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We next examined the effect of CRF on dopamine
neuron firing in mice deficient for CRF-R1 or CRF-R2 to
unequivocally demonstrate a role for CRF-R1 in mediating
this effect. In CRF-R1+/+ mice, CRF robustly increased
the firing (38.6 ± 6.1% over baseline, n = 5, P < 0.001,
Fig. 2E), while in the CRF-R1+/− mice, CRF induced
a more modest, though significant enhancement in the
firing rate (19.1 ± 6.6% over baseline, n = 6, P < 0.01,
Fig. 2E). Importantly, CRF had no effect on the firing
rate in the CRF-R1−/– mice (5.9 ± 7.2% over baseline,
n = 4, P < 0.05 relative to CRF-R1+/+, Fig. 2E), which
indicates a critical role of the CRF-R1. Also in agreement
with our pharmacological experiments suggesting no role
for CRF-R2, CRF augmented the baseline firing to similar
levels in the CRF-R2−/– mice (26.0 ± 5.5% over baseline,
n = 7, Fig. 2F), the CRF-R2+/− mice (19.6 ± 6.5% over
baseline, n = 10, Fig. 2F) and the CRF-R2+/+ mice
(22.9 ± 3.2% over baseline, n = 5, Fig. 2F). Finally, the

Figure 1. CRF increased the firing rate of VTA dopamine neurons in the mouse
The presence of Ih predicted dopamine content in mouse VTA neurons. A1, example neuron where a 250 ms
hyperpolarizing voltage step from −60 mV to −120 mV elicited a slowly developing inward current. The magnitude
of Ih was calculated by subtracting the instantaneous current (IS) from the steady-state current (SS) achieved during
the voltage step. Scale bar vertical is 500 pA and horizontal is 100 ms. A2, 53/54 recorded neurons (red) with Ih
co-localized with tyrosine hydroxylase immunohistochemical staining (green). A3, 1/54 recorded neurons with Ih
did not co-localize with tyrosine hydroxylase. B, example neuron showing enhancement of VTA dopamine neuron
firing by 10 min application of 1 μM CRF. Inset scale bar vertical is 20 mV and horizontal is 2.5 s. C, average effect
of 1 μM CRF application (10 min) on firing rate of VTA dopamine neurons (n = 14). D, significant maximal increases
in firing rate on dopamine neurons were observed with 1 μM CRF (n = 14) and 500 nM CRF (n = 6), but not with
100 nM CRF (n = 5). ∗∗P < 0.01, ∗∗∗P < 0.001.

CRF-binding protein (CRF-BP) can also participate in the
cellular actions of CRF in the VTA (Ungless et al. 2003).
However, the CRF-BP antagonist CRF 6-33 (1 μm) did not
alter the effect of CRF on the firing rate (33.0 ± 5.7% over
baseline, n = 6, P > 0.05 compared to CRF alone, data
not shown). Thus, both pharmacological and transgenic
methods support a role for CRF-R1, but not CRF-R2 or
CRF-BP, in the CRF-mediated enhancement of dopamine
neuron firing.

In order to identify the intracellular signalling pathway
activated by CRF which increases VTA dopamine neuron
firing, we included pathway-specific inhibitors in the
intracellular recording solution. Although CRF receptors
predominately couple to the cAMP–PKA pathway (Hauger
et al. 2006), CRF surprisingly still increased dopamine
neuron firing when this pathway was blocked with 100 μm

Rp-cAMPs, a cAMP analogue that inhibits PKA activity
(34.4 ± 11.1% over baseline, n = 8, P > 0.05 relative to

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society

 at UNIV OF WASHINGTON on April 17, 2008 jp.physoc.orgDownloaded from 



J Physiol 586.8 CRF increases VTA dopamine neuron firing 2161

control, Fig. 3A and C), or with 20 μm PKI, a direct PKA
antagonist (31.6 ± 3.8% over baseline, n = 7, P > 0.05
relative to control, Fig. 3A and C). CRF receptors also
couple to the PLC–PKC signalling cascade (Blank et al.
2003; Ungless et al. 2003; Hauger et al. 2006), and
consistent with a role for this pathway, we found that the
PLC antagonist, U-73122 (1 μm), significantly attenuated
the effect of CRF on dopamine cell firing (13.4 ± 7.8%
over baseline, n = 7, P < 0.05 compared to CRF alone,

Figure 2. CRF increased the firing of VTA dopamine neurons through the CRF-R1
A, the CRF-R1 agonist, oCRF (1 μM), increased the firing rate of VTA dopamine neurons (n = 7), while B, the
CRF-R2 agonist, urocortin II (UCN II, 1 μM) did not (n = 7). CRF receptor antagonists were applied for 5 min prior
to and during CRF exposure. C, the non-specific CRF receptor antagonist (d-Phe-CRF, 1 μM, black circles, n = 7)
and the CRF-R1 antagonist (CP-154,526, 3 μM, red squares, n = 7), but not the CRF-R2 antagonist (AS-30, 250 nM,
blue triangles, n = 7) prevented the increase in firing by CRF. D, summary of the effects of various CRF receptor
agonists and antagonists on maximum changes in firing. ∗∗∗P < 0.001 from baseline firing. ##P < 0.01, #P < 0.05,
respectively, reduced from CRF alone. E, CRF increased the firing of VTA dopamine neurons in CRF-R1+/+ mice
(black circles, n = 5) and in CRF-R1+/− mice (red squares, n = 6), though to a lesser degree than in CRF-R1+/+
mice, and did not affect firing in CRF-R1−/– mice (blue triangles, n = 4. F, CRF enhanced the firing of VTA
dopamine neurons to similar levels in CRF-R2+/+ (black circles, n = 7), CRF-R2+/− (red squares, n = 10) animals
and CRF-R2−/– mice (blue triangles, n = 5).

Fig. 3B and C). Similarly, the general PKC antagonist,
bisindomaleimide (BIS, 1 μm) also significantly prevented
the CRF-dependent increase in firing (7.7 ± 4.2% over
baseline, n = 8, P < 0.01 compared to CRF alone, Fig. 3B
and C). These results demonstrate that CRF activation of
CRF-R1 stimulated the PLC–PKC signalling pathway to
increase the firing rate in VTA dopamine neurons.

We next sought to determine the ionic target affected by
CRF that mediates the increased firing rate in dopamine
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neurons. The most pronounced alteration by CRF on the
action potential dynamics was a significant reduction in
the peak of the after-hyperpolarization potential (AHP,
Fig. 1B or refer to Supplemental Fig. 3 for overlay) from
−63.6 ± 0.2 mV during baseline firing to −58.6 ± 0.1 mV
during CRF application (n = 14, P < 0.001). Although

Figure 3. PLC and PKC are required for CRF to increase the firing
of VTA dopamine neurons
Inhibitors to intracellular signalling pathways were included in the
internal recording solution. A, 100 μM Rp-cAMPs (red squares, n = 8)
or 20 μM PKI (blue triangles, n = 7), did not prevent the effect of CRF
on the firing of VTA dopamine neurons. B, U-73122 (1 μM, red
squares, n = 7) and BIS (1 μM, blue triangles, n = 8), both blocked the
increase in VTA dopamine neuron firing by CRF. C, summary of the
effects of various intracellular signalling pathway inhibitors on the
maximal change in firing by CRF. ∗∗∗P < 0.001 relative to CRF alone.
∗∗P < 0.01 relative to CRF alone.

changes in the firing rate can indirectly modulate the AHP,
we first assayed whether currents that might contribute
to the generation of the AHP, such as calcium-activated
potassium currents (IK(Ca)) (Sah, 1996), A-type potassium
currents (IA) (Hahn et al. 2003), inwardly rectifying
potassium currents (IKir) (Uchida et al. 2000) and Ih (Zolles
et al. 2006), played a role in the CRF-induced enhancement
of VTA dopamine neuron firing. Inhibiting calcium
currents and IK(Ca) by including 10 mm BAPTA (Tozzi
et al. 2003) in the recording solution expectedly reduced
the AHP relative to cells recorded without BAPTA in the
recording solution (−63.6 ± 0.2 mV for control, n = 14;
−56.3 ± 0.8 mV for BAPTA, n = 8, P < 0.001). However,
BAPTA did not prevent CRF from increasing neuronal
firing (40.9 ± 15.4% over baseline, n = 8, P > 0.05
compared to CRF alone, Fig. 4D). Although CRF can excite
CA3 pyramidal hippocampal neurons by reducing the
AHP through inhibition of IK(Ca) (Aldenhoff et al. 1983;
Haug & Storm, 2000), this mechanism did not account for
the CRF effect in VTA dopamine neurons.

IA is present in VTA dopamine neurons and regulates the
frequency of cell firing (Hahn et al. 2003; Koyama & Appel,
2006), making it another potential target for CRF. Blocking
the slow IA with 10 μm 4-aminopyridine (4-AP) increased
neuron firing (21.5 ± 10.9% over baseline, n = 6), but did
not prevent a further enhancement in firing by CRF during
4-AP application (34.8 ± 6.3% over firing rate during
4-AP application, n = 6, P > 0.05 compared to CRF alone,
Fig. 4D). 4-AP at higher concentrations (30 μm, 60 μm

and 100 μm) similarly increased the firing and did not
attenuate the effect of CRF (data not shown). With 4 mm

4-AP, a dose that eliminates both fast and slow IA (Lien
et al. 2002), the spontaneous firing of VTA dopamine
neurons was drastically reduced and often eliminated,
preventing analysis of the CRF-mediated effects on firing
(data not shown). We next investigated the possibility that
CRF increased the firing of dopamine neurons through
inhibition of the IKir, as this current is modulated by
CRF in corticotropes (Kuryshev et al. 1997). Activation
of the IKir reduces dopamine cell firing (Lacey et al. 1987;
Werner et al. 1996; Uchida et al. 2000), and as expected,
inhibition of IKir with 100 μm barium (Ba2+) increased
the firing rate in VTA dopamine neurons (114.2 ± 27.2%
over baseline, n = 8). However, as observed under control
conditions, CRF significantly increased the firing during
Ba2+ application (51.5 ± 6.5% over firing rate during
Ba2+ application, n = 8, P > 0.05 compared to CRF alone,
Fig. 4D). These experiments suggest that neither the slow
IA nor IKir are required for CRF to increase VTA dopamine
neuron firing.

Ih affects the AHP and firing rate in dopamine
neurons (Neuhoff et al. 2002; Zolles et al. 2006), and
can also be modulated by CRF in hypothalamic neurons
(Qiu et al. 2005). Here, application of the Ih inhibitor
ZD-7288 (30 μm) enhanced the AHP in VTA dopamine
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neurons (Fig. 4A). Although 30 μm ZD-7288 decreased
the firing in 6/6 neurons tested, the neurons did not
always attain a stable firing rate with this high dose.
Thus, in order to record from stable firing neurons and
block Ih, we pre-incubated the brain slices (> 20 min)
and continuously applied 1 μm ZD-7288, which was
previously shown to effectively block Ih (Satoh & Yamada,
2000). In these experiments, all recorded neurons lacked
Ih due to the pharmacological block (data not shown), and
we instead assayed for dopamine content by verifying the
presence of a dopamine (50 μm)- induced hyper-
polarization. When Ih was blocked, CRF did not enhance
the firing rate in VTA neurons (−0.7 ± 3.8% over
baseline, n = 5, P < 0.001 relative to CRF alone,
Fig. 4B–D), suggesting that CRF modulated Ih to increase
the firing rate.

As our findings indicate a critical role for Ih in the
excitatory action of CRF on dopamine neuron firing,
we next assayed the direct effect of CRF on Ih using
voltage-clamp recordings, by measuring Ih generated in

Figure 4. Ih is required for CRF to increase VTA dopamine neuron firing
A, overlay of action potentials from an example VTA dopamine neuron during baseline (black) and 30 μM ZD-7288
application (red) that highlights the increase of the AHP after Ih inhibition. Scale bar vertical is 30 mV and horizontal
is 25 ms. Example (B) and summary of 5 neurons (C) demonstrating that Ih inhibition with continuous application of
1 μM ZD-7288 prevented the increase in firing rate by CRF in VTA dopamine neurons. D, pharmacological blockade
of IK(Ca), IKir or slow IA did not prevent the CRF-induced increase in firing. In contrast, inhibition of Ih prevented
the increase in dopamine neuron firing by CRF. ∗∗∗P < 0.001 relative to peak increase in firing by CRF alone.

response to hyperpolarizing the neuron for 500 ms in
10 mV increments to−120 mV from our holding potential
of −60 mV. CRF reversibly enhanced Ih (Fig. 5A) and the
time course of this effect was remarkably similar to how
CRF increased the firing rate (Fig. 1C). Additionally, CRF
increased Ih over a range of voltages tested with an average
enhancement of 62.8 ± 13.3 pA measured at the −120 mV
voltage step (n = 7, Fig. 5D).

The CRF enhancement in Ih could be due to changes
in the total current or a shift in the voltage dependence
of activation. For experiments analysing the voltage
dependence of activation for Ih we added 3 mm BAPTA to
our recording solution and included 500 nm TTX, 10 mm

tetraethylammonium chloride (TEA), 4 mm 4-AP and
300 μm Ba2+ in the aCSF. Neurons were held at −40 mV,
given a hyperpolarizing voltage step for 1 s, and finally
stepped to −60 mV to elicit Ih tail currents. Tail currents
elicited after each hyperpolarizing step were normalized to
the Ih generated from the −130 mV step. In eight neurons
tested, CRF enhanced Ih (−47.2 ± 14.0 pA measured at
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the −120 mV voltage step), but there were no changes
in the voltage dependence of activation, as CRF did not
alter the Boltzmann sigmoidal fit values of the normalized
tail current for the V 1/2 (baseline: −89.1 ± 1.5 mV; CRF:
−88.4 ± 1.4 mV, Fig. 5C and D) or the slope factor (base-
line: −7.5 ± 1.4; CRF: −7.2 ± 1.3, Fig. 5C and D).

The CRF enhancement of dopamine neuron firing
required PKC (Fig. 3B and C), and in agreement,
PKC inhibition with BIS (1 μm) significantly attenuated
the effect of CRF on Ih (−19.9 ± 5.6 pA measured at
the −120 mV step, n = 9, P < 0.01 relative to control
internal, Fig. 6A and B), without altering the voltage
dependence of activation (Supplemental Fig. 4A and B).
The average baseline Ih measured at the −120 mV voltage

Figure 5. CRF enhanced Ih without affecting the voltage dependence of activation for Ih in VTA
dopamine neurons
A, hyperpolarizing voltage steps (500 ms) from a holding potential of −60 mV to −80, −100 and −120 mV
activated the slowly developing Ih (black), which was increased by CRF (red). Presented are raw traces (Aa),
subtraction of traces (Ab), and the time course of this reversible effect for the step to −120 mV (Ac). Scale bar
horizontal is 100 ms and vertical is 400 pA (Aa) or 100 pA (Ab). B, summary of the CRF enhancement of Ih at all
voltage steps tested (n = 7). C and D, CRF did not alter the voltage dependence of activation for Ih. C, example
neuron demonstrating that CRF did not alter the tail current elicited by the offset of hyperpolarizing voltage steps
(1 s) to −60 mV from −130, −90, −80 and −60 mV. Scale bar horizontal is 250 ms and vertical is 200 pA. D,
summary of the effect of CRF on Ih tail currents in 8 neurons.

step was also significantly reduced by PKC antagonism,
suggesting that PKC exerts a tonic regulation on Ih in
VTA dopamine neurons (BIS: −147.1 ± 40.5 pA, n = 9;
control: −264.6 ± 33.8 pA, n = 7, P < 0.01). In addition,
we recapitulated the effect of CRF on Ih in VTA dopamine
neurons using the PKC activator, phorbol 12,13-dibutyrate
(PDBU, 500 nm), which enhanced Ih at a range of
voltages tested, with a maximal increase at the −120 mV
step of −35.4 ± 6.6 pA (n = 8, Fig. 6C and D), without
changing the voltage dependence of activation (V 1/2

baseline: −89.3 ± 2.0 mV; PDBU: −90.1 ± 2.3 mV, slope
factor baseline: −7.9 ± 1.9; PDBU: −9.5 ± 2.3, n = 7,
Fig. 6E and F). Similar to CRF, the PDBU-dependent
enhancement of Ih was significantly attenuated by
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inhibiting PKC activity with 1 μm BIS in the internal
solution (−16.6 ± 5.2 pA measured at the −120 mV step,
n = 8, P < 0.05 compared to control internal).

Previous work demonstrated that cAMP positively
modulates Ih by shifting the voltage dependence of
activation (Zolles et al. 2006). In agreement, we observe a
significant hyperpolarizing shift in the voltage dependence
of activation when including 100 μm Rp-cAMPs, which
inhibits cAMP-dependent processes, in the internal
solution (control: −89.1 ± 1.5 mV, n = 8; Rp-cAMPs:

Figure 6. CRF enhanced Ih through a PKC-dependent mechanism in VTA dopamine neurons
A, example neuron demonstrating that 1 μM BIS in the internal recording solution prevented an increase in Ih by
CRF. Shown are hyperpolarizing voltage steps (500 ms) to −80, −100 and −120 mV from a holding potential of
−60 mV (Aa) and the subtraction of traces between treatments for each voltage step (Ab). Under these conditions,
CRF did not affect the voltage dependence of activation for Ih (refer to Supplemental Fig. 4A and B). Scale bar
horizontal is 100 ms and vertical is 400 pA (Aa) or 100 pA (Ab). B, BIS reduced the maximal effect of CRF on Ih
for the voltage step measured at −120 mV (n = 7). ∗∗P < 0.01 relative to control internal. C, example neuron
demonstrating that PDBU enhanced Ih. Shown are hyperpolarizing voltage steps (500 ms) to −80, −100 and
−120 mV from a holding potential of −60 mV (Ca) and the subtraction of traces between treatments for each
voltage step (Cb). Scale bar horizontal is 100 ms and vertical is 400 pA (Ca) or 100 pA (Cb). D, PDBU enhanced Ih
at a range of voltages tested (n = 8). E and F, example neuron (E) and summary of 8 neurons (F) showing that
500 nM PDBU did not change the tail current elicited by the offset of hyperpolarizing voltage steps (1 s) from −130,
−90, −80 and −60 mV to the holding potential of −60 mV. Scale bar horizontal is 250 ms and vertical is 200 pA.

−93.4 ± 1.1 mV, n = 8, F1,120 = 5.1, P < 0.05, Fig. 7A and
B), with no change in the slope factor (control: −7.5 ± 1.4;
Rp-cAMPS: −8.9 ± 1.2). In these neurons application of
CRF did not induce any further changes in the V 1/2

(−93.4 ± 1.3 mV) or the slope factor (−9.4 ± 1.4) values
for the normalized tail current. However, in agreement
with our firing results (Fig. 3A), blockade of cAMP
signalling did not prevent the CRF-induced enhancement
in Ih magnitude (−44.2 ± 5.4 pA measured at the step
to −120 mV, n = 6, P > 0.05 relative to control internal,
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Fig. 7C and D). Taken together, our results demonstrated
that CRF increased VTA dopamine neuron firing by acting
on the CRF-R1 to stimulate the PLC–PKC signalling
pathway, which in turn enhanced Ih without changing the
voltage dependence of activation.

Discussion

Stress not only increases dopamine release in brain regions
receiving dense VTA input (Abercrombie et al. 1989; Tidey
& Miczek, 1996; Inglis & Moghaddam, 1999; McFarland
et al. 2004), but also stimulates the release of CRF into
the VTA (Wang et al. 2005), suggesting that CRF may
directly excite the midbrain dopamine system. However,
the cellular effects of CRF on VTA dopamine neurons
are not well understood. In this regard, we examined
the mechanism by which CRF affects VTA dopamine

Figure 7. Inhibition of cAMP-dependent processes shifts the voltage dependence of activation for Ih,
but does not prevent CRF from enhancing Ih in VTA dopamine neurons
A, examples of tail currents elicited by the offset of hyperpolarizing voltage steps (1 s) from −130, −90, −80
or −60 mV to the holding potential of −60 mV with Rp-cAMPs in the internal solution and before (baseline) or
after addition of CRF. Scale bar horizontal is 250 ms and vertical is 200 pA. B, Rp-cAMPs did induce a significant
hyperpolarizing shift in the baseline V1/2 relative to recordings with the control recording. However, identical to
control conditions, CRF did not further alter the voltage dependence of activation of Ih during recordings with the
Rp-cAMPs internal solution. C and D, in addition, Rp-cAMPs in the internal recording solution did not prevent the
CRF-mediated enhancement of Ih. C, example neuron demonstrating that Rp-cAMPs did not prevent an increase in
Ih by CRF. Shown are hyperpolarizing voltage steps (500 ms) to −80, −100 and −120 mV from a holding potential
of −60 mV (Ca) and the subtraction of traces between treatments for each voltage step (Cb). Scale bar horizontal
is 100 ms and vertical is 400 pA (Ca) or 100 pA (Cb). D, Rp-cAMPs did not alter the maximal effect of CRF on Ih,
measured at the voltage step to −120 mV relative to recordings with the control internal.

neuron firing. Specifically, we found that CRF increased
dopamine neuron firing by acting on the CRF-R1 to induce
a PKC-dependent enhancement of Ih.

In order to study the effects of a stress-released
neuropeptide on dopamine neurons, one must have
a reliable method to identify dopamine neurons. The
presence of Ih has been used to identify dopamine
neurons in brain slice electrophysiological preparations
(Grace & Onn, 1989; Cameron et al. 1997; Ford et al.
2006), but a recent study has questioned the validity
of this link in the rat (Margolis et al. 2006). Here, we
chose to use mice because an effect of CRF on NMDA
receptor currents in VTA neurons had been previously
described in this species (Ungless et al. 2003), and
because of the availability of CRF receptor-deficient
mice. Therefore, we re-examined whether the presence
of Ih is a reliable predictor of dopamine content in
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mice. In contrast to the findings from a recent study in
rats (Margolis et al. 2006), we found that 98% of VTA
neurons with Ih also contained TH, and that dopamine
D2 receptor-mediated hyperpolarization accurately
predicted dopamine content in mice. The discrepancy
in our findings from the Margolis study could be
attributed to the species utilized, or from differences
in the location of recorded neurons. We recorded from
VTA neurons in close proximity to the medial terminal
nucleus of the accessory optic tract, where the Margolis
study included neurons near the midline which can be
difficult to visualize among fibre tracts using standard
differential interference contrast imaging. Thus, our
finding that Ih is a reliable marker of dopamine content
in the mouse VTA is in agreement with prior results
in rat from our laboratory (Borgland et al. 2006)
and other studies (Grace & Onn, 1989; Ford et al.
2006), suggesting a higher correlation between the
presence of Ih and TH immunoreactivity.

Since we could confidently identify dopamine neurons,
we next observed that CRF, at doses previously shown
to produce electrophysiological effects (Ungless et al.
2003; Kash & Winder, 2006), increased VTA dopamine
neuron firing in a concentration-dependent manner.
Furthermore, the results from experiments using CRF
receptor agonists, CRF receptor antagonists and CRF
receptor-deficient mice are parsimonious with the
conclusion that CRF increased VTA dopamine neuron
firing through activation of the CRF-R1. CRF receptors
predominately couple to the cAMP–PKA pathway (Hauger
et al. 2006), and it is through this pathway that CRF
increases neuron firing in the locus coeruleus (Jedema
& Grace, 2004) and hippocampus (Aldenhoff et al. 1983;
Haug & Storm, 2000). Surprisingly, we found that CRF
required the PLC–PKC pathway, but not the cAMP–PKA
pathway, to increase VTA dopamine neuron firing.

To determine the ionic conductance affected by CRF,
we hypothesized that CRF might affect a current involved
with AHP generation because the firing rate increase was
associated with a reduction in the AHP, and currents
contributing to the firing frequency and AHP can be
modulated by CRF (Aldenhoff et al. 1983; Kuryshev
et al. 1997; Haug & Storm, 2000; Hahn et al. 2003;
Qiu et al. 2005). However, we found that blockade of
IK(Ca), IKir or slow IA did not affect the ability of CRF to
increase dopamine neuron firing. Instead, inhibition of Ih

completely blocked the effect of CRF, suggesting a critical
role for this current.

Four subunits of the hyperpolarization-activated, cyclic
nucleotide-regulated cation channel (HCN) have been
identified, which can mediate Ih (Frere et al. 2004). HCN2,
HCN3 and HCN4, but not the HCN1, are present in
midbrain dopamine neurons, though the exact subunit
composition of functional channels is unknown in these
neurons (Franz et al. 2000). A number of intracellular

signalling molecules can affect Ih including cAMP (Raes
et al. 1997), phosphoinositides (Zolles et al. 2006; Fogle
et al. 2007) and kinases (Zong et al. 2005). As we found
that CRF increased VTA dopamine neuron firing in a
PKC- and Ih-dependent manner, and that activation of
Ih is depolarizing, we expected that CRF would enhance
Ih through a similar PKC-dependent mechanism. Our
voltage-clamp experiments confirmed this hypothesis and
demonstrated that CRF, as well as the PKC activator,
PDBU, enhanced the total Ih without affecting the voltage
dependence of activation. Both the effect of CRF and
PDBU on Ih was blocked by PKC antagonism, highlighting
a critical role for positive modulation of Ih by PKC in VTA
dopamine neurons. In addition, PKC antagonism reduced
the baseline Ih, suggesting that HCN channels are under
tonic positive regulation by PKC in these neurons.

Both the CRF- and PDBU-mediated increase in Ih

were inhibited by PKC antagonism, clearly demonstrating
that a PKC-dependent enhancement of Ih can occur in
VTA dopamine neurons. However, others have reported
different effects of phorbol esters on Ih in dopamine
neurons. In particular, one study found that phorbol ester
application reduced Ih, although these experiments were
performed in the substantia nigra rather than the VTA,
and the effect was found in only a small subset of neurons
(Cathala & Paupardin-Tritsch, 1997). Another study in the
VTA reported that higher doses of phorbol esters reduced
Ih in dopamine neurons (Liu et al. 2003). However, the
discrepancy with our results could be explained by the
inhibition of the Na+–K+ pump by phorbol esters at higher
doses, which could then affect a host of ionic conductances
(Fisone et al. 1995).

It is unknown if PKC phosphorylates the HCN channels
directly as with other kinases (Zong et al. 2005), or if
PKC phosphorylates accessory proteins, which in turn
have direct effects on HCN channels (Frere et al. 2004).
Further experiments will be required to determine the
exact mechanism of the PKC-dependent increase in Ih and
how widespread this regulation of Ih is throughout the
brain. Consistent with others, we found that the voltage
dependence of activation for Ih is regulated by cAMP (Raes
et al. 1997; Zolles et al. 2006); however, Rp-cAMPs did not
attenuate the ability of CRF to increase the magnitude of
Ih. Although additional ion currents may be affected by
CRF, these potential interactions are probably not critically
involved with CRF increasing the firing rate. Together,
our results suggest that CRF stimulated the CRF-R1 to
activate a novel PKC-dependent enhancement of Ih, which
increased the firing in VTA dopamine neurons.

Increased dopamine neuron firing by a stress-released
peptide, such as CRF, is consistent with numerous in vivo
microdialysis studies demonstrating elevated dopamine
release by stress (Abercrombie et al. 1989; Tidey & Miczek,
1996; Inglis & Moghaddam, 1999; McFarland et al. 2004).
Our findings provide a cellular mechanism by which CRF
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could affect dopamine-related behaviours. For example,
CRF administered to the ventricles (Contarino et al. 2000)
or directly into the VTA (Kalivas et al. 1987) increases
locomotor activity, and the effect of ventricular infusions
of CRF on motor activity is absent in CRF-R1−/– mice
(Contarino et al. 2000). In addition, our findings provide
a possible mechanism by which rodents motivate to escape
from stressful and threatening situations, as enhancing
dopamine levels (Blanchard et al. 1999) and ventricular
infusions of the CRF-R1 agonists (Yang et al. 2006) increase
the speed and number of escapes from a predator, while
CRF-R1 antagonists have the opposite effect (Griebel et al.
1998). Finally, both stress and dopamine can enhance
performance on specific behaviours depending on the
context (Rose, 1987; Blanchard et al. 1999; Cagniard
et al. 2006), which could involve the actions of CRF in
the mesolimbic system (Pecina et al. 2006). Therefore,
these described behaviours may arise in part due to the
cellular effects of CRF on VTA dopamine neurons that
we elucidated in the current study. It should also be noted
that the CRF has important effects in other brain structures
involved with arousal and stress responses, including the
locus coeruleus (Koob, 1999; Jedema et al. 2001; Jedema
& Grace, 2004) and the amygdala (Sajdyk et al. 1999; Liu
et al. 2005; Winsky-Sommerer et al. 2005), which may also
play a significant role in the above-described behaviours.

In conclusion, we demonstrated that CRF stimulated
the CRF-R1 on VTA dopamine neurons and activated a
PKC-dependent enhancement of Ih, which led to increased
cell firing. These results provide a potential physiological
mechanism underlying the interaction between stress,
dopamine and motivation, which is important for many
behaviours including escape from threatening stimuli
(Blanchard et al. 2003). Furthermore, this study identifies
a link between dopamine and CRF, which together have
been implicated in psychiatric disorders such as depression
(Banki et al. 1987; Valdez, 2006; Gershon et al. 2007),
drug abuse (McFarland et al. 2004; Wang et al. 2005; Funk
et al. 2007) and schizophrenia (Banki et al. 1987; Beninger,
2006), and in this regard, highlight potential therapeutic
targets to treat these disorders.

References

Abercrombie ED, Keefe KA, DiFrischia DS & Zigmond MJ
(1989). Differential effect of stress on in vivo dopamine
release in striatum, nucleus accumbens, and medial frontal
cortex. J Neurochem 52, 1655–1658.

Aldenhoff JB, Gruol DL, Rivier J, Vale W & Siggins GR (1983).
Corticotropin releasing factor decreases postburst
hyperpolarizations and excites hippocampal neurons.
Science 221, 875–877.

Anstrom KK & Woodward DJ (2005). Restraint increases
dopaminergic burst firing in awake rats.
Neuropsychopharmacology 30, 1832–1840.

Banki CM, Bissette G, Arato M, O’Connor L & Nemeroff CB
(1987). CSF corticotropin-releasing factor-like
immunoreactivity in depression and schizophrenia.
Am J Psychiatry 144, 873–877.

Beninger RJ (1983). The role of dopamine in locomotor
activity and learning. Brain Res 287, 173–196.

Beninger RJ (2006). Dopamine and incentive learning: a
framework for considering antipsychotic medication effects.
Neurotox Res 10, 199–209.

Blanchard DC, Griebel G & Blanchard RJ (2003). The Mouse
Defense Test Battery: pharmacological and behavioral assays
for anxiety and panic. Eur J Pharmacol 463, 97–116.

Blanchard RJ, Kaawaloa JN, Hebert MA & Blanchard DC
(1999). Cocaine produces panic-like flight responses in mice
in the mouse defense test battery. Pharmacol Biochem Behav
64, 523–528.

Blank T, Nijholt I, Grammatopoulos DK, Randeva HS,
Hillhouse EW & Spiess J (2003). Corticotropin-releasing
factor receptors couple to multiple G-proteins to activate
diverse intracellular signaling pathways in mouse
hippocampus: role in neuronal excitability and associative
learning. J Neurosci 23, 700–707.

Borgland SL, Taha SA, Sarti F, Fields HL & Bonci A (2006).
Orexin A in the VTA is critical for the induction of synaptic
plasticity and behavioral sensitization to cocaine. Neuron 49,
589–601.

Cagniard B, Balsam PD, Brunner D & Zhuang X (2006). Mice
with chronically elevated dopamine exhibit enhanced
motivation, but not learning, for a food reward.
Neuropsychopharmacology 31, 1362–1370.

Cameron DL, Wessendorf MW & Williams JT (1997). A subset
of ventral tegmental area neurons is inhibited by dopamine,
5-hydroxytryptamine and opioids. Neuroscience 77, 155–166.

Cathala L & Paupardin-Tritsch D (1997). Neurotensin
inhibition of the hyperpolarization-activated cation current
(Ih) in the rat substantia nigra pars compacta implicates the
protein kinase C pathway. J Physiol 503, 87–97.

Contarino A, Dellu F, Koob GF, Smith GW, Lee KF, Vale WW
& Gold LH (2000). Dissociation of locomotor activation and
suppression of food intake induced by CRF in
CRFR1-deficient mice. Endocrinology 141, 2698–2702.

Fisone G, Snyder GL, Fryckstedt J, Caplan MJ, Aperia A &
Greengard P (1995). Na+,K+-ATPase in the choroid plexus.
Regulation by serotonin/protein kinase C pathway. J Biol
Chem 270, 2427–2430.

Fogle KJ, Lyashchenko AK, Turbendian HK & Tibbs GR (2007).
HCN pacemaker channel activation is controlled by acidic
lipids downstream of diacylglycerol kinase and
phospholipase A2. J Neurosci 27, 2802–2814.

Ford CP, Mark GP & Williams JT (2006). Properties and opioid
inhibition of mesolimbic dopamine neurons vary according
to target location. J Neurosci 26, 2788–2797.

Franz O, Liss B, Neu A & Roeper J (2000). Single-cell mRNA
expression of HCN1 correlates with a fast gating phenotype
of hyperpolarization-activated cyclic nucleotide-gated ion
channels (Ih) in central neurons. Eur J Neurosci 12,
2685–2693.

Frere SG, Kuisle M & Luthi A (2004). Regulation of
recombinant and native hyperpolarization-activated cation
channels. Mol Neurobiol 30, 279–305.

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society

 at UNIV OF WASHINGTON on April 17, 2008 jp.physoc.orgDownloaded from 

http://jp.physoc.org


J Physiol 586.8 CRF increases VTA dopamine neuron firing 2169

Funk CK, Zorrilla EP, Lee MJ, Rice KC & Koob GF (2007).
Corticotropin-releasing factor 1 antagonists selectively
reduce ethanol self-administration in ethanol-dependent
rats. Biol Psychiatry 61, 78–86.

Gershon AA, Vishne T & Grunhaus L (2007). Dopamine
D2-like receptors and the antidepressant response. Biol
Psychiatry 61, 145–153.

Grace AA & Onn SP (1989). Morphology and
electrophysiological properties of immunocytochemically
identified rat dopamine neurons recorded in vitro. J Neurosci
9, 3463–3481.

Griebel G, Perrault G & Sanger DJ (1998). Characterization of
the behavioral profile of the non-peptide CRF receptor
antagonist CP-154,526 in anxiety models in rodents.
Comparison with diazepam and buspirone.
Psychopharmacology (Berl) 138, 55–66.

Hahn J, Tse TE & Levitan ES (2003). Long-term K+
channel-mediated dampening of dopamine neuron
excitability by the antipsychotic drug haloperidol. J Neurosci
23, 10859–10866.

Haug T & Storm JF (2000). Protein kinase A mediates the
modulation of the slow Ca2+-dependent K+ current, I sAHP,
by the neuropeptides CRF, VIP, and CGRP in hippocampal
pyramidal neurons. J Neurophysiol 83, 2071–2079.

Hauger RL, Risbrough V, Brauns O & Dautzenberg FM (2006).
Corticotropin releasing factor (CRF) receptor signaling in
the central nervous system: new molecular targets. CNS
Neurol Disord Drug Targets 5, 453–479.

Horger BA & Roth RH (1996). The role of mesoprefrontal
dopamine neurons in stress. Crit Rev Neurobiol 10,
395–418.

Inglis FM & Moghaddam B (1999). Dopaminergic innervation
of the amygdala is highly responsive to stress. J Neurochem
72, 1088–1094.

Jedema HP, Finlay JM, Sved AF & Grace AA (2001). Chronic
cold exposure potentiates CRH-evoked increases in
electrophysiologic activity of locus coeruleus neurons. Biol
Psychiatry 49, 351–359.

Jedema HP & Grace AA (2004). Corticotropin-releasing
hormone directly activates noradrenergic neurons of the
locus ceruleus recorded in vitro. J Neurosci 24,
9703–9713.

Johnson SW & North RA (1992). Two types of neurone in the
rat ventral tegmental area and their synaptic inputs. J Physiol
450, 455–468.

Kalivas PW, Duffy P & Latimer LG (1987). Neurochemical and
behavioral effects of corticotropin-releasing factor in the
ventral tegmental area of the rat. J Pharmacol Exp Ther 242,
757–763.

Kash TL & Winder DG (2006). Neuropeptide Y and
corticotropin-releasing factor bi-directionally modulate
inhibitory synaptic transmission in the bed nucleus of the
stria terminalis. Neuropharmacology 51, 1013–1022.

Kauer JA (2004). Learning mechanisms in addiction: synaptic
plasticity in the ventral tegmental area as a result of exposure
to drugs of abuse. Annu Rev Physiol 66, 447–475.

Koob GF (1999). Corticotropin-releasing factor,
norepinephrine, and stress. Biol Psychiatry 46,
1167–1180.

Korotkova TM, Brown RE, Sergeeva OA, Ponomarenko AA &
Haas HL (2006). Effects of arousal- and feeding-related
neuropeptides on dopaminergic and GABAergic neurons in
the ventral tegmental area of the rat. Eur J Neurosci 23,
2677–2685.

Koyama S & Appel SB (2006). A-type K+ current of dopamine
and GABA neurons in the ventral tegmental area.
J Neurophysiol 96, 544–554.

Kuryshev YA, Haak L, Childs GV & Ritchie AK (1997).
Corticotropin releasing hormone inhibits an inwardly
rectifying potassium current in rat corticotropes. J Physiol
502, 265–279.

Lacey MG, Mercuri NB & North RA (1987). Dopamine acts on
D2 receptors to increase potassium conductance in neurones
of the rat substantia nigra zona compacta. J Physiol 392,
397–416.

Lavicky J & Dunn AJ (1993). Corticotropin-releasing factor
stimulates catecholamine release in hypothalamus and
prefrontal cortex in freely moving rats as assessed by
microdialysis. J Neurochem 60, 602–612.

Lien CC, Martina M, Schultz JH, Ehmke H & Jonas P
(2002). Gating, modulation and subunit composition of
voltage-gated K+ channels in dendritic inhibitory
interneurones of rat hippocampus. J Physiol 538, 405–419.

Liu J, Yu B, Orozco-Cabal L, Grigoriadis DE, Rivier J, Vale
WW, Shinnick-Gallagher P & Gallagher JP (2005). Chronic
cocaine administration switches corticotropin-releasing
factor2 receptor-mediated depression to facilitation of
glutamatergic transmission in the lateral septum. J Neurosci
25, 577–583.

Liu Z, Bunney EB, Appel SB & Brodie MS (2003). Serotonin
reduces the hyperpolarization-activated current (Ih) in
ventral tegmental area dopamine neurons: involvement of
5-HT2 receptors and protein kinase C. J Neurophysiol 90,
3201–3212.

Lodge DJ & Grace AA (2005). Acute and chronic
corticotropin-releasing factor 1 receptor blockade inhibits
cocaine-induced dopamine release: correlation with
dopamine neuron activity. J Pharmacol Exp Ther 314,
201–206.

McFarland K, Davidge SB, Lapish CC & Kalivas PW (2004).
Limbic and motor circuitry underlying footshock-induced
reinstatement of cocaine-seeking behavior. J Neurosci 24,
1551–1560.

Magee JC (1998). Dendritic hyperpolarization-activated
currents modify the integrative properties of hippocampal
CA1 pyramidal neurons. J Neurosci 18, 7613–7624.

Margolis EB, Lock H, Hjelmstad GO & Fields HL (2006). The
ventral tegmental area revisited: is there an
electrophysiological marker for dopaminergic neurons?
J Physiol 577, 907–924.

Neuhoff H, Neu A, Liss B & Roeper J (2002). Ih channels
contribute to the different functional properties of identified
dopaminergic subpopulations in the midbrain. J Neurosci 22,
1290–1302.

Pecina S, Schulkin J & Berridge KC (2006). Nucleus accumbens
corticotropin-releasing factor increases cue-triggered
motivation for sucrose reward: paradoxical positive incentive
effects in stress? BMC Biol 4, 8.

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society

 at UNIV OF WASHINGTON on April 17, 2008 jp.physoc.orgDownloaded from 

http://jp.physoc.org


2170 M. J. Wanat and others J Physiol 586.8

Phillips PE, Walton ME & Jhou TC (2007). Calculating utility:
preclinical evidence for cost-benefit analysis by mesolimbic
dopamine. Psychopharmacology (Berl) 191, 483–495.

Qiu DL, Chu CP, Shirasaka T, Tsukino H, Nakao H, Kato K,
Kunitake T, Katoh T & Kannan H (2005).
Corticotrophin-releasing factor augments the IH in rat
hypothalamic paraventricular nucleus parvocellular neurons
in vitro. J Neurophysiol 94, 226–234.

Raes A, Wang Z, van den Berg RJ, Goethals M, Van de Vijver G
& van Bogaert PP (1997). Effect of cAMP and ATP on the
hyperpolarization-activated current in mouse dorsal root
ganglion neurons. Pflugers Arch 434, 543–550.

Rose RM (1987). Neuroendocrine effects of work stress. In
Work Stress: Health Care Systems in the Workplace, ed. Quick
JC, Bhagal RS, Dalton JE & Quick JD, pp. 130–147. Praeger,
New York.

Sah P (1996). Ca2+-activated K+ currents in neurones: types,
physiological roles and modulation. Trends Neurosci 19,
150–154.

Sajdyk TJ, Schober DA, Gehlert DR & Shekhar A (1999). Role
of corticotropin-releasing factor and urocortin within the
basolateral amygdala of rats in anxiety and panic responses.
Behav Brain Res 100, 207–215.

Salamone JD (1996). The behavioral neurochemistry of
motivation: methodological and conceptual issues in studies
of the dynamic activity of nucleus accumbens dopamine.
J Neurosci Meth 64, 137–149.

Sarnyai Z, Shaham Y & Heinrichs SC (2001). The role of
corticotropin-releasing factor in drug addiction. Pharmacol
Rev 53, 209–243.

Satoh TO & Yamada M (2000). A bradycardiac agent ZD7288
blocks the hyperpolarization-activated current (Ih) in retinal
rod photoreceptors. Neuropharmacology 39, 1284–1291.

Tan H, Zhong P & Yan Z (2004). Corticotropin-releasing factor
and acute stress prolongs serotonergic regulation of GABA
transmission in prefrontal cortical pyramidal neurons.
J Neurosci 24, 5000–5008.

Tidey JW & Miczek KA (1996). Social defeat stress selectively
alters mesocorticolimbic dopamine release: an in vivo
microdialysis study. Brain Res 721, 140–149.

Tozzi A, Bengtson CP, Longone P, Carignani C, Fusco FR,
Bernardi G & Mercuri NB (2003). Involvement of transient
receptor potential-like channels in responses to mGluR-I
activation in midbrain dopamine neurons. Eur J Neurosci 18,
2133–2145.

Uchida S, Akaike N & Nabekura J (2000). Dopamine activates
inward rectifier K+ channel in acutely dissociated rat
substantia nigra neurones. Neuropharmacology 39, 191–201.

Ungless MA, Singh V, Crowder TL, Yaka R, Ron D & Bonci A
(2003). Corticotropin-releasing factor requires CRF binding
protein to potentiate NMDA receptors via CRF receptor 2 in
dopamine neurons. Neuron 39, 401–407.

Valdez GR (2006). Development of CRF1 receptor antagonists
as antidepressants and anxiolytics: progress to date. CNS
Drugs 20, 887–896.

Van Pett K, Viau V, Bittencourt JC, Chan RK, Li HY, Arias C,
Prins GS, Perrin M, Vale W & Sawchenko PE (2000).
Distribution of mRNAs encoding CRF receptors in brain and
pituitary of rat and mouse. J Comp Neurol 428, 191–212.

Wang B, Shaham Y, Zitzman D, Azari S, Wise RA & You ZB
(2005). Cocaine experience establishes control of midbrain
glutamate and dopamine by corticotropin-releasing factor: a
role in stress-induced relapse to drug seeking. J Neurosci 25,
5389–5396.

Werner P, Hussy N, Buell G, Jones KA & North RA (1996). D2,
D3, and D4 dopamine receptors couple to G protein-
regulated potassium channels in Xenopus oocytes. Mol
Pharmacol 49, 656–661.

Winsky-Sommerer R, Boutrel B & de Lecea L (2005). Stress and
arousal: the corticotrophin-releasing factor/hypocretin
circuitry. Mol Neurobiol 32, 285–294.

Wise RA (2004). Dopamine, learning and motivation. Nat Rev
Neurosci 5, 483–494.

Yang M, Farrokhi C, Vasconcellos A, Blanchard RJ & Blanchard
DC (2006). Central infusion of ovine CRF (oCRF)
potentiates defensive behaviors in CD-1 mice in the Mouse
Defense Test Battery (MDTB). Behav Brain Res 171, 1–8.

Zhou QY & Palmiter RD (1995). Dopamine-deficient mice are
severely hypoactive, adipsic, and aphagic. Cell 83, 1197–1209.

Zolles G, Klocker N, Wenzel D, Weisser-Thomas J, Fleischmann
BK, Roeper J & Fakler B (2006). Pacemaking by HCN
channels requires interaction with phosphoinositides.
Neuron 52, 1027–1036.

Zong X, Eckert C, Yuan H, Wahl-Schott C, Abicht H, Fang L, Li
R, Mistrik P, Gerstner A, Much B, Baumann L, Michalakis S,
Zeng R, Chen Z & Biel M (2005). A novel mechanism of
modulation of hyperpolarization-activated cyclic
nucleotide-gated channels by Src kinase. J Biol Chem 280,
34224–34232.

Acknowledgements

This work was supported by the State of California for medical

research on alcohol and substance abuse through the University

of California, San Francisco (A.B.) and the National Institute

on Drug Abuse R01 DA016782–04 (A.B.), F31 DA21464–01

(M.J.W.). We thank Wylie Vale for the CRF receptor-deficient

mice, Ling Wang for her assistance in histology, Viktor Kharazia

for his assistance in immunocytochemistry, Lisa G. Daitch for

proofreading the manuscript, as well as the members of the Bonci

and Phillips labs for their critical input.

Supplemental material

Online supplemental material for this paper can be accessed at:

http://jp.physoc.org/cgi/content/full/jphysiol.2007.150078/DC1

and

http://www.blackwell-synergy.com/doi/suppl/10.1113/jphysiol.

2007.150078

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society

 at UNIV OF WASHINGTON on April 17, 2008 jp.physoc.orgDownloaded from 

http://jp.physoc.org


DOI: 10.1113/jphysiol.2007.150078 

 2008;586;2157-2170; originally published online Feb 28, 2008;  J. Physiol.
 

M. J. Wanat, F. W. Hopf, G. D. Stuber, P. E. M. Phillips and A. Bonci 
 hIneuron firing through a protein kinase C-dependent enhancement of 

Corticotropin-releasing factor increases mouse ventral tegmental area dopamine

This information is current as of April 17, 2008 

 & Services
Updated Information

 http://jp.physoc.org/cgi/content/full/586/8/2157
including high-resolution figures, can be found at: 

 Supplementary Material
 http://jp.physoc.org/cgi/content/full/jphysiol.2007.150078/DC1

Supplementary material can be found at: 

 Subspecialty Collections

 http://jp.physoc.org/cgi/collection/neuroscience
 Neuroscience

following collection(s): 
This article, along with others on similar topics, appears in the

 Permissions & Licensing

 http://jp.physoc.org/misc/Permissions.shtml
its entirety can be found online at: 
Information about reproducing this article in parts (figures, tables) or in

 Reprints
 http://jp.physoc.org/misc/reprints.shtml

Information about ordering reprints can be found online: 

 at UNIV OF WASHINGTON on April 17, 2008 jp.physoc.orgDownloaded from 

http://jp.physoc.org/cgi/content/full/586/8/2157
http://jp.physoc.org/cgi/content/full/jphysiol.2007.150078/DC1
http://jp.physoc.org/cgi/collection/neuroscience
http://jp.physoc.org/misc/Permissions.shtml
http://jp.physoc.org/misc/reprints.shtml
http://jp.physoc.org



