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Summary

A central theory of basal ganglia function is that striatal neurons expressing the D1 and D2
dopamine receptors exert opposing brain-wide influences. However, the causal influence of each
population has never been measured at the whole-brain scale. Here, we selectively stimulated D1
or D2 receptor-expressing neurons while visualizing whole-brain activity with fMRI. Excitation of
either inhibitory population evoked robust positive BOLD signals within striatum, while
downstream regions exhibited significantly different and generally opposing responses consistent
with — though not easily predicted from — contemporary models of basal ganglia function.
Importantly, positive and negative signals within the striatum, thalamus, GPi, and STN were all
associated with increases and decreases in single-unit activity, respectively. These findings provide
direct evidence for the opposing influence of D1 and D2 receptor-expressing striatal neurons on
brain-wide circuitry and extend the interpretability of fMRI studies by defining cell type-specific
contributions to the BOLD signal.
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Introduction

Medium spiny neurons (MSNs) make up as much as 95% of cells within the striatum and
send inhibitory projections to surrounding nuclei of the basal ganglia (Gerfen, 2004; Kemp
and Powell, 1971). According to the model of basal ganglia circuit function first established
by Albin and DeLong (Albin et al., 1989; DeLong, 1990), MSNs facilitate and suppress
motor behavior via the direct and indirect pathways, respectively. The direct pathway
promotes motor behavior by actively inhibiting the basal ganglia’s two GABAergic output
nuclei — the internal globus pallidus (GPi) and substantia nigra pars reticulata (SNr) — which
in turn project to thalamocortical and brainstem motor circuits. The reduction in inhibitory
signals leaving the basal ganglia results in disinhibition of these circuits, allowing them to
execute the commands necessary for movement. In contrast, the indirect pathway, which
includes additional synapses onto the external globus pallidus (GPe) and subthalamic
nucleus (STN), increases the activity of the basal ganglia’s output nuclei. This increase in
activity results in suppression of thalamocortical circuitry and ultimately inhibits movement.
While this feedforward description of the basal ganglia can account for much of its behavior
in normal and pathological conditions, the existence of additional connections in the form of
collateral branching, reciprocal connectivity, recurrent networks, and feedback loops
suggests much greater complexity. These include collaterals from D1 receptor-expressing
MSNs to GPe (Cazorla et al., 2014; Matamales et al., 2009), reciprocal connections along
the striato-GPe-STN axis (Miwa et al., 2001), the “hyperdirect” pathway from cortex to STN
(Monakow et al., 1978; Nambu et al., 2002), intranigral inhibitory connections (Mailly et al.,
2003), as well as other projections from thalamus to striatum (Smith et al., 2004) and from
GPe to cortex (Saunders et al., 2015). Thus, while the feedforward view of direct and
indirect pathways remains a powerful holistic tool, the exact influence of D1- and D2-MSNs
remains difficult to predict at the whole-brain scale.

Historically, it has been difficult to disentangle the functional properties of striatal MSNs
belonging to the direct or indirect pathway, because they are highly anatomically
intermingled. However, the MSNs that constitute each pathway also share relatively distinct
neurochemical identities. MSNs of the direct pathway primarily express the D1 dopamine
receptor (D1-MSNs), while those of the indirect pathway primarily express the D2
dopamine receptor (D2-MSNSs) (Deng et al., 2006; Gerfen et al., 1990). Advances in
molecular biology and genetic engineering have thus made it possible to selectively express
transgenes, including optogenetic tools, in each population (Cui et al., 2013; Gong et al.,
2007; Kravitz et al., 2010; Kravitz et al., 2012; Lobo et al., 2010). Several studies have
exploited this ability in order to selectively excite each population in isolation and measure
downstream effects on behavior and firing rates using /n vivo electrophysiology. For
example, it has been shown that direct pathway stimulation reduces hypokinetic behavioral
deficits, while indirect pathway stimulation exacerbates them (Kravitz et al., 2010).
Similarly, inhibition and excitation of SNr neurons evoked by D1- or D2-MSN stimulation
have been shown to correlate with motor facilitation and suppression, respectively (Freeze et
al., 2013). Finally, activation of direct and indirect pathway MSNs evoked and suppressed
activity in motor cortex, respectively, although non-opposing effects were also observed in a
subset of neurons (Oldenburg and Sabatini, 2015). These findings support the prevailing
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view of basal ganglia circuit function that the direct and indirect pathways selectively turn
on or off the thalamocortical loop. Yet direct evidence for these two pathways’ differential
effect on macroscopic circuit function remains lacking. Here, we combined targeted
optogenetic stimulation of the direct and indirect pathways with functional MRI to reveal the
causal influence of each population on activity across the whole brain including areas within
the basal ganglia, thalamus, and cortex. This integration of optogenetic stimulation with
fMRI (termed ofMRI) has enabled the causal influence of genetically defined neuronal
populations on downstream regions to be measured directly (Abe et al., 2012; Desai et al.,
2011; Duffy et al., 2015; Gerits et al., 2012; Kahn et al., 2013; Lee et al., 2010; Liu et al.,
2015; Ohayon et al., 2013; Weitz et al., 2015; Weitz and Lee, 2013).

Optogenetic targeting of direct and indirect pathways

To selectively activate D1- or D2-MSNs /17 vivo, we used BAC transgenic mouse lines
expressing Cre-recombinase under control of D1 or D2 dopamine receptor regulatory
elements (Cui et al., 2013; Gong et al., 2007; Kravitz et al., 2010; Kravitz et al., 2012; Lobo
et al., 2010). A double-floxed inverted recombinant AAV1 virus was injected into
dorsomedial striatum to express the excitatory opsin ChR2-EYFP in Cre-positive D1- or D2-
MSNs and enable selective optogenetic control of the direct or indirect pathway,
respectively. Histological examination confirmed that ChR2-EYFP was localized to MSNs
in the striatum, with over 87% of ChR2-EYFP+ cells co-expressing the MSN marker
DARPP32 in both D1-Cre (Figure 1A,B) and D2-Cre mice (Figure 1E,F). This percentage is
consistent with previous reports of AAV1-mediated ChR2 expression in D1 and D2 BAC
transgenic lines (Kravitz et al., 2010). To demonstrate specificity for each pathway, we also
quantified neuronal co-expression of the D1 marker prodynorphin and the D2 marker
enkephalin. In D1-Cre mice, 89% of ChR2-EYFP+ cells co-expressed prodynorphin (Figure
1A,B), while in D2-Cre mice, 83% of ChR2-EYFP+ cells co-expressed enkephalin (Figure
1E,F). ChR2 expression was thus well restricted to the targeted populations.

In vivo activation was enabled by stereotactic implantation of a fiber-optic cannula at the
dorsomedial striatum. Pulse trains were delivered for 20 s (15 ms pulse width at 2.5 mW and
20 Hz frequency) since this temporal paradigm has previously been shown to evoke robust
BOLD signals both locally and remotely (Duffy et al., 2015; Lee et al., 2010; Liu et al.,
2015; Weitz et al., 2015), as well drive behavioral changes during D1- and D2-MSN
stimulations (Kravitz et al., 2010). Before fMRI experiments, the motor behavior of freely
moving animals was monitored during 20 s periods of stimulation. These experiments served
to confirm both that light delivery could elicit a behavioral response and that stimulation was
sufficiently restricted to MSNs of the direct or indirect pathway. As shown previously
(Kravitz et al., 2010), unilateral stimulation of D1-MSNs elicited a significant increase in
contraversive rotations (Figure 1C; p = 0.0003, two-tailed paired t-test), while stimulation of
D2-MSNs elicited a significant increase in ipsiversive rotations (Figure 1G; p = 0.002).
Contraversive rotations also significantly decreased during D2-MSN stimulation (Figure 1G;
p = 0.006). These behavioral effects are consistent with the classical model of basal ganglia
function, suggesting that stimulation was sufficiently restricted to MSNs of either pathway.
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Furthermore, they confirm that the whole-brain networks recruited by light delivery and
ultimately visualized with ofMRI are of behavioral significance.

Direct and indirect pathway stimulations evoke distinct brain-wide responses

To investigate how selective drive of the direct or indirect pathways differentially affect the
basal ganglia-thalamocortical loop, we next coupled optogenetic D1- or D2-MSN
stimulation to whole-brain fMRI readouts. Experiments were performed under very light
anesthesia (0.4-0.7% isoflurane) to minimize suppression of neuronal activity. To facilitate
imaging under these conditions and reduce motion artifacts, mice were gradually introduced
to the fMRI-related environment, including noise and body restriction, over the course of 14
days. Following this habituation process, stable fMRI images could be acquired. For each
scan, a 20 s pulse train of 20 Hz stimulation was delivered to the dorsomedial striatum every
minute for six minutes. Significantly modulated voxels were identified as those whose time
series were synchronized to consecutive periods of light delivery using standard Fourier
domain techniques. There was typically more than a 5 dB difference in magnitude between
the fundamental frequency of each region’s time series and its higher harmonics, suggesting
that this approach yielded few false negatives (Figure S1). Visualization of modulated, or
“active”, voxels revealed that both D1- and D2-MSN stimulation resulted in widespread
modulation of brain activity (Figure 1D,H). Furthermore, the phase of evoked responses
dramatically differed across stimulation groups and brain regions, indicating significant
heterogeneity of the time series’ temporal dynamics.

To quantify the extent of brain-wide activation patterns, we segmented the brain into 30
anatomically defined regions (Figure 2), giving a total of 60 regions of interest (ROIs) across
both hemispheres. We next calculated the percentage of each ROI that exhibited significantly
modulated fMRI time series (Figure 3). Regions with significant activation included not only
those within the basal ganglia-thalamocortical loop, but also those within the limbic system
and midbrain. Cortical activation was especially widespread, covering all segmented regions
from frontal cortex (most anterior) to visual and parahippocampal cortex (most posterior).
Contralateral activation was also common.

To explore the effect of stimulation on the basal ganglia-thalamocortical loop, we next
examined fMRI time series of the various basal ganglia nuclei, thalamus, and motor cortex.
Within the anterior caudate putamen, where stimulation was delivered, the BOLD signal was
positive during stimulation of either population (Figure 4). At all other regions of the
ipsilateral basal ganglia-thalamocortical loop — including GPe, STN, GPi, SN, thalamus, and
motor cortex — the evoked response in a given region exhibited qualitatively different
temporal profiles between D1- and D2-MSN stimulation (Figure 4). In general, positive
responses were evoked during D1-MSN stimulation, while negative responses were evoked
during D2-MSN stimulation. To quantify these differences in temporal patterns, we
compared the average phase of active voxels within each ROI. This value represents the
temporal shift of the sinusoid that best fits the modeled data in the least-squares sense
(Figure 5A). The average phase of modulated voxels at the anterior caudate putamen was not
significantly different between D1- and D2-MSN stimulations (Figure 5B,C; p > 0.05,
circular Watson-Williams test). In contrast, the evoked responses in GPe, GPi, STN, SN,
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thalamus, and motor cortex were all significantly different (Figure 5B,C; p < 0.001, circular
Watson-Williams test). To determine if the difference observed in motor cortex was
generalizable across cortical activations, we also computed phases in the eleven other
segmented ROIs of cortex. These too were significantly different between D1- and D2-MSN
stimulations (Figure 5B,C), pointing to the widespread divergent influence of direct and
indirect pathways. Time series for each cortical region ipsilateral to stimulation are shown in
Figure S2. Importantly, similar differences in temporal dynamics were also observed in the
contralateral hemisphere (Figuress S3 and S4).

To further characterize the evoked responses, we next calculated the integral of each ROI’s
time series (XBOLD). With the exception of the anterior caudate putamen, all ipsilateral
ROIs exhibited a positive mean ZBOLD value during D1-MSN stimulation and a negative
mean BOLD value during D2-MSN stimulation (Figure 5D). This difference was
significant across most tested ROIs, including the basal ganglia’s output nuclei GPi and SN,
thalamus, and 10 of 12 segmented cortical regions (p < 0.05; two-tailed t-test). ZBOLD was
also generally positive during D1-MSN stimulation and negative during D2-MSN
stimulation in the contralateral hemisphere (Figure S3D). This difference was significant
across all contralateral regions of the basal ganglia (with the exception of the putamen) and
7 of 12 cortical regions (p < 0.05; two-tailed t-test).

Neuronal underpinnings of opposing fMRI responses

Given the diversity of BOLD responses evoked by D1- and D2-MSN stimulations, we next
sought to verify whether the BOLD responses reflected underlying neuronal activity.
Specifically, we sought to confirm that the opposing influences of the direct and indirect
pathways measured on the macroscopic scale with ofMRI were also present at the level of
single-unit activity. Thus, we performed extracellular recordings in striatum and thalamus
(Figure 6A,E), where the differences between D1- and D2-MSN stimulation-evoked
responses were least and most significant, respectively (Figure 5C), and where the sign of
2BOLD was the same and opposite between the two stimulation groups, respectively
(Figure 5D). Although the striatal BOLD response evoked by D2-MSN stimulation was
larger in magnitude than the response evoked by D1-MSN stimulation, both time series
exhibited clear and consistent increases upon 20 Hz light delivery (Figure 6B). Peri-event
histograms from two representative neurons show that the increase in BOLD evoked by
stimulation of either pathway was associated with increases in firing rate over repeated trials
(Figure 6C). Indeed, virtually all recorded units exhibited significant increases in firing rate
(Figure 6D; p < 0.05 for n= 144/144 units over 6 animals and 122/123 units over 5 animals
for D1- and D2-MSN stimulation, respectively; one-tailed paired t-tests).

Unlike the BOLD signals observed at the site of stimulation in striatum, the fMRI BOLD
signals in thalamus exhibited opposite responses during D1- and D2-MSN stimulation.
Specifically, the evoked time series exhibited robust and reliable increases and decreases
upon D1- and D2-MSN stimulation, respectively (Figure 6F). Electrophysiology recordings
in thalamus were targeted to the ventrolateral nucleus, due to its established role in motor
control (Figure 6E). Peri-event time histograms from two representative neurons show that
these changes were associated with corresponding changes in neuronal activity that could be
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consistently driven over many repeated trials (Figure 6G). Indeed, across all recorded
neurons in the thalamus, 94% of single-units exhibited an increase in firing rate during D1-
MSN stimulation, while only 1% of units exhibited a decrease in firing rate (Figure 6H; p <
0.05 for 7=107 and 1 out of 114 units, respectively, over 8 animals; one-tailed paired t-
tests). The remaining 5% (6/114 units) exhibited no significant change between the pre-
stimulation and stimulation periods. During D2-MSN stimulation, only 1% of recorded units
exhibited an increase in firing rate (p < 0.05 for 7= 1/70 units over 5 animals; one-tailed
paired t-tests). In agreement with the fMRI BOLD signal, however, 79% of cells exhibited a
decrease in firing rate during D2-MSN stimulation (Figure 6H; p < 0.05 for 7= 55/70 units
over 5 animals; one-tailed paired t-tests). The remaining 20% (14/70 units) exhibited no
significant change between the pre-stimulation and stimulation periods. Thus, the
widespread opposing influences of direct and indirect pathways on thalamic activity
measured with ofMRI were also present at a neuronal level.

Finally, we sought to verify the relationship between BOLD and neuronal activity in the
STN and GPi — two regions where the evoked fMRI response was at odds with the classical
feedforward model of direct and indirect pathways. The STN exhibited a positive signal
during D1-MSN stimulation despite its presumed lack of involvement in the direct pathway,
and a negative signal during D2-MSN stimulation, despite the increase in firing that is
expected from its GPe-mediated disinhibition (Figure 7B). Similarly, the GPi exhibited
positive and negative signals during D1- and D2-MSN stimulation, despite its expected
decrease and increase in GABAergic output, respectively (Figure 7F). Therefore, to
investigate whether these fMRI signals reflected underlying neuronal activity, we performed
in vivo extracellular recordings at each region during optical stimulation of striatal D1- and
D2-MSNs (Figure 7AE).

In agreement with the observed BOLD responses, the majority of modulated cells recorded
in STN exhibited an increase in firing rate during D1-MSN stimulation and a decrease in
firing rate during D2-MSN stimulation. 37% of units were excited by D1-MSN stimulation,
with the remaining 63% exhibiting no significant change (Figure 7D; 7= 52 units, 2
animals; one-sided t-test). Conversely, during D2-MSN stimulation, 76% of units were
inhibited, 7% was excited, and 17% exhibited no change (Figure 7D; n= 46 units, 2
animals; one-sided t-test). These changes could be consistently driven over many repeated
trials (Figure 7C). Importantly, the polarity of changes in neuronal activity also matched the
polarity of BOLD modulations within the GPi. During D1-MSN stimulation, 34% of GPi
units exhibited an increase in firing rate, with the remaining 66% exhibiting no significant
change (Figure 7H; n=59 units, 3 animals; one-sided t-test). During D2-MSN stimulation,
100% of recorded units exhibited a decrease in firing rate (Figure 7H; 7= 40 units, 2
animals). Again, these changes were consistent over many repeated trials, using the same 20
s on — 40 s off paradigm employed during of MRI studies (Figure 7G).

Discussion

In this study, we applied the optogenetic fMRI toolbox to investigate the effect of direct and
indirect pathway stimulation on brain-wide circuit dynamics. The classical feedforward
model of basal ganglia circuit function predicts that direct pathway (D1-MSN) activation
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results in disinhibition of the thalamus and subsequent activation of the thalamocortical loop
(Albin et al., 1989). On the other hand, indirect pathway (D2-MSN) activation is predicted
to increase the basal ganglia’s inhibitory control over thalamus and therefore decrease
activity of thalamus and cortex. Consistent with this view, we found that direct pathway
activation led to positive fMRI responses in thalamus and motor cortex, while activation of
the indirect pathway led to negative fMRI responses in these two regions. The fMRI
responses to D1- and D2-MSN stimulation also exhibited opposite polarity in the basal
ganglia’s output nuclei (GPi and SN), STN, and various other regions of cortex (Figure 5D).
Importantly, the opposing influence of direct and indirect pathways observed with fMRI in
thalamus, GPi, and STN were associated with corresponding changes in neuronal activity.
Our findings therefore support the proposed roles of the direct and indirect pathways in
driving opposite brain-wide activity.

Although the classical feedforward basal ganglia model puts forth opposing roles for the
direct and indirect pathways, recent studies have challenged this basic assumption (Calabresi
et al., 2014; Cui et al., 2013). For example, one study identified a mixed population of
excited and inhibited neurons in SNr during optogenetic stimulation of either D1- or D2-
MSNs (Freeze et al., 2013). Given the projection from SNr to thalamus, it remained
uncertain what the response of downstream thalamocortical regions would be. Our study
confirms that the thalamus and cortex exhibit not only opposite responses, but responses that
are in agreement with action initiation and suppression during direct and indirect pathway
activation, respectively. These findings provide mechanistic insight for and support previous
reports that bilateral stimulation of the direct pathway increases ambulation in mice, while
bilateral stimulation of the indirect pathway reduces ambulation and increases freezing
(Freeze et al., 2013; Kravitz et al., 2010). They also support the recent finding that D1-MSN,
but not D2-MSN, stimulation acts as a “go” signal for goal-directed sensorimotor
transformation (Sippy et al., 2015).

Interestingly, the sign of the fMRI BOLD response within the basal ganglia itself did not
strictly follow the changes in neuronal activity predicted from the classical feedforward
connections of direct or indirect pathways (Albin et al., 1989). In particular, the GPi and
STN exhibited positive BOLD signals during direct pathway stimulation and negative
BOLD signals during indirect pathway stimulation. These differences, which were found to
reflect underlying neuronal activity (Figure 7), suggest that the circuit dynamics within basal
ganglia during sustained (20 s) stimulation may be principally driven by feedback and non-
canonical pathways. For example, the hyperdirect pathway, which includes glutamatergic
projections from motor-related areas of cortex to STN (Monakow et al., 1978; Nambu et al.,
2002), may explain the changes in STN during D1- and D2-MSN stimulation. According to
this model, the positive STN response during direct pathway stimulation results from an
increase in excitatory input from cortex, while the negative response during indirect pathway
stimulation results from a decrease in excitatory input from cortex. If the hyperdirect
pathway is indeed responsible for driving subthalamic activity, it then follows that the GPi,
which receives strong excitatory input from STN, would also exhibit positive and negative
responses during D1- and D2-MSN stimulation. The presence of inhibitory interneurons
with local synapses and projection neurons with lateral connections throughout the basal
ganglia nuclei — including striatum, GPe, STN, and SNr (Oorschot, 2010) — offers another
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potential explanation for why the observed responses in STN and GPi diverge from the
classical model’s theoretical predictions. For example, after finding that D1- and D2-MSN
stimulations excite and inhibit a subset of SNr neurons, respectively, Freeze et al. (2013)
hypothesized that these non-classical dynamics may result from the relief and activation of
lateral inhibition formed by the local synapses of projection neurons.

Given the GPi’s GABAergic control over thalamus, it may come as a surprise that both
regions were excited and inhibited together during D1- and D2-MSN stimulation,
respectively. According to the direct and indirect pathway model, the thalamus should
respond in the opposite direction of the basal ganglia’s output nuclei. One attractive
explanation for this result is that thalamo-cortico-thalamic circuits help sustain the predicted
responses in thalamus and cortex at steady state, while feedback connections and local
circuitry drive the basal ganglia. Indeed, evidence suggests that cortico-thalamic projections
exhibit non-reciprocal connections with the basal ganglia relay nuclei in thalamus
(McFarland and Haber, 2002), providing an anatomical substrate for the widespread
recruitment of thalamus and cortex we observed.

Importantly, these proposed mechanisms are still compatible with the engagement of
pathways that have a functional influence in opposition to what was observed with fMRI.
For example, GABAergic input from striatum will still inhibit the GPi during D1-MSN
stimulation. However, our results suggest that this may not be the dominant pathway in
driving GPi activity at steady state. Indeed, the complexity of excitatory and non-excitatory
connections within the basal ganglia-thalamocortical circuit makes the outcome of sustained
D1- or D2-MSN stimulation on each region’s activity difficult to predict. We show that
ofMRI is a powerful tool to measure these unpredictable responses and identify the relative
influence of different pathways within the whole-brain circuit during a local, cell type-
specific perturbation.

The use of electrophysiology recordings alone to measure the activity of a single region
presents a limited perspective on D1- or D2-MSN stimulation’s effect on network-level
brain circuits. Exploiting fMRI’s large field-of-view in these experiments allowed us to
simultaneously visualize the whole-brain influence of direct or indirect pathway stimulation.
This is particularly important given the basal ganglia’s widespread influence on the cerebral
cortex. In non-human primates, for example, closed-loop circuits between the basal ganglia
and motor cortex, prefrontal cortex, and cingulate/orbitofrontal cortex are involved in
skeletomotor, cognitive, and limbic functions, respectively (Alexander et al., 1990;
Alexander et al., 1986). These pathways are generally thought to be topographically
segregated within the striatum, although exact boundaries are a subject of debate (Voorn et
al., 2004). In general, however, the dorsal striatum is typically associated with sensorimotor
function, while the ventral striatum is associated with processing limbic information. It is
perhaps surprising then that spatially restricted stimulation of either D1- or D2-MSNs in the
dorsomedial striatum evoked widespread fMRI activations throughout cortex and thalamus
(Figure 1D,H and Figure 3). This massive scale of activation suggests that basal ganglia
output within the beta frequency band does not necessarily propagate through the
thalamocortical loop via functionally distinct circuits. It has been suggested that
communication between these circuits is supported by non-reciprocal corticothalamic
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connections and laminar-specific thalamocortical projections (McFarland and Haber, 2002).
These projections may thus serve as the anatomical substrate underlying the propagation of
stimulus-driven activity throughout the brain during D1- and D2-MSN stimulations. It is
also important to note that beta oscillations are known to regulate long-range cortico-cortical
synchronizations (Schnitzler and Gross, 2005). Stimulation at 20 Hz may therefore cause
widespread cortical synchronization and lead to fMRI modulations in diverse regions of
cortex.

Beyond the basal ganglia-thalamocortical circuit, the results of our experiment provide
important insight into the cellular origins of the BOLD signal. While significant progress has
been made on understanding neurovascular coupling and the relationship between BOLD
signals and neuronal activity (Bandettini, 2014; Bandettini et al., 1992; Huettel et al., 2004;
Huttunen et al., 2008; Kilner et al., 2005; Logothetis, 2008; Wang et al., 2012), it remains
unknown how different cell populations contribute to this effect. Early optogenetic fMRI
studies helped address this issue, showing that selectively driving excitatory neurons in
cortex, hippocampus, and thalamus evoke local positive BOLD signals (Desai et al., 2011;
Duffy et al., 2015; Kahn et al., 2013; Lee et al., 2010; Liu et al., 2015; Weitz et al., 2015).
However, fMRI signals arising from predominately non-excitatory regions like the striatum
remain difficult to interpret. For example, it has been shown that inhibitory neuron activity is
accompanied by changes in blood flow and glucose metabolism (Buzsaki et al., 2007;
Lauritzen and Gold, 2003), while another study concluded that the net activity of inhibitory
Purkinje cells in cerebellum is unimportant for the vascular response (Mathiesen et al.,
1998). Most recently, it was shown that targeted excitation of parvalbumin-expressing
interneurons locally evokes positive BOLD signals with neighboring negative BOLD signals
(Lee et al., 2010). Yet because these interneurons were interspersed within the
predominately excitatory network of cortex, their specific contribution could not be easily
determined. Here, we demonstrate that targeted activations of inhibitory D1- and D2-MSNs
in striatum separately evoke local positive BOLD responses (Figure 6B). Given that 90-95%
of cells in striatum are inhibitory MSNs (Gerfen, 2004; Kemp and Powell, 1971), the
increase in striatal BOLD signal likely reflects the spiking activity of these GABAergic
neurons. An alternative explanation might be that the observed increase in signal is due to
synaptic input from cortex (Logothetis, 2003; Logothetis et al., 2001). However, the
expected reduction in glutamatergic input from thalamus and cortex to striatum during D2-
MSN stimulation renders the first explanation more likely. The increase in BOLD might also
reflect changes in the input of striatal interneurons, but these constitute only a fraction of the
local population (<10%). These data therefore strongly suggest that spiking of GABAergic
neurons causes a local positive BOLD response. This interpretation can be easily extended
to the many human fMRI studies that observed increases in the striatal BOLD signal during
reward-related stimuli (Breiter et al., 1997; Carlson et al., 2011; Risinger et al., 2005),
learning (Rauch et al., 1997), and memory cues (Lewis et al., 2004). Specifically, our
findings suggest it is possible that these increases reflect activation of striatal neurons, and
not simply an increase in synaptic input or local processing.

The combination of fMRI with brain stimulation — both optogenetic and electrical — offers a
powerful tool for visualizing the dynamic nature of brain circuits (Abe et al., 2012; Canals et
al., 2008; Desai et al., 2011; Duffy et al., 2015; Ferenczi et al., 2016; Field et al., 2008; Lee
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et al., 2010; Liu et al., 2015; Paek et al., 2015; Tolias et al., 2005; Weitz et al., 2015).
Interpretation of evoked signals, however, often relies on an understanding of underlying
circuitry. Determining to what extent stimulation-evoked BOLD responses can reflect
polysynaptic propagation has therefore been a central question within the field of fMRI.
While the majority of combined fMRI-stimulation studies report BOLD activation in
monosynaptically connected regions (Ekstrom et al., 2008; Gerits et al., 2012; Matsui et al.,
2011; Ohayon et al., 2013), several studies employing electrical microstimulation in
thalamus and cortex have demonstrated that stimulation effects can also spread to generate
remote BOLD signals across multiple synapses (Matsui et al., 2012; Murayama et al., 2011).
We add to this body of literature, showing that targeted stimulations of striatum generate
BOLD signals not only in the monosynaptically connected nuclei of basal ganglia, but also
in regions two or three synapses away, such as thalamus and cortex. Remarkably, these
signals exhibited polarities in agreement with the increases and decreases in neuronal
activity predicted from stimulation of D1- or D2-MSNss after tracing their inhibitory
projections through the basal ganglia’s inhibitory output. These data illustrate the power of
the fMRI BOLD signal in accurately capturing whole-brain dynamics through complex
circuits that include excitatory and inhibitory connections alike.

Experimental Procedures

Subjects

Two bacterial artificial chromosome (BAC)-mediated transgenic mouse lines from GENSAT
(Gong et al., 2003) were used in this study: BAC-Cre Drd1a-262 and BAC-Cre Drd2-44.
Mice expressed Cre-recombinase under control of either the D1 dopamine receptor (/7= 32
total) or D2 dopamine receptor (1= 27 total) regulatory elements. Male mice weighing 15—
20 g (~4 weeks old) were used as subjects. Animals were housed individually following
cannula implantation (see below) and provided with food and water ad /ibitum. All
experimental procedures and animal husbandry were performed in strict accordance with the
National Institutes of Health, UCLA Institutional Animal Care and Use Committee
(IACUC), and Stanford University IACUC guidelines. Of the 32 D1-Cre mice injected in
this study, 13 were used for imaging, 2 for immunohistochemistry, 6 for striatal recordings, 8
for thalamus recordings, and 3 for STN/GPi recordings. Of the 27 D2-Cre mice injected in
this study, 11 were used for imaging, 4 for immunohistochemistry, 5 for striatal recordings, 5
for thalamus recordings, and 2 for STN/GPi recordings. Note that one of the original D1-Cre
mice used for imaging exhibited negligible fMRI activity and no behavioral response to
stimulation (measured in rotations per minute, see below). It was therefore eliminated from
the study, leaving 7= 12 D1-Cre mice for further fMRI analysis. Functional opsin
expression was confirmed in all mice used for electrophysiology via a behavioral response to
stimulation.

Viral Expression and Stereotaxic Surgery

A double-floxed inverted (DIO) recombinant AAV1 virus was used to express ChR2-EYFP
in Cre-expressing neurons. The double-floxed reverse ChR2-EYFP cassette was cloned into
a modified version of the pAAV2-MCS vector (Stratagene, La Jolla, CA) carrying the EF-1a
promoter and WPRE to enhance expression. The recombinant AAV vector was serotyped
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with AAV1 coat proteins and packaged by the University of North Carolina viral vector core
(titer of 4 x 102 particles/ml). During surgery, animals were anesthetized with isoflurane
(induction 5%, maintenance 1.5-2%; Sigma-Aldrich, St. Louis, Missouri, USA) and secured
in a stereotactic frame (Kopf Instruments). A heating pad was used to maintain body
temperature, and artificial tears were applied to the eyes to prevent desiccation during
surgery. Buprenorphine (0.05 mg/kg) was injected subcutaneously for analgesia. After a
midline incision along the scalp, a small craniotomy and viral injection/cannula implantation
were performed at the dorsomedial striatum (+0.48 mm AP, —1.5 mm ML, injection at +3.0
mm DV). 1 ul of the AAV1/DIO-ChR2-EYFP virus was delivered using a 10 pl syringe and
34 gauge metal needle (World Precision Instruments Inc., Sarasota, FL) at a 100 nl/min flow
rate driven by a micro-syringe pump controller. The syringe needle was left in place for 5-
10 minutes and then slowly withdrawn. A custom-designed fiber-optic cannula was next
mounted and secured on the skull using metabond (Parkell Inc.), with the optical fiber
extending from the cannula’s base to the desired depth (~0.2 mm above the injection site).
Following surgery, mice were given buprenorphine (0.05 mg/kg, s.c.) twice daily for 2 days
to minimize post-operative discomfort. All experiments were conducted at least 3 weeks
following virus injection to ensure optimal ChR2 expression. Probe locations were validated
in all animals used for ofMRI experiments with T2-weighed structural MRI images.

Behavioral Analysis in Awake Mice

To validate functional ChR2 expression and successful control of the direct or indirect
pathway, the rotational behavior of freely moving animals was quantified during stimulation
of D1- or D2-MSNs. Animals were placed in a round arena (18.5 cm diameter), monitored
with an overhead video camera, and left to acclimate for 15 min before recording. A series
of 3-6 trials were performed with 20 s of photostimulation (20 Hz with a 30% duty cycle)
followed by 40 s without stimulation. Light was delivered via a 105 pm diameter optical
fiber connected to a 473 nm laser source (Laserglow Technologies, Toronto, Canada). Video
recording started 40 s prior to the first stimulation. For each trial, the number and direction
of rotations — defined by a full 360° turn in one direction without more than a 90° turn in the
opposite direction — were quantified for the periods with and without stimulation, and the
number of rotations per minute was calculated. All video recordings were scored blindly.

ofMRI Experiments and fMRI Data Analysis

fMRI scanning was performed using a 7 Tesla Bruker Biospec small animal MRI system. To
facilitate fMRI scanning under very light anesthesia (0.4-0.7% isoflurane mixed with O2
and N20), mice were gradually introduced to fMRI-related phenomena and rewarded with
peanut butter over the course of 14 days. A single ofMRI scan consisted of six 20 s pulse
trains of optical stimulation delivered once per minute over 6 min. Stimulation parameters
were the same as those used for behavior (20 Hz, 30% duty cycle, 2.5 mW via a 105 um
diameter optical fiber). Voxels whose time series were significantly modulated by
optogenetic stimulation were identified using Fourier domain techniques (Bandettini et al.,
1993). Regions of interest were based on a published MRI mouse atlas (http://
www.bioeng.nus.edu.sg/cfa/mouse_atlas.html) (Bai et al., 2012) that was corrected to
include all regions of the basal ganglia and cortex by aligning the anatomical template to a
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digital mouse atlas (Paxinos and Franklin, 2001). Further details on acclimation, the fMRI
experiment, and data analysis are provided in the Supplemental Experimental Procedures.

In Vivo Extracellular Electrophysiology

Single unit recordings were conducted at select sites modulated by light stimulation during
ofMRI to assess the underlying neural activity. After exposing and cleaning the skull, an
additional craniotomy was made above the desired recording site. An acute 16-channel
microelectrode array (NeuroNexus Technologies, model A1x16-5mm-25-177-A16) was
targeted to the recording site using stereotaxic instruments. As with behavior and ofMRI
experiments, the implanted fiber-optic cannula in striatum was connected to a 473 nm laser
source with an output power level of 2.5 mW via a 105 pm diameter optical fiber. Animals
were anesthetized with 0.6-0.8% isoflurane through a nose cone during recordings. Plexon’s
omniplex system and plexcontrol software were used to capture and sort the spike waveform
data in real-time. Recordings were collected for 20 s without stimulation, followed by
repeated stimulation cycles (20 s on, 40 s off). Threshold search and principal component
analysis in Plexon’s Offline Sorter application were used for automated detection of single-
unit spikes within multi-unit recordings. Thresholds were validated by visual inspection and
modified if necessary. For traces with multiple spike populations, thresholds were set to
capture all the spikes. The following coordinates represent the average recording location
across animals, when exact coordinates were available: +0.52 mm AP, -1.64 mm ML, +3.33
mm DV (striatum, 7= 10 of 11 animals), =1.32 mm AP, -1.08 mm ML, +3.58 mm DV
(thalamus, 7= 9 of 13 animals), —2.06 mm AP, —=1.39 mm ML, +4.54 mm DV (STN, n=4
of 4 animals), —1.34 mm AP, —=1.73 mm ML, +4.37 mm DV (GPi, n=5 of 5 animals).
Thalamic recordings were targeted to the ventrolateral (VL) motor nucleus.

Opsin Expression Validation

Immunohistochemistry was performed to assess the specificity of ChR2-EYFP expression to
dopaminergic D1- and D2-MSNs. Full details are provided in the Supplemental
Experimental Procedures.

General Statistics

All statistical comparisons were performed in the Matlab software environment
(MathWorks, Inc., Natick, MA). Circular statistics were performed using the CircStat
toolbox (Berens, 2009). Statistical significance for all tests was determined using a threshold
of @ =0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Combining optogenetic control of D1- and D2-M SNswith simultaneous fMRI readouts
revealsrobust distinct activity throughout the brain

A, Representative histology of ChR2-EYFP co-labelled with DARPP-32 (top) or dynorphin
(bottom) in D1-Cre mice. Arrows indicate cells co-expressing ChR2-EYFP and the stained
antibody. Arrowheads indicate ChR2-EYFP-negative cells expressing the stained antibody.
B, Quantification of ChR2 and antibody co-localization in D1-Cre mice. 87% of ChR2-
positive neurons were co-labelled with DARPP-32 (1= 2 mice, 150/172 cells), while 90% of
ChR2-positive neurons co-localized with dynorphin (DYN; 7= 2 mice, 135/150 cells). C, In
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behavioral tests with awake mice, the number of contraversive rotations per minute
significantly increased during D1-MSN stimulation (=12 animals, *** p < 0.001 two-
tailed paired t-test). D, Group-wise phase maps, masked to active voxels, of whole-brain
fMRI responses evoked during D1-MSN stimulation (/7= 12 animals). Dots numbered 1
through 23 on the left schematic indicate the location of coronal MRI slices. E,
Representative histology of ChR2-EYFP co-labelled with DARPP-32 (top) or enkephalin
(bottom) in D2-Cre mice. Arrows indicate cells co-expressing ChR2-EYFP and the stained
antibody. Arrowheads indicate ChR2-EYFP-negative cells expressing the stained antibody.
F, Quantification of ChR2 and antibody co-localization in D2-Cre mice. 89% of ChR2-
positive neurons co-labelled with DARPP-32 (7= 2 mice, 119/133 cells), while 83% of
ChR2-positive neurons were co-labelled with enkephalin (ENK; 7= 4 mice, 190/228 cells).
G, In behavioral tests with awake mice, the number of ipsiversive rotations per minute
significantly increased during D2-MSN stimulation, while the number of contraversive
rotations significantly decreased (7= 11 animals, * p < 0.05, ** p < 0.005; two-tailed paired
t-test). H, Group-wise phase maps, masked to active voxels, of whole-brain fMRI responses
evoked during D2-MSN stimulation (#7= 11 animals). Dots numbered 1 through 23 on the
left schematic indicate the location of coronal MRI slices. Abbreviations are as follows: Acc,
accumbens; Amy, amygdala; Au, auditory cortex; CPu, caudate putamen; GPe, external
globus pallidus; GPi, internal globus pallidus; Hp, hippocampus; MC, motor cortex; SC,
sensory cortex; SN substantia nigra; Spt, septal nuclei; STN, subthalamic nucleus; Thal,
thalamus; Vis, visual cortex. See also Figure S1.
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Figure 2. Brain-wide fMRI activations were segmented with anatomical regions of interest

(ROl s) for quantitative analysis of spatiotemporal properties
Segmented ROIs are overlaid as colored regions on a structural MRI image. ROIs were

further segmented according to left (ipsilateral) and right (contralateral) hemispheres, but are

shown together here for clarity.
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Figure 3. Whole-brain modulation volumes during D1- and D2-M SN stimulation measured with
fMRI show robust activity in many regions acrossthe brain

Values represent the percent of each ROI that is modulated by stimulation, and are shown as
mean + SEM across subjects (n7= 12 D1-Cre and 11 D2-Cre mice). Regions are grouped
according to subdivisions of standard developmental anatomical brain characterization
(diencephalon, limbic system, cortex, mesencephalon, metencephalon).
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Figure 4. Functional MRI time seriesreveal differential effects of D1- and D2-M SN stimulation
within the basal ganglia-thalamocortical loop

Average BOLD signal of active voxels in the ipsilateral basal ganglia-thalamocortical loop
thresholded from n= 12 D1-Cre and 11 D2-Cre animals. Time series values are expressed as
the percent signal change relative to a 30 s pre-stimulation baseline period. Values with
errorbars are mean £ SEM See also Figure S2.
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Figure5. Stimulations of D1- and D2-M SNsdrive distinct and opposing fMRI responsesin the
ipsilateral hemisphere

A, Schematic diagram of phase calculation for two fMRI time series. This example uses the
average fMRI time series within the thalamus during D1- (red) and D2-MSN (bluge)
stimulation. Phase () is calculated as the angle of the Fourier transform at the frequency of
repeated stimulations (1/60 Hz). This corresponds to the temporal shift of the sinusoid that
best fits the data in the least-squares sense (solid black lines). B, Distribution of phase values
within the ipsilateral basal ganglia-thalamocortical loop during D1- and D2-MSN
stimulation. Skinny arrows indicate subject-specific values. Bolded arrows indicate group
averages. All regions, except the anterior caudate putamen (i.e. the site of stimulation),
exhibit significantly different phase values between D1- and D2-MSN stimulation (p <
0.001, circular Watson-Williams test; 7= 12 and 11 animals, respectively). Regions are
sorted by p value in descending order from left to right. C, Histogram of p values from
circular Watson-Williams tests in panel B. D, Quantification of ZBOLD values for each ROI
with statistical comparisons between D1- and D2-MSN stimulation (* p < 0.05, *** p <
0.001; two-tailed t-test). ZBOLD was calculated as the summation of each ROI’s average
time series. See also Figures S3 and S4.

Neuron. Author manuscript; available in PMC 2017 July 26.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Leeetal.

A

D1-MSN stim.
—
~N
L
]
T
o
o)
=
=

-
[}

—_
N

[oe)

IS

o

E
G D1-MSN stim.
N
o=
N
20 g
215 o
£ 10 2
> 5 i
E g

-20 0 20 40
Time after stim. onset (s)

e
S 0 N O

0

Time after stim. onset (s)

Page 23

Anterior CPu Time Series
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Figure 6. Neuronal activity mirrorsthe polarity of fMRI responses evoked in striatum and
thalamus during D1- and D2-M SN stimulations

A ,E, Schematics of single-unit recording locations within striatum and thalamus. Red dots
indicate the average recording location, with crossbars indicating the standard deviation
across animals. B, D1- and D2-MSN stimulations both drive robust, positive fMRI responses
in striatum. Time series are averaged over all active voxels within the anterior caudate
putamen ROI and are expressed as the percent signal change relative to a 30 s pre-
stimulation baseline period. Values are presented as mean = SEM across animals (7= 12 and
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11 for D1- and D2-MSN stimulation, respectively). C, Peri-event time histograms of two
representative neurons illustrate the immediate and sustained increase in striatal neuronal
activity during direct and indirect pathway stimulations. To the right of each histogram are
the corresponding firing rates before, during, and after stimulation for that neuron (20 s
periods, n= 21 and 26 trials, *** P < 0.001 one-tailed paired t-test, mean £ SEM). D, 100
and 99% of cells recorded in striatum during D1- and D2-MSN stimulation, respectively,
exhibit an increase in firing rate. F, D1-MSN stimulation drives a robust positive BOLD
response in thalamus, while D2-MSN stimulation drives a robust negative response.
Analysis was the same as panel B. G, Peri-event time histograms of two representative
neurons in thalamus during D1-and D2-MSN stimulation. Stimulation of the direct pathway
evokes a sustained increase in neuronal activity, while stimulation of the indirect pathway
evokes an immediate and sustained decrease in neuronal activity. To the right of each
histogram are the corresponding firing rates before, during, and after stimulation for that
neuron (20 s periods, 7= 22 and 7 trials, *** P < 0.001 one-tailed paired t-test, mean
SEM). H, 94% of cells recorded during D1-MSN stimulation exhibit an increase in firing
rate, while 79% of recorded units during D2-MSN stimulation exhibit a decrease in firing
rate. Changes in firing rate in panels D and H are determined by one-tailed paired t-tests.
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Figure 7. Neuronal activity mirrorsthe polarity of fMRI responses evoked in STN and GPi
during D1- and D2-M SN stimulations

A,E, Schematics of single-unit recording locations within STN and GPi during striatal
stimulation. Vertical lines within the magnified insets show the range of electrode contact
placement for each animal. B,F, D1-MSN stimulation drives a robust positive BOLD
response in STN and GPi, while D2-MSN stimulation drives a robust negative response in
these two regions. Time series are averaged over all active voxels within each ROI and are
expressed as the percent signal change relative to a 30 s pre-stimulation baseline period.
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Values are presented as mean £ SEM across animals (=12 and 11 for D1- and D2-MSN
stimulation, respectively). C,G, Peri-event time histograms of representative STN and GPi
neurons illustrate the increase in neuronal activity observed in these regions during direct
pathway stimulation and the decrease in activity observed during indirect pathway
stimulation. To the right of each histogram are the corresponding firing rates before, during,
and after stimulation for that neuron (20 s periods, 7= 20 trials, *** P < 0.001 one-tailed
paired t-test, mean + SEM). D, Quantification of single-unit response types in STN during
D1- and D2-MSN stimulation. 37% of cells recorded in STN during D1-MSN stimulation
(i.e. all modulated units) exhibit an increase in firing rate, while 76% of STN units exhibit a
decrease in firing rate during D2-MSN stimulation. 7% of STN units also exhibit an increase
in firing rate during D2-MSN stimulation. H, Quantification of single-unit response types in
GPi during D1- and D2-MSN stimulation. 34% of cells recorded in GPi during D1-MSN
stimulation (i.e. all modulated units) exhibit an increase in firing rate. 100% of GPi units
exhibit a decrease in firing rate during D2-MSN stimulation.
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