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SUMMARY

Ventral tegmental area (VTA) dopamine (DA) neurons
have been implicated in reward, aversion, salience,
cognition, and several neuropsychiatric disorders.
Optogenetic approaches involving transgenic Cre-
driver mouse lines provide powerful tools for dissect-
ing DA-specific functions. However, the emerging
complexity of VTA circuits requires Cre-driver mouse
lines that restrict transgene expression to a precisely
defined cell population. Because of recent work re-
porting that VTA DA neurons projecting to the lateral
habenula release GABA, but not DA, we performed
an extensive anatomical, molecular, and functional
characterization of prominent DA transgenic mouse
driver lines. We find that transgenes under control
of the tyrosine hydroxylase, but not the dopamine
transporter, promoter exhibit dramatic non-DA cell-
specific expression patterns within and around VTA
nuclei. Our results demonstrate how Cre expression
in unintentionally targeted cells in transgenic mouse
lines can confound the interpretation of supposedly
cell-type-specific experiments. This Matters Arising
paper is in response to Stamatakis et al. (2013), pub-
lished in Neuron. See also the Matters Arising
Response paper by Stuber et al. (2015), published
concurrently with this Matters Arising in Neuron.

INTRODUCTION

Transgenic rodent models that provide genetic access to spe-

cific cell populations in the nervous system have become indis-

pensable in modern neuroscience research. In recent years the

use of Cre-driver lines in combination with Cre-dependent opto-

genetic tools has proven to be a particularly fruitful approach,

permitting selective, bidirectional control of neural activity in
genetically defined cell populations (Deisseroth, 2014; Yizhar

et al., 2011). Many of these studies have focused on midbrain

dopamine (DA) neurons, thus far identifying roles for these cells

in reward, reinforcement, motivation, aversion, depression, so-

cial interaction, and other aspects of normal and maladaptive

brain function (Chaudhury et al., 2013; Ilango et al., 2014; Lammel

et al., 2012; Rothermel et al., 2013; Stamatakis et al., 2013; Stein-

berg et al., 2013; Tsai et al., 2009; Tye et al., 2013). The most

widely implemented approach for targetingmidbrain DA neurons

involves the use of transgenic Cre-driver mouse lines where Cre

recombinase is expressed under the control of tyrosine hydrox-

ylase (TH) or dopamine transporter (DAT) promoters (Lindeberg

et al., 2004; Savitt et al., 2005; Zhuang et al., 2005).

In the ventral midbrain, TH, the rate-limiting enzyme in the syn-

thesis of DA, is considered to be the gold standard for identifying

DA neurons and is now themost common genetic ‘‘handle’’ used

to drive exogenous gene expression. Accordingly, TH-Cre

knock-in mouse driver lines have been used in �80% of the

studies that involved Cre-dependent targeting of midbrain DA

neurons (Adamantidis et al., 2011; Chaudhury et al., 2013;

Chuang et al., 2011; Danjo et al., 2014; Friedman et al., 2014; Gu-

naydin et al., 2014; Ilango et al., 2014; Kim et al., 2013; Lammel

et al., 2012; Rothermel et al., 2013; Stamatakis et al., 2013; Tan

et al., 2012; Tsai et al., 2009; Tye et al., 2013; Walsh et al., 2014).

Furthermore, the most widely accepted method of confirming

DAergic identity in vivo and ex vivo is to demonstrate co-locali-

zation of immunohistochemically detected TH with a cell-filling

dye injected during recording (Ungless and Grace, 2012).

Using TH-Cre mice, a recent study described a unique popu-

lation of lateral habenula (LHb)-projecting VTA DA neurons that

release GABA but not DA (Stamatakis et al., 2013). Accurate

interpretation of these and other experiments that employ cell-

type-specific transgenic animals crucially depends on the

degree to which transgene expression faithfully reproduces

native gene expression patterns. Insofar as Cre expression ex-

tends beyond the cellular population of interest, the effects of

manipulating unintentionally targeted cells may be erroneously

attributed. This issue is especially significant in brain regions

where neighboring cells are functionally diverse, such as the
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Figure 1. Anatomical Characterization of Transgenic Cre Mouse Driver Lines
(A) Regions of the posterior midbrain in which eYFP/TH co-localization was analyzed (blue: midline VTA; green: lateral VTA, red: interpeduncular

nucleus, IPN).

(legend continued on next page)
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VTA, which in addition to a heterogeneous population of DA

neurons (Fields et al., 2007; Lammel et al., 2014; Roeper, 2013)

also contains subpopulations of heterogeneous GABAergic

and glutamatergic neurons (Brown et al., 2012; Hnasko et al.,

2012; Li et al., 2013; Margolis et al., 2012; Nair-Roberts et al.,

2008; Olson and Nestler, 2007). Here, we systematically evalu-

ated prominent DA transgenic mouse lines to assess transgene

specificity for midbrain DA neurons. We found that lines employ-

ing the TH, but not DAT, promoter exhibit substantial transgene

expression in non-DA neurons. By analyzing VTA neurons pro-

jecting to LHb in these and other Cre drive mouse lines, we iden-

tify a previously unappreciated population of LHb-projecting

VTA GABA neurons, thereby highlighting the potential for

ectopic expression in supposedly DA-specific mouse lines to

cloud our understanding of complex midbrain circuits.

RESULTS

Anatomical Characterization of DA Neuron-Targeted
Transgenic Mouse Lines
Double-floxed (DIO) AAV-DJ-eYFP (1 ml, �1012 infectious units/

ml) was unilaterally injected into the VTA of TH::IRES-Cre

knock-in mice (European Mouse Mutant Archive; stock number:

EM:00254; backcrossed at least 5 generations with C57Bl/6

mice) (Lindeberg et al., 2004). This injection volume and viral titer

is similar to those used by other groups to target midbrain DA

neurons with Cre-dependent AAV viruses (Chaudhury et al.,

2013; Stamatakis et al., 2013; Tsai et al., 2009; Tye et al., 2013).

Surprisingly, TH immunostaining revealed dramatic eYFP

expression in TH-immunonegative cells within and adjacent to

the VTA, in addition to expression in TH-immunopositive neurons

in the VTA and substantia nigra (Figures 1A–1F). Notably, strong

eYFPexpressionwasobserved inbrain areasadjacent to theVTA

that typically do not exhibit TH immunostaining, including the in-

terpeduncular nucleus (IPN) and supramammillary (SuM) nu-

cleus. We systematically analyzed co-localization of eYFP

expression with immunohistochemically detected TH in five

different regions of the posterior (Figures 1A–1C) and anterior

(Figures 1D–1F) ventral midbrain. Co-localizationwas the highest

in lateral regions of the posterior and anterior VTA. In contrast,

extremely low levels of co-localization were observed in midline

VTA regions of the posterior and anterior ventral midbrain. No

co-localization was detected in the IPN although we observed

strong eYFP expression in this area (Figures 1G and S1A). Impor-

tantly, when these five regions were considered collectively, we

found similar proportions of eYFP-expressing cells that lacked

TH and eYFP-expressing cells that contained TH (eYFP+/TH�
52% ± 3%; eYFP+/TH+ 48% ± 3%; n = 3 mice, Figure 1H).
(B) Fluorescence image of a coronal brain slice showing TH immunostaining (546

number of TH-immunopositive cells in the midline VTA region (blue) and absenc

(C) Fluorescence image showing eYFP expression (488 nm, green) and TH immun

(D) Mouse brain atlas showing areas in the anterior midbrain in which eYFP/TH c

(E) Fluorescence image of a coronal brain slice showing TH immunostaining (546 n

low number of TH-immunopositive cells in the midline VTA region (orange).

(F) Fluorescence image showing eYFP-expression (488 nm, green) and TH immun

(G) Fluorescence images comparing the areas depicted in (A) and (D) for differen

(H) Pie charts showing the total percentage of co-localization of eYFP with T

color-coded areas depicted in (A) and (D) and for the mouse lines presented in (
Given that prior studies that employ TH-Cre mice generally

report high levels of TH specificity (> 98%) (e.g., Chaudhury

et al., 2013; Stamatakis et al., 2013), we characterized another

TH::IRES-Cre knock-in mouse line generated by a different

laboratory (Savitt et al., 2005) and obtained from the Jackson

Laboratory (stock number: JAX:8601). These mice showed

a similar eYFP expression pattern (eYFP+/TH� 41% ± 1%;

eYFP+/TH+ 59% ± 1%; n = 3 mice, Figures 1G, 1H, and S1B).

The high levels of specificity observed in previous studies of

TH-Cre mice were likely observed because only lateral portions

of the VTA were examined. However, the standard volume of vi-

rus we infused (1 ml) spread well beyond the borders of the lateral

VTA, making it difficult to envision how optogenetic manipula-

tions could be exclusively confined to this region in order to

circumvent the lack of specificity in transgene expression

observed in immediately adjacent areas.

Because of the poor specificity of transgene expression in

TH-Cre mice, we conducted the same systematic anatomical

analysis of transgene expression in DAT-Cremice (Jackson Lab-

oratory, stock number: 006660) (Zhuang et al., 2005). In marked

contrast to TH-Cre mice, TH immunostaining of brain sections

from DAT-Cre mice previously injected with AAV-DJ-DIO-eYFP

(1 ml) revealed that the overwhelming majority of eYFP-express-

ing neurons in all ventral midbrain regions were TH-immunopos-

itive (eYFP+/TH� 4% ± 1%; eYFP+/TH+; 96% ± 1%; n = 3mice,

Figures 1G, 1H, and S1C).We also analyzed transgenicmice that

expressed GFP under control of the TH promoter (Sawamoto

et al., 2001). Co-localization of GFP with TH was similar to that

of TH-Cre mice (GFP+/TH� 31% ± 4%; GFP+/TH+ 69% ± 4%;

n = 4 mice, Figures 1G, 1H, and S1D).

Additional results suggest that our measures of TH and eYFP/

GFP co-localization in TH-driver lines were accurate and not due

to leaky expression of Cre-dependent viral constructs, or non-

optimal immunohistochemical and/or imaging techniques. First,

VTA injection of either AAV5-DIO-eYFP (1 ml) (Figure S1E) or

AAV5-DIO-ChR2-eYFP (1 ml, data not shown) shows similar

lack of specificity. Second, we observed almost no eYFP

expression following double-floxed AAV injections into the VTA

of wild-type C57Bl6 mice (< 10 eYFP-positive cells per mouse,

n = 2 mice, data not shown). Third, similar expression patterns

were observed when we crossed TH-Cre or DAT-Cre mice

with a tdTomato reporter line (Ai14). Analysis of co-localization

of TH with tdTomato in 3-week-old TH-Cre/Ai14 or DAT-Cre/

Ai14 mice revealed substantial expression of tdTomato in

TH-immunonegative cells within and adjacent to VTA nuclei

in TH-Cre driver lines but not DAT-Cre-driver lines (data not

shown). Fourth, DOPA decarboxylase, another key enzyme

required for catecholamine synthesis, was also not detectable
nm, red) of the same region depicted in (A) from a C57Bl6 mouse. Note the low

e of TH-positive cells in the IPN (red).

ostaining (546 nm, red) of the same region depicted in (A) from a TH-Cremouse.

o-localization has been analyzed (brown: lateral VTA; orange: midline VTA).

m, red) of the same region depicted in (D) from a C57Bl6 mouse. Note the very

ostaining (546 nm, red) of the same region depicted in (D) from a TH-Cremouse.

t transgenic mouse driver lines (eYFP, 488 nm, green; TH, 546 nm, red).

H-immunopositive (yellow) or TH-immunonegative (green) cells for the five

G). All scale bars: 200 mm.
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Figure 2. Electrophysiological and Molecular Properties of eYFP-Expressing Cells in TH-Cre Mice

(A) Experimental approach for characterizing electrophysiological properties of eYFP-expressing cells in TH-Cre mice. Inset shows a neuron expressing eYFP

prior to recording. Scale bar: 10 mm.

(B) Anatomical positions of the recorded and neurobiotin-filled cells that are TH immunonegative (green) or TH immunopositive (yellow).

(legend continued on next page)

432 Neuron 85, 429–438, January 21, 2015 ª2015 Elsevier Inc.



in eYFP+/TH� cells (Figure S2A). Fifth, in TH-Cre mice that

received VTA-targeted injections of AAV-DJ-DIO-eYFP we

observed substantial axonal eYFP expression in brain regions

(LHb and lateral septum) with extremely low TH immunoreac-

tivity. This pattern was not observed in DAT-Cre mice (Figures

S2B and S2C). Sixth, we tested two different TH antibodies (Cal-

biochem and Pel-Freez), but neither led to detectable cellular TH

immunosignals in areas such as the IPN or SuM, which would

explain the transgene expression patterns observed in TH-Cre

mice (data not shown).

Different Electrophysiological andMolecular Properties
of Cre-Expressing DA and Non-DA Neurons
Because many midbrain cells in TH-Cre mice expressed eYFP

but did not show TH immunostaining, we next determined

whether the electrophysiological properties of eYFP+/TH� cells

were distinct from those of eYFP+/TH+ cells. To accomplish this,

we injected AAV-DJ-DIO-eYFP (1 ml) into the VTA of TH-Cremice

(JAX:8601) and performed whole-cell recordings from eYFP-

positive neurons in coronal midbrain slices (Figure 2A). Cells

were filled with neurobiotin during recordings and subsequently

analyzed for neurochemical phenotype using TH immunohisto-

chemistry. Consistent with our anatomical characterization, we

found eYFP+/TH� cells in midline VTA regions of the posterior

and anterior midbrain as well as in the IPN. In contrast, most

eYFP-expressing cells in more lateral VTA regions were TH+

(Figures 2B and 2C).

Upon injection of hyperpolarizing currents both eYFP+/TH+

and eYFP+/TH� cells showed large variability in the amplitude

of the sag component that is mediated by HCN (hyperpolar-

ization-activated cyclic nucleotide-gated) channels (sag ampli-

tude: TH�, 16.2 ± 3.4 mV, n = 10; TH+, 17.5 ± 3 mV, n = 11;

p = 0.7656) (Figures 2D and 2E). However, upon repolarization

at the end of the hyperpolarizing step, eYFP+/TH+ cells showed

a prominent inhibition of spike firing with a slow return to the

firing threshold. In contrast, lack of a prominent rebound delay

was nearly uniform in eYFP+/TH� cells (TH�, 58.5 ± 12.6 ms,

n = 10; TH+, 368.4 ± 68.3 ms, n = 10; p = 0.0004) (Figures 2D

and 2E). In addition, the maximal firing frequencies in response

to increasing steps of current injections (TH�, 69.3 ± 13.6 Hz,
(C) Sample confocal images of individual eYFP-expressing cells (488 nm, green) t

immunostained for tyrosine-hydroxylase (TH; 647 nm, blue). All scale bars: 10 mm

(D) Sample whole-cell patch-clamp recording from an eYFP-expressing cell that

right: TH-immunopositive cell. Corresponding membrane potentials in response t

cells. Note that both cell types show prominent sags during the hyperpolarizing

(E) Bar graphs showing mean sag amplitudes (left) and mean rebound delays (r

represent means ± SEM.

(F) Corresponding membrane-potential responses to depolarizing current pulses

block of spontaneous electrical activity after discharging at different maximal fre

(G) Bar graphs showing mean maximal firing frequency after reaching depolarizi

from eYFP+/TH� (green) and eYFP+/TH+ (yellow) cells. ***p < 0.001. Data repre

(H) Single high-resolution action-potential (AP) waveforms from an eYFP+/TH� (

(I) Bar graphs showing mean AP duration (left) and mean afterhyperpolarization (

**p < 0.01. Data represent means ± SEM.

(J) Schematic drawing of the experimental approach to analyze gene expression

(K) Bar graph comparing the percentage of eYFP-expressing cells that express T

VTA, midline VTA, and interpeduncular nucleus (IPN).

(L) Pie charts showing eYFP-expressing cells that co-express TH, DAT, and VMA

lateral VTA as well as midline VTA and IPN regions. Striped area indicates cells e
n = 10; TH+, 16.8 ± 2.9 Hz, n = 15; p = 0.0001) (Figures 2F and

2G) as well as the spontaneous discharge rate (TH�, 7.1 ±

1 Hz, n = 6; TH+, 2.3 ± 0.3, n = 8; p = 0.0002) (Figure 2G) were

in most cases higher in eYFP+/TH� cells as compared to

eYFP+/TH+ cells. Analysis of fully resolved action potentials

(AP) revealed that AP durations in eYFP+/TH� cells were in

most cases shorter than those of eYFP+/TH+ cells (Figures 2H

and 2I) (AP duration at threshold: TH�, 2.3 ± 0.4 ms, n = 6;

TH+, 4.4 ± 0.3 ms, n = 8; p = 0.0016). There were no significant

differences in the single AP afterhyperpolarization (AHP: TH�,

�59.4 ± 2.2 mV, n = 6; TH+, �56.5 ± 1.1 mV, n = 8; p =

0.2342) (Figure 2I) nor AP threshold (data not shown). Impor-

tantly, the electrophysiological properties of eYFP+/TH� cells

are consistent with properties previously observed in VTA

GABAergic neurons (Chieng et al., 2011; Johnson and North,

1992; Korotkova et al., 2004), and are substantially different

from identified DA subpopulations, including those with uncon-

ventional electrophysiological properties (e.g., mesocortical DA

neurons, see Lammel et al., 2008).

We next quantified the gene expression profiles of single

eYFP+ neurons in TH-Cre knock in mice (JAX:8601) by extract-

ing their intracellular contents and using parallel quantitative

real-time PCR (Fluidigm, BioMark) (Figure 2J). Most eYFP+ cells

in the substantia nigra pars compacta (SNc) and lateral VTA

expressed genes classically associated with DA synthesis

(TH: tyrosine hydroxylase), uptake (DAT: dopamine transporter),

and release (VMAT2: vesicular monamine transporter 2) (SNc

TH: 87.5%, DAT: 87.5%, VMAT2: 75%, n = 8; lateral VTA TH:

92.9%, DAT: 78.6%, VMAT2: 78.6%, n = 28). In contrast, in

midline VTA regions a much smaller percentage of eYFP+ cells

expressed these genes (TH: 25%, DAT: 15%, VMAT2: 10%,

n = 20). Even though eYFP+ cells in the IPN did not express

detectable TH protein, the vast majority of these cells did exhibit

detectable levels of TH mRNA transcipts. However, these cells

completely lacked other important DAergic marker genes such

as DAT and VMAT2 (TH: 86.7%, DAT: 0%, VMAT2: 0%, n =

15) (Figures 2K andS3). Furthermore, while�75%of eYFP+ neu-

rons in the SNc and lateral VTA co-expressed TH, DAT, and

VMAT2 (72.2%, n = 26/36 cells), only �6% of the cells in IPN

and midline VTA regions co-expressed these genes (5.7%,
hat were filled with neurobiotin (NB; 546 nm, red) via the recording pipette and

.

has been NB-filled and posthoc stained for TH. Left: TH-immunonegative cell;

o hyperpolarizing currents shows lack of rebound delay in TH-immunonegative

steps.

ight) for eYFP+/TH� (green) and eYFP+/TH+ (yellow) cells. ***p < 0.001. Data

. Note that eYFP+/TH� (left) and eYFP+/TH+ (right) cells show depolarization

quencies.

ng block (left) and mean spontaneous firing frequencies (no current injections)

sent means ± SEM.

left) or eYFP+/TH+ (right) cell.

AHP) amplitudes (right) for eYFP+/TH� (green) and eYFP+/TH+ (yellow) cells.

profiles of eYFP-expressing cells in TH-Cre mice.

H, DAT, or VMAT2 genes in the substantia nigra pars compacta (SNc), lateral

T2 (yellow) or lack co-expression of TH, DAT, and VMAT2 (green) for SNc and

xpressing GAD1 and/or GAD2 genes.
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Figure 3. Optogenetic Dissection of the Mesohabenular Pathway

(A) Schematic showing dual injections of fluorescent beads into the LHb and AAV into the VTA of a TH-Cre mouse (JAX:8601).

(B) Confocal image demonstrating retrogradely labeled (i.e., bead-containing, 546 nm, red) and TH (647 nm, blue)-immunonegative VTA neurons that express

eYFP (488 nm, green). Scale bar: 20 mm.

(C) Bar graph showing that all retrogradely labeled cells that also express eYFP do not possess detectable TH immunosignals.

(D) Schematic of AAV injection into the VTA of TH-Cre, DAT-Cre, GAD2-Cre, and VGlut2-Cremice and ex vivo whole-cell patch-clamp recordings of LHb neurons.

(E) Left: light-evoked IPSCs recorded from LHb neurons in TH-Cre mice are blocked by bath application of picrotoxin (red trace). Scale bar: 100 pA, 10 ms. Inset

shows ChR2-eYFP (488 nm, green) expression in the LHb of a TH-Cre mouse. Scale bar: 200 mm. Right: bar graph showing mean IPSC amplitudes before (blue)

and after (red) bath application of picrotoxin. Pie chart indicates the percentage of recorded LHb neurons that responded to light stimulation. **p < 0.01. Data

represent means ± SEM.

(F) Same experimental approach as in Figure 3E, but for DAT-Cre mice.

(G) Same experimental approach as in Figure 3E, but for GAD2-Cre mice. *p < 0.05. Data represent means ± SEM.

(H) Left: light-evoked EPSCs recorded from LHb neurons in VGlut2-Cre mice are blocked by bath application of CNQX (red trace). Scale bar: 100 pA, 10ms. Inset

shows ChR2-eYFP (488 nm, green) expression in the LHb of a VGlut2-Cre mouse. Scale bar: 200 mm. Right: bar graph showing mean EPSC amplitudes before

(legend continued on next page)
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n = 2/35 cells). In contrast, nearly half of the eYFP+ cells in the

IPN and midline VTA that lacked co-expression of TH, DAT,

and VMAT2 showed detectable levels of GAD1/2 gene expres-

sion (48.6%, n = 17/35 cells). Only �6% of the eYFP+ cells

that co-expressed TH, DAT, and VMAT2 expressed GAD1/2

(5.6%, n = 2/36) (Figures 2L and S3).

Optogenetic Dissection of the Mesohabenular Pathway
using Transgenic Mouse Lines
TH-Cre mice that received VTA-targeted injections of AAV-DJ-

DIO-eYFP showed substantial axonal eYFP expression in the

LHb while TH-immunolabeled terminals are almost completely

absent (Figure S2B; Hnasko et al., 2012; Stamatakis et al.,

2013). Because of this inconsistency the existence of a unique

population of VTA DA neurons that projects to the LHb has

been proposed. Specifically, using TH-Cre knock-in mice

(TH::IRES-Cre) it was demonstrated that optogenetic activation

of this projection inhibits LHb neurons via synaptically released

GABA, but not DA, to promote reward-related behaviors (Stama-

takis et al., 2013). Because of the prominent ectopic patterns of

transgene expression we observed in TH-Cre mice we re-evalu-

ated this conclusion by first injecting retrobeads into the LHb and

AAV-DJ-DIO-eYFP (1 ml) into the VTA of TH-Cremice (JAX:8601).

Consistent with previous reports (Gruber et al., 2007; Skager-

berg et al., 1984; Stamatakis et al., 2013; Swanson, 1982), retro-

gradely labeled neurons were predominately located in midline

VTA nuclei of the anterior and posterior midbrain. However, all

retrogradely labeled cells that expressed eYFP were also TH-

immunonegative (n = 36/36 cells, n = 2 mice) (Figures 3A–3C).

Indeed, additional retrograde tracing experiments in C57Bl6

wild-type mice revealed that the vast majority (�97%–99%) of

the mesohabenular neurons were TH-immunonegative (Figures

S4A–S4H). To determine the neurochemical phenotype of VTA

neurons projecting to LHb we injected retrobeads into the LHb

of GAD2-Cre and VGlut2-Cre mice that had been crossed with

an Ai14 reporter line. Virtually all of the LHb-projecting, retro-

bead-containing cells expressed GABAergic or glutamatergic

markers with few if any TH-immunopositive neurons (Figures

S4I and S4J). Importantly, a recent study suggests that the ma-

jority of mesohabenular neurons co-express both GABAergic

and glutamatergic molecular markers, but do not possess

detectable TH immunosignals (Root et al., 2014a).

To further dissect the functional role of mesohabenular projec-

tions, we injected AAV5-DIO-ChR2-eYFP (1 ml) into the VTA of

TH-Cre (JAX:8601), DAT-Cre, GAD2-Cre, and VGlut2-Cre mice

(Figure 3D). We observed strong ChR2 expression in the LHb

of all transgenic lines except DAT-Cre mice, which showed
(blue) and after (red) bath application of CNQX. Pie chart indicates the percentag

represent means ± SEM.

(I) Schematic of AAV injection into the VTA of TH-Cre, GAD2-Cre, and VGlut2-Cr

(J) Location of a TH-Cre (upper panel) and a VGlut2-Cre (lower panel) animal tha

(K) TH-Cre (n = 4) and GAD2-Cre (n = 5) mice show a mild preference for the com

avoid the same compartment. A 2-way repeated-measures ANOVA revealed

compartment interaction (F4,20 = 4.448, p = 0.01). Student-Newman-Keuls post-ho

other in the amount of time spent in stimulated or non-stimulated compartments (p

(p values < 0.012). Inset graph shows that reversing the compartment in whic

compartment. Data represent means ± SEM, *p < 0.05, **p < 0.01.
extremely sparse ChR2 expression within the LHb (Figures 3E–

3H; Figure S2B). Voltage clamp recordings from LHb neurons

revealed that light pulses that selectively stimulated TH-Cre

or GAD2-Cre ChR2 fibers in the LHb evoked inhibitory postsyn-

aptic currents (IPSCs) that were almost completely blocked

by the GABA-A receptor antagonist picrotoxin (50 mM) (TH-

Cre: �548.2 ± 85.8 pA, n = 8, in picrotoxin: �48.9 ± 12 pA,

n = 4, p = 0.0025; GAD2-Cre: �370.4 ± 94.1 pA, n = 9, in picro-

toxin:�25.3 ± 5.6 pA, n = 5, p = 0.02). Of the neurons recorded in

the LHb �67% (n = 8/12 cells) received direct monosynaptic

inhibitory input from VTA TH-Cre neurons and 75% (n = 9/12

cells) received direct monosynaptic inhibitory input from VTA

GAD2-Cre neurons (Figures 3E and 3G). Light pulses never

evoked detectable IPSCs in LHb neurons from DAT-Cre mice

(n = 0/15 cells) (Figure 3F). In contrast, light stimulation of

VGlut2-Cre ChR2 fibers in the LHb evoked excitatory post-

synaptic currents (EPSCs) that were blocked by an AMPA

(a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid) re-

ceptor antagonist (�382.6 ± 75.8 pA, n = 9, in 10 mM CNQX:

�46.6 ± 23.1 pA, n = 7, p = 0.002) in 90% (n = 9/10 cells) of

LHb neurons, thus revealing a strong direct excitatory input

from VTA VGlut2-Cre neurons to LHb (Figure 3H).

Optogenetic activation of the mesohabenular pathway in TH-

Cre mice induced a reward-related phenotype that required

GABA release in the LHb (Stamatakis et al., 2013). Our results

suggest that we should observe a similar behavioral phenotype

in both TH-Cre and GAD2-Cre mice. In contrast, as optogenetic

activation of excitatory inputs from the entopeduncular nucleus

to LHb as well as from LHb to RMTg/VTA mediates aversive be-

haviors (Lammel et al., 2012; Shabel et al., 2012; Stamatakis and

Stuber, 2012), we hypothized that activation of excitatory meso-

habenula projections in the LHb of VGlut2-Cre mice would

generate aversion. These predictions were confirmed using a

real-time place preference assay in TH-Cre (JAX:8601) (n = 4),

GAD2-Cre (n = 5), and VGlut2-Cre (n = 4) mice that were injected

in the VTA with AAV5-DIO-ChR2-eYFP (1 ml) and implanted with

bilateral optical fibers above the LHb (Figures 3I–3K). Activation

of mesohabenula projections in the LHb of VGlut2-Cre mice

caused a robust real-time place aversion (stimulation compart-

ment versus non-stimulation compartment p = 0.003; 2-way

repeated-measures ANOVA followed by Student-Newman-

Keuls post hoc test; Figure 3J lower panel, and Figure 3K).

Indeed, switching the stimulation to the original non-stimulated

compartment caused immediate avoidance of that compart-

ment (p < 0.001; Figure 3K inset). In contrast, consistent with pre-

vious work (Stamatakis et al., 2013), activation of mesohabenula

projections in the LHb of TH-Cre mice and GAD2-Cre mice
e of recorded LHb neurons that responded to light stimulation. **p < 0.01. Data

e mice and light activation of LHb terminals.

t received stimulation in the compartment marked by the blue arrow.

partment paired with optical stimulation, while VGlut2-Cre mice (n = 4) robustly

a main effect of compartment (F2,20 = 7.171, p = 0.004) and a genotype 3

c tests demonstrated that TH-Cre and GAD2-Cremice did not differ from each

values > 0.63), but both differed from VGlut2-Cre mice on the samemeasures

h VGlut2-Cre animals received stimulation caused robust avoidance of that
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caused a more modest rewarding behavioral response. Both

groups spent more time in the compartment where they received

stimulation as compared to the compartment where they did

not receive stimulation (Figure 3J upper panel, and Figure 3K;

although this comparison did not reach statistical significance;

p = 0.061 for TH-Cre, p = 0.158 for GAD2-Cre). Furthermore,

TH-Cre and GAD2-Cre mice spent more time in the compart-

ment where they received stimulation compared to the neutral

area in our three-chamber assay (p values < 0.041) whereas

there was no significant difference between time spent

in the non-stimulated compartment versus the neutral area

(p values > 0.255). Importantly, the behaviors of the the TH-Cre

and GAD2-Cre mice did not differ from each other yet both

dramatically differed from the VGlut2-Cre mice (Figure 3K;

VGlut2-Cre versus TH-Cre/GAD2-Cre all p values < 0.012 for

stimulation/non-stimulation compartments; TH-Cre versus

GAD2-Cre all p values > 0.63 on the same measures).

DISCUSSION

We have performed an extensive anatomical, molecular, and

functional characterization of transgenic mouse lines commonly

used to identify and target midbrain DA neurons (TH-Cre, DAT-

Cre and TH-GFP mice) and found that TH-Cre knock-in mouse

lines exhibit pronounced transgene expression in non-DAergic,

i.e., TH-immunonegative, neurons in the VTA and adjacent

nuclei. Previous studies have shown that the expression levels

of DA-related genes such as TH, DAT, and VMAT2 vary among

VTA DA neurons with DA neurons in medial regions of the VTA

tending to express lower levels of TH and DAT (Lammel et al.,

2008; Li et al., 2013). If TH protein or mRNA was present but

levels fell below our threshold for detection in TH driver lines,

this could theoretically account for the reduced fidelity we

observed in midline regions. However, these unconventional

DA neurons (e.g., mesocortical DA neurons) possess detectable

TH immunosignals as well as other key enzymes in the synthe-

sis of catecholamines such as DDC (Lammel et al., 2008),

markers that were completely absent in many eYFP+ neurons

in this study. Furthermore, the ectopic expression observed in

TH-Cre mice extends well beyond typical VTA regions and

can be found in areas that either are not known to contain DA

neurons (e.g., IPN, supramamillary nucleus) or contain only a

few scattered DA neurons (e.g., area between the fasciculus

retroflexus in the anterior midbrain). Indeed, transgene-ex-

pressing cells in these regions expressed neither detectable

TH nor DDC immunosignals. Moreover, our single-cell profiling

data show that nearly half of the Cre-expressing cells in the IPN

and midline VTA nuclei possess GAD1/2 genes but lack co-

expression of DA markers including TH, DAT, and VMAT2.

This is consistent with previous studies indicating that

GABAergic neurons are particularly prominent in these regions

(Nair-Roberts et al., 2008; Olson and Nestler, 2007). These cells

also lacked a rebound delay in spiking following a prolonged

hyperpolarization and fired at higher frequencies, properties

typically found in VTA GABAergic neurons but not in identified

DA subpopulations (Chieng et al., 2011; Johnson and North,

1992; Korotkova et al., 2004; Li et al., 2012; Lammel et al.,

2008).
436 Neuron 85, 429–438, January 21, 2015 ª2015 Elsevier Inc.
Because the ability to selectively target DA neurons is critical

for the meaningful interpretation of ‘‘DA-specific’’ experiments,

we also demonstrate how this ectopic expression can confound

data interpretation by focusing on the identity and function of

projections from the VTA to the LHb, which has a central role

in the control of motivated behaviors via its reciprocal projec-

tions to the VTA and the adjacent rostromedial tegmental nu-

cleus (Bromberg-Martin et al., 2010; Hikosaka, 2010; Hong

et al., 2011; Lammel et al., 2012; Meye et al., 2013; Stamatakis

and Stuber, 2012). Our results demonstrate that < 2% of murine

mesohabenular projections arise from DA (i.e., TH-immunopos-

itive) neurons, which may explain the absence of TH-immunola-

beled axons in the LHb in mice (Figure S2B) (Hnasko et al., 2012;

Stamatakis et al., 2013), the lack of detectable DA release in the

LHb of mice (Stamatakis et al., 2013), and that transmitter

release in the LHb is not affected by VMAT2-inhibition (Stamata-

kis et al., 2013). Although in rats the number of VTA DA neurons

projecting to LHb seems to be higher (Root et al., 2014a; Gruber

et al., 2007; Skagerberg et al., 1984) and terminals expressing

both TH as well as functional D2 and D4 receptors have been re-

ported (Good et al., 2013; Jhou et al., 2013; Gruber et al., 2007), it

appears that in both species the majority of mesohabenular neu-

rons signal through GABA and/or glutamate (Figures S4I and

S4J) (Root et al., 2014a).

Furthermore, we present several lines of evidence that the

LHb-projecting VTA neurons that release GABA should not

be considered dopaminergic. First, both the majority of trans-

gene-expressing TH- and DDC-immunonegative cells in TH-

Cre mice and TH-immunonegative cells projecting to LHb are

located in the same VTA region (Figures 1 and S4). Second, in

TH-Cre mice, eYFP+ neurons projecting to LHb do not express

detectable TH immunosignals (Figures 3A–3C). Third, in TH-

Cremice, eYFP+/TH� cells possessmolecular and electrophys-

iological properties that are characteristic of VTA GABA neurons

(Figure 2). Fourth, robust light-evoked IPSCs in LHb neurons

were generated in both TH-Cre and GAD2-Cre mice but not

DAT-Cre mice when VTA projections were optogenetically acti-

vated (Figures 3E–3G). Fifth, in vivo optogenetic activation of

VTA projections in the LHb induces a similar behavioral pheno-

type in both TH-Cre and GAD2-Cre mice (Figure 3K). In addition,

consistent with a recent study (Root et al., 2014b) and single-unit

recording data reporting that absence of a reward or punishment

excites LHb neurons (Hikosaka, 2010; Matsumoto and Hiko-

saka, 2007, 2009), we also identified a novel role for LHb-projec-

ting VTA glutamate neurons in promoting aversion.

Ectopic expression driven by the TH promoter has been

described previously (Lindeberg et al., 2004; Min et al., 1994;

Savitt et al., 2005), possibly as a result of inappropriate expression

driven by an exogenous promoter, or because of TH promoter

activity in precursor cell populations that either never produced

THprotein or subsequently lost this ability, potentially as a conse-

quence of post-transcriptional regulation of THmRNA (Lindeberg

et al., 2004). Although we found widespread ectopic transgene

expression in TH-Cre mice, virtually all studies that involve opto-

genetic manipulation of DA neurons in these lines consistently

report the presence of TH protein in more than 98% of Cre-

expressing cells in midbrain VTA nuclei (e.g., Chaudhury et al.,

2013; Ilango et al., 2014; Stamatakis et al., 2013; Tsai et al.,



2009). This likelyoccurredbecause lateral regions of theVTAwere

considered in isolation (Figure S1). Using common optogenetic

experimental configurations, it also seems likely that the inherent

difficulty in restricting thespreadof viral infectionand the light path

to a precisely circumscribed area will lead tomanipulation of non-

DA neurons concurrently with targeted DA neurons. Studies that

seek to selectively visualize or manipulate axonal projections of

DA neurons in TH-Cre driver lines present a related problem, as

the location of the corresponding somata is often not identified

and projections of interest may in fact derive from neurons with

ectopic transgene expression. Although DAT-Cre mice are likely

to suffer from their own limitations (for example, low DAT expres-

sion inmesocortical DA neuronsmaymake it difficult to target this

subpopulation, see Lammel et al., 2008), our results suggest that

transgene expression is much more specific in this line. Regard-

less of the mouse line chosen, validating key assumptions and

conclusions with complementary methodologies—such as phar-

macological maniulations, careful immunohistochemical studies,

or mRNA read-outs—will considerably strengthen conclusions

drawn from the use of transgenic mouse lines, which certainly

will continue to be a critically important tool for cell-type-specific

analyses and manipulations in the mammalian brain.

EXPERIMENTAL PROCEDURES

Immunohistochemistry, Optogenetics, and recordings from VTA neurons were

performed essentially as previously described (Lammel et al., 2008, 2011,

2012). All experimental procedures are described in detail in Supplemental

Information.

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and Supplemental Experi-

mental Procedures and can be found with this article online at http://dx.doi.
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