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Abstract
Objectives—To investigate acute effects of intra-amygdalar excitatory amino acid administration
on blood flow, relaxation time and apparent diffusion coefficient in rat brain.

Materials and Methods—Several days after MR-compatible cannula placement in right
basolateral amygdala, anesthetized rats were imaged at 7T. Relative CBF was measured before and
60 minutes after infusion of 10 nanomoles KA, cAMPA, ATPA, or normal saline using arterial spin
labeling. Quantitative T2 and diffusion weighted images were acquired. rCBF, T2 and ADC values
were evaluated in bilateral basolateral amygdala, hippocampus, basal ganglia, frontal and parietal
regions.

Results—KA led to the highest, and ATPA lowest bilateral rCBF increases. Time courses varied
among drugs. T2 for KA and AMPA was higher while ADC was lower for KA.

Conclusions—Intraamygdalar injection of GluR agonists evoked bilateral seizure activity and
increased rCBF, greater for KA and AMPA than selective ATPA GluR5 activation.
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Introduction
There are three known brain ionotropic glutamate receptor (GluR) types, n-methyl-d-aspartate
(NMDAr), α-amino-3-hydroxy-5-methylisoxazole-4- propionic acid (AMPAr) and Kainic
acid (KAr). NMDA receptors are known to play a role in slower, longer-lasting excitatory
processes, while AMPAr and KAr may subserve faster excitatory processes (1). KA acts as a
powerful convulsant in the CNS even at low concentrations and has served as an animal model
of human temporal lobe epilepsy (2). KA activates AMPA receptors as well. ATPA ((RS-2-
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amino-3-(3-hydroxy-5-tert-butylisoxazole-4-yl) propionic acid) is an experimental compound
that was originally synthesized as an AMPA analog but has since been shown to activate
preferentially the KAr GluR5 subtype (3). GluR5, with high density in the basolateral nucleus,
is involved in regulation of amygdala and hippocampal function (4).

The relative contribution of GluR receptor subtypes to epileptogenesis and seizure expression
is uncertain (2). Several lines of evidence suggest that GluR5 receptors have a prominent role
in the regulation of neuronal excitability in the amygdala, and are related to epileptogenesis
(5). Up regulation of metabotropic GluR5 receptors has been reported in hippocampal
resections from patients with TLE (6). Other studies suggest that GluR5 receptors may play a
less important role (2).

Relative effects of GluR subtype activation can be assessed by measuring cerebral blood flow
(CBF), a key marker for clinical seizures. Studies using 14C-iodoantipyrine in rats given
electroshock seizures showed flow increases of up to 400% (7). Arterial spin labeling (ASL)
techniques (8) provide a powerful non-invasive method (9) for obtaining quantitative rCBF
with no external contrast agent.

A number of studies have reported abnormalities in qualitative and/or quantitative changes in
T2 or diffusion (ADC) signal intensities and/or values (10) after GluR activation. Reduced
ADC has been shown in prolonged human focal status epilepticus (11) (12). Patients studied
4 to 24 hours after complex partial status epilepticus (CPSE) onset due to a variety of pathologic
insults showed regional hyperintensity on diffusion-weighted imaging (DWI), and a reduction
of ADC (13). Some studies have reported that the DWI hyperintense signal after prolonged
CPSE, are more extensive than T2-weighted signal increase (14). Changes in inherent
relaxation and diffusion coefficients may reflect changes in brain microscopic environment
immediately after drug administration.

In order to help elucidate the physiological and structural effects of status epilepticus, and the
potential role of GluR subtypes, we compared the effects of intramygdalar (i.a.) administration
of KA, AMPA, ATPA and saline on acute rCBF, T2 and ADC values in rat brain. We used
intravenous (i.v.) KA to help control for the effects of cannula placement in i.a. rats.

Methods
All studies were performed in compliance with the guide for the care and use of Laboratory
Animal Resources (1996), National Research Council, and approved by the NINDS Animal
Care and Use Committee. Male Sprague-Dawley rats weighing approximately 250 grams,
anesthetized with ketamine/xylocine, had a single internal MR-compatible Teflon cannula (28
gauge tube, i.d. 0.15 mm, Plastics One, Inc. Roanoke, VA. USA.) placed stereotactically in
right basolateral amygdala 2.8 mm posterior to the Bregma. After 7–10 days rest, rats were
anesthetized with 1.5% isoflurane/air mixture, intubated, and placed on a mechanical ventilator
(SAR/830/P, CWE, Inc. model, PA. USA.). Lines were placed in femoral artery to monitor
blood pressure, and femoral vein for drug and fluid administration. Intubation was essential
because a bolus of 3 mg/kg (2 mg/ml solution; 0.375 ml for a 250 gm rat) Pancuronium bromide
was administered to paralyze muscles during seizures, minimizing rat discomfort and ensuring
immobility during scanning; this also allowed control over breathing rate. Ventilation and
blood pressure were monitored closely and if necessary a booster dose (3 mg/kg) of
Pancuronium bromide administered. Body core temperature was maintained at 37°C with a
heated circulating water pad. The blood pressure, the ventilator and rectal temperature lines
were interfaced to a single monitor (Biopak systems, Inc., CA. USA.) and data recorded through
out MR scanning.
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Rats were placed prone in a stereotaxic holder and a line was placed through the cannula, for
convulsant delivery, and extended to a non-MR compatible pump (Cole Pamer 74900 series,
Cole-Parmer Instruments, IL. USA) outside the scanner room. This enabled delivery of the
drugs while the animal was in the magnet between scans so that slice positioning before and
after convulsant could be identical. Each agent, KA, AMPA, ATPA was given to four animals.
Ten nanomoles was injected in 5μl saline over five minutes. Four additional animals received
normal saline. Convuslant doses were chosen based on a previous study in which rapid seizure
initiation had occurred (15). Moreover, each convulsant dose was tested in several animals
before the imaging phase of the study was begun, in order to ensure rapid attainment of
repetitive stage-4 clinical seizures under direct observation..

To compare the effect of systemic to intra-amygdalar administration, and visualize effect on
left and right amygdala without a cannula lesion, four rats received intravenous (i.v.) KA, 10–
15 mg/kg in a 0.025 mmol/ml solution, administered through a femoral vein line. KA was
selected because it is one of the most active Glu-R agonists (16). Two received i.v. normal
saline.

The experimental protocol required all procedures be terminal and therefore rats were
euthanized using 1 ml KCL administered via the arterial lines.

MRI
The MRI experiments were performed on a horizontal bore 7 Tesla scanner operating on a
Bruker Avance platform (Bruker Biospin Inc. Bellerica, MA). The rat, with the cannula line
attached, was mounted in a 72 mm i.d. transmit/receive radio frequency (rf) volume coil for
intra-amygdala studies. During intravenous studies, a 25 mm, receive only, surface coil was
placed over the head and then mounted on the volume coil which now acted as a transmit coil;
the cannula prevented the surface coil use in i.a. studies. In order to ensure that the head and
neck (region used for ASL) experienced the best magnetic homogeneity, the rat head was
positioned in the center of the coil and the performance of the transmit and receive rf coils were
optimized.

Three mutually perpendicular scout images were acquired through the brain to localize the
cannula site. Subsequently, five 1 mm thick, T2 weighted axial slices, centered about the
cannula, were acquired using a fast spin-echo sequence to delineate anatomical details (Field-
of-view [FOV] = 32 mm and matrix size = 256 × 256, in-plane resolution of 125 μm, echo
spacing [TE] = 10 ms, repetition time [TR] = 2000 ms, echo train length [RARE factor] = 8
and number of averages [NA] = 8, for a total imaging time of approximately 13 minutes; in
i.v. studies the corresponding amygdela region, to center MR slices, was identified from
anatomical literature.

Relative cerebral blood flow was measured using continuous arterial spin labeling (8) in a
single 2 mm axial slice containing the amygdala cannula site (Figure 1). A 2 sec. adiabatic
labeling pulse (power of 80 mG) was applied at a plane 2 cm caudal (labeling gradient strength
= 10 G/cm, label offset ~ 8000 Hz) to the amygdala for spin inversion and thus to label arterial
spins. (FOV = 32 mm and matrix size = 64×64, in-plane resolution = 250 μm, TE = 6.8 ms,
and TR = 2000 ms, 2 ms delay between labeling pulse and acquisition, total imaging time of
approximately 4 min 30 sec). The ASL pulse was followed by a spin-echo imaging sequence.
The spin-echo sequence avoided the susceptibility artifacts that may arise from the cannula
path in the right side of the brain (Figure 1).

Two baseline ASL image sets were acquired before infusion of drug, and then continuously
during and after infusion for an hour. If monitoring of respiration, blood pressure, temperature
and blood gases indicated no distress, two more ASL image sets were acquired following
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quantitative T2 and diffusion studies (see below), approximately 100 mins after initial infusion
of convulsant or saline. Since T2 and ADC weighted experiments were not done in i.v. studies
ASL images were done only for approx. 60 mins. The single coil configuration used in this
study allowed only one ASL image to be acquired while preserving temporal resolution under
5 minutes. Therefore, ROIs of ASL images could only be obtained from one slice.

About 60 minutes post infusion, five 1 mm thick, multi echo T2 weighted (TE=10 ms, number
of echos = 16, TR= 3 s, Matrix 128×128, FOV=3.2 cm, experimental time = 16 mins) images
from the identical location to morphological images were acquired. DWI were acquired with
the diffusion sensitizing gradient applied in one physical (left-right denoted Dx) direction
(diffusion gradient duration = 6 ms, 4 b values, 0.7, 379.6, 1379.4, and 3000 mT/m, TE/TR =
32.1/2500 ms, delay between diffusion gradients = 20 ms, matrix 128×128, NA =1,
experimental time = 17 mins.); other geometrical parameters were identical to the T2 images.
The T2 and diffusion weighted images (5 × 1 mm slices) were acquired anterior and posterior
to amygdala and hippocampus (beyond either side of the cannula).

The total experimental time for T2 and DWI was ~33 mins. DWI along one principle axes was
acquired to maintain any changes in the acute phase closer to 90 min post infusion. Immediately
after the T2 and DW imaging, another set of ASL images were acquired at about 100 min post
infusion.

EEG
We used surface platinum disc (7.2 mm o.d., 4 mm recording diameter, 6 mm high) superficial
electrodes applied over each hemisphere with one ground with electro-conductive gel which
enabled bipolar recording using AcqKnowledge ™ 3.7 software, (Biopac Systems, Inc, CA.
USA.). The electrode assembly did not yield artifact free EEG records while in the scanner.
However, in the preliminary tests performed in a separate group of animals before MRI scans
were initiated we confirmed that the dosage of convulsant used led to high amplitude
epileptiform discharges.

Data Analysis
T2 and diffusion, and rCBF data were processed and analyzed using software routines written
in MATLAB (Mathworks Inc., Natic, MA). T2 were evaluated by assuming single exponential
decay and fitting weighted images into respective relaxation equations. Apparent diffusion
coefficients (ADC) maps were calculated fitting the diffusion weighted data to the Stejskal-
Tanner equation. The control ASL image (IC), obtained to compensate for magnetization
transfer effects due to interactions with macromolecules in the selected brain slice, and the
ASL (IL) CBF-weighted image were processed to obtain rCBF. We calculated relative blood
flow maps corresponding to ([IC – I L]/IC) per temporal point. Each rCBF map per ‘time point’
was then normalized with respect to the average value of the base line (pre-infusion) values.
In the relative blood flow images, and for the T2 and ADC maps, 2.5 mm2 regions of interest
(ROI) were drawn in the left and right basolateral amygdala, hippocampus, basal ganglia,
frontal cortex and parietal cortex (Figure 1). The ROI drawn in the right amygdala region in
the slice with the cannula was not expected to yield meaningful values. However, this region
was used to identify consistently the slices on either side of the cannula, for analysis of T2 and
ADCx maps,

In order to be able to evaluate drug effects, post-drug administration data were normalized for
each animal individually, region by region, to its own baseline (pre-drug) scan. Temporal
variation for rCBF, T2 and ADC were evaluated by averaging data for the left and right
hemispheres (2 ROIs) except in amygdala. For a total cortical value, frontal and parietal cortical
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values of both hemispheres were also averaged (4 ROIs). Statistical analysis was performed
on the average values, using Excel (Microsoft Inc Redmond WA)

Results
Intraamygdalar injection

After infusion of each excitatory amino acid (EAA), CBF increased rapidly throughout the
brain (Figure 2A), reaching a peak of 200–300% of baseline levels, with persistent elevation
for about 60 minutes (Figure 3). The activation appeared to initiate around 9–14 minutes after
infusion of each drug. Summed over all temporal data points, activation was bilateral, and
involved neocortical and basal ganglia regions (Figure 2A) as well as hippocampus and
amygdala, suggesting secondary generalization of seizure activity (Table 1).

KA produced the highest maximum activation (figures 1 and 3). Left and right hemispheres
showed similar activity patterns. The time course for KA activation was more irregular than
for other convulsants. Saline showed slightly lower values than unity since there was a decrease
in rCBF at some time points. However, the standard deviation for saline remained relatively
small, indicating minimal change in rCBF over time.

Average T2 for cortex (left and right frontal and parietal cortices -4 ROIs) and hippocampus
(2-ROIs) for KA were significantly increased (Table 2 and Figure 4a) with respect to saline.
AMPA rats had increased cortical but not hippocampal T2. ATPA rats had no significant T2
changes. ADCx cortical and hippocampal KA rat values were significantly reduced (Table 2
and Figure 4b). AMPA and ATPA had no effects compared to saline.

Intravenous injection
In most regions, including thalamic region, rCBF for i.a., varied between 40–75 % above saline
baseline (Figure 2B (Table 3). As observed in i.a. infusion, activation in i.v. infusion was also
bilateral. There was no significant difference in overall timing or degree of activation between
i.v. and i.a. KA administration (Table 3).

Physiological monitoring
Over all variation of the blood pressure (BP) for all rats was less than 10% before and after
drug infusion (Pre drug = 102.1 ± 6.8 and post drug = 103.6 ± 8.4 mm Hg). Even within a given
drug group BP variation over time was less than 10% (data not shown). Body temperature
remained relatively constant in all animals (2.5%). Mean blood pH was 7.25 ± 0.27 pre-drug,
and 7.37 ± 0.09 for 60–120 minutes post-drug; PO2 was 143.6 ± 20.6 and 186.3 ± 25.1 and
PCO2 was 31.5 ± 4.5 and 35.1 ± 5.9.

Discussion
Focal amygdalar infusion of glutamatergic agonists lead to rapid and widespread increases in
CBF. KA, which activates all GluR, led to greater activation than other agents, and selective
GluR5 activation with ATPA a lesser response. The slight variations seen in saline-injected
animals may reflect baseline fluctuations of physiological conditions such as BP (17).

Our results are consistent with previous studies of seizures after focal intraamygdalar injections
of KA (18) (19). A [(14)C]iodoantipyrine autoradiographic study showed rapid spread of
activation from stimulated amygdala to bilateral limbic, cortical, and subcortical structures,
with 80–400% CBF increases (20). In the rat maximal electroshock model, peak CBF increases,
measured with autoradiographic [C-14] iodoantipyrine, showed a good correlation with circuits
underlying variable clinical seizure expression (7). The variability in activation over time for
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all animals parallel the widespread, but variable CBF activation seen in patients after ECT as
well as animals receiving MES (21).

Anesthesia can affect brain hemodynamics (22). Isoflurane is a vasodilator, and may have
affected CBF measurements (23). Two percent isoflurane depressed rat blood pressure,
respiration, and heart rates, and increased baseline CBF (17). Isofluorane may have less effect
on seizure activity than another alternative, halothane (24). However, both baseline and
activated scans were performed under constant anesthesia levels. Isoflurane may have blunted
activation, but should not have influenced relative drugs effects or comparison with saline.

Despite a constant infusion rate, variable inter-amygdala diffusion from the cannula tip may
have influenced drug effects. However, at any given time point interhemispheric rCBF
variation for cortex, hippocampus and thalamus (std. dev. in Table 2) was 25% or less,
suggesting relatively uniform drug delivery. Heterogeneity in drug effects might be due to
variable excitatory input to inhibitory interneurons. At low doses, ATPA enhances GABAergic
transmission in amygdala but causes inhibition at high concentrations (25). It is interesting that
ablation of GluR5 receptors reportedly led to higher kainate susceptibility (26). ATPA
application to one hippocampus depressed seizure propagation generated in the opposite
hippocampus (27).

Other investigators have shown that several convulsants, including KA and pilocarpine, can
lead to progressive hippocampal, as well as widespread cortical and subcortical atrophy on
MRI (28) (29) (30). Two days after status, increased T2, and ADC were found in electrically
stimulated amygdala, as well as synaptically connected regions such as piriform cortex, midline
thalamus, and hippocampus (31). However, increased T2 relaxation times may not necessarily
indicate neuronal injury, and could reflect direct drug toxicity (32) (33).

In pilocarpine-induced status, piriform cortex, amygdala, and retrosplenial (and
somatosensory) cortex displayed significant apparent diffusion coefficient (ADC) decreases
12 hours after seizure initiation (34). Reduction in ADC could reflect seizure induced neuronal
alterations restricting water motion, akin to ‘swelling’. This might be related to the time when
ADC was measured (10) (35). Increased Na2+ influx and alteration of membrane homeostasis
leading to transient edema during seizures could also decrease ADC (36).

In our study, intraamygdalar injection of GluR agonists evoked bilateral seizure activity and,
in the fMRI, increased rCBF. The effect appeared to be greater for KA and AMPA than
selective ATPA GluR5 activation. The convulsant doses we used were ‘suprathreshold, having
led to to stage four clinical and electrographic seizures in the laboratory. However, we could
not record EEG directly, observe seizure activity, or make behavioral observations, in the
magnet. Thus, interpretation of our results, particularly the time course and relative intensity
of activation produced by each agent, needs to be cautious.
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Figure 1.
T2 weighted axial image of the rat brain showing the intra-amygdalar cannula sites, and the
placement of 2.5 mm2 regions of interest used in data analysis.
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Figure 2.
2A. Effect of intraamygdalar (i.a.) infusion of excitatory amino acids and normal saline on
cerebral blood flow. Individual animal examples for a–e) ATPA, f–j) AMPA, k-0) KA and p–
t) saline acquired at intervals of approx 12–15 mins. The left-hand image in each sequence is
the baseline (pre-injection) scan. The color bar shows the range of CBF increases with a
maximum of approximately three times baseline.
2B. Effect of intravenous (i.v.) infusion of kainic acid and normal saline on cerebral blood
flow. Individual animal examples for a–e) KA, f–j) saline acquired at intervals of approx 12–
15 mins. The left-hand image in each sequence is the baseline (pre-injection) scan. The color
bar shows the range of CBF increases with a maximum of approximately two times baseline.
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Figure 3.
Temporal variation of rCBF for the three drugs and saline for the a) left and b) right cortical
regions. ◇ = Saline, ● = ATPA, Δ = AMPA, ■ = KA.
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Figure 4.
a) Effect on normalized T2 values of the ● = cortical area and ■ = hippocampus after
approximately 60 minutes after and b) effect on ADCx values of the, ● = cortical area and ■
= hippocampus approx. 75 mins after intraamygdalar infusion of excitatory amino acids,
ATPA, AMPA, KA and normal saline.
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Table 1

Mean ± std. dev. % rCBF (normalized to pre-drug) after drug infusion. The rCBF values were averaged over all
post-temporal points for a given region (L= Left, R= right)

Drug

Saline KA ATPA AMPARegion

L-frontal Cortex 81.1±15.8(112) 194 ± 69.5(338) 104.8±16.2(126) 145.7± 21.6 (172)

R-frontal Cortex 90.6±20.9(129) 192.8± 69.2 (309) 100.7±14.3(132) 107.3 ± 16.9 (132)

L-parietal Cortex 96.4±12.1(119) 150.1± 49.5 (278) 110 ± 16 (149) 152.9 ± 22.1 (182)

R-parietal Cortex 86.5±20.6(118) 160.5± 55.9 (260) 127.3±16.8(151) 150.2 ± 20.9 (181)

L-hippocampus 86.1±14.2(117) 113.7± 26.6 (162) 89.2 ± 8.3 (102) 123.3 ± 18.8 (159)

R-hippocampus 81.2±14.2(107) 147.7 ± 32(189) 102.7± 9.1 (115) 106.5 ± 11.1(123)

L-thalamus 83.3±16.8(108) 127 ± 30 (207) 102.4±15.2(128) 139.4 ± 22.3 (186)

R-thalamus 84.5±12.4(106) 154.6± 42.4 (237) 112.4±10.8(144) 136.7 ± 13.1 (152)

L-amygdala 85.4±14.7(114) 128 ± 21.3 (181) 97.7± 11.4 (117) 134.4± 22.6 (172)
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Table 3

Mean ± std. dev. normalized rCBF values for i.a. and i.v. infusion of KA

Drug

Saline KA i.a KA i.v.ROI

Cortex 98.68 ± 6.5 174.33 ± 22.44 143.25 ± 9.51

hippocampus 89.9 ± 4.38 130.7 ± 24.04 105.3 ± 5.09

thalamus 86.3 ± 0.57 140.8 ± 19.52 122.4 ± 7.64

Left amygdala 100.3 ± 22.1 128 ± 21.3 124.4 ± 33.9

Right Amygdela 104.4 ± 17.3 - 126.9 ± 34.7
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