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were in the picomolar range but varied regionally.

receptors.

(Background: The biological actions of NO depend critically on its concentration, which is very difficult to measure.
Results: Recorded using the most sensitive detectors yet described, NO levels synthesized by activated brain neurons generally

Conclusion: NO operates physiologically at the subnanomolar concentrations that selectively target its guanylyl cyclase-linked

Significance: Physiological NO levels are far lower than commonly supposed.

N
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Nitric oxide (NO) is a widespread signaling molecule with
potentially multifarious actions of relevance to health and dis-
ease. A fundamental determinant of how it acts is its concentra-
tion, but there remains a lack of coherent information on the
patterns of NO release from its sources, such as neurons or
endothelial cells, in either normal or pathological conditions.
We have used detector cells having the highest recorded NO
sensitivity to monitor NO release from brain tissue quantita-
tively and in real time. Stimulation of NMDA receptors, which
are coupled to activation of neuronal NO synthase, routinely
generated NO signals from neurons in cerebellar slices. The
average computed peak NO concentrations varied across
the anatomical layers of the cerebellum, from 12 to 130 pm. The
mean value found in the hippocampus was 200 pm. Much varia-
tion in the amplitudes recorded by individual detector cells was
observed, this being attributable to their location at variable dis-
tances from the NO sources. From fits to the data, the NO con-
centrations at the source surfaces were 120 pm to 1.4 nMm, and the
underlying rates of NO generation were 36 —350 nM/s, depend-
ing on area. Our measurements are 4 -5 orders of magnitude
lower than reported by some electrode recordings in cerebellum
or hippocampus. In return, they establish coherence between
the NO concentrations able to elicit physiological responses in
target cells through guanylyl cyclase-linked NO receptors, the
concentrations that neuronal NO synthase is predicted to gen-
erate locally, and the concentrations that neurons actually
produce.

Nitric oxide (NO) is one of the most widely used transmitters
in mammals, playing fundamental roles in the normal function-
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ing of the nervous, cardiovascular, urogenital, digestive, and
other systems (1-3). Physiologically, NO signals are normally
generated by neuronal NO synthase (nNOS)> or endothelial
NO synthase and are transduced in target cells through special-
ized receptors possessing an intrinsic guanylyl cyclase (GC)
domain, resulting in cGMP accumulation (4, 5). Beyond this,
details of its functioning remain uncertain. Unlike conventional
transmitters, NO is not constrained by cellular membranes and
so diffuses in three dimensions from where it is synthesized.
Among the many unknowns are the patterns of NO formation
by different sources (e.g. neurons or endothelial cells) and how
far it is able to spread in active concentrations (and what an
“active concentration” actually is), the molecular targets other
than GC-coupled receptors available to NO, and how it is inac-
tivated. Moreover, supposed abnormalities in NO levels have
been implicated in many disease states but what distinguishes
the physiological from the pathophysiological in terms of the
amount, duration, or pattern of NO formation remains
undefined.

Progress in these key issues requires accurate measurement
of NO release from its sources under different conditions.
Numerous attempts have been made using electrodes of vari-
ous designs for this purpose but the outcome has been an
impossibly large spread of values. In the brain, for instance,
estimates of the NO concentration after stimulation span over 4
orders of magnitude, from the picomolar to the micromolar,
with a similar variability applying to other tissues (reviewed in
Ref. 6). Other approaches indicating concentrations of 0.1 to 4
nM (7-10) would favor the lowest extreme of the spectrum of
electrode measurements or below. Knowledge of the true range
impacts directly on how NO might be acting: at the low end (nm
and below) NO selectively stimulates GC-coupled receptors,
whereas as its concentration increases (10—100 nm range), it
can inhibit mitochondrial respiration by competing with O, for

2 The abbreviations used are: nNOS, neuronal NO synthase; CPTIO, 2-(4-car-
boxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; GC, guanylyl
cyclase; ODQ, 1H-[1,2,4loxadiazolo[4,3-a]lquinoxalin-1-one; PDE5, phos-
phodiesterase-5; PAPA/NO, (2)-1-[N-(3-ammoniopropyl)-N-(n-propyl)ami-
noldiazen-1-ium-1,2-diolate]; EGFP, enhanced GFP; TBST, Tris-buffered
saline containing 0.1% Triton X-100; c[NO], computed NO concentration.
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binding to cytochrome ¢ oxidase and, at near-micromolar lev-
els, it can undergo various chemical reactions leading second-
arily to covalent protein modifications (6, 11).

By analyzing NO signal transduction through GC-coupled
receptors (12) and the subsequent real-time imaging of cellular
NO-evoked cGMP signals in cells expressing different amounts
of receptor and cGMP-degrading phosphodiesterase activity
(13), it has become evident that, by virtue of this pathway, cells
are able to detect astonishingly low NO concentrations (low
pMm) even when the exposure is fleeting (subsecond). The results
prompted the elaboration of a kinetic model that accurately
simulated the cellular cGMP responses to transient or sus-
tained NO concentrations. The opportunity then arose to
exploit receptor-containing cells as detectors of endogenous
NO, offering the benefits of unsurpassed sensitivity, selectivity,
and dynamism. We report here the use of such cells for quan-
titatively recording NO signals generated by central neurons on
stimulation of NMDA receptors, the prototypical receptors
coupled to nNOS activation in the brain (14).

EXPERIMENTAL PROCEDURES

Materials—1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
(ODQ) was from Tocris Bioscience (Bristol, UK); 2-(4-carboxy-
phenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(CPTIO), 8-bromo-cGMP, N-methyl-p-aspartate (NMDA),
D-2-amino-5-phosphonopentanoic acid, N-nitro-L-arginine,
superoxide dismutase and tetrodotoxin were from Sigma-
Aldrich; fluorescein was from Millipore (Watford, UK); (Z)-1-
[N-(3-ammoniopropyl)-N-(n-propyl)amino]diazen-1-ium-
1,2-diolate] (PAPA/NO) was from Enzo Life Sciences (Exeter,
UK); bicuculline methochloride was from Ascent Scientific
(Bristol, UK). Common laboratory chemicals were from Sigma-
Aldrich. Computer modeling used Mathcad (version 14, Para-
metric Technology Corp., Needham, MA).

NO Detector Cells—HEK293T cells expressing NO-acti-
vated GC and phosphodiesterase-5 (PDE5), previously called
GCy,;nPDE5,,,, cells (13), were provided by Professor Doris
Koesling (Ruhr-Universitidt Bochum, Bochum) and maintained
as done previously (13). The cells growing on coverslips were
either infected with an adenoviral vector expressing 6-FlincG
(13, 15) or were transfected (using FUuGENE 6, Roche Applied
Science) with a ¢cDNA plasmid as per the manufacturer’s
instructions and were used 2—4 days later. For the plasmid, the
c¢DNA for 8-FlincG was retrieved from an adenoviral superna-
tant. Approximately 850 surplus nucleotides beyond the stop
codon were deleted, and EGFP codon 215 was restored to argi-
nine (from cysteine). This version of 8-FlincG was substituted
for the EGFP sequence in pEGFP-C1 (Takara Bio Europe/Clon-
tech, Saint-Germain-en-Laye, France).

Brain Slices—Rats (either gender) aged either 10 days (for
cerebellum) or 8 days (for hippocampus) were killed by cervical
dislocation and decapitation in accordance with UK Home
Office regulations. The tissue was removed and placed in ice-
cold artificial cerebrospinal fluid containing the following:
NacCl (120 mm); KCI (2 mm); NaHCO, (26 mm); KH,PO, (1.18
mMm); MgSO, (1.19 mm); glucose (11 mm), and CaCl, (2 mm),
bubbled with 95% O,, 5%CO,. Using a vibratome (Intracel 1000
plus, Intracel Ltd., Royston, UK), slices (200-um thick) were cut
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from the cerebellar vermis (sagittal plane) or the hippocampus
(transverse plane) and transferred to a recovery chamber at
37 °C, which was subsequently allowed to cool to room temper-
ature (=22 °C).

Imaging—A coverslip with adherent NO detector cells was
placed in a small chamber (500-ul volume) mounted on an
inverted microscope (Zeiss Axiovert 135TV, Carl Zeiss Ltd.,,
Welwyn Garden City, UK). After being allowed to recover for at
least 30 min, a brain slice was positioned on top of the coverslip
and held steady by a harp-type slice anchor (weight, 0.4 g). The
chamber was continuously superfused (1.5 ml/min) with warm
(37 °C) solution containing the following: NaCl (140 mm), KCl
(2 mm), KH,PO, (1.18 mwm), glucose (5.5 mm), HEPES (10 mm),
and CaCl, (1.5 mm), pH 7.4, osmolality 285-290 mosmol kg™ ".
When equilibrated with pure O,, the solution was supple-
mented with superoxide dismutase (100 units/ml). Tetrodo-
toxin (1 um) was included in all hippocampal slice experiments
to avoid circuit-based activity. Imaging was performed as
described previously (13) using a 20X air objective (numerical
aperture, 0.5, Carl Zeiss), an exposure time of 40 ms, and a
nominal frame rate of 0.7 Hz. Drugs were administered by
superfusion; fluorescein (50 pm) was delivered at the end of
each experiment to estimate the delay resulting from the dead
space of the perfusion line, for which traces were corrected.
Fluorescence measurements were background-corrected and
displayed as the change in intensity relative to baseline divided
by the baseline intensity (AF/F,). As appropriate, traces were
corrected for NO-independent, post-NMDA undershoots
(supplemental Fig. 1) and baseline drift (13) in Origin (version
8.1, OriginLab Corp., Northampton, MA). Individual detector
cells were classed as responders to NMDA if a peak of fluores-
cence more than 2 S.D. above the baseline fluorescence was
observed within a 135-s window starting at the beginning of the
NMDA application. Results are given as means * S.E. unless
otherwise stated. Each experiment was carried out on a sepa-
rate brain slice and was conducted at least twice to ensure that
the results were repeatable; # values refer to the number of
detector cells. Gaps in the illustrated records correspond to
periods of 1-3 min during which recording was suspended.

Immunohistochemistry—Cerebellar and hippocampal slices
were incubated in the recovery chamber for 1-1.5 h and then
fixed with 1% paraformaldehyde for 1 h at room temperature,
washed with 0.1 M phosphate buffer for 1 h (with three
changes), incubated for 5 min with Tris-buffered saline con-
taining 0.1% Triton X-100 (TBST), and then blocked with 10%
donkey serum in TBST for 1 h at room temperature. The slices
were then incubated with rabbit anti-nNOS (1:700; Invitrogen)
in TBST for 2 h at room temperature and then for 2 days at 4 °C.
Mouse anti-calbindin (1:5000; Sigma-Aldrich) was added for
24 hat4 °C. Afterward, the slices were washed in TBST for 6 -7
h with three changes and then incubated overnight at 4 °C with
secondary antibodies (anti-rabbit Alexa Fluor 488, 1:1000 and
anti-mouse Alexa Fluor 568, 1:500; both Invitrogen). After fur-
ther washing for 67 h in TBST, slices were incubated with the
nuclear stain TO-PRO-3 (1:50,000; Invitrogen) for 5 min before
being mounted in Vectashield mounting medium (Vector Lab-
oratories, Peterborough, UK). Secure seal adhesive spacers
(Invitrogen) were used to prevent the coverslip compressing
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the slices. Z-images through the entire slice thickness were cap-
tured at different step sizes using a confocal microscope (SP1,
Leica Microsystems Ltd., Milton Keynes, UK). For staining sec-
tions, 10-day-old rat cerebella were divided in two, immersed in
1% paraformaldehyde for 2 h at 4 °C, washed for 1.5 h with 0.1 M
phosphate buffer, and sectioned (10 wm) on a cryostat. Sections
were blocked as described above, and primary antibodies were
applied overnight at 4 °C. Sections were washed with TBST for
40 min (with four changes) and incubated with secondary anti-
bodies for 1 h at room temperature. The TBST washes were
repeated, and TO-PRO-3 (1:30,000) was applied as above.

Quantification of NO Signals—The NO profiles underlying
the changes in 6-FlincG fluorescence in the detector cells were
computed on the basis of the NO receptor, PDES5, and 6-FlincG
kinetics described previously (13). Full details of the methods,
together with the modeling of NO diffusion in and around the
detector cells and the derivation of the tissue NO concentra-
tions and NO synthesis rates are provided in the supplemental
Methods. Annotated Mathcad worksheets are available upon
request.

RESULTS

Recording NO Release from Cerebellar Slices Using Detector
Cells—The experiments used thin brain slices (200-um thick)
positioned on top of NO-detecting HEK 293T cells stably
expressing NO-activated GC and PDE5 (16) together with the
fluorescent cGMP biosensor 8-FlincG (15) expressed tran-
siently (Fig. LA). Most studies used slices of the developing rat
cerebellum (10 days old), which was selected because the neu-
rons in this region reside in distinct layers (Fig. 1B) and it con-
tains a high level of nNOS (17), whose activity is stimulated by
the influx of Ca®>" occurring on stimulation of NMDA recep-
tors (14), a response that is highest in the developing tissue (18).
Superfusion of NMDA (30 um for 45 s) led to an obvious
increase in fluorescence in many of the underlying NO detector
cells (Fig. 1, D and E; supplemental Movie 1). The absolute
response amplitudes varied across the field of cells, and on
washing out the NMDA, the fluorescence recovered (Fig. 1, G
and H). To calibrate the effect of NMDA, it was necessary to
measure the maximum response of the detector cells. This was
achieved by superfusing the NO donor PAPA/NO in a high
enough concentration (5 uM for 1.5 min) to achieve supramaxi-
mal stimulation in the face of rapid NO consumption by the
overlying slice (19). In some detector cells, PAPA/NO gener-
ated a response where none was visible previously with NMDA,
whereas in others, the peak amplitudes with PAPA/NO or
NMDA were comparable (Fig. 1, F-H; supplemental Movie 1).
The fluorescent responses of the detector cells to different pat-
terns of NO delivery (in known concentration) can be accu-
rately simulated by a computer model that incorporates the
kinetics of the NO receptor and PDES5 limbs of the transduction
pathway (12, 13, 20). With this model, the profile of the NO
concentration reaching the cells after NMDA stimulation could
be computed from the fluorescence data (supplemental Meth-
ods). Applying the method to the two sample cells in the exper-
iment illustrated in Fig. 1, C—F, gave computed NO concentra-
tions (c[NO]) of 0.5 nm and 28 pm™ (Fig. 1, G and H, insets).
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With increasing NMDA concentrations (3—100 um), the
detector cells responded accordingly and with a latency that
became progressively shorter (Fig. 11). From the mean detector
cell responses, the c[NO] rose from undetectable up to 480 pm
at 100 um NMDA (Fig. 1)). Much variation was again evident at
the level of single detector cells, but the concentration-re-
sponse curves for those giving high and low amplitude signals
were not significantly different from each other or from the
population as a whole (EC,, =~ 30 um; Fig. 1K), so the variation
could not be explained by NMDA having a different potency in
different subregions of the cerebellum. An EC,, concentration
(30 uMm) was chosen for the following experiments.

Pharmacology of NMDA-evoked NO Release—The detector
cell responses to NMDA, but not to PAPA/NO, were abolished
by the NO synthase inhibitor, L-nitroarginine (Fig. 2A). The NO
receptor blocker ODQ also inhibited the NMDA-evoked
response, but the cells still responded to the slowly permeating
cGMP derivative, 8-bromo-cGMP (Fig. 2B), confirming that
the detector cell responses were NO receptor-mediated. The
NMDA antagonist D-2-amino-5-phosphonopentanoic acid
(Fig. 2C) was also inhibitory, but the response was unchanged in
the presence of tetrodotoxin (Fig. 2D), which blocks voltage-
gated sodium channels and, hence, circuit-based neuronal exci-
tation, or of bicuculline (Fig. 2E), which blocks GABA , recep-
tors. These results verify that the detector cells are responding
to NO generated on NMDA receptor activation and further
suggest that NMDA is acting directly and in a manner that is
not significantly affected by its ability to stimulate the release of
GABA from inhibitory interneurons (21). In all of these tests,
the average peak c[NO] was in the range of 100-150 pm (Fig. 2,
A-E, insets).

NO Release from Cerebellar Subregions—The cerebellar cor-
tex contains relatively few neuronal cell types: at the age used
(10 days after birth) the outermost layer, the external granule
cell layer, is a germinal zone containing granule cell progeni-
tors. Differentiated granule cells are found in the innermost
layer (internal granule cell layer), above which lie the Purkinje
cell bodies (Purkinje cell layer) and the molecular layer, which
consists largely of the excitatory axons of granule cells and the
Purkinje cell dendrites and inhibitory interneurons onto which
they synapse (Fig. 3, A and B). Immunocytochemistry for nNOS
protein in sections of cerebellum revealed the brightest staining
to be in the molecular layer, followed by the internal granule cell
layer (Fig. 3, A-C). Immunoreactivity in the Purkinje cell layer
was weak (Purkinje cells were unstained), and there was only
very sparse staining in the external granule cell layer. This dis-
tribution is broadly consistent with observations made on rat
cerebellum at other developmental ages (22).

When the NO detector cells were grouped according to their
location relative to the overlying cerebellar slices, clear varia-
tion on exposure to NMDA was seen. The Purkinje layer could
not be defined unambiguously in brightfield images (Fig. 1B)
and is of similar width to the detector cells, so the region
between the two granule cell layers was treated as a single layer
(molecular plus Purkinje cell layer). Detector cells lying just
outside the slices never responded to NMDA (Fig. 3, D and E;
see also Fig. 1, B-E). In the external granule cell layer, the aver-
age response amplitude was low, corresponding to a peak
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FIGURE 1. Imaging NO release from cerebellar slices on exposure to NMDA. A, schematic showing NO detector cells (green) on a glass coverslip. A
200-um-thick cerebellar slice was wedged on top and imaging was from below. B, brightfield image of a cerebellar slice (/GL, internal granule cell layer; PCL,
Purkinje cell layer; ML, molecular layer; EGL, external granule cell layer). C, fluorescent image of underlying detector cells. D-F, images of AF/F, before (D) and
at the peak of the response (E) to 30 um NMDA applied for 45 s and of 5 um PAPA/NO applied for 90 s (F). Responses in two sample cells outlined in red in Band
Cand green in D-F are plotted in G and H, with the NO profiles computed from fits to the data (red lines) given in the insets. |-K, effect of increasing the NMDA
concentration (3-100 um) on AF/F, (/) and c[NO] (J). NMDA was superfused for 45 s in ascending concentrations at 15 min intervals, 30 um being repeated at the
end. Lines (/) fit the c[NQ] profiles to the data. K, concentration response curves for c[NO]. A logistic fit to values for all the detector cells in this experiment (All;
n = 21) gave the stated ECs, and Hill slope (n,,). When subdivided into High (> 0.5 nm) and Low (<0.5 nm) responders based on the peak c[NO] at 100 um NMDA,
ECs, and Hill slope values were 30 = 5 um and 2.7 = 1.8 (High; n = 14), and 40 = 22 pum and 2.1 = 1.6 (Low; n = 7), respectively, neither of which differs

significantly (p = 0.7 and 0.6).

¢[NO] of only 12 pm (Fig. 3, E, inset, and H), whereas the molec-
ular/Purkinje cell and internal granule cell layers all responded
more robustly, giving mean peak ¢[NO] values of 60 and 130
pMm, respectively (Fig. 3, D, E, and H). Throughout the tissue,
some detector cells gave no discernible response to NMDA;
these were more prevalent (23/42 or 55%) in the external gran-
ule cell layer than elsewhere: 12/62 (19%) in the molecular/
Purkinje cell layer and 15/68 (22%) in the internal granule cell
layer. When only the responders were analyzed (Fig. 3G), the
mean peak c[NO] in the three layers was higher (Fig. 3H), but
the difference between the layers was maintained (25, 115, and

DECEMBER 16, 2011 +VOLUME 286+-NUMBER 50

277 pm). The amplitudes of responses to PAPA/NO were sim-
ilar regardless of their position (Fig. 3F), although the latency-
to-peak increased with distance from the slice edge (see also
supplemental Movie 1).

Localization of NO Sources and Detectors—The results above
indicate that global NMDA receptor stimulation does not gen-
erate a uniform “cloud” of NO within the cerebellum (cf. Ref. 7),
that the local NO concentrations detected are generally in the
subnanomolar range, and that immeasurably small amounts of
NO escape the edge of the tissue. To examine further the extent
to which NO reaching the detectors is affected by the mixing of

JOURNAL OF BIOLOGICAL CHEMISTRY 43175


http://www.jbc.org/cgi/content/full/M111.289777/DC1

Quantitative Real-time Recording of Neuronal NO Signals

c[NO] (nM)

8-Br-cGMP

NMDA ;
tetrodotoxin |

¢[NO] (nM)
Il

. 2

| W

'F;,

NMDA

NMDA
bicuculline

NMDA

FIGURE 2. Pharmacology of NMDA-induced NO release from cerebellar
slices. Data show AF/F, in detector cells (n = 12-22) on applying 30 um
NMDA (black bars) in the absence and presence of 30 um L-nitroarginine
(L-NNA; A), 10 um ODQ (B), 50 um D-2-amino-5-phosphonopentanoic acid
(D-AP5; ©), 1 uM tetrodotoxin (D), and 30 um bicuculline (E); D and E are from
the same experiment. PAPA/NO (5 um) and 8-bromo-cGMP (8-Br-cGMP, 1 mm)
were added as controls at the end in A and B, respectively. Insets, c[NO] pro-
files, numbered in chronological order; their fits to the experimental data are
shown by red lines in the main panels.

NO from different localities, a high concentration (250 um) of
the NO scavenger CPTIO was superfused. Rather than becom-
ing smaller, the average detector cell responses increased (Fig.
4A). Where evident, this increase could be largely explained by
time-dependent changes in the detector cell PDES5 activity: the
second response to NMDA is smaller than the first because NO
from the first application, through cGMP, results in activation
of PDES5 in the detector cells (Fig. 4C). During the time that
CPTIO is allowed to equilibrate, the proportion of activated
PDE5 declines, leading to an increase in the response to the
third NMDA exposure relative to the second. Thus, the data are
consistent with the NO profile being unaltered in the presence
of CPTIO (Fig. 4, B and C). From the reaction kinetics (23), 250
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M CPTIO consumes NO at a rate of 4 s~ !, imposing on NO a
half-life of 170 ms. With no other NO scavenging, a lack of
effect of CPTIO implies that the sources and detectors are close
together (supplemental Fig. 4B). However, cerebellar tissue
consumes NO at a very high rate (19), such that at subnanomo-
lar concentrations, NO would be inactivated at a rate of 150 s~ !
(half-life = 5 ms). Presumably, this rate predominates so that,
superimposed on it, NO scavenging by CPTIO becomes negli-
gible. The steep NO concentration gradient that this high rate
of consumption imposes around a source suggests, moreover,
that the source-detector separation is likely to be in low um
range (supplemental Fig. 4, B and C). In liver, aorta, and a car-
cinoma cell line, the rate of inactivation of NO, and hence its
diffusion distance, depends on the concentration of O, (24—
26). Switching between superfusion solutions equilibrated with
air (21% O,) or with pure O,, however, had no consistent effect
on the amplitude or shape of the detector cell responses to
NMDA (Fig. 4, D and E). In one respect, this result was surpris-
ing because from the behavior of the purified enzyme, nNOS
activity is expected to be highly O,-dependent (27). Possibly,
increased NO generation at high O, concentrations is balanced
by increased NO consumption.

Heterogeneity of Recorded NO Signals—We have alluded
already to the variation in amplitude of ¢c[NO] profiles recorded
by different detector cells even when they are situated close to
each other (e.g Fig. 1, D—H). This heterogeneity could not be
attributed to a variable sensitivity of single detector cells to NO
(supplemental Fig. 5) and was investigated further by analyzing
individual responses to NMDA in five experiments. In the
example illustrated (Fig. 54), the peak ¢[NO] varied from 16 pm
to just over 1 nm, with the higher values being found in the
internal granule cell layer, and there were instances of detectors
giving moderate-to-high amplitude responses located close to
ones that were unresponsive (although they responded to
PAPA/NO). The c[NO] values for all the “responder” cells (n =
95) were not normally distributed (p = 2 X 10~ with the
Shapiro-Wilk test) and a frequency count after sorting them
into 10 pMm bins showed a highly positively skewed distribution
(Fig. 5B). The measurements conformed to a lognormal distri-
bution, irrespective of the cerebellar layer under which the
detectors were located, as shown by the linear fits in lognormal
probability plots (Fig. 5B, inset). The median c[NO] values var-
ied from 21 pm in the external granule cell layer to 171 pm in the
internal granule cell layer, with all layers differing significantly
from each other (Table 1).

Attempts were made to try to identify the sources of NO
located immediately above the detector cells using post hoc
nNOS immunohistochemistry, but the tissue distortion occur-
ring on fixation prohibited this approach. Nevertheless, whole-
mount nNOS immunostaining of incubated cerebellar slices
showed a spectrum of nNOS-positive structures at the slice
surface, ranging from small puncta to fibers to cell bodies (Fig.
5, C and D; supplemental Movie 2). By following these struc-
tures through into deeper regions, they were mostly seen to be
the cell bodies and processes of inhibitory interneurons in the
molecular (and sometimes Purkinje cell) layer and the granule
cells in the internal layer, although there were also some unusu-
ally brightly stained non-granule cells in this layer (possibly
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FIGURE 3. Regional distribution of NO release in cerebellar slices and its relationship to nNOS immunostaining. A, low power image of cerebellar section
immunostained for nNOS (green). Nuclei are stained blue. A region is shown in B at a higher power (the orientation is indicated by the rectangle in A), together
with a schematic showing the main constituent neurons and circuitry (WM, white matter; IGL, internal granule cell layer; PCL, Purkinje cell layer; ML, molecular
layer; EGL, external granule cell layer). C, quantification of the nNOS immunoreactivity in different cerebellar layers. Three different regions, having the
dimensions of the rectangle in A, were analyzed using ImageJ (http://rsbweb.nih.gov/ij/). D, distribution of peaks of detector cell responses to 30 um NMDA
(filled symbols) and 5 um PAPA/NO (open symbols) outside the slices and under the different cerebellar layers (ML/PCL = molecular plus Purkinje cell layers) in
seven experiments; larger symbols are mean values. Broken horizontal lines are £ S.D. of the baseline noise. Time courses of the mean responses are shown in
E, with the c[NO] profiles shown in the insets. Red lines (main panel) are fits of the c[NO] profiles to the data. F, average of the responses of the same cells in D
and Eto PAPA/NO. G, mean responses of only those detector cells giving a measurable response to NMDA, the corresponding c[NO] profiles being shown in H
(right) in comparison with profiles from all detector cells (left). For clarity, errors for every fifth point are shown in Fand G. Lines in G are fits of the c[NO] profiles

to the data. The box in A (expanded in B) is 105 X 276 um.

migrating interneurons (28)). As expected from the in vivo
staining (Fig. 3, A—C), Purkinje cells were nNOS-negative; the
intermingling of their dendrites with the nNOS-positive pro-
cesses of interneurons becomes evident after co-staining for the
Purkinje cell marker calbindin (Fig. 5E).

NMDA-evoked NO Signals in Hippocampus—Similar exper-
iments were carried out using rat hippocampus in which, as in
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DECEMBER 16, 2011 +VOLUME 286+NUMBER 50

the cerebellum, NO has been widely studied in relation to its
role in synaptic plasticity (1). The recordings were centered on
the cell body region of the CA1 area (Fig. 6, A—C) where elec-
trode measurements had suggested the largest NMDA-evoked
NO concentrations (0.3 um) are to be found (29). Exposure to
NMDA (30 um in the presence of tetrodotoxin) produced
responses in the detector cells that had similar shapes to those
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FIGURE 4. Effect of CPTIO and O, on NO detector cell responses to stimu-
lation of cerebellar slices with NMDA. A, increased detector response to
NMDA (30 uMm, 45 s) in the presence of the NO scavenger CPTIO in one exper-
iment. The mean change in three experiments was +12 = 9%. As shown by
the simulation (Band C) thisincrease can be largely explained by a diminution
in the proportion of the persistently active PDE5 (pPDE5*) after the second
NMDA application, with an unaltered NO profile. D and E, detector cell
responses to NMDA showed no obvious change when the superfusion solu-
tion was switched from one equilibrated with air (21% O,) to one equilibrated
with pure O, (D) or vice versa (E). Pure O, was used from the start of the
experiment in E; D and E are separate experiments.

recorded using cerebellum and which were inhibited by L-ni-
troarginine (Fig. 6D). The average peak c[NO] fitting these
responses was ~200 pM (Fig. 6D, insets). Analysis of the c[NO]
values recorded in individual detector cells (n = 14; two exper-
iments) suggested, again, that the data were not significantly
drawn from a normally distributed population (p = 2 X 10> by
the Shapiro-Wilk test). Unlike with the cerebellum, no values
<100 pMm were registered, although the highest one (2.4 nm) was
similar. From log normal fits, the median c[NO] came to 246 pm
(Table 1) and, on average, the c[NO] profiles were broader than
in the cerebellum, reflecting a 2-fold slower decay during
NMDA washout (Fig. 6E).

DISCUSSION

Since the discovery of NO as a biological messenger, there
has been debate and controversy over the most basic question
of what physiological or pathophysiological NO concentrations
actually are. The answer has profound implications for under-
standing how NO operates in health and disease, and for trying
to emulate endogenous NO signals experimentally. Innumera-
ble attempts have been made to record NO levels using elec-
trodes of various sizes and designs, but overall, the results show
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an irreconcilable degree of inconsistency, suggesting that fac-
tors such as cross-reactivity intrude into the measurements.
The method we used here circumvents this problem because
having NO receptors as the detectors ensures a high degree of
specificity. The only other known ligand is carbon monoxide,
which has only very low potency and efficacy (30, 31) and, as the
responses we recorded were blocked by NO synthase inhibi-
tion, its contribution can be disregarded. Furthermore, the sig-
nal amplification inherent in the NO-cGMP pathway endows
cells with an NO sensitivity orders of magnitude higher than is
achievable with electrodes (13) and, unlike electrodes, our
recording method does not consume NO.

Previous electrode recordings of evoked NO signals in the
cerebellum have yielded values of between 2 nm and 2 um (32,
33). Values of 0.12 um (34) to 2 um (35) were reported in the
hippocampus after maximal NMDA stimulation. Our method
puts the median detected values for these two brain regions at
100 and 250 pm, respectively, following half-maximal stimula-
tion of NMDA receptors. The results are compatible with the
lowest electrode recordings made in brain (55 and 400 pMm in
different layers of the cerebral cortex being the lowest (36)),
with a failure to record NMDA -evoked NO production in cer-
ebellum using an electrode having a detection limit of 6 nm (37),
and with indirect estimates based on theoretical modeling (6),
or on calibrated cGMP measurements in brain slices (7-9). An
apparently single recording made near a cultured hippocampal
neuron using different detector cells also suggested an NO con-
centration of ~100 pMm (10). Thus, although very low, the NO
concentrations that we detect do have independent theoretical
and experimental backing.

Being small compared with the sensor area of most elec-
trodes, the NO detector cells have also furnished a level of spa-
tial detail not available beforehand. In the cerebellum, our find-
ing that the internal granule cell layer gave the largest signals
and the external granule cell layer the lowest signals is in good
agreement with evidence based on measuring NMDA-evoked
cGMP accumulation after lesioning discrete cell populations
(38) and with NO synthase activity measurements in microdis-
sected layers of the developing cerebellum (39). Overall, the
molecular layer offered brighter nNOS immunostaining than
the internal granule cell layer, yet, in combination with the Pur-
kinje cell layer, gave lower c[NO]. This may relate partly to the
lack of nNOS in Purkinje cells but could also reflect non-linear-
ity between immunostaining and nNOS content as a result of
epitope masking: with stronger fixation, granule cell nNOS
immunostaining is diminished greatly, whereas that of the
molecular layer is preserved (cf. Ref. 40), so that even with weak
fixation, antibody binding to granule cell nNOS may be
suboptimal.

Regardless of the cerebellar region, the detector cells
recorded substantial variability in NO concentration. nNOS
immunostaining indicated a wide size range of potential NO
emitters near the slice surface. Although this microheterogene-
ity may contribute to the spectrum of recorded NO signals, the
relative size of the detector cells would be expected to average it
out. Rather, the lognormal distributions of the signal ampli-
tudes (Fig. 5B) would be expected from the detectors being
located at varying distances from the overlying sources, as is
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FIGURE 5. Heterogeneity of NO sources and signals in cerebellar slices. A, spread of peak c[NO] (red stars) registered in individual detector cells on
stimulation by NMDA (30 uMm, 45 s) according to their cerebellar location. Detector cells outlined in yellow are non-responders (but responders to PAPA/NO). B,
skewed frequency distribution of individual peak c[NO] in responder cells in five experiments (95 cells; 10 pm bins). The data conformed to a lognormal
distribution, as shown by the linear lognormal probability plots of the same data separated according to location (inset). For analysis of these data, see Table
1. C, thumbnails of NNOS immunostaining (red glow) in a cerebellar slice (after incubation) at the distances from the outermost plane indicated at the left of each
frame. Nuclei are stained cyan. D, enlargement of a lobule (outlined in C). At the right and below are images in the z-plane at the positions of the yellow lines,
showing nNOS staining from the slice surface inwards (P = Purkinje cell somata). The scale bar (lower right) applies to all planes. E, co-staining for nNOS (green)
and the Purkinje cell marker, calbindin (red), in a cerebellar slice. IGL, internal granule cell layer; PCL, Purkinje cell layer; ML, molecular layer; EGL, external granule
cell layer.

TABLE 1

Distribution of c[NO] values in cerebellar and hippocampal slices

The values are from fits of the data to lognormal distributions. o* is the multiplicative S.D. (50). Multiplying and dividing the median by o* gives the range containing 68.3%
of the data (95.5% if (0*)* is used). The mode is the peak of the lognormal probability density function. Values in parentheses are from the fits shown in supplemental Fig.
4. Statistical analysis was carried out on log-transformed experimental data (all normally distributed according to the Shapiro-Wilk test) using 1-way analysis of variance
followed by Tukey’s test (# = number of detector cells analyzed).

Brain region Median c[NO] Mode ¢[NO] o* n Statistics
2% M
Cerebellum (All) 102 18 3.77 95
1. External granule cell layer 21(23) 8.5(8.9) 2.58 (2.63) 11 1 versus 2: p = 0.0032
2. Molecular/Purkinje cell layer 80 (81) 23 (22) 3.05 (3.13) 33 1 versus 3: p < 0.0001
3. Internal granule cell layer 171 (178) 40 (42) 3.33(3.32) 51 2 versus 3: p = 0.011
Hippocampus (CA1) 287 (308) 140 (153) 2.33(2.31) 14 p = 0.006 versus cerebellum

likely in any case. The distribution would arise because the log-
arithm of the NO concentration declines roughly in proportion
to distance (supplemental Fig. 4B). Providing a detector cell
consumes NO at only a moderate rate (0—10 s~ '), its intracel-
lular NO concentration should be relatively uniform and cor-
respond to the concentration normally found close to the posi-
tion of its outermost cell membrane (supplemental Fig. 4C).
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Thus, the NO concentration recorded by a detector cell would
be a function of the overlying source strength and its distance
from the source. A model constructed to examine this hypoth-
esis generated good fits to the experimental data (supplemental
Fig. 4D and Table 1). From the fits, the recorded median values
(Table 1) correspond to the NO concentrations found 4.2 + 0.3
pm from the source surfaces, consistent with nNOS extending
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FIGURE 6. Detection of NO from NMDA-stimulated hippocampal slices. A, schematic of a hippocampal slice, indicating the region (boxed) shown in the
brightfield (B) and fluorescent (C) experimental images. The angled structure demarcated by dots in B (fluorescing mildly in C) is a strand of the slice anchor. Pyr,

pyramidal cell layer. Detector cells (C) are outlined in red. D, mean detector cell
of L-nitroarginine (L-NNA, 30 um), with a control application of PAPA/NO (5 um,

responses to NMDA (30 um, 45 s) in one experiment in the absence and presence
90 s) at the end. Insets are the c[NO] profiles from the control NMDA applications;

red lines (main panel) are their fits to the data. £, comparison of the mean c[NO] time courses in cerebellum versus hippocampus (normalized to the maxima);
the times for 50% decay from the peak were 31 s (cerebellum; n = 95; five experiments) and 60 s (hippocampus; n = 14; two experiments).

TABLE 2

Parameters simulating the c[NO] distributions recorded by detector cells

Maximum source surface-to-detector NO concentration at NO emission rate at Tissue NO source Half-maximum NO synthase

Region cell separation source surface source surface strength” enzyme activity”
wm nm nmol m™2s™1 nms ! nms !
Cerebellum 158 (whole cerebellum)
IGL® 9.5 1.4 1.0 353 (3.1 nm)
ML/PCL 9.0 0.57 0.41 160 (1.2 nm)
EGL 8.0 0.12 0.088 36 (0.25 nm)
Hippocampus (CA1) 7.0 1.4 1.0 353 (3.1 nm) 139 (whole hippocampus)

“ Tissue NO generation rates giving the concentrations at the source surface (third column). Values in parentheses are the predicted steady-state NO concentrations within

the tissue. See supplemental Methods for details of the calculations.

® From assays on homogenized adult rat cerebellum and hippocampus (51), assuming 1 ml/g wet weight and age corrections from data on rat cerebellum and forebrain, re-

spectively (52).

¢IGL, internal granule cell layer; EGL, external granule cell layer; ML/PCL, molecular/Purkinje cell layer.

out to the slice surface (Fig. 5D and supplemental Movie 2) and
the detector cells being located just below it. The fits further
indicate that the NO concentrations at the source surfaces are
close to the maximum values recorded experimentally. The
rates of NO production within the tissue giving rise to the sur-
face concentrations are calculated as 36 —353 nm/s, and the tis-
sue NO concentrations 250 pM to 3 nMm depending on region
(Table 2).

It should be noted that some uncertainty exists about the
precise value of one of the model parameters, namely the rate of
inactivation of NO (19, 37), but this parameter has little influ-
ence on the NO concentrations deduced for the source surface
or its core, although it will affect the NO synthesis rates needed
to sustain these concentrations (supplemental Methods). With
the inactivation rate estimated for cerebellar slices (150 s %)
(19), however, the deduced synthesis rates do broadly agree
with nNOS activity measurements in homogenates of cerebel-
lum and hippocampus, assuming the EC,, NMDA concentra-
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tion used experimentally gives half-maximal nNOS activity
(Table 2). If NMDA receptors and nNOS are mainly co-local-
ized in synapses (41) and the cerebellar internal granule cell
layer in our experiments has a density of synapses similar to this
region of the 21-day-old rat (1 synapse/um?®) (42), each with 40
NMDA receptors (43) and associated nNOS molecules, the
deduced source strength for this layer (353 nm/s; Table 2) cor-
responds to each active nNOS generating 10 NO molecules/s.
This rate is similar to that predicted for nNOS from enzyme
studies (27, 44), although it is not known that the NO sources in
our experiments are purely synaptic. Nonetheless, assuming
this rate of synthesis to be approximately correct and that,
physiologically, ~10% of synaptic NMDA receptors are active
(45), source NO concentrations at the level of a single synapse
would be in the 10—-100 pm range (supplemental Fig. 44), per-
haps a few-fold higher during the initial burst phase of NO
synthesis (27, 44). With the NO receptors situated close by, as is
predicted for the a2f1 subtype that is abundant in brain (46),
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signals of this amplitude are likely to be functionally
transmissible.

The results provide a quantitatively coherent link between
the NO concentrations that receptive cells are tuned to detect,
the concentrations that are expected to exist based on nNOS
localization and enzymology, and the concentrations found
after evoking endogenous NO production from nNOS. At these
concentrations, no target for NO other than its receptors has
been identified, and its influence on mitochondrial cytochrome
¢ oxidase would be negligible, in line with experimental evi-
dence (37, 47). Despite a diffusion-limited reaction of NO with
superoxide anions forming peroxynitrite (48), the rate of this
reaction at 100 pm NO will be slow (1-2 s™'). Hence, NO
appears to have evolved to operate as a transmitter at concen-
trations well below those having other effects and is able to do
so because of the special transduction properties of its enzyme-
linked receptors. If, when, and how NO from nNOS rises to
toxic concentrations in the brain, as is presumed to happen in
some neurodegenerative disorders (49), remain open
questions.
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