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Cocaine addiction is a chronic brain disorder
with psychosocial and neurobiological deter-
minants (/). Treatment efforts are hampered
by relapse (2). Imaging techniques have been
applied to study the neural substrates of co-
caine craving (3—6). These studies, although
informative, address subjective craving, not
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Relapse to Cocaine-Seeking
After Hippocampal Theta Burst

Stimulation

Stanislav R. Vorel,’ Xinhe Liu,2 Robert J. Hayes,’
Jordan A. Spector,’ Eliot L. Gardner®

Treatment efforts for cocaine addiction are hampered by high relapse rates. To
map brain areas underlying relapse, we used electrical brain stimulation and
intracranial injection of pharmacological compounds after extinction of cocaine
self-administration behavior in rats. Electrical stimulation of the hippocampus
containing glutamatergic fibers, but not the medial forebrain bundle containing
dopaminergic fibers, elicited cocaine-seeking behavior dependent on glutamate
in the ventral tegmental area. This suggests a role for glutamatergic neuro-
transmission in relapse to cocaine abuse. The medial forebrain bundle elec-
trodes supported intense electrical self-stimulation. These findings suggest a
dissociation of neural systems subserving positive reinforcement (self-stimu-
lation) and incentive motivation (relapse).
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actual relapse. They are correlational, not
causal, and they take place in laboratory set-
tings, not the actual context of the cocaine
experience. Complementary approaches to
mapping brain areas underlying relapse are
therefore desirable.

Reinstatement of cocaine-seeking behav-

Fig. 1. (A) Effect of VSUB theta
burst stimulation (arrow) on
reinstatement in an individual
rat. Upward bars: active lever
presses; downward bars: inac-
tive lever presses. For clarity,
only the first hour of the
3-hour session is shown. (B)
Effect of different patterns of
VSUB electrical stimulation in
a group of rats (n = 9). The
black bars show “active” lever
presses (mean * SEM), the
white bars ‘“inactive” lever
presses (mean * SEM). During
“sham” stimulation, no actual
stimulation was delivered. 2
Hz: 2-Hz repetitive stimulation;
THETA: stimulation in “theta
burst” rhythm. Asterisk indi-
cates significant difference
compared with sham and 2-Hz
groups (*P < 0.00001). There
were no significant differences
in inactive lever presses among
sham, 2-Hz, and theta burst
treatment groups.
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ior in the rat has high validity for relapse in
the human addict (7-9). Reinstatement and
relapse are operant responses. The rat and
human share common triggers of relapse:
cocaine (10, 11), stress (12, 13), and stimuli
conditioned to cocaine (6, 14, 15). Thus,
reinstatement in the rat is an objective mea-
sure of relapse with predictive value for the
human.

The environmental context of the cocaine
experience is a powerful determinant of co-
caine-seeking behavior in the rat and human
(15, 16). The hippocampus underlies the
learning of associations between the environ-
mental context and unconditioned stimuli
(17-19) (e.g., cocaine). Stimulation of the
ventral subiculum (VSUB) of the hippocam-
pal formation induces long-lasting dopamine
(DA) release in the nucleus accumbens
(NAC) (20-23) and enhances the firing of
mesolimbic DA neurons that originate in the
ventral tegmental area (VTA) (23, 24). NAC
DA has been implicated in reinstatement (25—
27). Hence, VSUB stimulation may elicit
reinstatement.

We catheterized the jugular vein of Long-
Evans rats and implanted an electrode into
the VSUB, cerebellum (CBL), or medial
forebrain bundle (MFB) (28). The rats self-
administered cocaine intravenously (i.v.) dur-
ing daily 3-hour sessions in operant chambers
equipped with one “active” and one “inac-
tive” lever. Active lever presses resulted in
cocaine delivery (1.0 mg/kg per infusion) and
a light signal; inactive lever presses were
counted but had no further consequence. Af-
ter 1 week of stable cocaine self-administra-
tion, saline was substituted for cocaine. The
lever pressing progressively diminished, a
behavioral phenomenon called “extinction.”
The extinction period varied between 7 and
20 days. When the extinction criterion was
met (three consecutive sessions with fewer
than 10 lever presses), priming electrical
stimulations were administered (28).

Neither sham nor 2-Hz VSUB stimulation
elicited reinstatement (Fig. 1B). However,
brief (8 s) theta burst stimulation mimicking
rhythms recorded electroencephalographi-
cally in the hippocampus (29) elicited rein-
statement (Fig. 1, A and B). All reinstated
lever presses occurred after the end of elec-
trical stimulation; no lever presses occurred
during the stimulation (Fig. 1A).

VSUB stimulation enhances VTA DA
neuron firing (23, 24). NAC DA increase
after VSUB stimulation depends on VTA
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glutamate (GLU), because the NAC DA in-
crease is blocked by the nonselective iono-
tropic GLU receptor antagonist kynurenic
acid (KYN) applied into the VTA (23).
Therefore, reinstatement after VSUB stimu-
lation may depend on VTA GLU neurotrans-
mission. Microinjection of KYN (50 nmol/
0.5 1), but not 0.5 pl vehicle (VEH), into the
VTA blocked reinstatement after VSUB burst
stimulation (Fig. 2) (30). This suggests the
involvement of the AMPA and/or N-methyl-
D-aspartate (NMDA) ionotropic GLU recep-
tor in reinstatement. The ionotropic GLU re-
ceptor agonist NMDA in the VTA enhances
NAC DA (31, 32). Microinjection of NMDA
(83 pmol/0.5 wl), but not 0.5 wl VEH, into
the VTA of the same subjects elicited rein-
statement (Fig. 2).

An anatomical control group received
CBL stimulation (28) (Fig. 3). The CBL sup-
ports electrical self-stimulation (33-35) and
is activated after exposure to cues eliciting
cocaine craving (4, 5). Neither 2-Hz nor theta
burst stimulation elicited reinstatement (Fig.
3). Reinstatement did occur after a noncon-
tingent i.v. cocaine prime (2.0 mg/kg) (Fig.
3), indicating capability of reinstatement.

Another group received MFB stimulation
(28) (Fig. 4. A and B). The MFB supports

self-stimulation, which depends on NAC DA
(36). MFB stimulation induces brief NAC
DA release (37-40). Neither 2-Hz nor theta
burst stimulation nor a stimulation pattern
mimicking the intrinsic burst rhythm of DA
neurons (4/-43) elicited reinstatement. The
cocaine prime control (2.0 mg/kg i.v.) in-
duced reinstatement (Fig. 4B). The MFB
electrode placements were physiologically
relevant, because they supported self-stimu-
lation (41) (Fig. 4C). MFB stimulation shown
to increase running speed for MFB stimula-
tion reward (44) also failed to elicit reinstate-
ment (Fig. 4B).

The hippocampus subserves contextual
learning (17-19). Reinstatement after VSUB
stimulation may reflect the read-out of an
encoded association between the context of
the cocaine experience (i.e., the operant
chamber) and (the previously available) co-
caine (45-47). Reinstatement after VTA ac-
tivation (Fig. 2) (27) concurs with the pro-
posed function of VTA DA neurons as re-
ward predictors (48, 49). Thus, VSUB stim-
ulation may hamess a neural substrate
involving the VTA that is predictive of co-
caine reward.

VSUB burst stimulation elicited reinstate-
ment and preceded lever pressing (Fig. 1. A

VOL 292 SCIENCE www.sciencemag.org
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and B). Thus, VSUB stimulation has predic-
tive or incentive (50-52) properties that fa-
cilitate the initiation of lever-press respond-
ing. MFB stimulation had no such predictive
or incentive properties, because it failed to
initiate reinstatement (Fig. 4, A and B). In
contrast, during MFB self-stimulation, elec-
trical stimulation followed and positively re-
inforced (53, 54) lever pressing (Fig. 4C).
The hippocampus is much less effective at
supporting self-stimulation than the MFB
(55-57); i.e., VSUB (self-) stimulation is
much less reinforcing than MFB stimulation.
Therefore, separate neural systems may sub-
serve positive reinforcing (self-stimulation:
MFB) and incentive (reinstatement: VSUB)
electrical brain stimulation. Separation of
neural systems subserving positive reinforc-
ing and incentive stimuli has been proposed
previously (58—60).

The two neural systems presumably share
the mesolimbic DA projection, because phar-
macological stimulation of mesolimbic DA
neurotransmission  triggers reinstatement
(Fig. 2) (7, 25-27) and because VSUB stim-
ulation enhances mesolimbic DA neurotrans-
mission (20-24). Although both MFB and
VSUB stimulation increase NAC DA, we
propose that the long-lasting (about 30 min)
DA release after VSUB stimulation (22)—as
opposed to the brief (less than 5 s) release
after MFB stimulation (37-40)—is critical
for reinstatement. Our finding that reinstate-
ment depends on VTA GLU agrees with
neurochemical data (23).

Because the VSUB contains GLU (6/-63)
and because reinstatement could be blocked
by KYN and elicited by NMDA in the VTA

MEDIAL FOREBRAIN BUNDLE

20

10 4

number of lever presses in 30sec
@
.

ELECTRICAL MFB SELF-STIMULATION

60

70

80 90

T
100 110 120 130

frequency (Hz)

Fig. 4. (A) Effect of MFB theta burst stimulation (arrow) on reinstate-
ment in an individual rat. Only the first hour s shown. Legend as in
Fig. 1A. (B) Effect of different stimulation patterns on reinstatement
in a group (n = 6) with MFB electrodes. INTR: intrinsic burst rhythm
occurring in mesolimbic DA neurons. ICSS: stimulation pattern based
on these rats’ performance during MFB self-stimulation [see (C)].
Otherwise legend as in Figs. 1 and 2. The only significant difference

ICSS coc

occurred after a cocaine prime (2.0 mg/kg i.v.) (*P < 0.00001) (active

lever presses). (C) Rate-frequency curve of rats with MFB electrodes
generated during MFB self-stimulation after finishing the experiment shown in (B) (n = 6, mean = SEM). All rats showed stable self-stimulation
patterns. The optimal self-administered current intensities varied between —251 and —158 pA.

(Fig. 2), GLU seems to be involved in co-
caine-seeking behavior (27, 64). Therefore,
GLU agents appear worthy of pursuit as po-
tential pharmacotherapeutic candidates for
cocaine addiction.
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Hemichannel-Mediated
Inhibition in the Outer Retina

Maarten Kamermans,'* Iris Fahrenfort,” Konrad Schultz,?
Ulrike Janssen-Bienhold,? Trijntje Sjoerdsma,’ Reto Weiler?

An essential feature of the first synapse in the retina is a negative feedback
pathway from horizontal cells to cones. Here we show that at this synapse,
connexin26 forms hemichannels on horizontal cell dendrites near the glutamate
release site of the cones. Blocking these hemichannels hyperpolarizes horizontal
cells, modulates the Ca?* channels of the cones, and abolishes all feedback-
mediated responses. We propose a feedback mechanism in which the activity
of the Ca?™ channels and the subsequent glutamate release of the cones are
modulated by a current through these hemichannels. Because the current
through the hemichannels depends on the polarization of the horizontal cells,
their activity modulates the output of the cones.

In all vertebrate retinas, photoreceptors
project to horizontal cells (HCs) and bipolar
cells (BCs). The synaptic complex of this
interaction reveals a peculiar and conserved
ultrastructure. The cone pedicles are charac-
terized by a presynaptic ribbon (where neu-
rotransmitter release takes place), centrally
positioned BC dendrites, and laterally posi-
tioned HC dendrites (Fig. 1A). These lateral
contacts are thought to be the origin of neg-
ative feedback from HCs to cones. In gold-
fish, this feedback modulates the Ca2* cur-
rent of the cones. Hyperpolarization of HCs
shifts the Ca®* current to more negative po-
tentials, which increases the Ca®* influx and
subsequently leads to an increase in gluta-
mate release. Various neurotransmitters have
been proposed for this pathway, but this ret-
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rograde neurotransmitter has not yet been
unequivocally identified (/).

In the carp retina, connexin26 (Cx26) im-
munolabel (2, 3) was restricted to the mem-
brane of the lateral processes of the HCs
close to the voltage-dependent Ca?* channels
on the opposing cone membrane (Fig. 1, B
and C) (4). Septilaminar structures indicative
of gap junctions between the cones and the
HC are not discernible at this site nor have
such structures been reported by physiologi-
cal studies, suggesting that the immunolabel
reflects the presence of hemichannels. That
functional hemichannels are present on HCs
and do not compromise cell viability has been
shown in dissociated HCs (5, 6).

The location of Cx26 immunolabel sug-
gested that such hemichannels might be in-
volved in the synaptic interactions between
HCs and cones. Thus, we studied the effect of
carbenoxolone, a blocker of gap-junctional
channels on this feedback pathway (7-9).
Figure 2A, left, shows the feedback-induced
responses of a cone clamped at various mem-
brane potentials (/0). The feedback-mediated
responses in cones can be measured most
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effectively when the cone response is saturat-
ed with a white 20-wm-diameter spot and the
retina is stimulated with a full-field white
light stimulus (7). Such a stimulus induces a
shift of the Ca®* current in the cones to more
negative potentials, which will be seen as an
inward current in a voltage-clamped cone. In
the presence of 100 wM carbenoxolone, these
feedback-induced responses disappeared
(Fig. 2A, right) (n = 13). The effect of
carbenoxolone could be washed out within 15
min (Fig. 2B). During the application of car-
benoxolone cones hyperpolarized by -4.6
mV * 1.7 mV (n = 5), whereas their light
response amplitude was unaffected (Fig. 2C).

Because blocking the hemichannels led to
the disappearance of the feedback-induced
responses in cones, the feedback-mediated
responses in HCs should also disappear. Car-
benoxolone hyperpolarized HCs strongly and
reduced their light responses (Fig. 2D). Be-
cause of this large hyperpolarization, the ef-
fect of carbenoxolone on the feedback-medi-
ated responses was studied before the HCs
had hyperpolarized more than about 25% of
their maximal hyperpolarization (Fig. 2D,
®). HC light responses show a characteristic
transient component (arrow Fig. 2E, left),
mainly attributable to negative feedback from
HCs to cones (/1, 12). In monophasic HCs
(MHCs), which hyperpolarize to light of all
wavelengths, this pronounced transient com-
ponent was blocked by carbenoxolone (Fig.
2E, right) (n = 8). Biphasic HCs (BHCs)
hyperpolarize to full-field green light stimu-
lation but depolarize upon red light stimula-
tion (Fig. 2F, left). The depolarizing respons-
es are thought to originate from negative
feedback from MHCs to middle-wavelength
sensitive cones (/, 12-15). Carbenoxolone
blocked these depolarizing responses, where-
as the hyperpolarizing responses were almost
unaffected (Fig. 2F, right) (n = 5).

Is the block of the hemichannels or the
hyperpolarization of the HCs responsible for
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