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Acute tryptophan administration impairs cortical spreading
depression propagation in REM sleep deprived and non-
deprived adult rats
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Abstract

The enhanced availability of tryptophan in the brain, as a consequence of exogenous tryptophan administration, can increase
neuronal serotonin synthesis and this can interfere with brain function. REM sleep deprivation (D) constitutes another external
factor that can change brain excitability, facilitating, in some cases, the manifestation of neurological diseases like epilepsy. Here
we used cortical spreading depression (CSD) as a neurophysiological parameter to investigate the effects of a single L-tryptophan
intraperitoneal injection combined or not with 72h D-condition (water-tank technique) in rats. A 1h baseline CSD-recording was
performed under urethane+chloralose (1g/kg + 40mg/kg) anesthesia and revealed increased CSD propagation velocities in D rats,
as compared with non-deprived (ND), or pseudo-deprived (Pseudo) controls. After the baseline CSD recording, L-tryptophan
was immediately injected (125 mg/kg ip, dissolved in water at pH about 3) and this was followed by a significant decrease of
CSD propagation velocities, as compared to the baseline values in the same animals of the Pseudo, ND and D condition. In an
additional control group (ND rats injected with the vehicle), no CSD propagation change was seen. Our findings indicate an
important acute antagonistic influence of tryptophan on CSD propagation, which is not affected by REM sleep deprivation. We
suggest that this tryptophan effect may be due to a serotonin-mediated action, probably caused by increased serotonin synthesis
as a consequence of enhanced tryptophan availability in the brain. Keywords: L-tryptophan, brain excitability, cortical spreading
depression, REM-sleep deprivation, serotonin system.
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Introduction

The involvement of serotonin-producing neurons
in the control of the sleep-wake cycle has been first
suggested by Brodie and Shore (1957). Serotonin is
synthesized from the essential aromatic amino acid
L-tryptophan (Friedman, Kappelman, & Kaufman,
1972). Therefore, serotonin synthesis can be influenced
by changing tryptophan brain availability. In humans,
tryptophan administration can lead to a decrease in
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wakefulness, as well as to an increase in somnolence,
fatigue, lethargy, and diminished sleep latency, probably
due to increased serotonin synthesis as a consequence of
enhanced tryptophan availability (Leatwood, 1985). The
suggestion that serotoninergic neurons could be involved
in the sleep control has been further investigated by using
drugs that modify the serotoninergic activity (Froment,
Petitjean, Bertrand, Conty, & Jouvet, 1974; Mendelson,
Slater, Gold, & Gillin, 1980).

The daily time spent by mammals in sleeping
has been consistently characterized as an
electroencephalographically inhomogeneous period,
with variations in the EEG pattern that enable
us to identify two distinct phases: synchronized and
desynchronized sleep, also called “rapid eye movement
sleep”, or REM sleep (Aserinski & Kleitman, 1953).
In humans, sleep deprivation is accompanied by
signs of fatigue, attention deficit, and irritability with
significantly decreased discriminative capacity (Horne,
Anderson, & Wilkinson, 1983). In rats, sleep deprivation
for seven days or more causes behavioral changes and
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intense physical exhaustion, followed by the death of
the animal, with signs of malnutrition, despite increased
food ingestion (Everson & Wehr, 1993).

Sleep-deprived individuals are more prone to
seizures, in comparison with non-deprived controls
(Broughton, 1990), supporting the idea that the levels
of cortical electrical activity are influenced by sleep
deprivation (Kumar & Raju, 2001; Scalise et al., 2006).
The influence of neuronal serotoninergic function on the
control of brain electrical activity can be experimentally
investigated by using the phenomenon known as cortical
spreading depression (CSD). This phenomenon was first
described by Ledo (1944) as a decrease in spontaneous
electroencephalographic activity that can be caused by
electrical, mechanical or chemical stimulation of a point
on the cortical surface, from which the phenomenon
concentrically spreads to remote regions (Ledo, 1944).
Similarly to what has been observed in sleep studies,
CSD has also been shown to be influenced by drugs
that enhance the brain serotonin-activity; compounds
such as d-fenfluramine (Cabral-Filho, Trindade-Filho,
& Guedes, 1995), citalopram (Guedes, Amancio-dos-
Santos, Manhées-de-Castro, & Costa-Cruz, 2002), and
fluoxetine (Amancio-dos-Santos et al., 2006) reduce
CSD propagation. However, the possible effects of
the serotonin precursor tryptophan on CSD have not
been so far investigated. Therefore, this work was
undertaken to study, in adult rats, the acute effects of
combining L-tryptophan ip administration and REM
sleep deprivation on the brain ability to produce and
propagate CSD. It was hypothesized that these two
conditions, either isolated or combined, would alter
CSD propagation features in the rat cortex.

Methods

Animals

The animals of this study have been handled
in accordance with the “Principles of Laboratory
Animal Care” (NIH, Bethesda, USA) and the norms
of the Ethics Committee for Animal Research of the
Universidade Federal de Pernambuco, Brazil. Forty-
six adult Wistar rats weighing between 210 and 320g
were used. After weaning, they were housed in metallic
wire cages measuring 20 x 30 x 40cm and containing a
maximum of 5 animals until the date of the experiment.
The animal-room conditions included temperature
control (maintained at 22 £ 2°C) and a 12:12 h artificial
light-dark cycle with the dark phase beginning at 19:00
h. Animals had free access to water and a commercial
lab-chow diet (Purina, Brazil.) with 23% protein.

Sleep deprivation

The animals were divided in three groups: deprived
(n = 11), pseudo-deprived (n = 13) and non-deprived
(n = 11) of REM-sleep (respectively called D, PD, and
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ND). Seventy-two hours prior to the electrophysiological
recordings, the animals of groups D and PD were placed
in individual water-tanks in order to initiate the sleep-
deprivation and pseudo-deprivation processes, which
took place in the same room where the ND and V rats
(see below) were kept. REM sleep deprivation was
carried out using the water-tank technique proposed by
Jouvet, Vimont, Delorme and Jouvet (1964). The PD
animals were exposed to a situation similar to that of
group D, differing in the fact that the platform inside the
water-tank in which the animals were placed had a larger
diameter (15 cm instead of the 6 cm in the D condition),
large enough to ensure that the animals reached the REM
sleep phase without risking contact with the water. The
objective of examining this PD group was to control for
the possible distressing effects of confinement, reduced
motor activity, and humidity to which the D animals were
submitted during the sleep-deprivation procedure.

Tryptophan treatment

L-tryptophan (Servier Laboratories, France) was
injected intraperitoneally in a dose of 125 mg/kg of body
weight. Under environmental temperature conditions,
L-tryptophan is in crystalline form, reason for which
it had to be diluted in distilled water. For dissolution
to occur, a few drops of 0.1 NHCI. were also added to
the solution. This procedure caused the final pH of the
solution to lower to approximately three.

The three groups described in section 2.2 were
injected with L-tryptophan during the CSD recording
session. A fourth group (n = 11) was composed of non-
deprived animals that, instead of L-tryptophan, received
an equivalent volume of the vehicle used to dissolve the
amino acid [distilled water with an acidic pH (around
three) by addition of 0.1 NHCI drops]. This group was
named V group (from vehicle).

CSD recording

After the 72-hour deprivation procedure, the animals
were intraperitoneally anesthetized with a mixture
of 1g/kg urethane plus 0.04g/kg chloralose (both
from Sigma, USA) and then underwent tracheotomy
followed by the introduction of a tracheal cannula.
Under spontaneous breathing, their heads were secured
in a stereotaxic device (model 900, David-Kopf) and
three holes were drilled on the right side of the skull.
The anterior hole, with a diameter of 2 to 3 mm, was
drilled on the frontal bone and served as the stimulation
site. The two other holes (3-4 mm diameter), drilled on
the parietal bone, were aligned with the frontal hole in
the anteroposterior direction, parallel to the midline,
and served for the placement of the electrodes for CSD
recording. Cortex stimulation to obtain the CSD wave
consisted of 1-min applications of a small cotton ball
(1-2 mm diameter) soaked in 2% potassium chloride
(KCI) solution (approximately 0.27 M/L) on one point
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of the cortical surface (frontal hole; dura-mater intact),
at 20-min intervals. Both the spontaneous cortical
electrical activity (ECoG) and the slow potential change
accompanying spreading depression were continuously
recorded in a Grass polygraph (model 7D) by using a
pair of Ag-AgCl agar-Ringer electrodes (one in each
parietal hole). These electrodes consisted of 5 cm-long
plastic conic pipettes (0.5mm tip inner diameter), filled
with Ringer solution, solidified with the addition 0f 0.5%
agar, into which a chlorided silver wire was inserted.
The pipettes were fixed pair-wise with cyanoacrylate
glue, so that the interelectrode distance was kept
constant. Each pair of electrodes was connected to a
lever, which could be vertically moved up-and-down by
turning around a screw, so that the electrode tips could
be gently lowered onto the intact dura-mater, under
low-power microscope control, without any excessive
pressure on the underlying cortical tissue. A common
reference electrode of the same type was placed on the
nasal bones (see Figure 1 inset).

Calculation of the CSD velocity of propagation
was based on the time required for a CSD wave to pass
the distance between the two cortical electrodes. This
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time was measured using the beginning of the rising
phase of the negative slow DC-potential change as the
initial point. In the first 60 minutes of recording, three
measurements of CSD propagation velocity were taken,
with KCI stimulation applied at 20-minute intervals.
After this baseline recording period, each group was
injected with L-tryptophan (or vehicle, in the case of the
V group) and CSD elicitation and recording continued
for two more hours.

Statistics

Intergroup comparisons of the CSD velocities in the
baseline period (before tryptophan treatment) were performed
by using one-way ANOVA plus Tukey test, where indicated.
CSD velocities in the same animal before and after treatment
were compared by using paired t tests. The results were
considered significant in the cases where p <.05.

Results
In the 2-h baseline recording period (before

L-tryptophan injection), in all groups, 1-min topical
application of a cotton ball (1-2 mm diameter) embedded
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Figure 1. Examples of CSD recordings in REM sleep deprived (D), pseudo-deprived (Pseudo), and non-deprived (ND) rats. The
depression of the electrocorticogram (E) and the slow potential change (P) typical of CSD are shown for the recording points 1 and
2, as shown in the inset. The horizontal black bars under the P1-traces denote the period (1 min) of KCl-stimulation to elicit CSD.
Upper recordings (above the inset) are from the baseline period (before drug injection). Recordings below the inset were obtained
40 min after ip injection of either the vehicle used to dissolve tryptophan (left panel), or after ip injection of 125mg/kg tryptophan.
The vertical bars (at the beginning of each P-record) equal -10 mV and -0.5 mV for the P- and E-recordings, respectively.
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in 2% KCI to the frontal cortex elicited a single CSD
wave, which propagated normally (i.e., without
interruption) and was recorded by the two electrodes
located in the stimulated hemisphere. Examples of
electrophysiological recordings (ECoG and slow
potential change) showing CSD elicitation by KCI are
presented in Figure 1.

Before L-tryptophan treatment (baseline period),
intergroup comparisons of CSD velocities showed a
significant increase (p < .05; ANOVA plus Tukey test)
in the animals submitted to REM sleep deprivation (D
group; mean * sd CSD velocity: 3.95 £ 0.14 mm/min),
but not in the pseudo-deprived ones (Pseudo; 3.36 + 0.12
mm/min), in comparison with the ND controls (3.19 +
0.08 mm/min). Quantitative data are shown in Figure 2.

In the three sleep conditions (D, Pseudo, and ND),
tryptophan ip injection was followed by a significant
decrease (p < .05) in CSD velocities (Fig. 3), as
compared to the velocities measured before the amino
acid injection (see Figure 2 and the above description),
in the same animals. For these three groups, the mean
+ sd CSD velocities in the six measurements of the
post-tryptophan period ranged from 3.18 + 0.23 to 3.39
+ 0.18 mm/min in the D group; from 2.82 + 0.17 to
3.01 £ 0.12 mm/min in the ND group, and from 2.83
+ 0.14 to 3.03 £ 0.13 mm/min in the pseudo group. In
the ND group treated with the vehicle used to dissolve
tryptophan (distilled water, pH 3), no significant decrease
in CSD velocities was seen (range: 3.00 + 0.17 to 3.23
+ 0.10). These data are presented on panel A of Figure
3. When expressed as percentage of the pre-tryptophan
injection values, the mean + sd CSD velocities in the
post-injection period in the ND, pseudo, and D groups
corresponded respectively to 84.8 = 9.4%, 78.4 %
10.9%, and 73.9 + 15.8% (which indicates significant
reductions in the CSD velocity of 15.2%, 21.6%, and
26.1%, respectively). In the ND group treated with the
vehicle, the post-injection velocity corresponded to 91.8
+ 10.7% of the pre-injection value (panel B of Figure
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Figure 2. CSD propagation velocity in REM sleep deprived (D),
pseudo-deprived (Pseudo), and non-deprived (ND) rats in the
baseline period (i.e., before drug injection). Data are presented
as mean + standard error of the mean. The asterisk indicates
significantly higher velocities in the D group, as compared with
the other groups (p <.05; ANOVA plus Tukey test).
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Figure 3. (A) Effect of a single ip injection of 125 mg/kg
L-Tryptophan on the CSD propagation velocity, in REM sleep
deprived (D), pseudo-deprived (Pseudo), and non-deprived
(ND) rats. CSD velocity was measured every 20 min after
L-tryptophan injection. (B) Percentage of reduction of CSD
velocity after L-tryptophan (125 mg/kg; single injection; white
bars). Data represent percent of the control (pre tryptophan)
values for the same animals (black bars). Data are expressed
as mean = standard error of the mean. The asterisks indicate
that all post-injection velocities are significantly reduced, as
compared to the pre-injection value at the time point “-10
min” (p <.05; paired t-test).

3).
Discussion

The two main findings of the present work are (1)
that systemic administration of 125 mg/kg tryptophan
acutely impaired CSD propagation, as evaluated by
the lower CSD velocities, and that (2) REM sleep
deprivation did not influence this effect. To the best of
our knowledge, this is the first study to demonstrate
the impairing effect of tryptophan administration on
the CSD phenomenon. The results collectively point
to an impairing process in CSD propagation, which
is probably mediated by tryptophan. One plausible
hypothesis to explain our tryptophan-associated results
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is based on the mediation by serotonin, whose synthesis
would be expected to increase as a consequence of the
treatment with 125mg/kg tryptophan, as previously
demonstrated (Fernstrom, 1974). This treatment might
in all probability alter the inhibition versus excitation
balance in the brain tissue (Feria-\Velasco et al., 2008),
and this may alter CSD susceptibility.

The comparison of the pre-tryptophan CSD
velocities between ND and D rats confirmed the findings
of previous reports demonstrating a facilitating effect
of sleep deprivation on CSD propagation (Amorim,
Guedes, da-Silva, & Cabral-Filho, 1988; Guedes &
Vasconcelos, 2008; Vasconcelos, Oliveira, Costa, &
Guedes, 2004). In addition, although the difference
was not significant, the sleep-deprived brains appeared
to react even better to the tryptophan administration in
regard to CSD impairment.

Although we did not measure cerebral serotonin
concentrations, we can infer that the brain content
of serotonin might have increased as a consequence
of L-tryptophan administration, and this is likely to
have impaired CSD propagation. The present CSD
propagation changes cannot be attributed to the vehicle
used to dissolve the tryptophan or to anesthesia, since
the V group received both the vehicle and the anesthetics
and did not present such changes. This inference receives
support from the report by Santos and Carlini (1983),
who demonstrated that injections of 100 and 150 mg of
L-tryptophan were effective in causing serotoninergic
syndrome in rats and significantly increased the number
of head shakes in comparison to rats injected with saline
solution. Moreover, the time course of the effects of our
L-tryptophan injection is in agreement with the findings
of Fernstrom and Wurtman (1971), who demonstrated
that alterations in brain serotonin content were restricted
to the first two hours after a single L-tryptophan
injection in rats. At this point, it is interesting to mention
that the exogenous administration of compounds acting
on the serotonin system is effective in modifying the
function of this system. For example, serotonin reuptake
inhibitors have anticonvulsant activity in GEPRs
(Dailey et al., 1996), and the serotonin precursor 5-HTP
exerts antiepileptic action against seizures elicited by
hippocampal and lateral geniculate nucleus kindling
(Wada, Nakamura, Hasegawa, & Yamaguchi, 1992).
In addition, a seizure enhancement has recently been
described in pilocarpine-treated rats after serotonin
depletion (Trindade-Filho et al., 2008). These results
suggest an involvement of the serotoninergic system in
suppressing epileptic activity.

Sleep deprivation, and particularly that of REM
sleep, is a widely used procedure to increase brain tissue
excitability (Baldy-Moulinier et al., 1984; Broughton,
1990). It is employed as part of routine clinical procedures
to detect electroencephalographic signs of epilepsy in
patients with a clinical history compatible with this
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disease but with an initial normal EEG. Epileptiform
waves can appear and propagate during CSD (Le&o,
1944), and the simultaneity of these events led to the
idea that the mechanisms of CSD and epilepsy could
share some common features (Ledo, 1944; 1972).
A potentiation effect of brain evoked field potentials
(Guedes, Tsurudome, & Matsumoto, 2005), as well as
an LTP-enhancement (Gorji & Speckmann, 2004), have
been demonstrated after induction of CSD, suggesting
a CSD-associated facilitation of synaptic transmission.
Since it is known that CSD elicitation and propagation
depends on the level of excitability in the cerebral cortex
(Pinto & Guedes, 2008), and that several excitability-
changing environmental, pharmacological, and nutritional
manipulations also modify CSD susceptibility (Amancio-
dos-Santos etal., 2006; Costa-Cruz, Amancio-dos-Santos,
& Guedes, 2006; De Luca, Cioffi, & Bures, 1977; Fregni
et al., 2007; Guedes, 2005;), it is reasonable to predict
that both treatments used in the present study - tryptophan
injection and sleep deprivation — could influence CSD
propagation features.

The relationship between brain serotoninergic
activity and CSD susceptibility shows impaired CSD
propagation after increased brain serotoninergic activity.
Forexample, a single ip injection of the specific serotonin
releaser d-fenfluramine, administered during the CSD
recording session, antagonizes this phenomenon in the
adult rat neocortex (Cabral-Filho et al., 1995). Other
serotoninergic drugs, like dihydroergotamine (Barkley
et al., 1992), 8-OH-DPAT (Kruger, Heinemann, &
Luhmann, 1999), sumatriptan (Read & Parsons,
2000), citalopram (Guedes et al., 2002) and fluoxetine
(Amancio-dos-Santos et al., 2006) also attenuate several
CSD features. These data suggest the existence of one
or more serotonin-mediated antagonistic processes
influencing CSD. In addition to that, the results
presented here clearly demonstrate that the serotonin
precursor tryptophan impairs CSD propagation in the
rat neocortex, reinforcing the notion of CSD modulation
by serotonin-dependent processes.

The increase of brain serotonin activity can inhibit
the production of free radicals (Read & Parsons, 2000).
This action could be one factor to help explain how
the activation of serotoninergic neurons impairs CSD
propagation. Increased levels of free radicals in the brain
tissue can occur when brain physiological antioxidant
mechanisms fail to counteract them (Le Bel & Bondy,
1992). It is interesting to mention that experimental
evidence suggests a crucial role of free radicals in
facilitating CSD (EI-Bacha, Lima-Filho, & Guedes, 1998;
Guedes, Amorim, & Teod6sio 1996; Netto & Martins-
Ferreira, 1989). In addition, antioxidant substances
reduce CSD propagation (Abadie-Guedes, Santos, Cahd,
Guedes, & Bezerra, 2008; Bezerra et al., 2005).

At the moment, it is impossible to rule out the
possibility that the effects of L-tryptophan on CSD
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reported here are dependent on transmitter systems other
than the serotoninergic one. This possibility has to be
considered in view of evidence showing that the chronic
administration of serotoninergic drugs reduces the levels
of N-methyl-D-aspartate (NMDA) receptor subunit
MRNA (Boyer, Skolnick, & Fossom, 1998), probably
changing its physiological action. Since NMDA-
antagonists can antagonize CSD (Guedes, Andrade, &
Cavalheiro, 1988; Marrannes, Willems, De Prins, &
Waugquier, 1988), it would be relevant to investigate, by
using pharmacological approaches, the possibility of an
indirect involvement of this and other neurotransmitter
systems in the CSD effects of L-tryptophan.

In conclusion, by using an acute administration
paradigm this study documents the antagonistic effects of
tryptophan on CSD, analyzing in detail the two following
novel observations: first, a single intraperitoneal injection of
tryptophan significantly decreased the CSD propagation
in the anesthetized adult rat; second, REM sleep
deprivation did not influence the tryptophan effect on
CSD propagation. The data reinforce previous evidence
(Amancio-dos-Santos et al., 2006; Cabral-Filho et al.,
1995) in support of an antagonistic influence of the
serotoninergic activity on CSD in the rat.
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