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Background and purpose: Abnormal glutamatergic activity is implicated in neurologic and neuropsychiatric disorders.
Selective glutamate receptor antagonists were highly effective in animal models of stroke and seizures but failed in further
clinical development because of serious side effects, including an almost complete set of symptoms of schizophrenia. Therefore,
the novel polyvalent glutamatergic agent 3,5-dibromo-L-phenylalanine (3,5-DBr-L-Phe) was studied in rat models of stroke,
seizures and sensorimotor gating deficit.
Experimental approach: 3,5-DBr-L-Phe was administered intraperitoneally as three boluses after intracerebral injection of
endothelin-1 (ET-1) adjacent to the middle cerebral artery to cause brain injury (a model of stroke). 3,5-DBr-L-Phe was also
given as a single bolus prior to pentylenetetrazole (PTZ) injection to induce seizures or prior to the administration of the
N-methyl-D-aspartate (NMDA) receptor antagonist dizocilpine (MK-801) to cause disruption of prepulse inhibition (PPI) of
startle (sensorimotor gating deficit).
Key results: Brain damage caused by ET-1 was reduced by 52%, which is comparable with the effects of MK-801 in this model
as reported by others. 3,5-DBr-L-Phe significantly reduced seizures induced by PTZ without the significant effects on arterial
blood pressure and heart rate normally caused by NMDA antagonists. 3,5-DBr-L-Phe prevented the disruption of PPI measured
3 days after the administration of ET-1. 3,5-DBr-L-Phe also eliminated sensorimotor gating deficit caused by MK-801.
Conclusion and implications: The pharmacological profile of 3,5-DBr-L-Phe might be beneficial not only for developing a
therapy for the neurological and cognitive symptoms of stroke and seizures but also for some neuropsychiatric disorders.
British Journal of Pharmacology (2009) 158, 2005–2013; doi:10.1111/j.1476-5381.2009.00498.x; published online 26
November 2009
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Introduction

Glutamate is a major excitatory neurotransmitter in the
CNS and plays a crucial role in neuronal physiology by
activating ionotropic glutamate receptors of the N-methyl-
D-aspartate (NMDA), (RS)-amino-3-hydroxy-5-methyl-4-
isoxazolepropioinic acid (AMPA), and kainate subtypes

(receptor nomenclature follows Alexander et al., 2008). Dis-
turbances in glutamatergic activity contribute to the patho-
physiology of many neurological and cognitive disorders.
Excessive release of glutamate and abnormal activation of
ionotropic glutamate receptors is considered one of the
primary events in stroke-induced brain damage and in the
hyperexcitability that leads to epileptic seizures (During and
Spencer, 1993; Mehta et al., 2007; Mattson, 2008). Despite the
obvious promise of glutamate antagonists for the treatment
of stroke and epilepsy, the clinical use of selective anti-
glutamatergic agents, primarily NMDA receptor antagonists
and to a lesser degree AMPA receptor antagonists, had to be
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abandoned because of serious side effects. NMDA channel
blockers such as phencyclidine (PCP), ketamine and dizo-
cilpine (MK-801) improve neurological function and reduce
infarct volume in animal models of stroke, and depress epi-
leptic seizures. Unfortunately, these compounds also cause
symptoms of schizophrenia in both animals and healthy vol-
unteers and exacerbate symptoms in schizophrenic patients
(Kemp and McKernan, 2002; Rung et al., 2005; Eyjolfsson
et al., 2006; Braun et al., 2007). Such side effects can be
especially harmful when considering that both stroke and
epilepsy may result in significant cognitive complications of
their own (Jorge et al., 2003; Carreño et al., 2008).

The finding that the NMDA antagonists caused symptoms
of schizophrenia was one of the bases for the hypothesis that
reduced NMDA receptor activation contributes to the devel-
opment of schizophrenia (Javitt and Zukin, 1991; Olney and
Farber, 1995; Abekawa et al., 2006; Rasmussen et al., 2007).
NMDA receptor antagonists such as PCP, ketamine and
MK-801 have, among other effects, been shown to increase
glutamate release in the prefrontal cortex of rats (Moghaddam
et al., 1997; Idris et al., 2005; Large et al., 2005; Razoux et al.,
2007). Both the anti-epileptic drug lamotrigine, which may
reduce glutamate release, and AMPA/kainate receptor antago-
nists diminished the adverse effects of PCP and ketamine
on cognitive function. This indicates that NMDA receptor
antagonists may elicit unwanted side effects at least in part by
increasing the release of glutamate and stimulating postsyn-
aptic non-NMDA glutamate receptors (Moghaddam et al.,
1997; Brody et al., 2003). Thus, reduced NMDA receptor activ-
ity in schizophrenia or selective targeting of NMDA receptors
to depress excessive excitation during the acute phase of
stroke or during epileptic seizures may in fact lead to
increased glutamate release and further dysregulation of
glutamatergic activity. A new polyvalent anti-glutamatergic
agent, the halogenated derivative of the aromatic amino acid
phenylalanine, 3,5-dibromo-L-phenylalanine (3,5-DBr-L-
Phe), acts as a partial NMDA receptor agonist, reduces
glutamate release and depresses the activity of AMPA/kainate
receptors (Yarotskyy et al., 2005). Here, we present data that
3,5-DBr-L-Phe reduced neurological deficits and infarct
volume in a rat model of stroke caused by intracerebral injec-
tion of endothelin-1 (ET-1) adjacent to the middle cerebral
artery (MCA) and depressed seizures in rats induced by pen-
tylenetetrazole (PTZ). In contrast to selective NMDA receptor
antagonists, 3,5-DBr-LPhe did not cause disruption of
prepulse inhibition (PPI) of the acoustic startle response. Fur-
thermore, 3,5-DBr-L-Phe reduced the PPI deficit caused by
stroke and prevented the disruption of PPI caused by the
NMDA antagonist MK-801.

Methods

Animals
All experimental procedures were approved by the University
of Florida Institutional Animal Care and Use Committee. In
addition, the principles governing the care and treatment of
animals, as stated in the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (publication No. 85-323, revised 1996) were fol-

lowed at all times during this study. Male Sprague Dawley rats
(250–300 g) were housed in groups of two at room tempera-
ture on a 12 h light/dark cycle.

Induction of stroke by intracerebral injection of ET-1
Ischaemic brain damage (stroke) was induced by intracerebral
injection of ET-1 adjacent to the MCA (Sharkey et al., 1993;
Mecca et al., 2009). This procedure was performed essentially
as follows. Rats were anaesthetized with a mixture of O2

(1 L·min-1) and 4% isoflurane, placed in a stereotaxic frame
(Kopf Instruments, Tujunga, CA), and anaesthesia was main-
tained for the duration of the surgery using an O2/isoflurane
(2%) mixture delivered through a nose cone attached to the
frame. The skull was exposed and a small hole was drilled in
the cranium dorsal to the right hemisphere using the follow-
ing stereotaxic coordinates (1.6 mm anterior and 5.2 mm
lateral to the bregma). A Hamilton syringe was stereotactically
positioned into the hole and lowered to a depth of 8.7 mm
DV, and 3 mL of saline solution containing 240 pmoles of ET-1
were injected at a rate of 1 mL·min-1. The syringe was left in
place for 4 min before removal and wound closure. During
surgery, body temperature was maintained between 37.5 and
38.0°C using a heating pad. Rats were treated in a randomized
fashion with i.p. injections of 3,5-DBr-L-Phe or equal volumes
of saline. Rats received 3 bolus injections of 3,5-DBr-L-Phe
(30 mg·kg-1) or saline at 30, 120 and 240 min after intracere-
bral administration of ET-1, which was considered as the
onset of induction of stroke. Previously, using a cranial
window method to visualize the MCA branches we have dem-
onstrated that injection of ET-1 into the brain parenchyma
adjacent to the MCA elicits abrupt constriction of the proxi-
mal MCA branches to 0% baseline vessel diameter within
minutes, followed by recanalizaton of the vessel (Mecca et al.,
2009).

In order to assess the neurological function of each group of
rats, three neurological tests were performed 72 h following
the administration of ET-1. In addition, the animals were
trained 3–5 days before testing by performing the same
behavioural procedures without data recording.

1. Sunflower seed eating task (Gonzalez and Kolb, 2003): with
the rat in a clear plastic cage the time to eat five sunflower
seeds, as well as the number of shell pieces after consump-
tion, was recorded.

2. Neurological examination reported by Bederson et al.
(1986): each rat was evaluated for absence or degree of
presence of abnormal forelimb flexion, symmetric resis-
tance to a lateral push and circling behaviour, which were
graded 0 (best), 1, 2 and 3 (worst) respectively.

3. Neurological examination reported by Garcia et al. (1995):
six tests, which were scored individually and summed for a
neurological score ranging from 3 (worst) to 18 (best)
(Table 1).

Three days after the stroke induction procedure, the brain
was removed and sectioned coronally into seven slices of
2 mm thickness, starting from the frontal pole. Slices were
stained with 2% 2,3,5-triphenyltetrazolium chloride (TTC)
for 30 min at room temperature. Areas ipsilateral to the
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occlusion, which were not stained red with TTC, were defined
as infarcted. Total infarct volume was computed by integrat-
ing infarct areas of sequential brain sections. The infarct
volume in the cortex and subcortex was evaluated. After fixa-
tion with 10% formalin, brain sections were scanned on a
flatbed scanner (Epson V500, Epson America Inc., Long
Beach, CA, USA) and analysed using ImageJ software (NIH).
To compensate for the effect of brain oedema, the corrected
infarct volume was calculated as a percentage of the contralat-
eral hemisphere.

Pentylenetetrazole-induced seizures
A rat model of PTZ-induced seizures was used to study the
anti-epileptic effects of 3,5-DBr-L-Phe. 30 mg·kg-1 of 3,5-DBr-
L-Phe (treatment group), or the equivalent volume of 0.9%
NaCl (control group), were administered i.p. 15 min prior to
PTZ injection (60 mg·kg-1, i.p.). The rats were observed and
videotaped for 20 min after the administration of PTZ.
In-house software was used for semi-automatic scoring of the
duration (number of 1 s intervals) and the severity of seizures.
The severity of seizures was scored using a seven-point behav-
ioural seizure score: 0 – no response; 1 – ear and facial
twitching; 2 – convulsive waves through the body; 3 – myo-
clonic jerks and/or rearing; 4 – clonic-tonic seizures;
5 – generalized clonic-tonic seizures, loss of postural control;
6 – lethal.

Measurements of cardiovascular parameters and locomotor
activity in conscious rats
Rat telemetry transducers (DSI, St. Paul, MN) were implanted
into the abdominal aorta (Li et al., 2006). Rats were left to
recover for 10–14 days before drug administration. The doses,
volumes and timing for drug administrations were the same
as described above for the ET-1-induced stroke experiments.
Heart rate, mean arterial blood pressure, pulse pressure and

locomotor activity were recorded from 2 h before until 12 h
after drug administration.

Measurements of acoustic startle response and PPI of startle
The PPI test was performed in two groups of animals. The first
group of rats was given the stroke induction procedure via
cerebral injection of ET-1, and animals were randomly treated
with either 3,5-DBr-L-Phe or 0.9% saline as described above.
The PPI test was performed 3 days after the cerebral adminis-
tration of ET-1.

Rats in the second group were used to study the effect of
3,5-DBr-L-Phe on the disruption of PPI caused by MK-801.
Rats were handled within 2 days of shipment arrival. Approxi-
mately 6 days after arrival, the rats were exposed to a ‘match-
ing’ startle session, which was essentially the same as one that
was used for the test (see below). Based on data for PPI from
the matching session the rats were assigned to treatment
groups to ensure similar baseline PPI levels between groups.
The effect of 3,5-DBr-L-Phe on the disruption of PPI caused by
MK-801 was studied 3 days after the matching session.
The rats received either a single bolus of 3,5-DBr-L-Phe
(30 mg·kg-1, i.p.) or equal volumes of saline 15 min before the
PPI test. All animals were injected with MK-801 (0.15 mg·kg-1,
i.p.) or saline 5 min after administration of 3,5-DBr-L-Phe or
saline. Testing occurred during the light phase of the dark–
light cycle. The SR-LAB apparatus and accompanying software
(San Diego Instruments, San Diego, CA) were used to perform
the tests. At the beginning of every testing session, each
animal was placed into the cylindrical animal enclosure and
then was exposed to a 75 dB white noise (background) for a
5 min acclimation period. The acclimation period was then
followed by a test session consisting of five different types of
trials: (i) 120 dB pulse-only of 40 ms duration; (ii–iv) a 120 dB
pulse of 40 ms duration preceded by a prepulse of 20 ms
duration at 5 dB, 10 dB and 15 dB above background; and (v)
a no-stimulus trial of background noise. The delay between

Table 1 Neurological examination (Garcia et al., 1995)

Category Assessment (range of scores) Scoring

Spontaneous activity Exploratory behaviour in a cage (0–3) 3 approaches at least three cage walls
2 hesitant, approaches at least one cage wall
1 minimal attempts at movement or rising up
0 no movement

Symmetry in extremity movement Rat is held by base of tail one foot above lab
bench (0–3)

3 all four limbs extend
2 limbs on one side extend less or more slowly
1 minimal movement on one side
0 forelimb immobile

Forepaw extension Rat is held by base of tail and made to walk
on forelimbs (0–3)

3 symmetric walk
2 asymmetric walk
1 minimal movement on one side
0 forelimb immobile

Climbing Ability to climb wall of wire cage (1–3) 3 rat climbs easily and holds on tightly
2 asymmetry in climbing and holding onto wire
1 unable to climb; circling

Body proprioception Reaction to touch of both sides of the body
(1–3)

3 symmetric startle and turning to touched side
2 asymmetry in promptness or extent of response
1 no response on one side

Response to vibrissae touch Reaction to brush against the vibrissae on
each side (1–3)

3 symmetric startle and turning to touched side
2 slow response to stimulus on left side only
1 no response on the left side
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the onset of the prepulse and the onset of the pulse was
100 ms. The trials were presented in pseudorandom order
with variable inter-trial intervals with an average duration of
15 s. The first four trials and last three trials consisted of
120 dB pulse-only trials. All five types of trials were presented
eight times each in pseudorandom order after the first four
and last three pulse-only trials. The %PPI for each prepulse
intensity was calculated using the following formula: %PPI =
100 ¥ [(pulse alone) - (prepulse + pulse)]/pulse alone (Geyer
and Dulawa, 2003). The responses to the first four and last
three pulse-only stimuli were not included in the calculations.
The startle and PPI of startle were compared between three
groups of animals. Two groups of rats received two i.p. injec-
tions, a first injection 15 min and a second injection 10 min
prior to the test, which altogether delivered the following
combinations of treatments: (i) saline – MK-801
(0.15 mg·kg-1) and (ii) 3,5-DBr-L-Phe (30 mg·kg-1) – MK-801
(0.15 mg·kg-1). The control group (group 3) consisted of all
animals from groups 1 and 2 tested 3 days before any
injections.

Statistical analysis
For parametric data, single comparisons were tested using the
t-test, whereas multiple comparisons among groups were
analysed using one-way or two-way repeated measures ANOVA

followed by Bonferonni t-test. For non-parametric data, the
Mann–Whitney Rank Sum test was used. P < 0.05 was consid-
ered significant. SigmaStat 3.11 software (Systat Software, Inc,
Point Richmond, CA) was used for statistical analysis.

Materials
3,5-DBr-L-Phe was obtained from Showa Denko K.K.
(Kawasaki, Japan). All other compounds were purchased from
Sigma-Aldrich (St. Louis, MO) and Tocris Cookson Inc.
(Ellisville, MO).

Results

Neuroprotective effects of 3,5-DBr-L-Phe in a rat model of stroke
caused by cerebral injection of ET-1 adjacent to the MCA
Compared to the baseline values, prior to induction of stroke,
rats treated with 0.9% saline exhibited remarkable neurologi-
cal deficits 3 days after intracerebral administration of ET-1
into the area adjacent to the MCA. They produced signifi-
cantly more shell pieces during opening of the sunflower
seeds [F(3, 42) = 10.65, P < 0.05 overall and post hoc]. The
saline-treated rats spent significantly longer time to consume
five seeds [F(3, 42) = 22.28, P < 0.05 overall and post hoc;
Figure 1A]. In contrast, rats treated with 3,5-DBr-L-Phe pro-
duced similar numbers of shell pieces before and 3 days after
administration of ET-1 (P = 0.7, but P < 0.05 relative to saline-
treated animals 3 days after administration of ET-1). The time
spent by the 3,5-DBr-L-Phe-treated rats to eat five sunflower
seeds was significantly greater after the ET-1 administration in
comparison with the time spent by the same rats before this
procedure (P < 0.05), but it was nonetheless significantly
shorter than that of saline-treated animals 3 days after they

received ET-1 (P < 0.05; Figure 1B). Results from both of the
neurological examinations described by Bederson et al. (1986)
and by Garcia et al. (1995) revealed significant preservation of
neurological function in the 3,5-DBr-L-Phe-treated animals
compared with rats receiving 0.9% saline as the treatment
(Figure 1C,D). Histological examination of brain tissue in
these rats using TTC staining revealed pronounced infarcts in
the right hemisphere in both the cortex and the subcortical
region of rats treated with 3,5-DBr-L-Phe and those that
received 0.9% saline. However, the proportion of infarcted
brain tissue was significantly less in the 3,5-DBr-L-Phe-treated
animals (Figure 2). Brain damage was reduced by approxi-
mately 52% after i.p. administration of 3,5-DBr-L-Phe relative
to the 0.9% saline-treated controls (t = 2.1, d.f. = 21, P < 0.05),
which is comparable with the effects of MK-801 in this
model (Pringle et al., 2003; Moyanova et al., 2007). The

Figure 1 3,5-dibromo-L-phenylalanine (3,5-DBr-L-Phe) decreases
neurological deficits caused by stroke after intracerebral injection of
endothelin-1 (ET-1). Rats each received three bolus injections of 3,5-
DBr-L-Phe (30 mg·kg-1; i.p.) or equal volumes of 0.9% saline at 30,
120 and 240 min after injection of ET-1. The neurological evaluations
were performed 3 days later. (A and B) The results of the sunflower
seed test in the same groups of animals before and 3 days after
administration of ET-1. (C and D) Respective results from the Bederson
and Garcia neurological examinations. Data are presented as a box
and whiskers plot. The boundary of the box closest to zero indicates
the 25th percentile, lines within the box mark the median and the
mean, and the boundary of the box farthest from zero the 75th
percentile. Whiskers (error bars) above and below the box indicate the
90th and 10th percentiles. Outliers are represented as individual data
points. *P < 0.05 relative to the saline-treated animals, n = 15 (3,5-
DBr-L-Phe) and n = 8 (saline). MCAo, middle cerebral artery occlusion.
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neuroprotective effects of 3,5-DBr-L-Phe were more evident in
the cortex (t = 2.28, d.f. = 21, P < 0.05), with a non-significant
effect in the subcortex (t = 1.75, d.f. = 21, P = 0.10).

Anti-seizure effects of 3,5-DBr-L-Phe in a rat model of
PTZ-induced seizures
Administration of PTZ caused changes in rat behaviour that
ranged from no response to generalized clonic-tonic seizures
(see Methods for behavioural response grading). The response
to PTZ in the saline-treated rats began within times ranging
from 5 to 241 s (median was 38 s, 25 and 75% percentile were
13 and 68 s, respectively, n = 10) as ear and facial twitching
(stage 1) and convulsive waves through the body (stage 2).
This could be followed by seizures of different degrees of
severity. The pro-convulsive effects of PTZ were significantly
diminished in the 3,5-DBr-L-Phe-treated rats (Figure 3). In
two animals from the 3,5-DBr-L-Phe-treated group, there was
no visible response observed after PTZ injection. In animals
treated with 3,5-DBr-L-Phe that had seizures, the latency
period before the appearance of the seizure response was
significantly increased. The seizures began within times
ranging from 9 to 270 s (median was 107 s, 25 and 75%
percentile were 69 s and 196 s, respectively, n = 8, P < 0.05 vs.
saline). Two animals treated with 3,5-DBr-L-Phe did not have
seizures and therefore were not included in the analysis of the
latent period before seizures. 3,5-DBr-L-Phe decreased both
the intensity and the duration of seizures (Figure 3).

3,5-DBr-L-Phe decreases deficits of PPI of acoustic startle
response caused by stroke or MK-801
Some of the animals that were used to study the neuropro-
tective effects of 3,5-DBr-L-Phe following induction of
ischaemic stroke (Figures 1 and 2) were also tested for the
acoustic startle response and PPI of startle as part of their
behavioural evaluation. The acoustic startle response and PPI
of startle were measured 1 day before and 3 days after induc-
tion of stroke with ET-1. The startle responses were similar in
all groups, in naïve animals tested prior to administration of
ET-1, in those that were treated with 3,5-DBr-L-Phe and in
those treated with saline [F(2, 29) = 0.59, P = 0.56]. PPI of
the startle response, on the other hand, was significantly

Figure 2 3,5-dibromo-L-phenylalanine (3,5-DBr-L-Phe) decreases
the volume of infarcted brain tissue caused by intracerebral injection
of endothelin-1 (ET-1). Results obtained from the same rats as in
Figure 1. Histopathological analysis of the infarcted brain tissue
was performed 3 days after administration of ET-1 using 2,3,5-
triphenyltetrazolium chloride (TTC) staining. (A) TTC-stained sections
of brain at five coronal levels from representative rats that received
either saline or 3,5-DBr-L-Phe. (B) total volume of infarcted brain
tissue as well as volume of infarcted brain tissue in the cortex and in
the subcortex presented as a percent of the contralateral hemisphere.
*P < 0.05 versus 0.9% Saline.

Figure 3 3,5-dibromo-L-phenylalanine (3,5-DBr-L-Phe) depresses pentylenetetrazole (PTZ)-induced seizures. Each group of animals received
an injection of 3,5-DBr-L-Phe (30 mg·kg-1, i.p.) or equal volumes of saline 15 min prior to PTZ administration (60 mg·kg-1, i.p.). (A) seizure
intensity at a given time (bin interval 30 s) during the 20 min observation period. See Methods for seizure intensity scoring. Data are presented
as mean � SE. (B) Box plots showing the duration of seizures of a given intensity (score) during the experiment. +P < 0.05 and ‡P < 0.01 versus
saline (Mann–Whitney Rank Sum Test) for both (A) and (B), n = 10 per group.
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disrupted in animals that received only saline after stroke
induction relative to control [F(2, 81) = 6.258, P < 0.05 overall
and post hoc; Figure 4A). The 3,5-DBr-L-Phe-treated group had
PPI responses similar to controls (P = 1.0 vs. control and P <
0.05 vs. saline group). There was no statistically significant
treatment by prepulse interaction.

The finding that 3,5-DBr-L-Phe alleviates the disruption of
PPI caused by stroke prompted us to assess whether 3,5-DBr-
L-Phe may counteract the disruption of PPI induced by
MK-801, which is considered a gold standard for neuropro-
tection but is known to cause a sensorimotor gating deficit.
Treatment with MK-801 increased the startle response from
control values [F(2, 65) = 3.51, P < 0.05], whereas treatment
with both 3,5-DBr-L-Phe and MK-801 did not (Figure 4B).
There was, however, no statistically significant difference in
startle responses between the saline-MK-801 and 3,5-DBr-L-
Phe-MK-801 groups. MK-801 diminished PPI [F(2, 130) = 5.73,
P < 0.05 overall and post hoc]. 3,5-DBr-L-Phe treatment
reversed the MK-801-induced PPI deficit (P = 1.0 versus
control and P < 0.05 versus MK-801). There was no statisti-
cally significant interaction between groups and prepulse

intensities. Figure 4C demonstrates the average %PPI data for
all three prepulse intensities.

3,5-DBr-L-Phe does not affect blood pressure and heart rate
Further, we addressed the question of whether 3,5-DBr-L-
Phe, at doses that produced neuroprotection following
stroke, caused adverse effects that were previously reported
for MK-801 and other selective NMDA receptor antagonists,
such as increases in blood pressure and heart rate. In order to
investigate the cardiovascular effects of 3,5-DBr-L-Phe, rats
(which did not undergo ET-1-induced stroke) received 3,5-
DBr-L-Phe using the same dose and timing protocol for drug
administration as in the ET-1-induced stroke experiments
(see above). Recordings of mean arterial pressure, heart rate,
and activity started 2 h prior to 3,5-DBr-L-Phe administra-
tion and continued for 13 h. Therefore, each animal served
as its own control. All measured parameters fluctuated
during the recording period, but these fluctuations were not
related to 3,5-DBr-L-Phe administration (Figure 5). Injections
of 3,5-DBr-L-Phe caused short lasting increases in all mea-
sured parameters. These changes were largely caused by pro-
cedural manipulations during injections, as they were also
readily apparent in the control group injected with saline.
Each subsequent injection had a markedly smaller effect
(Figure 5).

Figure 4 Effect of 3,5-dibromo-L-phenylalanine (3,5-DBr-L-Phe) on
endothelin-1 (ET-1)- and dizocilpine (MK-801)-induced disruption of
prepulse inhibition (PPI) of the acoustic startle response. (A) The PPI
test was performed 1 day prior and 3 days after the administration of
ET-1. The animals were treated with 3,5-DBr-L-Phe (n = 15) or saline
(n = 8) as described in Figure 1. (B and C) Startle response and PPI
were measured in all rats before treatment (n = 34) and after admin-
istration of (i) Saline and MK-801 (0.15 mg·kg-1) (n = 17) or (ii)
3,5-DBr-L-Phe (30 mg·kg-1) and MK-801 (0.15 mg·kg-1) (n = 17) (see
text for details). *P < 0.05 relative to the control group. The average
%PPI data for all three prepulse intensities for each treatment group
is shown in Figure 4C.

Figure 5 Effects of 3,5-dibromo-L-phenylalanine (3,5-DBr-L-Phe) on
cardiovascular parameters and locomotor activity in the rats. Adult
male SD rats, fitted with telemetry pressure transducers, received
three bolus i.p. injections of 3,5-DBr-L-Phe (right panel) 30 mg·kg-1

or equal volume of saline (left panel) at 120, 210 and 330 min after
start of recordings. Arrows indicate time points at which drugs were
administered. Data are means � SE from six rats for each treatment
group.
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Discussion

The main finding of this study is that 3,5-DBr-L-Phe, which
modifies glutamatergic activity by targeting multiple pre- and
postsynaptic sites, produced effective neuroprotection in a rat
model of stroke, reduced acute seizures in rats, and did not
cause clinically significant changes in arterial blood pressure
and heart rate. 3,5-DBr-L-Phe decreased disruption of PPI
caused by stroke. This is in striking contrast to MK-801,
which is considered a standard for new therapeutic agents in
animal models of stroke and epilepsy due to its high efficacy
but causes a deficit in PPI by itself. In fact, our results indicate
that 3,5-DBr-L-Phe decreased the PPI deficit caused by
MK-801.

A decreased response to a startle stimulus when it is pre-
sented shortly after a weak prepulse stimulus, that is, PPI, is
a measure of an organism’s ability to filter non-essential
information. PPI is deficient in schizophrenia and in some
other neuropsychiatric disorders (Braff et al., 2001). For this
reason, and because of the relative simplicity of experimental
setting to measure PPI, PPI has become a major experimental
paradigm in neuropsychiatric research to study the neurobi-
ology of these disorders and to test new antipsychotics
(Geyer et al., 2001). Many patients with epilepsy display PPI
deficits and psychotic symptoms similar to those observed in
schizophrenic patients (Takeda et al., 2001; Tremolizzo et al.,
2005). The deficiency of PPI can be alleviated by antipsy-
chotic drugs or by some anti-epileptic agents (Brody et al.,
2003; Tremolizzo et al., 2005). A possibility that schizophre-
nia may increase the risk of epilepsy has also been suggested
(Cascella et al., 2009). Cognitive complications after an acute
stroke are well documented and are considered a poor prog-
nostic factor for functional recovery. Tejkalová et al. (2007)
demonstrated that rats that experienced an experimental
stroke during the neonatal period displayed disrupted PPI
after they achieved adulthood. Altogether, these data indicate
a tight link between neurological and neuropsychiatric
abnormalities in pathophysiological conditions that involve
dysregulation of the glutamatergic system. Ideally, these
should be all treated at the same time. These data also suggest
the danger of exacerbating one group of symptoms while
treating another one. Our data indicate that 3,5-DBr-L-Phe
exhbits neuroprotective, anti-seizure and antipsychotic
activities. The complex, unique action of 3,5-DBr-L-Phe at
glutamatergic synapses may provide the basis for its polyva-
lent action in vivo. By simultaneously targeting the presyn-
aptic glutamate release and activity of all subtypes of
ionotropic glutamate receptors 3,5-DBr-L-Phe is more likely
to normalize glutamatergic activity without unbalancing it,
as found with selective NMDA receptor antagonists.

3,5-DBr-L-Phe acts as a partial NMDA receptor agonist. In
addition, 3,5-DBr-L-Phe depresses the presynaptic glutamate
release and activity of postsynaptic AMPA/kainate receptors
(Yarotskyy et al., 2005). The partial agonism of 3,5-DBr-L-Phe
at NMDA receptors should be efficient in the depression of
excessive NMDA receptor activity during the acute phase of
stroke or during epileptic seizures. The action of 3,5-DBr-L-
Phe as a partial agonist of NMDA receptors may explain the
observation that 3,5-DBr-L-Phe diminished the PPI deficit in
the MK-801-treated animals.

It has been postulated that reduction in glutamate release
by the anti-epileptic drug lamotrigine mediates its therapeu-
tic effect on the perceptual abnormalities produced by ket-
amine in humans and the disruption of PPI caused by
ketamine in mice (Anand et al., 2000; Brody et al., 2003).
Similarly, in the current study the depressant effect of 3,5-
DBr-L-Phe on glutamate release may contribute to the reduc-
tion in PPI deficit caused by stroke or MK-801 and to the
depression of seizures caused by PTZ in rats. The ability of
3,5-DBr-L-Phe to depress presynaptic glutamate release and
epileptic seizures may be important properties of these agents
as neuroprotectors, allowing neuroprotection at later stages
of stroke by depressing the ‘secondary or delayed’ glutamater-
gic activity associated with peri-infarct ischaemic depolariza-
tion and post-stroke epileptogenesis (Ferro and Pinto, 2004;
Umegaki et al., 2005). By depressing glutamate release, 3,5-
DBr-L-Phe may alleviate cognitive abnormalities associated
with stroke, epileptic seizures, and schizophrenia as it is
evident from its effect on PPI disrupted by stroke and
MK-801.

3,5-DBr-L-Phe may produce its effects in vivo via additional
mechanisms not readily detectable in electrophysiological
experiments in vitro. Thus, aromatic amino acids, by trapping
hydroxyl radicals (•OH), decrease toxicity induced by reactive
oxygen species (ROS) and by preventing the •OH-induced
inhibition of glutamate uptake. D-phenylalanine has been
reported to restore the glutamate uptake impaired by ROS in
the rat ventral tegmental area (Wolf et al., 2000). 3,5-DBr-L-
Phe may increase glutamate uptake by a similar mechanism.
Indeed, using the hydrogen peroxide-driven Fenton reaction
and mass spectrometry, we have obtained evidence that 3,5-
DBr-L-Phe is hydroxylated by trapping •OH (unpublished
observation).

Another important property of 3,5-DBr-L-Phe that sets it
apart from highly selective NMDA receptor antagonists is the
absence of clinically significant effects on cardiovascular
parameters in rats. Administration of 3,5-DBr-L-Phe at doses
that produced effective neuroprotection after the ET-1-
induced stroke caused only brief changes in heart rate and
arterial blood pressure. These increases were probably due to
the stress of the injection procedure rather than the drug as
they were also seen during 0.9% saline injections, and their
magnitude decreased with each successive administration.
Hypotension is of major concern in stroke patients. Impor-
tantly, 3,5-DBr-L-Phe caused an increase (<15%), but not a
decrease, in arterial blood pressure (Figure 5). Similar
increases in arterial blood pressure can be observed during the
administration of intravenous isotonic fluids to stroke
patients as part of therapeutic procedures (Finley Caulfield
and Wijman, 2008).

In summary, 3,5-DBr-L-Phe produced effective neuroprotec-
tion in a rat model of stroke caused by intracerebral injection
of ET-1 adjacent to the MCA, reduced seizures induced by
PTZ, and decreased the PPI deficit caused by both stroke and
MK-801. Importantly, significant neuroprotection with 3,5-
DBr-L-Phe could be achieved by administering this agent after
the onset of stroke. The type of action that 3,5-DBr-L-Phe
produces could be useful either alone or in combination with
already known agents, for the treatment of certain neurologi-
cal and neuropsychiatric disorders.
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