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the Calvin-Benson (C3) cycle’. When the supply of CO, from
outside the leaves is cut off by closure of the stomata and the C2
cycle does not work either, the C3 cycle will not operate, so light
energy may be diverted to produce active oxygen, which could
damage the photosynthetic apparatus'>*®. This may explain why
plants suffer severe photoinhibition when photorespiration is
suppressed. An important function of photorespiration may be
to derive the Calvin—Benson cycle when the supply of CO, is
limited, a new role for photorespiration.

Under high-intensity light, recycling of the ammonia produced
by the glycine decarboxylase complex may be the rate-limiting step
(Fig. 1). If there is sufficient GS2 to recycle the ammonia,
photorespiration may drive the Calvin—-Benson cycle and protect
plants from photooxidation (Figs 4—6). However, when there is
insufficient GS2 and high-intensity light is supplied continuously,
ammonia would accumulate and the amino donor would be
depleted", which could slow down the Calvin—Benson cycle
(that is, the ETR) and lead to photoinhibition (Fig. 5). Rapid
photoinhibition is known to occur when the chloroplast NADP
system is completely reduced®",

Most algae and all cyanobacteria have a CO, pump to concen-
trate CO, around Rubisco; the glycolate formed is metabolized or
excreted into the surrounding medium>". Submerged aquatic
plants in unshaded shallow water and land plants have to live
under higher-intensity light and lower levels of CO, than those
experienced by most algae or cyanobacteria, and may have devel-
oped photorespiration in order to drive the Calvin—Benson cycle
under such conditions. 0

Methods

Mature young leaves were used for all experiments. The amount of ammonia
was estimated by using aeration and Nessler's reagent?®. Amino-acid concen-
trations were estimated according to ref. 21. A Smal-Sacll fragment containing
a GUS gene in pBI121 (ref. 22) was removed and replaced by rice GS2 cDNA’
(RGS38, in the sense orientation) to give 35S-GS2 cDNA. Ti-binary plasmids
were mobilized from Escherichia coli to Agrobacterium tumefaciens LBA4404 by
triparental mating®. The Agrobacterium-mediated transformation of tobacco
was carried out by the leaf disc method?*,
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THE headaches that accompany certain intracranial pathologies
(such as meningitis, subarachnoid haemorrhage and tumour)
have been considered to result from mechanical or chemical
stimulation of pain-sensitive structures of the intracranial
meninges'?. Although the recurrent headache of migraine is of
unknown origin and is not accompanied by an identifiable
pathology, it shares with intracranial headaches features that
suggest an exaggerated intracranial mechanosensitivity (worsen-
ing of the pain by coughing, breath-holding or sudden head
movement'). One possible basis for such symptoms would be a
sensitization of meningeal afferents to mechanical stimuli. Pre-
vious studies of neuronal responses to meningeal stimulation
have focused primarily on cells in the central portion of the
trigeminal pathway, and have not investigated the possible
occurrence of sensitization*2, We have recorded the activity of
primary afferent neurons in the rat trigeminal ganglion that
innervate the dural venous sinuses. Chemical stimulation of their
dural receptive fields with inflammatory mediators both directly
excited the neurons and enhanced their mechanical sensitivity,
such that they were strongly activated by mechanical stimuli that
initially had evoked little or no response. These properties of
meningeal afferents (chemosensitivity and sensitization) may
contribute to the intracranial mechanical hypersensitivity that
is characteristic of some types of clinically occurring headaches,
and may also contribute to the throbbing pain of migraine.

Anatomical studies in man and animals have shown that major
blood vessels of the intracranial meninges, including the dural
venous sinuses, receive a sensory innervation from the trigeminal
nerve which originates primarily from cells in the medial (ophthal-
mic) part of the trigeminal ganglion™* . Direct stimulation of
these vessels in neurosurgical patients can evoke painful sensa-
tions, which some investigators have described as headache-like,
and which are typically referred to the ophthalmic region of the
trigeminal dermatome’. We used single-unit extracellular record-
ing techniques to study the sensory properties of cells in the
rat trigeminal ganglion that supply this intracranial meningeal
innervation.

Trigeminal ganglion neurons with A-delta and C-fibre axons
were identified as meningeal afferents by their response to
electrical stimulation of the dura overlying the ipsilateral trans-
verse sinus (Fig. 1a, b). The transverse sinus, which is a venous
space between the inner and outer layers of the intracranial dura,
is supplied by the tentorial nerve'>", and was found to be a
particularly well innervated region in our previous studies of
central fos expression evoked by dural stimulation'®. The majority
of neurons (33/45) that were activated by dural shock exhibited
mechanosensitive receptive fields on the dura, from which they
could be activated by punctate probing with von Frey hairs or by
stroking with a blunt rod (Fig lc, d). Receptive fields were
restricted to the dura overlying and immediately adjacent to the
transverse sinus, and did not extend across the midline. Mechan-
osensitivity was found more frequently in neurons with C-fibres
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FIG. 1 a, Experimental setup. b, Responses of two trigeminal ganglion cells
to single-shock stimulation of the dura overlying the ipsilateral transverse
sinus. Each trace shows 3 superimposed sweeps. Response latencies
indicate that the axons of these cells conduct in the A-delta and C-fibre
range, respectively (12.5ms™* and 1.2ms™?, respectively) based on a
conduction distance measured at 12.5 mm. Conduction velocities (c.v.) of
cells that responded to dural shock ranged from 0.26 to 20.8 ms™. The
mean c.v.s were 11.6 + 4.1 for fast A-delta fibres, 3.5 4+ 0.89 for slow A-
delta fibres, and 0.76 + 0.38 for C-fibres. ¢, Map of the response thresh-
olds (mA) of a trigeminal ganglion cell (c.v. 4.8ms™) at different dural

(£1.5ms!) (13/15) and slowly conducting A-delta fibres
(1.5 > conduction velocities (c.v.) < 5ms™") (10/10) than in neu-
rons with rapidly conducting A-delta fibres (5-21 ms™") (10/20)
(P < 0.01, chi-square). Among 26 mechanosensitive neurons that
were tested with von Frey monofilaments, mechanical thresholds
ranged from 0.03 to >4.0 g (monofilaments stiffer than 4.0 g were
not usually tested, to avoid puncturing the dura). Among neurons
whose thresholds could be determined (<4.0 g; n = 23), the mean
threshold was 0.86 +£0.98g (mean £s.d.), with no significant
differences between neurons with fast A-delta fibres
(1.8+2.0g; n=5), slow A-delta fibres (0.78 £0.97g; n = 8)
and C-fibres (1.0 + 1.1g; n = 10).

A subset of the neurons that responded to dural shock (18/22
mechanosensitive and 1/5 mechanically insensitive neurons) also
responded to topical application of algesic or inflammatory agents
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stimulation sites on and around the ipsilateral transverse sinus. The area
from which a response to stroking could be evoked is also indicated by the
boundary line. d, Histogram of discharge of the cell shown in ¢ during
stroking of the dura over the ipsilateral transverse sinus in the bounded
area, and during stroking of the corresponding contralateral dura. e-g,
Responses of the cell shown in ¢ and d to chemical stimulation (500 mM
NaCl in SIF) delivered either by topical application to the dural surface of the
transverse sinus (e) or by infusion into the superior sagittal sinus (f), and
absence of response to control infusion delivered into the jugular vein (g)
(see 7TMethods for further explanation).

to the dura (9/11 C-fibres, 7/8 slow A-delta and 3/8 fast A-delta
fibres). Responses were found to hypertonic sodium chloride
(400 mM, 12/18), potassium chloride (150 mM, 13/21), pH-neu-
tral buffer solutions of low (10/16) or high (4/5) osmolarity,
capsaicin (3/9), and a soup of inflammatory agents (histamine,
serotonin, bradykinin, and prostaglandin E,, pH 5) (10/18) (Fig.
2a-d). Responsiveness to these ‘chemical stimuli’ (inflammatory,
osmotic (low-osmolarity buffer), and ionic (KCl and NaCl))
usually occurred together. Of the 15 neurons that were tested
with each of these 4 agents, 7 responded to all, 5 responded to
none, and 3 responded to all except the inflammatory soup. Nearly
all (18/19) of the neurons that could be activated by chemical
stimuli were also mechanosensitive.

Five of the neurons that responded to topically applied chemi-
cal agents were also tested for responses to intravascular infusion
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FIG. 2 Responses to topical application to the dura of algesic and
inflammatory agents. a, Response of a neuron (same cell shown in the
right-hand trace of Fig. 1b, c.v. 1.2ms™*) to 100 mM KCl in SIF, pH 7.2.
Inset shows a plot of neuronal discharge against KCI concentration for this
neuron. In neurons tested at lower concentrations, responses were found to
25 mM (3/6) and 50 mM KCI (6/6). b, Response of the cell shown in a to SIF
diluted 10-fold with distilled water, pH 7.2. Inset shows plot of neuronal
discharge against osmolarity for this neuron. Filled symbols: osmolarity of
isotonic SIF was increased by adding increasing concentrations of sucrose
(up to 600 mM), and was decreased by diluting the isotonic SIF with distilled
water. Open symbols: osmolarity was increased by increasing NaCl con-
centrations (up to 400 mM) in SIF. The neurons responded to both high and

into the lumen of the sinus, using hypertonic sodium chloride as a
stimulus. Four of these 5 neurons were found to respond to both
routes of application (Fig. le-g). The response for both routes of
chemical application provides evidence that the neurons have
receptive endings within or adjacent to the walls of the sinus,
consistent with anatomical data®.

Sensitization was investigated by determining mechanical sen-
sitivity before and after topical application to the receptive field of
low pH buffer (n = 2) or the inflammatory soup (n = 15), both of
which are effective for sensitizing cutaneous nociceptive afferents
to mechanical stimuli''®, Application of these agents for 5min
enhanced the sensitivity to subsequent testing with mechanical
stimulation in 10 of 15 mechanosensitive neurons tested, and also
resulted in the appearance of mechanosensitivity in 1 of 2 neurons
that initially had been unresponsive to our mechanical stimula-
tion. This chemically induced sensitization to mechanical stimuli
was significant (P < 0.01, Wilcoxon’s signed rank test). Such
sensitization to mechanical stimuli was observed both in neurons
that discharged in response to the sensitizing agent (n = 6) as well
as in neurons that did not (n = 5).

Several previous studies have described responses of central
neurons in the spinal trigeminal nucleus and thalamus to elec-
trical, mechanical, and chemical (bradykinin, capsaicin) stimula-
tion of the dura, although sensitization was not examined**.
These studies showed that central dura-responsive neurons typi-
cally had nociceptive facial receptive fields with a distribution
reminiscent of the pattern of pain referral evoked by dural
stimulation, consistent with a role for these neurons in the
mediation of referred pain of intracranial origin. The only prior
electrophysiological study of meningeal primary afferents exam-
ined responses to mechanical and thermal, but not chemical,
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low osmolarity. Increased NaCl concentrations produced a greater response
than sucrose solutions of equal osmolarity in 5/5 neurons, indicating that
the response to NaCl is not solely an effect of hyperosmolarity. Responses
were found in 5/5 neurons to 250 mM NaCl, which was the lowest NaCl
concentration tested. In neurons tested at multiple osmolarities (raised or
lowered with sucrose or water, respectively), responses were found to
120mOsm (5/8), 60m0Osm (6/8), 30 mOsm (8/8), 600 mOsm (1/4),
700mOsm (3/5), and 900mOsm (4/5). ¢, Response of a cell (c.v.
3.5ms 1) to 1% capsaicin. No response was produced by capsaicin vehicle,
which was tested immediately before the capsaicin. d, Response of a cell
(c.v. 4.2ms™) to the soup of bradykinin, serotonin, and prostaglandin E,,
all 10 uM, and histamine, 100 uM, SIF, pH 5.0.

stimuli’’. We report here the first direct observations, to our
knowledge, of chemosensitivity and chemically induced sensitiza-
tion to mechanical stimuli in afferents supplying the intracranial
meninges, properties that have been found previously for other
types of somatic and visceral afferents'” and that have long been
hypothesized in theories of headache pathogenesis™”, owing to
their parallels to the symptomatology of some types of clinically
occurring headaches. The headache that accompanies meningitis,
as well as migraine headache, is characterized by features that
suggest an exaggerated intracranial mechanosensitivity. Normally
innocuous activities that produce an increase in intracranial
pressure or altered intracranial haemodynamics, such as sudden
head movement, coughing, or breath-holding, evoke dramatically
increased head pain during such headaches'”.

Mechanical sensitization might also contribute to the throbbing
pain of migraine. Although this pain has long been attributed to
the pulsations of abnormally dilated blood vessels'*?*, more
recent studies of vessel diameter during migraine attacks have
failed to find dilatation greater than that known to occur in the
absence of headache'*%_ It thus appears that cerebral vasodila-
tation could only contribute to migraine headache if it were
accompanied by sensitization of intracranial afferents (or possibly
of central neurons®?) to respond to normally innocuous mechan-
ical stimuli. Our results show that chemically induced sensitization
to mechanical stimuli can occur in meningeal afferents. It is
generally assumed that the location of the intracranial afferent
endings in question must be peri-arterial, because of the throbbing
quality of the headache'*?'. But we note that this need not be the
case, because the arterial pressure pulse is transmitted mechani-
cally throughout the subarachnoid space and meninges”.

How might sensitization occur during migraine? Alternatives to
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the vasodilatation theory have implicated intracranial processes
such as cortical spreading depression® or meningeal neurogenic
inflammation'>®. Cortical spreading depression consists of a
slowly propagating depression of neural activity which is accom-
panied by chemical disturbances, including elevated levels of
extracellular potassium®. Meningeal neurogenic inflammation
apparently results from release of neuropeptides (for example,
substance P, calcitonin-gene-related peptide) from the peripheral
endings of dural afferents, which in turn induces degranulation of
dural mast cells® (whose released contents may include histamine,
serotonin and cytokines). Thus, dural sinus afferents may be
affected by chemical alterations in the cerebral cortex and the
dura itself, because the sinuses collect the venous drainage from
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FIG. 3 Mechanical sensitization, as demonstrated by a lowered von Frey
threshold, following topical application to the dura of acidic or inflammatory
agents. a, Decrease in mechanical threshold of a neuron (c.v. 13.9 ms™)
following application of pH 5.0 SIF for 2 min. The open and filled symbols
represent responses to von Frey monofilaments before and after the
chemical stimulation, respectively. A full series of von Frey responses was
tested at 65, 45, 20, and 5min before the chemical application (open
circles, squares, diamonds, and triangles, respectively), and at 5 and 15
minutes following the chemical application (filled circles and squares,
respectively). The von Frey threshold (>50% incidence of responses)
decreased from about 4.0g to 0.38 ¢ following exposure to the low pH
solution. b, Time course of changes in mechanical threshold for another
neuron (same cell shown in Fig. 2c) which received a 5-min exposure
(starting at time O) to the soup of bradykinin, serotonin, prostaglandin E,,
and histamine in SIF, pH 5.0. ¢, Plot of mechanical thresholds before and
after application of chemical agents. Circles and triangles represent
neurons tested with inflammatory soup (n = 15) and pH 5.0 buffer
(n = 2), respectively.
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much of the cortex. In addition, recent evidence suggests that
substances may move between the dura and underlying cortex by
diffusion through the subarachnoid space™.

Our results show that exposure to chemical agents associated
with tissue injury or inflammation produces discharge in
some meningeal afferents. Such exposure also causes some of
these afferents to become more sensitive to mechanical stimuli for
up to an hour or more. We suggest that such chemically induced
transient mechanical sensitization could lead these neurons to
respond to relatively small, normally innocuous mechanical
alterations in the intracranial space such as might be produced
by haemodynamic changes or head movement, and that
excitation of such afferents could contribute to or worsen
certain headaches. O

Methods

Urethane-anaesthetized male rats (400-600¢g) were placed in a sterotaxic
headholder. The right transverse sinus and the caudal part of the superior
sagittal sinus were exposed by craniotomy. The exposed dura was bathed in a
synthetic interstitial fluid (SIF) consisting of 135mM NaCl, 5mM KCI, 1 mM
MgCl,, 5mM CaCl,, 10 mM HEPES, and 10 mM glucose, pH 7.2. In 5 animals
the entire superior sagjttal sinus was exposed, and PE-10 tubing was inserted
into the rostral end and passed caudally to the caudal end (sinus confluens).
Tungsten microelectrodes were advanced into the trigeminal ganglion by a
dorsal approach through the cerebral cortex. Single-shock electrical search
stimuli (0.5 ms pulses, 5mA, 0.7 Hz) were delivered through a bipolar stimulat-
ing electrode placed on the dura overlying the ipsilateral transverse sinus while
the microelectrode was advanced through the ganglion. Chemical agents were
delivered by topical application to the exposed dura or by infusion into the
superior sagittal sinus. Sinus infusions were followed by control infusions into the
jugular vein. Because the direction of venous blood flow is from the dural sinuses
through the jugular vein to the heart (Fig. 1a), the absence of a response to
jugular infusion provides evidence that the response to sinus infusion was from a
site of action between the sinus and the jugular vein. The jugular infusate would
be expected to access the intracranial circulation only after traversing the heart,
at which point it is apparently too diluted to produce a response (Fig. 1g8). A
second sinus infusion was delivered following the jugular infusion, in order to
verify that the neuron was still responsive. All agents tested in this study were
delivered in SIF, except capsaicin, which was prepared by first dissolving in
ethanol, then heating and re-dissolving in 10% Tween-80. Neurons that were
tested to more than one agent (n = 20) were tested in the following order
(following mechanical testing), at 10-min intervals: KCI, NaCl, low osmolarity
SIF, high osmolarity SIF, and capsaicin; the inflammatory soup was either tested
immediately before the capsaicin or in neurons that were tested for sensitization
(Fig. 3), it was the first agent tested. Neuronal responses were quantified by
calculating the mean firing rate during the initial 10 s of the response, minus the
mean firing rate during the 60 s preceeding the stimulus.

To investigate sensitization (Fig. 3), a graded series of von Frey monofila-
ments (Stoelting, Wood Dale, lllinois) was applied in order of increasing stiffness
to measure mechanical threshold at 10—30-min intervals for 1-2 h before and
1-2 h after the conditioning stimulus. Each data point (Fig. 3a) was obtained by
applying a single monofilament 5-10 times to the neuron’s mechanical
receptive field on the ipsilateral transverse sinus. The percentage of times that
the neuron responded was plotted against the force of the monofilament.
Sensitization was not tested unless the baseline measurements were stable.
The plotted post-stimulus measurements (Fig. 3c) were taken 5-30 min after
the stimulus, which appeared to be the period of maximum sensitization.
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ANIMALS acquire information about sensory stimuli around them
and encode it using an analogue or a pulse-based code. Beha-
viourally relevant features need to be extracted from this repre-
sentation for further processing. In the electrosensory system of
weakly electric fish, single P-type electroreceptor afferents accu-
rately encode the time course of random modulations in electric-
field amplitude'. We applied a stimulus estimation method” and a
signal-detection method to both P-receptor afferents and their
targets, the pyramidal cells in the electrosensory lateral-line lobe.
We found that although pyramidal cells do not accurately convey
detailed information about the time course of the stimulus, they
reliably encode up- and downstrokes of random modulations in
electric-field amplitude. The presence of such temporal features
is best signalled by short bursts of spikes, probably caused by
dendritic processing, rather than by isolated spikes. Further-
more, pyramidal cells outperform P-receptor afferents in signal-
ling the presence of temporal features in the stimulus waveform.
We conclude that the sensory neurons are specialized to acquire
information accurately with little processing, whereas the follow-
ing stage extracts behaviourally relevant features, thus perform-
ing a nonlinear pattern-recognition task.

The electric fish Eigenmannia generates a quasi-sinusoidal
electric field with carrier frequencies between 200 and 600 Hz,
by regularly discharging an electric organ located in its tail. The
fish senses local distortions of the electric field by means of two
classes of tuberous electroreceptors distributed on the body sur-
face®: T-type and P-type electroreceptors encode changes in phase
and electric field amplitude, respectively, which are used for
electrolocation® and communication’.

At the level of the electrosensory lateral line-lobe (ELL), the
first central nucleus of the electrosensory pathway, amplitude
information is processed nearly independently of phase informa-
tion, and is re-encoded in the output spike trains of E- and I-type
pyramidal cells*®. The temporal response of P-receptor afferents
and pyramidal cells has been characterized by their average firing
rate for step changes and sinusoidal amplitude modulations of an
externally applied electric field’. Under these conditions, the
response of P-receptor afferents is slowly adapting (tonic),
whereas the response of pyramidal cells is transient (phasic).
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Furthermore, P-receptor afferents and E-type pyramidal cells
raise their mean firing rate when the electric field amplitude is
increased, whereas I-type pyramidal cells are inhibited. These
mean response characteristics leave open several alternatives for
the encoding and processing of time-varying modulations in
electric-field amplitude in single-spike trains of ELL pyramidal
cells. Pyramidal cells might, for instance, transmit detailed infor-
mation about the time course of temporal changes in the stimulus
waveform®, or of specific stimulus frequencies’, combined with
half-wave rectification.

To address the question of how modulations in electric-field
amplitude are temporally encoded and processed between the
first two stages of the amplitude pathway, we studied the responses
of P-receptor afferents and pyramidal cells to random distortions
of a mimic of the fish’s own electric field. Such distortions were
simulated by superposing zero-mean, random amplitude modula-
tions, s(f), to an externally applied electric field in fish whose
electric-organ discharges were strongly attenuated by intramus-
cular injection of a curare-like drug (Fig. 1a). The carrier fre-
quency of this field was equal to the fish’s own frequency before
the drug was applied, and the cut-off frequency of the random
amplitude modulations' (Fig. 1c) was varied over a behaviourally
relevant range (2-40 Hz) (refs 4, 10).

We assessed the ability of single-spike trains to convey detailed
information about the time course of s(¢) by smoothing the time
series of action potential events with a filter chosen to obtain the
best estimate of s(¢) (refs 1, 2, 11). This method and its variants are
able to detect detailed encoding of a random stimulus or some
filtered and/or half-wave rectified version of it (such as temporal
derivative encoding, band-pass filtering and on/off responses).
The accuracy of the information transmitted about s(f) was
characterized in the time domain by the coding fraction, defined
asy = 1 — ¢/o, where ¢ is the root-mean-square error between the
true and estimated stimulus, and ¢ is the standard deviation of s(¢)
(ref. 1). The coding fraction takes the maximum value of 1 when
the stimulus is perfectly estimated (¢ = 0) and the minimum value
of 0 if estimation from the spike train is at chance level (¢ = 0)
(refs 12, 13). We computed the coding fraction for P-receptor
afferents and pyramidal cells; single P-receptor afferents were
able to encode up to 75% of the stimulus time course, but
pyramidal cells encoded less than 30%. Such a poor performance
suggests that individual pyramidal cells do not convey detailed
information on the time course of the stimulus to higher-order
levels of the electrosensory system.

Pyramidal cells might transmit information about temporal
features in the stimulus by performing a nonlinear classification
task. This possibility can be tested by using neural network models.
An artificial neural network can learn from the stimulus and
response data to find the ‘optimal’ sensory input pattern eliciting
a spike'. We used a more direct method derived from signal-
detection theory, which assumes that the nonlinear classification
task is implemented by means of a linear summation of incoming
information plus a threshold computation'"*. To determine the
optimal temporal feature f predicting the occurrence or non-
occurrence of a spike in a pyramidal cell, we binned the data and
studied the distributions of amplitude modulation waveforms
preceding a bin containing a spike or no spike. We first deter-
mined the mean stimulus preceding a bin containing a spike (m,)
and no spike (m,) (Fig. 1») and then computed the covariance
matrices X; and X, (Fig. lc, d) characterizing second-order
variations and correlations of these distributions around their
means. The optimal f was determined as the direction in this
temporal stimulus space of amplitude modulation waveforms for
which the ratio of the mean squared distance between stimuli
preceding a spike and no spike (computed from m, and m,) and of
their variances (computed from X, and X,) was maximized (see
equation (1) in 7Methods). This method is illustrated in a two-
dimensional example (Fig. 24, inset). For the I-type pyramidal cell
depicted in Figs 1 and 2, the optimal sensory stimulus that
predicted the occurrence of a spike, f, was a downstroke in the

NATURE - VOL 384 - 12 DECEMBER 1996

© 1996 Nature Publishing Group



	Sensitization of meningeal sensory neurons and the origin of headaches

