thus, desensitization of 
AMPA receptors at any synapse in the transmission pathway 
could affect inspiratory drive to XII motoneurons. Transmission 
at the last synapse in the pathway, the premotor to motoneuron 
synapse, is mediated almost entirely by non-NMDA receptors 
(Greer et al., I99 I ; Funk et al., 1993). We demonstrated by local 
application that CYT-mediated potentiation of the endogenous 
synaptic drive can occur at this synapse. Locally applied CYT 
signiticantly increased: (I) the peak and integrated amplitude of 
the motoneuron population discharge, (2) the peak current and 
total charge transfer during the motoneuron postsynaptic drive 
current, and (3) the amplitude of spontaneous EPSCs in moto- 
neurons via a postsynaptic action. 
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Figure 6. Effects of CYT on individual spontaneous EPSCs. A, Slow 
time scale current traces (I) from XII motoneuron showing two large 
amplitude inspiratory current envelopes and small amplitude sponta- 
neous EPSCs during expiration, the interval between the inspiratory 
drive inputs, before (control) and after 4 min of 100 ~,LM CYT appli- 
cation (CYT). Fast time scale current traces from same XII motoneuron 
in A showing individual EPSCs (B) and EPSC time course (C) recorded 
during expiration before (conrr-ol) and after 4 min of 100 FM CYT 
application (CYT). 11, Amplitude and (E) interval distributions of spon- 
taneous EPSCs before and after 100 FM CYT application. Distributions 
shown are from one respiratory motoneuron under voltage-clamp (V,, 
= -70 mV, R, = I6 MR) and were computed from 1092 EPSCs oc- 
curring before and during local CYT application. Bin sizes were 3 pA 
and 64 msec, respectively. Mean values on figure indicate real means. 
Mean and SE of the means for the distributions, calculated by bootstrap 
statistics, were as follows: control amplitude = 22.5 k 0.3 pA; CYT 
amplitude = 26.6 t 0.5 pA: control interval = 421 k I2 msec; CYT 
interval = 405 -+ II msec. :#, mean amplitude values before and after 
CYT were signilicantly different at 1’ < 10 ‘, whereas intervals were 
not significantly different. 

Mechanism underlying potentiation of endogenous symptic 
currents 
CYT-induced increases in the net charge transfer of inspiratory 
drive current to motoneurons directly reflect an increase in the 
charge transfer of individual EPSCs underlying the drive current. 
Indeed, CYT potentiates individual EPSCs occurring during the 
expiratory period. There are multiple possible actions of CYT 
on receptor channel gating that could affect the charge transfer 
of individual EPSCs (i.e., EPSC shape), altering neuronal excit- 
ability and network activity: (I) block of rapid desensitization, 
(2) slowing of channel deactivation kinetics, and (3) reduction 
of steady-state desensitization. 

We cannot establish from our single-cell measurements the 
relative contributions of these possible mechanism(s). Our ex- 
perimental preparation, while suitable for investigating modu- 
lation of endogenous network activity, precludes detailed anal- 
ysis of the effects of CYT on receptor channel kinetics, since 
(I) the thickness of the slice preparations. which is necessary to 
preserve functional respiratory networks, precludes the rapid 
drug application (msec) necessary for measurement of the fast 
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component of desensitization; (2) the network neurons, includ- 
ing the motoneurons, in the slice are morphologically complex 
(see Funk et al., 1993) with an unknown distribution of synaptic 
connections on the somatodendritic membranes, limiting precise 
measurement of EPSC time course; and (3) the inspiratory syn- 
aptic drives in the circuit result from temporal and spatial sum- 
mation of many EPSCs, preventing resolution of single EPSCs. 
Nevertheless, actions of CYT on AMPA receptor channel gating 
and EPSC shape, and the role of desensitization in determining 
EPSC shape must be considered in interpreting our results. 

Rapid desensitization and EPSC shape. Whether time con- 
stants for rapid desensitization are fast enough to affect the shape 
of individual EPSCs is controversial (see Patneau and Mayer, 
1991; Tang et al., 1991; Colquhoun et al., 1992; Jonas and Sak- 
mann, 1992b; Silver et al., 1992; Stern et al., 1992), but desen- 
sitization in some preparations appears fast enough relative to 
synaptic current decay rates to affect EPSC shape (e.g., Trussell 
and Fischbach, 1989; Tang et al., 1989; Patneau et al., 1993). In 
our experiments, average time constants of spontaneous EPSCs 
(-8 msec), as estimated during the expiratory period, are suf- 
ficiently close to estimated time constants for the rapid compo- 
nent of desensitization (S-10 msec; Trussell and Fischbach, 
1989; Tang et al., 1991; Colquhoun et al., 1992; Hestrin, 1992; 
Jonas and Sakmann, 1992b; Partin et al., 1993) that desensiti- 
zation could contribute to shaping individual EPSCs (Tang et 
al., 1989; Trussell and Fischbach, 1989; Patneau et al., 1993) 
and affect respiratory network activity. The increase in EPSC 
time constant following CYT exposure (-50%) is consistent 
with this thesis, with two caveats: (I) these measurements may 
overestimate time constants if there was poor space clamp of 
morphologically complex XII motoneurons; (2) although EPSCs 
occurring during expiration and inspiration are both dependent 
on non-NMDA Glu receptors (unpublished observations), ex- 
trapolations from the expiratory to inspiratory periods may not 
strictly apply since the expiratory and inspiratory EPSCs may 
involve different synapses (see Liu and Feldman, 1992). 

.Ejfects of CYT on desensitization versu.s deactivation. The rel- 
ative contributions of desensitization block versus altered chan- 
nel deactivation kinetics to CYT-induced changes in EPSC shape 
is controversial. CYT consistently increases the amplitude of 
glutamatergic EPSCs (Trussell et al., 1993; Yamada and Tang, 
1993) (up to 80%) and this can be attributed primarily to block 
of desensitization, whereas increases in decay time constants (up 
to threefold; Patneau et al., 1993; Yamada and Tang, 1993) result 
primarily from slowing the rate of deactivation. Both factors 
contribute to a net increase in charge transfer [which is approx- 
imately proportional to their product (A amplitude X A decay 
time constant)], so that both could have contributed to the CYT- 
mediated increase in total charge transfer of the inspiratory drive 
current in our studies. Our findings that the EPSC amplitude 
distribution is altered by CYT suggests that a significant com- 
ponent of the increased charge transfer during the inspiratory 
current resulted from block of desensitization. 

Steady-state desensitization. If steady-state levels of Glu in 
the synapse correspond to levels in extracellular fluid of brain 
tissue (Benveniste et al., 1984; Jacobsen et al., 1985; Lerma et 
al., 1986), CYT could affect network behavior by reducing 
steady-state desensitization (Trussell and Fischbach, 1989; Thio 
et al., 1991; Colquhoun et al., 1992). This action may be partic- 
ularly important for altering respiratory frequency, which ap- 
pears to depend on a baseline level of Glu release (Greer et al., 
1991; Funk et al.. 1993). 

Role qf kinetics of recovery ,from desensitization. The critical 
kinetic parameter underlying the effects of CYT on network be- 
havior may be the time constant for recovery from desensitiza- 
tion rather than time constants for rapid desensitization and 
channel deactivation. Block of desensitization consistently 
blocks the reduction in EPSC amplitude that occurs during suc- 
cessive synaptic inputs (Trussell and Fischbach, 1989; Smith et 
al., 1991a; Colquhoun et al., 1992; Trussell et al., 1993). 

The significant feature of respiratory network activity in this 
regard is that the rhythmic drive results from periodic bouts of 
high frequency bursts of synaptic inputs. Peak firing frequencies 
of inspiratory interneurons that drive XII motoneurons in vitro 
are -40-50 Hz (Smith et al., 1990; Johnson et al., 1994); i.e., 
synaptic inputs occur at -20-25 msec intervals. Recovery from 
desensitization typically takes longer than 60 msec (Trussell and 
Fischbach, 1989; Smith et al., 1991 a; Colquhoun et al., 1992; 
Trussell et al., 1993). Thus, postsynaptic receptors will remain 
desensitized between consecutive EPSCs, and depression of 
EPSC amplitudes would be expected during inspiration. Such 
effects do not depend on onset kinetics of rapid desensitization 
or deactivation, and likely contribute to the potentiation of net- 
work activity by CYT in our studies. 

CYT potentiation qf currents induced by exogenous glutamute 

Exogenous application of Glu confirmed that CYT potentiates 
Glu receptor-mediated responses of XII motoneurons. The 20- 
fold greater potentiation of responses to local application of Glu 
compared to endogenous synaptic responses likely reflects the 
difference in speed of Glu application when it is synaptically 
released or applied with a puffer pipette. Such large differences 
are typical of comparisons between potentiation of peak re- 
sponses to synaptic Glu or rapidly applied Glu versus potentia- 
tion of steady-state responses that are > 90% desensitized (Ya- 
mada and Rothman, 1992). Potentiation of synaptic responses 
and responses to exogenous application are similar if Glu is 
applied rapidly (Vyklicky et al., 1991: Yamada and Rothman, 
1992; Yamada and Tang, 1993). 

Time course of onset and recovey ,from potentiation b? 
cyclothiazide 

The time course of onset and recovery from the action of CYT 
were slow and differed for endogenous synaptic drive versus 
exogenously applied Glu. Slow onset and recovery rates from 
CYT-mediated potentiation of synaptic or exogenous currents 
are well documented (Patneau et al., 1993; Yamada and Tang, 
1993), but the mechanism(s) are unknown. 

Onset time course. In the present studies, potentiation of the 
response to exogenously applied Glu took - I.5 set to reach 
maximum. Although diffusion of CYT into the tissue to XII 
motoneurons > 200 pm below the surface of the slice would 
contribute to this delay, there are other factors. The effects of 
CYT on isolated neurons or membrane patches, where diffusion 
through tissue is not involved, also develop slowly, taking be- 
tween 6-8 set (Patneau et al., 1993) and 20 set (Yamada and 
Tang, 1993) to reach maximum. The potentiating effects of CYT 
on endogenous synaptic drive currents were even slower in on- 
set, taking > 2 min, and may reflect greater difficulty of getting 
CYT to synaptic receptors mediating the endogenous activity 
than to extrasynaptic receptors. 

Another potential factor contributing to the slow onset time 
course is that CYT appears to have competing inhibitory and ex- 
citatory actions on endogenous synaptic currents, with inhibitory 
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actions typically occurring an order of magnitude faster than po- 
tentiating effects in some preparations (Patneau et al., 1993). Thus, 
inhibitory effects may determine response kinetics initially, but po- 
tentiation could dominate with prolonged exposure. 

The mechanism underlying this putative inhibitory effect is 
not known. A block of ATP-sensitive K’ channels by CYT 
(Dunne et al., 1987; Misler et al., 1989; Quaste and Cook, 1989; 
Standen et al., 1989) is not the cause; we found that the ATP- 
dependent K ’ channel blocker glibenclamide (Schmid-Anto- 
marchi et al., 1987; Ziinckler et al., 1988; but see Ashford et al., 
1994) did not affect the actions of CYT We also eliminated 
the possibility that alterations in pH secondary to blockade of 
CA activity by CYT contribute to the effects of CYT on respi- 
ratory network behavior by demonstrating that block of CA ac- 
tivity with 0.1-1.0 mM acetazolamide (Maren, 1977; Coates et 
al., 1991) has no significant effect network frequency or XII 
burst amplitude. Until all the effects of CYT within the CNS are 
known, we cannot exclude the possibility that the long latency 
effect of CYT on network activity is due to the effects of CYT 
on a process(es) other than desensitization. 

Recovery und long-term enhuncement of synuptic und network 
uctivity. We currently do not know the mechanism underlying 
the long-term enhancement of endogenous synaptic activity fol- 
lowing removal of CYT In outside-out patches, where complete 
exposure of the patch to the bathing solution optimizes washout, 
the mean time constant for recovery from CYT-evoked poten- 
tiation is very long (-40 set time constant, Patneau et al., 1993) 
but effects are reversible. The time required to recover from the 
effects of CYT on XII motoneuron responses to exogenous Glu 
in our studies was also very long, and increased with duration 
of CYT exposure. Given sufficient time, however, effects were 
reversible, indicating that washout from some receptor sites oc- 
curs in our preparation. In contrast, CYT-mediated potentiation 
of endogenous synaptic currents showed further enhancement 
following removal of CYT and was not fully reversible over a 
2 hr period of washout. We speculate that the increased synaptic 
activity during CYT application produced secondary, longer 
term changes in synaptic efficacy. Endogenous modulation of 
desensitization may represent a novel form of synaptic plasticity 
at excitatory synapses (Vyklicky et al., 1991). In this regard, our 
results may indicate that attenuation of desensitization initiates 
longer term secondary changes in synaptic efficacy. 

In summary, CYT has significant potentiating effects on en- 
dogenous synaptic transmission and activity of the medullary 
network generating respiratory motor patterns. We attribute 
these effects, at least in part, to block of AMPA receptor de- 
sensitization. The modulation of respiratory frequency and am- 
plitude of motoneuron population discharge by up to 30% 
would have significant physiological consequences and sug- 
gests that desensitization can have an important role in mod- 
ulating signal transmission and output from this neural net- 
work. In turn, regulation of AMPA receptor desensitization by 

a site on non-NMDA receptor-ion channel complexes, such as 
the novel benzodiazepine site described by Zorumski et al. 
(1993), may represent yet another mechanism for network 
modulation and synaptic plasticity. Although several actions of 
CYT on AMPA receptor channel gating remain unresolved, our 
studies show potentiation of endogenous synaptic transmission 
in an intact, active network underlying a basic integrative func- 
tion. This is a the necessary first step in establishing a possible 
physiological role of desensitization in modulating the behav- 
ior of intact networks. 
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