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The basal ganglia are critical for selecting actions and evaluating
their outcome. Although the circuitry for selection is well understood, how these nuclei evaluate the outcome of actions is
unknown. Here, we show in lamprey that a separate evaluation
circuit, which regulates the habenula-projecting globus pallidus
(GPh) neurons, exists within the basal ganglia. The GPh neurons
are glutamatergic and can drive the activity of the lateral
habenula, which, in turn, provides an indirect inhibitory inﬂuence
on midbrain dopamine neurons. We show that GPh neurons
receive inhibitory input from the striosomal compartment of the
striatum. The striosomal input can reduce the excitatory drive to
the lateral habenula and, consequently, decrease the inhibition
onto the dopaminergic system. Dopaminergic neurons, in turn,
provide feedback that inhibits the GPh. In addition, GPh neurons
receive direct projections from the pallium (cortex in mammals),
which can increase the GPh activity to drive the lateral habenula to
increase the inhibition of the neuromodulatory systems. This
circuitry, thus, differs markedly from the “direct” and “indirect”
pathways that regulate the pallidal (e.g., globus pallidus) output
nuclei involved in the control of motion. Our results show that
a distinct reward–evaluation circuit exists within the basal ganglia,
in parallel to the direct and indirect pathways, which select
actions. Our results suggest that these circuits are part of the fundamental blueprint that all vertebrates use to select actions and
evaluate their outcome.
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o achieve a goal, animals need to select actions and evaluate
their outcome to determine whether their goal was achieved.
In mammals, the basal ganglia play a key role in the selection of
actions (1–3) and have more recently been suggested to additionally contribute to predicting and evaluating the outcome of
the selected actions (4–8).
The so-called “direct” and “indirect” pathways through the
basal ganglia are present in all vertebrates and act together to
select actions by decreasing tonic inhibition of the basal ganglia
output nuclei [globus pallidus interna (GPi) and substantia nigra
pars reticulata (SNr)] on a selected motor program and increasing the inhibition onto other competing actions. The output
of these selection circuits target brainstem and thalamic motor
areas, and neurons within this circuit are modulated by various
aspect of movement kinetics related to the initiation and modulation of ongoing actions.
In addition to the output neurons that project to motor areas,
a separate subpopulation of pallidal neurons projects to the
lateral habenula (9–12), a structure involved in evaluating and
predicting the motivational value of actions. Recent in vivo
recordings in primates have shown that the activity of these
habenula-projecting pallidal neurons is modulated by the cues
that predict the availability of reward (13, 14) and not by aspects
of movements. The majority of these pallidal neurons, as with
lateral habenula neurons, are excited in response to errors in
reward prediction or in expectation of an adverse outcome (14,
15). In addition, selective activation of this pallido-habenula
projection in rodents can induce aversive conditioning (16) and
activation of the lateral habenula can devalue a rewarding stimulus
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(17). These results show that the pallidal neurons projecting to the
habenula encode information about the expected and achieved
value of an action.
Consequently, it appears that separate populations of neurons in
the globus pallidus are involved in the selection (brainstem/thalamic projecting) and evaluation (habenula-projecting) of actions.
This raises the possibility that independent circuits within the basal
ganglia control these globus pallidus populations to regulate action
selection or evaluation. Although the selection circuitry, as mentioned above, is described in detail, no studies have determined the
evaluation circuitry within the basal ganglia that provides the
source of the reward-related signals to the habenula-projecting
pallidal neurons.
To address this, we analyzed the circuitry regulating the
habenula-projecting pallidum in lamprey. In this ancient vertebrate species, the habenula and thalamic/brainstem-projecting
pallidal neurons are located in separate, nonoverlapping locations (11, 12), which afford the possibility of untangling the circuitry that inﬂuences these separate populations.
Using electrophysiological, tracing, and immunological techniques, we show that the habenula-projecting globus pallidus
(GPh) and the GPi are regulated by independent circuits. The
direct and indirect pathways control the GPi, as in mammals
(11). In contrast, the GPh is not inﬂuenced by these pathways
but, instead, receives direct excitatory projections from the pallium (cortex), inhibitory input exclusively from striosomal striatal
neurons, and inhibitory dopaminergic feedback. Furthermore,
we show that in lamprey the GPi and GPh represent two distinct
nuclei that differ in the topographic location, neurotransmitter
phenotype, molecular expression, electrophysiological properties,
and connectivity. Our results show that there are two independent
sets of circuits through the basal ganglia, one regulates action
selection by controlling the output of the GPi/SNr and another,
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Results
The GPh Projects Selectively to the Habenula and Is Glutamatergic. In
lamprey, there are two separate populations of pallidal neurons
located in topographically distinct nuclei (red and blue in Fig.
1A). Retrograde tracing reveals that pallidal neurons projecting
to the habenula are situated in a nucleus, here referred to as the
GPh (Fig. 1 A–C; cases, n = 6) (12). In contrast, pallidal neurons
that project to the thalamus and brainstem motor regions are
situated more caudally in the lamprey homolog of the GPi/GPe
(Fig. 1A) (11, 18, 19). Both the GPi/GPe and GPh receive input
from the striatum (Fig. 1 D and E) (11, 12).
To determine whether the GPh neurons exert a tonic inﬂuence
on the habenula, because of spontaneous activity, patch-clamp
recordings were made from these neurons. Our results revealed
that 70% of the neurons recorded in the GPh, in either wholecell or on-cell patch conﬁguration displayed spontaneous activity
(n = 49/67; Fig. 1 F and G). Furthermore, eight of nine GPh
neurons that had been retrogradely labeled from the habenula
were spontaneously active. In on-cell recordings, these neurons
ﬁred with instantaneous ﬁring frequencies ranging between 0.2
and 7 Hz, with a mean around 1 Hz (n = 19/25). In whole-cell
recordings, ﬁring frequencies ranged from 0.25 to 6 Hz (n = 30/
42). This spontaneous ﬁring of the GPh neurons is driven by
intrinsic properties because the ﬁring frequency was not signiﬁcantly altered by blocking the glutamatergic synaptic input with
40 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) and 50 μM
(2R)-amino-5-phosphonovaleric acid (AP5) (n = 6; Fig. 1 G and
H; control, 1.07 ± 0.36; CNQX and AP5, 1.03 ± 0.31 Hz).
To determine whether the GPh neurons displayed a distinct
neurotransmitter phenotype, we combined immunohistochem-

istry with retrograde tracing. In contrast to the GPi/GPe neurons,
which we have previously shown are GABAergic (11), our results
now show that most GPh neurons express glutamate (Fig. 1 N
and P) and very few neurons in GPh express GABA (Fig. 1I).
Furthermore, none of the GPh neurons retrogradely labeled
from the habenula were GABAergic (Fig. 1 J–M; n = 3), whereas
the majority of the retrogradely labeled projection neurons
expressed glutamate (Fig. 1 O–R; cases, n = 4). The GPh and
GPi/GPe neurons also differ in their calcium binding-protein
expression because immunohistochemistry revealed that, unlike
GPi/GPe neurons (11), GPh neurons do not express parvalbumin
(Fig. 1S; cases, n = 3). In contrast, a population of neurons
immunoreactive for calbindin was observed within the GPh
(Fig. 1T).
Together, these results show that GPh is a glutamatergic
pallidal nucleus that differs from the GABAergic GPi/GPe in its
projections, neurotransmitter phenotype, topographic location,
and molecular expression. However, both GPh and GPi/GPe
neurons (11) are spontaneously active and receive input from
the striatum.
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which we identify here, regulates the output of the GPh to predict
and evaluate the outcome of the selected actions.

GPh and GPi/GPe Neurons Differ in Their Electrophysiological
Properties. Because the GPh and GPi/GPe neurons differ in

their neurotransmitter phenotype and molecular expression and
are located in distinct nuclei, we next aimed to determine whether
they also differed electrophysiologically. Whole-cell patch-clamp
recordings revealed that neurons in both nuclei exhibited spontaneous activity and had linear current–voltage relationships in response to hyperpolarizing current injections (Fig. 2 A–C). Furthermore, both types of neuron showed reliable and regular spiking
with a limited spike frequency adaptation during sustained current
injections (Fig. 2 A and B). In contrast, the input resistance,
membrane time constant, action potential half-width, and resting membrane potential signiﬁcantly differed between the GPh
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and GPi/GPe neurons (Fig. 2 D and E and Table S1). Neurons in
the GPh exhibited a longer membrane time constant (GPh, 173.6 ±
83.2 ms; GPi/GPe, 76.4 ± 38.3 ms; P = 0.001), had a higher
input resistance (GPh, 4.6 ± 2.2 GΩ; GPi/GPe, 1.5 ± 1.2 GΩ;
P = 0.0003), broader action potential half-widths (GPh, 7.85 ±
1.76 ms; GPi/GPe, 3.39 ± 1.36 ms; P = 0.0001), and a higher
resting membrane potential (GPh, −61.8 ± 6.2 mV; GPi/GPe,
−68.1 ± 4.4 mV; P = 0.024) than neurons in the GPi/GPe. In
addition, a large proportion of GPi/GPe neurons displayed
a pronounced voltage-dependent sag in their response to hyperpolarizing current injection (Fig. 2B, Inset; GPi/GPe, 4/8; GPh, 1/13)
and a larger proportion of GPi/GPe neurons displayed a postinhibitory rebound depolarization (Fig. 2 A and B; GPi/GPe, 5/8;
GPh, 5/13).
Together, these results show that neurons in the GPh and GPi/
GPe differ in their topographic location, neurotransmitter phenotype (glutamate and GABA), molecular expression, electrophysiological properties, and projections and, therefore, appear
to represent distinct classes of pallidal neurons.

whereas a subpopulation of the periventricular hypothalamic
neurons projecting to the GPh expressed histamine (Fig. 3J).
Fibers immunoreactive for tyrosine hydroxylase were observed
throughout the GPh (see Fig. 6A).
The inputs to the habenula-projecting GPh and the motorprojecting GPi/GPe, therefore, appear to be distinctly different.
Although the input to the GPi/GPe arises from the striatum and
the subthalamic nucleus (11), input to the GPh arises directly
from the pallium (cortex) and the thalamus in addition to the
striatum (Fig. 3A). Furthermore, the GPh does not receive input
from the subthalamic nucleus or from GPe-like neurons in the
GPi/GPe (Fig. 3C). It, therefore, does not receive input from the
so-called indirect pathway that is associated with the motorrelated basal ganglia. This suggests that GPh is part of a fundamentally different circuit that is independent from the classical
direct and indirect pathways.
The majority of anterogradely labeled ﬁbers passed dorsally
from GPh and innervated the homolog of the lateral habenula
(Fig. 3 B and E and Fig. S1). A second ﬁber bundle left ventrally
and progressed through the hypothalamus and appeared to terminate in the pedunculopontine nucleus (PPN) in the mesencephalon (Fig. 3H), conﬁrming previous studies showing that
a few GPh neurons project to the PPN (20). No ﬁbers were
observed innervating the brainstem motor regions, including the
optic tectum, torus semicircularis and mesencephalic locomotor
region (Fig. 3 G and H). This conﬁrms previous studies showing
that the GPh does not project to the tectum or MLR (18, 19).
The major projections of the GPh neurons are, therefore, to the
homolog of the lateral habenula. These results indicate that, as
with the input, the output circuitry of the GPh is completely
distinct from the GPi/GPe, which projects to the thalamus and
brainstem motor regions (11, 18–20).

The GPh and GPi/GPe Are Embedded in Independent and Different
Circuits. The advantageous topographic distinction between

habenula and thalamic/brainstem-projecting pallidal neurons in
lamprey affords the possibility of untangling the circuitry that
inﬂuences these separate populations. To address this, a bidirectional tracer, neurobiotin, was injected in the GPh (cases,
n = 6). In the telencephalon, this resulted in retrogradely labeled
neurons in the lateral pallium (LPal), the lower vertebrate
equivalent of the cortex, as well as in the striatum (Str) (Fig. 3 A
and B). Retrogradely labeled cells were also observed in the
medial olfactory bulb; however, these cells were also labeled
following control injections caudoventral to the GPh (Fig. S1),
suggesting that the olfactory cells may have been labeled through
ﬁbers of passage. Further caudally in the diencephalon, retrogradely labeled cells were observed in the dorsal thalamus and in
two neuromodulatory regions, the periventricular hypothalamus,
and the nucleus tuberculi posterior (ntp) (Fig. 3 A, D, and F). A
subpopulation of neurons in ntp/substantia nigra pars compacta
(SNc) (dopaminergic) expressed tyrosine hydroxylase (Fig. 3I),
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Fig. 2. The intrinsic properties of GPh and GPi/
GPe neurons differ. (A) Response of a spontaneously active GPh neuron to increasing step
current injections. Green trace indicates spontaneous activity without injected current. (B)
Response of a spontaneously active GPi/GPe
neuron to increasing step current injections.
Magenta trace indicates spontaneous activity
without injected current. (Inset) The voltagedependent sag induced by a hyperpolarizing
current injection. (C) Example of the currentvoltage relationship obtained from the GPh
(green circles) and the GPi/GPe neuron (magenta
circles) represented in A and B. (D) Bar graphs
showing the average difference between the
input resistance, membrane time constant, and
action potential half-width for all of the GPh
(green) and GPi/GPe (magenta) neurons. (E)
Three-dimensional plot showing the input resistance, membrane time constant, and action
potential half-width of each GPh (green dots)
and GPi/GPe (magenta dots) neurons. Spontaneously active neurons are represented with
ﬁlled circles; hollow circles indicate neurons that
were not spontaneously active. This clearly
indicates that the two types of neurons represent different subpopulations.
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tegmental area (VTA) and the matriosomes that preferentially
express calbindin along with a range of other neurotransmitterrelated substances (21–23). To determine whether these striatal
subpopulations exist in lamprey and whether they project differentially to the GPh and GPi/GPe, we examined the expression of calbindin, a calcium-binding protein selectively expressed
in the striatal matrix (21). Immunohistochemistry revealed that,
as with other vertebrates, only a subpopulation of lamprey striatal
neurons expressed calbindin (Fig. 4A; cases, n = 4). However,
neurons retrogradely labeled from the GPh were devoid of
calbindin expression (Fig. 4 A–D; cases, n = 5) and a paucity
of calbindin positive ﬁbers were observed in the GPh (Fig. 1T),
suggesting that the striatal-GPh projection may arise from neurons homologous to striosomes. Consistent with the notion that
these calbindin negative neurons might correspond to the striatal
striosomes (24), the striatal neurons retrogradely labeled from
the homolog of the SNc/VTA were also devoid of calbindin expression (Fig. S2 A–D; cases, n = 3). In contrast, a large proportion of the striatal neurons retrogradely labeled from the
GPi/GPe expressed calbindin, as with mammalian striatal matrix
neurons (Fig. 4 E–H; cases, n = 3), and calbindin-positive ﬁbers
could be observed in the GPi/GPe and SNr (Fig. S2 E and F;
cases, n = 2). Together, these results suggest that the GPh and
GPi/GPe receive input from separate striatal subpopulations
that correspond to the mammalian striosomes and matriosomes,
respectively.
Striosomes Inhibit GPh Neurons. To determine how the striatal
input inﬂuences the ﬁring of GPh neurons, we made recordings
in a transverse section that maintains the striato-pallidal projections (Fig. 4J). Extracellular stimulation (1–2 Hz) of the
striatum resulted in a signiﬁcant reduction in the spontaneous
ﬁring frequency of all GPh neurons that responded to the
stimulation (n = 5/8; control, 0.65 ± 0.12 Hz; stimulation, 0.05 ±
0.02 Hz; P = 0.0046), completely inhibiting the spontaneous
ﬁring in two neurons and reducing the ﬁring rate by over 85% in
Stephenson-Jones et al.

Hypothalamus

Fig. 3. The GPh and GPi/GPe are inﬂuenced by independent circuits. (A) Schematic sagittal sections through
the lamprey brain showing the connectivity of the GPh and
the GPi/GPe. (B) Injection site in the GPh resulting in retrogradely labeled neurons in the striatum (Str) and the
lateral pallium (LPal) (B), no labeling in the GPi/GPe (C),
retrogradely labeled neurons in the periventricular hypothalamus (Hyp) (D), anterograde labeling in the right dorsal
habenula [lateral habenula (Hb)] and retrogradely labeled
neurons in the thalamus (Th) (E) and in the ntp (F), and
labeled ﬁbers in the PPN (H). No labeling was observed in
the brainstem motor regions including the optic tectum
(OT), torus semicircularis (TSC), and mesencephalic locomotor region (G and H). All sections are counterstained
with a ﬂuorescent Nissl stain (blue). (I) Merged image of the
ntp showing retrograde labeling from the GPh (green) and
cells immunoreactive for tyrosine hydroxylase (TH) (magenta). (J) Merged image of the hypothalamus showing
retrograde labeling from the GPh (green) and cells immunoreactive for histamine (hist, magenta). DLR, diencephalic
locomotor region; EmTh, eminentia thalami; PT, pretectum;
STN, subthalamic nucleus; Th, thalamus. (Scale bars: B–H,
200 μm; I and J, 25 μm.)

the remaining three neurons (Fig. 4 K and L). Whole-cell
recordings revealed that stimulation of the striatum evoked depressing synaptic responses [reversed inhibitory postsynaptic
potentials (IPSPs)] that were completely abolished by the application of the GABAA receptor antagonist gabazine (10 μM;
n = 6; Fig. 4 M–O; paired-pulse depression, 0.41 ± 0.8). This was
quantiﬁed by comparing the amplitude of the ﬁrst postsynaptic
potential (PSP) before and after drug application (control PSP1,
5.19 ± 2.35 mV; gabazine PSP1, 0.027 ± 0.03 mV; P < 0.001;
n = 6).
Together, these results show that a subpopulation of striatal
neurons, equivalent to the striosomes, project to and inhibit the
spontaneously active GPh neurons. These results suggest that the
GPh and GPi/GPe neurons receive input from striosomes and
matriosomes, respectively (Fig. 4I). The striosomes may, therefore, be the source of reward-related information that inhibits
the habenula-projecting pallidal neurons in response to reward
or reward prediction (5, 14).
Direct Glutamatergic Projections from the Pallium (Cortex) Excite
Neurons in the GPh. Our next aim was to determine whether the

direct projection from the lateral pallium (cortex) to the GPh
would provide excitation and increase their ﬁring. Dual-tracer
injections and confocal microscopy ﬁrst conﬁrmed that pallial
ﬁbers could be observed throughout the GPh, where they formed
direct putative contacts with the projection neurons (Fig. 5 A–D
and F; cases, n = 6). To determine how the pallial input inﬂuenced the ﬁring of GPh neurons, we made recordings in a
transverse section that maintained the pallio-GPh projections
(Fig. 5E). Extracellular stimulation (1–10 Hz) of the pallium
resulted in a signiﬁcant increase in the spontaneous ﬁring frequency of all GPh neurons that responded to the stimulation
(n = 9/12; control, 0.74 ± 0.16 Hz; stimulation, 2.79 ± 0.51 Hz;
P = 0.003) (Fig. 5 G and H). Whole-cell recordings revealed that
stimulation of the pallium evoked excitatory synaptic potentials
(Fig. 5I; n = 14). Both the synaptic potentials and the increase in
PNAS | Published online September 3, 2013 | E3673
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ntp
(SNc)

ﬁring frequency could be completely abolished by the application
of glutamate receptor antagonists CNQX (40 μM) and AP-5 (50
μM) [Fig. 5 I and J; n = 6 (control, 0.57 ± 0.15 Hz; stimulation,
0.47 ± 0.05 Hz; P = 0.26); n = 5 (control PSP1, 7.18 ± 4.53 mV;
CNQX plus AP5 PSP1, 0.039 ± 0.028 mV; P = 0.011)]. Together, our results indicate that there are direct excitatory (glutamatergic) inputs from the pallium (cortex) to the GPh. The
direct pallio-GPh projection may, therefore, be the source of
reward-related information that can increase the ﬁring rate of
habenula-projecting pallidal neurons in response to errors in
reward prediction or when an adverse outcome is expected (14).
Individual GPh Neurons Integrate Excitatory Input from the Pallium
(Cortex) with Inhibitory Input from Striosomes. To determine

whether single GPh neurons integrated this excitatory input with
the inhibitory input from the striatum, we stimulated the striatum in the presence of glutamatergic antagonists (40 μM CNQX
and 50 μM AP5) while recording from neurons that responded to
pallial stimulation. Striatal stimulation resulted in a reduction in
the ﬁring rate of all GPh neurons that responded to striatal
stimulation (Fig. 5G; n = 3/5; control, 0.45 ± 0.25 Hz; stimulation, 0.04 ± 0.06 Hz; P = 0.02). These results indicate that
neurons in the GPh integrate excitatory input from the pallium
with monosynaptic inhibitory input from the striatum.
To determine whether our stimulation recruited both direct
excitatory projections, as well as oligosynaptic inhibitory projections, we applied the GABAA receptor antagonist (gabazine)
after stimulating the pallium. Application of the antagonist
resulted in an increase in the synaptic responses in all neurons
recorded, typically after the second pulse (Fig. 5K; n = 6), as
quantiﬁed by comparing the normalized area under the response
(116 ± 7% compared with control; P = 0.002; Fig. 5L). Furthermore, application of gabazine changed the synaptic dynamics
from paired-pulse depression to facilitation (PPF) (1.59 ± 0.4;
E3674 | www.pnas.org/cgi/doi/10.1073/pnas.1314815110
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Fig. S3). These results indicate that our pallial stimulation recruits direct excitatory projections, as well oligosynaptic inhibition, likely via pallio-striatal-GPh projections. The pallium
can, therefore, inﬂuence the GPh in two ways: either through
direct pallial-GPh projections or through an indirect pallial-striatalGPh projection.
To determine whether there are separate pallial populations
that can drive these circuits, we made dual-tracer injections in
the striatum and GPh. This revealed that there was little overlap
in the pallial populations projecting to striatum and GPh (Fig. 5
M–P; cases, n = 4). In addition, a 2D density analysis revealed
that these pallial populations were also spatially segregated (Fig.
5M and Fig. S4). The pallio-GPh neurons were located preferentially in the dorsal lateral pallium, whereas the pallio-striatal
neurons were preferentially located in the ventral lateral pallium.
This suggests that the pallio-striatal and pallio-GPh projections
may arise from separate pallial (cortical) subpopulations.
Dopamine Reduces the Spontaneous Firing Frequency of Dopamine
D2 Receptor-Expressing GPh Neurons. To determine how the do-

paminergic innervation of the GPh affects neuronal ﬁring, we
ﬁrst examined the dopamine receptor expression. In lamprey,
dopamine D2 receptors are highly expressed in the striatum as
well as in the GPh (25). In situ hybridization conﬁrmed that
neurons in the GPh express D2 receptor mRNA (Fig. 6B; cases,
n = 5). In contrast, no D2 receptor expression was observed
further caudally in the GPi/GPe (Fig. 6D). In addition, very few
tyrosine hydroxylase immunoreactive ﬁbers were observed in the
GPi/GPe (Fig. 6C) but are observed in the GPh (Fig. 6A), and
retrograde tracing from the GPi/GPe has not revealed a projection from the ntp to the GPi/GPe (11). To conﬁrm that the D2
receptor expressing neurons in the GPh project to the habenula,
we combined retrograde labeling with in situ hybridization. This
revealed that a subpopulation of retrogradely labeled GPh
Stephenson-Jones et al.
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neurons expressed D2 receptor mRNA (Fig. 6 E–H; cases,
n = 3).
In lamprey, as with other vertebrates, dopamine can cause
a reduction in the excitability of neurons through activation of
the D2 receptor (25). This suggested that activation of the GPh
D2 receptors might lead to a decrease in the activity of the
spontaneously active neurons. Indeed, bath application of the
selective D2 receptor agonist TNPA [R(−)-2,10,11-trihydroxy-Npropyl-noraporphine 123 hydrobromide hydrate] (100 μM)
resulted in a signiﬁcant reduction in the spontaneous ﬁring frequency in 7 of 11 GPh neurons (control, 0.9 ± 0.2 Hz; TNPA,
0.53 ± 0.13 Hz; P = 0.031; n = 11; Fig. 6 I–K). In one case,
a modest increase in ﬁring frequency occurred following TNPA
application (0.5–0.85 Hz); in all other cases, the application of
TNPA had no effect on the ﬁring frequency, even after 20 min of
drug application. In mammals and lamprey, the habenula-projecting pallidal neurons drive activity in the lateral habenula,
which exerts an indirect inhibitory inﬂuence on dopamine neurons (12, 26, 27). Our results, therefore, show that dopamine
projections back to the GPh close this loop and could form
a positive-feedback circuit to regulate the dopaminergic system
(Fig. 6L).
Discussion
Together, our results show that in addition to the direct and
indirect pathways an, additional circuit exists within the basal
ganglia that control the GPh. Because the GPh neurons, the
Stephenson-Jones et al.
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Fig. 5. Direct glutamatergic (Glu) projections from
the pallium (cortex) excite neurons in the GPh. (A–D)
Confocal photomicrograph showing that anterogradely labeled ﬁbers (green) (C and D) from the
pallium (B) form direct putative contacts (red
arrows) with retrogradely labeled GPh neurons
(blue) (A, C, and D). (E) Photomicrograph showing
the location of the stimulating and recording electrodes in a transverse section of the lamprey brain.
(F) Schematic representation of the projections
from the pallium and striatum to the GPh. (G)
Whole-cell recording and raster plot of a spontaneously active neuron in the GPh showing the effect of
pallial and striatal stimulations. (H) Graph showing
the spontaneous ﬁring frequency before, during
pallial stimulation and following application of the
glutamatergic antagonists CNQX 40 μM and AP5
50 μM. (I) PSPs recorded in a spontaneously active
GPh neuron following pallial stimulation, before
and after (red trace) the application of CNQX (40 μM)
and AP-5 (50 μM), which abolishes the EPSPs. (J)
Graph showing the amplitude of the ﬁrst PSP before
and after the application of CNQX and AP-5. (K) PSP
recorded in a spontaneously active GPh neuron following pallial stimulation, before and after the application the GABAA receptor antagonist gabazine
10 μM. (L) Graph showing the normalized area under
the graph before and after the application of
gabazine. (M–P) Retrogradely labeled neurons in
the pallium following injection in the GPh (magenta)
and striatum (Str) (green) (P). All stimulation artifacts
were manually removed. (Scale bars: C, 25 μm; M,
100 μm; A, B, E, and P, 200 μm.)

output of this circuit, are known to respond to the predicted and
actual value of actions, we suggest that the circuit we identify
here may predict and evaluate the outcome of actions that are
selected by the classic direct and indirect pathways (Fig. S5).
Pallial (Cortical) Projections to the GPh Could Provide Excitation in
Response to Errors in Prediction. The habenula-projecting pallidal

neurons have previously been shown to be excited when an adverse outcome in predicted or when an outcome is worse than
expected (reward-prediction error) and are inhibited by the reverse conditions (13, 14). Our results in lamprey demonstrate
that direct excitatory projections from the pallium, the lower
vertebrate equivalent of the cortex, can increase the ﬁring rate of
GPh neurons and may represent the source of excitation that
increases GPh activity in response to errors in reward prediction.
In mammals, direct cortico-pallidal projections have rarely
been reported; nonetheless, a few studies have indicated that
they may exist (28–30), as ﬁrst suggested based on axon degeneration studies (28, 29). More recently, a combined anterograde-labeling and electron microscopy study has conﬁrmed
that areas of the frontal cortex in rat, including the insular,
orbitofrontal, and anterior cingulated cortex, project to the
entopeduncular nucleus (30). Whether these projections selectively target the habenula-projecting entopeduncular (EPh) neurons remains to be determined. Interestingly, neurons in these
cortical areas encode reward-related information (31, 32), and
microstimulation of the cingulate cortex in primates is averPNAS | Published online September 3, 2013 | E3675
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sive and can increase the negative valence of a possible choice
(33). Together, this further supports our suggestion that direct
pallio/cortico-pallidal projections provide the excitatory drive
to the GPh neurons in response errors in reward prediction or
in expectation of an adverse outcome.
Classically, neurons in the entopeduncular (EP)/GPi receive
excitatory input from the subthalamic nucleus (34). However, in
vivo electrophysiological recordings in rodents and cats have
revealed that EPh neurons are actually inhibited by stimulation
of the subthalamic nucleus (35, 36), whereas the majority of EP
neurons projecting to the thalamus are indeed excited by this
stimulation (35, 37, 38). These results suggest that as in lamprey,
EPh neurons do not receive a direct excitatory input from the
subthalamic nucleus but, rather, are inhibited through some
unknown pathway. Together with our results, this suggests that
direct cortico-pallidal projections may be conserved in mammals
and provide the excitatory input to the habenula-projecting
pallidum.
Striosomal Inhibition of GPh Decreases the Activity in Response to the
Prediction of Reward. In primates, GPh neurons are inhibited

when reward is predicted or when an outcome is better than
expected (13, 14). Our results demonstrate that striatal neurons
located in striosomes can provide the source of input that could
inhibit GPh neurons in response to reward prediction. This inhibitory pathway from the striosomes to the GPh/EPh may also
be present in mammals, because striosome neurons have been
reported to innervate the rostral entopeduncular nucleus, where
the EPh neurons are primarily located (10). The striosomes in
mammals have also been implicated in reward-related behavior
(39, 40), further suggesting that the striosomes-EPh projection
may be responsible for inhibiting the EPh neurons in response to
prediction of reward.
Our results show that pallio/cortico-GPh and striosome-GPh
projections have a dichotomous effect on GPh neuronal ﬁring
and that single GPh neurons integrate inputs from these two
E3676 | www.pnas.org/cgi/doi/10.1073/pnas.1314815110
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Fig. 6. Dopamine reduces the spontaneous ﬁring
frequency of dopamine D2 receptor (D2R) expressing GPh neurons. (A) Tyrosine hydroxylase immunoreactivity in the striatum (Str) and GPh. (B)
Neurons in the GPh express D2R mRNA. (C) Lack of
tyrosine hydroxylase immunoreactivity in the GPi/
GPe. (D) D2R mRNA expression at the level of the
GPi/GPe. (E–H) Neurobiotin retrogradely labeled
neurons (pink) in the GPh following an injection in
the habenula (red) (E, G, and H) and neurons
expressing D2R mRNA (black) (F). (I) Whole-cell recording of spontaneous GPh activity before and
after the application of the dopamine D2 receptor
agonist TNPA (100 μM). (J) Firing frequency–time
plot showing how the ﬁring frequency of a GPh
neuron changes with the application of TNPA. (K)
Graph showing the average ﬁring frequency of GPh
neurons before and after the application of TNPA.
(L) Schematic drawing of the feedback loop between the GPh and dopaminergic (DA) neurons.
EmTh, eminentia thalami; LHb, lateral habenula.
(Scale bars: A–D and H, 200 μm; E, 100 μm; F and G,
20 μm.)

sources. GPh neurons may, therefore, integrate both positiveand negative-reward signals from the striosomes and pallium/
cortex, respectively (Fig. 7). In mammals, the EPh exerts an
excitatory inﬂuence on the lateral habenula (16), which, in turn,
indirectly, via the rostromedial tegmental nucleus (RMTg), inhibits dopaminergic neurons in the VTA and SNc (15, 17, 27, 41,
42). The organization of the lateral habenula and its downstream
targets is exceptionally well conserved (12). Consequently, changes
in the ﬁring rate of GPh neurons through activation of excitatory
pallio-GPh and inhibitory striosome-GPh projections will lead to
a decrease or increase in dopaminergic ﬁring, respectively.
These pathways may therefore convey opposing motivational
signals, pallio-GPh-habenula projections could suppress dopaminergic ﬁring when an outcome is worse than expected. In
contrast, the striato-GPh-habenula projections could remove the
inhibition of the dopaminergic system if a positive reward is expected or the outcome of an action is better than expected.
Dopaminergic Modulation of GPh. Our results also show that the
GPh-lateral habenula-RMTg-dopamine projections do not exert
a unidirectional inﬂuence on the dopaminergic system, rather
dopaminergic feedback to the GPh can inhibit the ﬁring of these
pallidal neurons. Consequently, the dopaminergic and GPh populations have an opposing inﬂuence on each other. This dopaminergic feedback circuit is likely to exist in mammals as a subpopulation of pallidal neurons express dopamine D2 receptors
(43) and dopamine release can induce a decrease in pallidal discharge that is dependent on dopamine D2 receptors (44, 45). In
addition, the dopaminergic innervation of the primate globus
pallidus is conspicuously high in the regions where the GPh neurons are located (46), suggesting that the dopaminergic feedback
may selectively target GPh neurons.
Evolutionary Differences. While the circuitry regulating the GPh is
likely to be conserved throughout the vertebrate phylum, (Fig.
7C) the habenula and thalamic/brainstem projecting pallidal
Stephenson-Jones et al.
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Fig. 7. GPh circuit. (A) Schematic drawing showing the connectivity of the
GPh and the GPi/GPe together with their neurotransmitter phenotype. (B)
Schematic drawing showing the proposed valuation and dopamine-regulation circuit in which the GPh is embedded. (C) Schematic representation of
the GPh and GPi/GPe compartments. They are represented in separate nuclei
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neurons in rodents (10) and primates (9) are not located in
a separate nucleus, as they are in lamprey. Nonetheless, these
populations are located in a topographically separate location, in
the rostral EP or border region of the globus pallidus, a region
also referred to as the border region of the globus pallidus (GPb)
(26). Furthermore, the difference in neurotransmitter may also
be conserved, because the majority of GPh neurons in rodents
have recently been shown to be glutamatergic and are able to
directly excite neurons in the lateral habenula (16). However, in
contrast to our results, a signiﬁcant proportion of these GPh
neurons are GABAergic (16, 47). Consequently, it appears that
during evolution a second (GABAergic) population of GPh
neurons evolved.
Conclusion
Together, our results show that in addition to the direct and
indirect pathways, which control action selection, an additional
evaluation circuit exists within the basal ganglia that regulates
the GPh and the downstream dopamine neurons (12). Because
this circuit is present in lamprey, one of the phylogenetically
oldest vertebrates, it suggests that separate circuits for selecting
and evaluating the outcome of actions evolved at the dawn of
vertebrate evolution. Consequently, the basal ganglia and associated habenula circuitry may comprise the core elements that
all vertebrates use to select appropriate actions and evaluate
their outcome.
Experimental Procedures
Experiments were performed on a total of 53 adult river lampreys (Lampetra
ﬂuviatilis). The experimental procedures were approved by the local ethics
committee (Stockholms Norra Djurförsöksetiska Nämnd) and were in accordance with The Guide for the Care and Use of Laboratory Animals (48).
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During the investigation, every effort was made to minimize animal suffering and to reduce the number of animals used.

B

Habenula projecting pallidum

Tracing. The animals were deeply anesthetized in 100 mg/L Tricaine methane
sulfonate (MS-222) (Sigma) diluted in fresh water. They were then transected caudally at the seventh gill, and the dorsal skin and cartilage were
removed to expose the brain. During the dissection and the injections, the
head was pinned down and submerged in ice-cooled oxygenated Hepesbuffered physiological solution (138 mM NaCl, 2.1 mM KCl, 1.8 mM CaCl2,
1.2 mM MgCl2, 4 mM glucose, and 2 mM Hepes), pH 7.4.
All injections for retrograde and anterograde tracing were made with
glass (borosilicate, OD = 1.5mm, ID = 1.17mm) micropipettes, with a tip diameter of 10–20 μm. The micropipettes were ﬁxed in a holder, which was
attached to an air supply and a Narishige micromanipulator. Neurobiotin
[50–200 nL; Vector; 20% (wt/vol) in distilled water containing Fast Green to
aid visualization of the injected tracer] or Alexa Fluor 488-dextran [10 kDa;
12% (wt/vol) in distilled water; Molecular Probes Europe] was pressure
injected unilaterally into (i) habenula-projecting dorsal pallidum, (ii) dorsal
pallidum, (iii) habenula, (iv) lateral pallium, and (v) striatum.
Following injections, the heads were kept submerged in Hepes in the dark
at 4 °C for 24 h to allow retrograde transport of the tracers. The brains were
then dissected out of the surrounding tissue and ﬁxed by immersion in 4%
formalin and 14% saturated picric acid in 0.1 M phosphate buffer (PB) (pH
7.4) for 12–24 h, after which, they were cryoprotected in 20% (wt/vol) sucrose in PB for 3–12 h; 20-μm-thick transverse sections were made using
a cryostat, collected on gelatin-coated slides, and stored at −20 °C until
further processing. For GABA and glutamate immunohistochemistry, animals were perfused through the ascending aorta with 4% formalin, 2%
(GABA), or 0.5% (glutamate) glutaraldehyde, and 14% of a saturated solution of picric acid in PB. The brain was postﬁxed for 24–48 h and cryoprotected as described above.
Immunohistochemistry. For immunohistochemical detection of tyrosine hydroxylase, histamine, glutamate, and GABA in the projection neurons, the
GPh or habenula was injected and brains were processed as described above.
All primary and secondary antibodies were diluted in 1% BSA and 0.3%
Triton-X 100 in 0.1 M PB. Sections were incubated overnight with rabbit
anti-histamine antibody [1:10,000, 19C; kindly donated by Pertti Panula
(University of Helsinki, Helsinki)], mouse monoclonal anti-tyrosine hydroxylase antibody (1:200; MAB318; Millipore), rabbit anti-glutamate antibody (1:500; AB133; Millipore), or mouse monoclonal anti-GABA antibody
[1:5,000, mAb 3A12, kindly donated by Peter Streit (Brain Research Institute,
University of Zürich, Zürich)]. Sections were subsequently incubated with
a mixture of Neurotrace deep-red (1:500; Molecular Probes), Cy2-conjugated streptavidin (1:1,000; Jackson ImmunoResearch) and Cy3-conjugated
donkey anti-rabbit IgG, or Cy3-conjugated donkey anti-mouse IgG (1:500;
Jackson ImmunoResearch) for 2 h and coverslipped in glycerol containing
2.5% diazabicyclooctane (DABCO) (Sigma).
For the immunohistochemical detection of parvalbumin and calbindin,
brains were dissected out and processed as described above. Sections were
then incubated overnight with either a rabbit polyclonal anti-parvalbumin
antibody (1:1,000; Swant; PV-28, 5.5 raised against parvalbumin isolated
from rat muscle), mouse monoclonal anti–calbindin-D28K antibody (1:2,000;
C9848; Sigma-Aldrich). Sections were subsequently incubated with Cy3conjugated donkey anti-rabbit IgG or donkey anti-mouse IgG (1:500; Jackson
ImmunoResearch) for 2 h and coverslipped.
Analysis. Photomicrographs of key results were taken with an Olympus XM10
digital camera mounted on an Olympus BX51 ﬂuorescence microscope
(Olympus Sverige). Illustrations were prepared in Adobe Illustrator and
Adobe Photoshop CS4. Images were only adjusted for brightness and contrast. Confocal Z-stacks of the sections were obtained using a Zeiss Laser
scanning microscope 510, and the projection images were processed using
the Zeiss LSM software and Adobe Photoshop CS4.
For the density analysis, the locations of neurons were plotted with respect
to the ventral and lateral border of the lateral pallium using Olympus CellA
software (Version 3.1). One-dimensional kernel density estimates were
obtained using the R (R Foundation for Statistical Computing; www.rproject.org) “density” function. The 2D kernel density estimations used to
compute the distribution contours were obtained using the “kde2d” function provided in the Modern Applied Statistics with S (MASS)-library (49),
and bandwidths in the density estimation were chosen using the “bandwidth.nrd” function. Two-dimensional kernel density estimation were
graphically displayed as contour plots, with the contour lines connecting
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points of equal densities and drawn for density values between 20% and
100% of the estimated density range, in steps of 10%.
In Situ Hybridization. Templates for in vitro transcription were prepared by
PCR ampliﬁcation. For the dopamine D2 receptor probe, a 660-bp fragment
was obtained using 5′-TGCTCATATGCCTCATCGTC-3′ forward and 5′TCAAGCTTTGCACAATCGTC-3′ reverse primers (25). The ampliﬁed cDNA
fragments were cloned into a pCRII-TOPO vector (Invitrogen), cleaned, and
conﬁrmed by nucleotide sequencing (KIGene core facility at Karolinska
Institutet). Linearized plasmids (1 μg) were used to synthesize digoxigenin
(DIG)-labeled riboprobes. In vitro transcription was carried out using the DIG
RNA Labeling Mix (Roche Diagnostics) according to the manufacturer’s
instructions. The transcripts were puriﬁed using NucAway spin columns
(Applied Biosystems). Sense probes were used as negative controls.
The habenular neurobiotin-injected animals were deeply anesthetized in
MS-222 diluted in fresh water and killed by decapitation. Brains were quickly
removed and ﬁxed in 4% paraformaldehyde in 0.01M PBS overnight at 4 °C.
They were afterward cryoprotected in 30% sucrose in 0.01 M PBS overnight,
and 20-μm-thick serial, transverse cryostat sections were obtained and immediately used for in situ hybridization. The sections were left at room
temperature for 30 min, washed in 0.01 M PBS, acetylated in 0.25% acetic
anhydride in 0.1 M triethanolamine (pH 8.0) for 5 min, washed in 0.01 M
PBS, and prehybridized [50% formamide, 5× SSC (pH 7.0), 5× Denhardt’s
solution, 500 μg/mL salmon sperm DNA, 250 μg/mL yeast RNA] for 2–4 h at 60
°C. DIG-labeled D2 receptor riboprobes were prepared and added to the
hybridization solution to a ﬁnal concentration of 500 ng/mL, and parallel
series were hybridized overnight at 60 °C. An RNase treatment (20 μg/mL in
2× SSC) was performed for 30 min at 37 °C following stringent washes in SSC
(Applied Biosystems). After additional washes in maleic acid buffer (MABT)
(pH 7.5), the sections were incubated overnight at 4 °C in anti-digoxigenin
Fragment antigen-binding fragments conjugated with alkaline phosphatase
(1:2,000; Roche Diagnostics) in 10% heat inactivated normal goat serum
(Vector Laboratories). Several washes in MABT were carried out, and the
alkaline phosphatase reaction was visualized using nitro blue tetrazolium
chloride/5-bromo-4-chloro-3-indolyl-phosphate (NBT/BCIP) substrate (Roche
Diagnostics) in staining buffer [0.1 M Tris buffer (pH 9.5) containing 100 mM
NaCl and 5 mM levamisole]. The staining process was stopped with washes in
PBS. Those sections that had been subjected to retrograde tracing with
neurobiotin were subsequently incubated with streptavidin conjugated to
Cy3 (1:1,000; Molecular Probes). Sections were coverslipped with glycerol
containing 2.5% DABCO (Sigma-Aldrich).
Electrophysiology. Tracing before slice preparation for electrophysiology.
When tracer injections were combined with electrophysiological recordings,
the brain was accessed by opening the skull from the level of the olfactory
bulb and caudally until the obex. Throughout this procedure, the bath was
perfused with Hepes solution containing MS-222 (1 mg/100 mL). The ﬂuorescent tracer tetramethylrhodamine coupled to 3-kDa dextran (12% in
distilled water; Molecular Probes) was injected as described above into the
habenula. Following the procedure, animals survived for 12–18 h before
physiological slices of the brain were prepared.
The dissection and removal of brains from deeply anesthetized (MS-222;
100 mg l−1; Sigma) animals were performed as described above. To facilitate
the cutting of slices on a microtome (Microm HM 650V; Thermo Scientiﬁc),
brains were embedded in liquid agar (Sigma; 4% dissolved in water). The
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agar block containing the brain was then glued to a metal plate and
transferred to ice-cold artiﬁcial cerebrospinal ﬂuid (aCSF) with the following
composition (in mM): NaCl, 125; KCl, 2.5; MgCl2, 1; NaH2PO4, 1.25; CaCl2, 2;
NaHCO3, 25; glucose, 8. The aCSF was oxygenated continuously with 95% O2
and 5% CO2 (pH 7.4). Transverse brain slices of 350–400 μm were cut at the
level of the striatum and allowed to recover at ∼5 °C for at least 1 h before
being transferred to a submerged recording chamber. Perfusion of the slices
was performed with aCSF at 6–8◦C (Peltier cooling system; Elfa).
Whole-cell current-clamp recordings were performed with patch pipettes
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puller (Model P-97; Sutter Instruments). The resistance of recording pipettes
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junction potential (∼10 mV).
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pallial and striatal efferents was performed with a glass pipette electrode,
connected to a stimulus isolation unit (MI401; University of Cologne, Zoological Institute). The stimulation intensity was set to about one to two times
the threshold strength (typically 50–100 μA) to evoke PSPs. To investigate
the short-term dynamics of synaptic transmission, a stimulus train of eight
pulses at 10Hz was used together with a recovery test pulse 600 ms after the
eighth pulse (50). PSPs often started on the decay phase of previous
responses, and to extract correct amplitudes the synaptic decay was either
ﬁtted by an exponential curve and subtracted or manually subtracted (44).
The paired-pulse ratio was calculated by dividing the second PSP by the ﬁrst
PSP in a response train.
The neurons were visualized with differential interference contrast/infrared optics (Zeiss Axioskop 2FS Plus or Olympus BX51WI). Retrogradely
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signiﬁcance is indicated as follows: *P < 0.05; **P < 0.01; and ***P < 0.001.
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