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The anxiolytic effects of intra-hippocampal midazolam are antagonized
by intra-septal L-glutamate
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Abstract

According to Gray [The Neuropsychology of Anxiety: An Enquiry into the Functions of the Septo-hippocampal System, Oxford
University Press, New York, 1982], the hippocampus and the septum act in concert to control anxiety. We found that micro-infusion of
midazolam into the dorsal hippocampus increased rats’ open-arm exploration in the elevated plus-maze. Co-infusion of L-glutamate into
the septum suppressed this anxiolytic effect. However, intra-hippocampal midazolam failed to alter rats’ burying behavior in the
shock-probe test. These findings suggest that the hippocampus and septum work together to regulate rats’ behaviors in some (plus-maze)
but not all (burying) animal tests of anxiety.  2001 Elsevier Science B.V. All rights reserved.
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Anatomically, the hippocampus is extensively connected increased and shock-probe burying was decreased (e.g.,
to the septal nucleus (e.g., [10]), and together they form a [2,8,14]). The same pattern of effects was produced when
substantial part of the limbic system. Functionally, accord- septal activity was inhibited via intra-septal infusions of
ing to Gray’s theory [1], the hippocampus and septum act the benzodiazepine-type anxiolytic, midazolam [9]. How-
in concert to control anxiety, as evidenced in part by the ever, far less is known about the effects of inhibiting
remarkable correspondence between the effects of septal or hippocampal activity on rats’ anxiety reactions in these
hippocampal lesions in traditional aversive learning tests, or what the integrated role of the hippocampus and
paradigms and the effects of anxiolytic drugs in the same septum is in regulating the expression of anxiety.
paradigms [1]. One possibility is that the hippocampus makes a direct

With respect to the septum, we have repeatedly found contribution to the excitatory role of the septum in
that ablation or pharmacological inhibition of this area regulating anxiety. Indeed, the septum receives substantial
reduces rats’ anxiety-related behaviors in the elevated excitatory amino acid (EAA) input from the hippocampus
plus-maze and the shock-probe burying tests, suggesting that is believed to be glutamatergic [15]. Furthermore, we
that the septum normally plays an excitatory role in the have shown that blocking EAA neurotransmission in the
control of anxiety (for reviews see [3,12]). Briefly, we septal nucleus by local infusion of the non-NMDA receptor
found that electrolytic or excitotoxic lesions of the septum antagonist, CNQX, selectively increases open-arm activity
produced anxiolytic-like effects in the plus-maze and in the plus-maze, and reduces burying behavior [4]. If
shock-probe burying tests, i.e., open-arm exploration was hippocampal glutamatergic efferents to the septal nucleus
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co-infusions of intra-septal glutamate. The current study 30340 cm plexiglass chamber having a 5 cm layer of
was designed to explore these possibilities. bedding material (i.e., cat litter) spread evenly about its

Subjects were naive, male Sprague–Dawley rats floor. On one wall of the chamber was a small hole
(Charles River, Montreal, PQ, Canada) weighing 250–300 (centered 2 cm above the bedding material) through which
g at the time of surgery. Following surgery, the rats were a 630.530.5 cm wire-wrapped plexiglass probe could be
returned to the animal colony where they were individually inserted. Electric current was delivered through the two
housed in polycarbonate cages for the duration of the copper wires wrapped around the probe. Rats were in-
experiment. A 12-h light–dark cycle was in effect (lights dividually habituated to the test chamber (without the
on at 7 a.m.), with food and water available ad libitum. shock-probe present) for 15 min on each of 4 consecutive

The rats were anesthetized with sodium pentobarbital days. On day 5, 8 min following their infusion, the rats
(40 mg/kg, i.p.) and ketamine hydrochloride (80 mg/kg, were placed individually into the chamber with a shock-
i.m.) and placed in a Kopf stereotaxic instrument. Twenty- probe inserted. Whenever the rat touched the constantly
six-gauge stainless steel guide cannulae (Plastics One, electrified probe, with either its snout or a forepaw, it
Roanoke, VA, USA) were surgically implanted using flat received a brief, 2 mA shock. The 15-min test duration
skull coordinates [6]. In one group of rats, cannulae were began immediately upon delivery of the first shock. The
bilaterally implanted 1 mm above the dorsal hippocampus behavior of each rat was videotaped on closed circuit
(3.1 mm posterior and 12.6 mm lateral to bregma, 3 mm television and an observer measured (a) total duration of
ventral to dura, with the cannulae angled 208 towards the burying behavior, (b) total number of shocks received, (c)
midline). A second group of rats were implanted with three shock-reactivity, and (d) total duration of immobility.
guide cannulae, one of which was aimed 1 mm above the Anxiety-reduction in this test was indicated by a decrease
septal nucleus (0.7 mm anterior and 0.4 mm lateral to in the duration of time spent burying the probe, without
bregma, 3 mm ventral to dura with the cannula angled 48 concomitant changes in general activity or shock-reactivity
towards the midline), and two of which were aimed, (for details see [13,14]).
bilaterally, 1 mm above the dorsal hippocampus (3.6 mm Midazolam maleate (donated by Roche Products, Basle,
posterior and 12.6 mm lateral to bregma, 2.2 mm ventral Switzerland) and L-glutamate (Research Biochemicals
to dura with the guide cannulae angled 208 towards the International, Natick, MA, USA) were dissolved in 0.9%
midline). A final group of rats was implanted with a single saline. The rats were gently hand-held and a 33-gauge
guide cannula, aimed 1 mm above the septal nucleus stainless steel internal cannula (Plastics One, Roanoke, VA,
(using the septal coordinates given above). USA) was lowered to 1 mm below the tip of the guide

Guide cannulae were secured to the skull using jeweler’s cannula. The internal cannula was connected via poly-
screws and dental cement, and the patency of the cannulae ethylene tubing (PE-50) to a constant rate Hamilton
was maintained by the insertion of a stylet. At the end of microsyringe. Infusion rate was 1 ml /min and the internal
behavioral testing, the rats were sacrificed with an over- cannula was left in place an additional minute to allow
dose of chloral hydrate. Following standard histological diffusion away from the tip.
procedures (e.g., [9]) the location of the cannulae tips was Following at least 10 days of post-surgical recovery, the
determined by an observer who was unaware of the rats were randomly assigned to the following treatment
corresponding behavioral data. groups (all N-values represent accurate guide placements).

The elevated plus-maze was a wooden, cross-shaped In phase one, just prior to the plus-maze test, a group of 27
maze, with two opposing open arms (50310 cm) and two rats received infusions of either 1 ml / side of 0.9% saline
opposing enclosed arms (50310350 cm), each with an (N514) or 10 mg/side of midazolam (N513) into the
open roof. The maze was elevated to a height of 50 cm. dorsal hippocampus. Seven days later, these rats received
The testing room was dimly lit at the time of testing. Eight the same infusions just prior to the shock-probe burying
minutes following their infusion, the rats were placed test. In phase two, just before the plus-maze test, a separate
individually in the center of the maze, facing a closed arm, group of 37 rats was infused with either 0.9% saline
and were allowed 5 min of free exploration. The behavior (N59) or 3.5 mg of L-glutamate (N59) into the septal
of each rat was videotaped on closed-circuit television and nucleus, or bilateral infusions of midazolam (10 mg/side)
an observer, sitting quietly 1 m from the maze, recorded: into the dorsal hippocampus immediately followed by an
(a) total time in the open arms, (b) total time in closed infusion of either 0.9% saline (MDZ/SAL; N511) or 3.5
arms, (c) number of entries into open arms, and (d) number mg of L-glutamate (MDZ/GLU; N58) into the septal
of entries into closed arms. An entry was defined as all nucleus.
four paws in the arm. The maze was cleaned with water In phase one (Fig. 1, left side), intra-hippocampal
after each rat was tested. Anxiety-reduction in this test is midazolam produced significant increases in both percent
indicated by an increase in the percentages of open-arm open-arm entries [F(1,25)56.83, P,0.05] and percent
entries and open-arm time, without a concomitant change open-arm time [F(1,25)512.39, P,0.01]. These anxiolytic
in general activity (for details see [7,11]). effects were not accompanied by changes in general

The shock-probe burying apparatus consisted of a 403 activity; [closed-arm entries: F(1,25)50.10, P.0.74; see
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Fig. 1. Mean (6S.E.M.) percentage of open-arm entries (open bars) and percentage of open-arm time (stippled bars) in the plus-maze after
intra-hippocampal infusions of saline (SAL) or midazolam (MDZ) (left panel), and after intra-hippocampal infusions of midazolam followed by either
intra-septal infusions of saline (MDZ/SAL) or L-Glutamate (MDZ/GLU) (right panel). *P,0.05 compared to SAL; 1P,0.05 compared to MDZ/SAL.

Table 1]. In phase two (Fig. 1, right side), intra-septal glutamate selectively antagonized the anxiolytic effect of
L-glutamate, which was behaviorally inactive compared to intra-hippocampal midazolam in the elevated plus-maze. It
saline (all F,1.4, see Table 2), antagonized the open-arm is important to note that if intra-septal glutamate was
exploration of rats given midazolam in the dorsal hip- anxiogenic, then this could mask any anxiolytic actions of
pocampus, i.e., both open-arm entries and open-arm time intra-hippocampal midazolam, regardless of whether these
were significantly reduced in MDZ/GLU rats, relative to latter effects were ultimately due to reduced neurotrans-
MDZ/SAL rats [percent open-arm entries: F(1,17)514.27, mission in a hippocampal projection target such as the
P,0.01; percent open-arm time; F(1,17)512.03, P,0.01]. septal nucleus or some other site (e.g., supramammillary
Closed arm entries of MDZ/GLU rats [mean59.9 nucleus). However, glutamate-induced anxiogenisis was
(S.E.M.61.84)] and MDZ/SAL rats [mean56.8 not apparent in this study, (i.e., rats given saline or
(S.E.M.60.82)] did not differ [F(1,17)52.80, P.0.10]. glutamate into the septum explored the open arms to a
Finally, infusions of midazolam into the dorsal hippocam- similar degree). Furthermore, our findings are consonant
pus failed to alter any behaviors measured in the shock- with the known connectional and functional characteristics
probe burying test; (all F,1.6, see Table 1). of the septal nucleus. Specifically, the major source of

Our central finding was that intra-septal infusions of inputs to the lateral septum originates in the hippocampus
and is excitatory (most likely glutamatergic) in nature

Table 1 [10,15]. In addition, a uniformly ‘excitatory’ role has been
Mean (6S.E.M.) duration of burying (log s), activity, and reactivity after established for the septum in the regulation of rats’ open-
intra-hippocampal infusions of saline or midazolam (10 mg/side) arm avoidance in the plus-maze [12]. Finally, open-arm
Behavior Treatment activity is selectively increased by intra-septal infusions of

the glutamate receptor antagonist, CNQX [4]. CombinedSaline Midazolam
with our current results, it appears that the dorsal hip-

Duration of burying 0.83(60.40) 1.09(60.65)
pocampus regulates rats’ open-arm activity in the plus-Shock-reactivity 2.13(60.26) 2.04(60.33)
maze via a direct influence (i.e., glutamate release) on theNumber of shocks 1.71(60.30) 1.88(60.29)

Immobility 48.20(613.1) 124.00(678.19) septal nucleus.
Closed-arm entries 7.20(60.92) 7.60(60.84) Despite the clear anxiolysis we observed in the plus-

maze, rats’ burying behavior was not altered by intra-
hippocampal midazolam. Interestingly, we previously

Table 2
noted a similar dissociation following dorsal hippocampalMean (6S.E.M) plus-maze activity after intra-septal infusions of saline or
infusions of the 5-HT receptor agonist R(1)-8-OH-glutamate (3.5 mg) 1A

DPAT: i.e., intra-hippocampal R(1)-8-OH-DPAT in-
Behavior Treatment

creased open-arm exploration but did not decrease burying
Saline Glutamate behavior [5]. In light of extensive evidence that the septal

Open-arm entries (%) 7.6(63.57) 8.5(62.66) nucleus regulates anxiety-related behaviors in both tests
Open-arm time (%) 5.7(62.44) 2.7(60.83) [12], it appears that the septum and the dorsal hippocam-
Closed-arm entries 8.2(60.59) 7.2(60.62) pus act in concert in the regulation of some (e.g., open-arm
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