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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 arole for CRF-R1 in mediating
this effect. In CRF-R1*/* mice, CRF robustly increased
the firing (38.6 = 6.1% over baseline, n=15, 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
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CRF-binding protein (CRF-BP) can also participate in the
cellular actions of CRF in the VTA (Ungless ef al. 2003).
However, the CRF-BP antagonist CRF 6-33 (1 M) 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
CREF-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 um
Rp-cAMPs, a cAMP analogue that inhibits PKA activity
(34.4 +11.1% over baseline, n=38, P > 0.05 relative to

Figure 1. CRF increased the firing rate of VTA dopamine neurons in the mouse

The presence of I, 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 I, 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 /y,
co-localized with tyrosine hydroxylase immunohistochemical staining (green). A3, 1/54 recorded neurons with /y,
did not co-localize with tyrosine hydroxylase. B, example neuron showing enhancement of VTA dopamine neuron
firing by 10 min application of 1 um CRF. Inset scale bar vertical is 20 mV and horizontal is 2.5 s. C, average effect
of 1 um 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 uM CRF (n = 14) and 500 nm CRF (n = 6), but not with

100 nm CRF (n = 5). **P < 0.01, ***P < 0.001.
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control, Fig. 3A and C), or with 20 M 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 um), 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,
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Fig. 3B and C). Similarly, the general PKC antagonist,
bisindomaleimide (BIS, 1 M) 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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Figure 2. CRF increased the firing of VTA dopamine neurons through the CRF-R1

A, the CRF-R1 agonist, oCRF (1 um), increased the firing rate of VTA dopamine neurons (n = 7), while B, the
CRF-R2 agonist, urocortin Il (UCN II, 1 M) 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 um, black circles, n = 7)
and the CRF-R1 antagonist (CP-154,526, 3 uM, red squares, n = 7), but not the CRF-R2 antagonist (AS-30, 250 nwm,
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).
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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
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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 um Rp-cAMPs (red squares, n = 8)
or 20 uM PKI (blue triangles, n = 7), did not prevent the effect of CRF
on the firing of VTA dopamine neurons. B, U-73122 (1 uM, red
squares, n = 7) and BIS (1 uMm, 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.
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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 (Ixca)) (Sah, 1996), A-type potassium
currents (Iy) (Hahn et al. 2003), inwardly rectifying
potassium currents (Ix;.) (Uchida et al. 2000) and I, (Zolles
etal.2006), played a role in the CRF-induced enhancement
of VTA dopamine neuron firing. Inhibiting calcium
currents and Igc, 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=28, 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 Ixc,) (Aldenhoff et al. 1983;
Haug & Storm, 2000), this mechanism did not account for
the CRF effect in VTA dopamine neurons.

I, ispresentin VTA dopamine neurons and regulates the
frequency of cell firing (Hahn et al. 2003; Koyama & Appel,
2006), making itanother potential target for CRE. Blocking
the slow I, with 10 um 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 um, 60 um
and 100 uMm) 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 I, (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 Ix;, as this current is modulated by
CRF in corticotropes (Kuryshev et al. 1997). Activation
of the Iy;, reduces dopamine cell firing (Lacey et al. 1987;
Werner et al. 1996; Uchida et al. 2000), and as expected,
inhibition of Iy; with 100 umM barium (Ba?*) 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
Ba?* application (51.5=+6.5% over firing rate during
Ba’* application, n =8, P > 0.05 compared to CRF alone,
Fig. 4D). These experiments suggest that neither the slow
I, nor Iy, are required for CRF to increase VTA dopamine
neuron firing.

Iy, 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 I, inhibitor
ZD-7288 (30 um) enhanced the AHP in VTA dopamine
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neurons (Fig.4A). Although 30 um 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 Iy, we pre-incubated the brain slices (> 20 min)
and continuously applied 1 um ZD-7288, which was
previously shown to effectively block I}, (Satoh & Yamada,
2000). In these experiments, all recorded neurons lacked
I, due to the pharmacological block (data not shown), and
we instead assayed for dopamine content by verifying the
presence of a dopamine (50 um)- induced hyper-
polarization. When I}, 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 I}, to increase
the firing rate.

As our findings indicate a critical role for I, in the
excitatory action of CRF on dopamine neuron firing,
we next assayed the direct effect of CRF on I, using
voltage-clamp recordings, by measuring I;, generated in
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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 I}, (Fig. 5A) and the
time course of this effect was remarkably similar to how
CRF increased the firing rate (Fig. 1C). Additionally, CRF
increased I}, 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 I, 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 I, 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 uM Ba** in the aCSF. Neurons were held at —40 mV,
given a hyperpolarizing voltage step for 1s, and finally
stepped to —60 mV to elicit I, tail currents. Tail currents
elicited after each hyperpolarizing step were normalized to
the I}, generated from the —130 mV step. In eight neurons
tested, CRF enhanced I, (—47.2 + 14.0 pA measured at
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Figure 4. I, 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 um ZD-7288
application (red) that highlights the increase of the AHP after /,, inhibition. Scale bar vertical is 30 mV and horizontal
is 25 ms. Example (B) and summary of 5 neurons (C) demonstrating that /,, inhibition with continuous application of
1 um ZD-7288 prevented the increase in firing rate by CRF in VTA dopamine neurons. D, pharmacological blockade
of Ikca), Ikir O slow /a did not prevent the CRF-induced increase in firing. In contrast, inhibition of /,, prevented
the increase in dopamine neuron firing by CRF. ***P < 0.001 relative to peak increase in firing by CRF alone.
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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,,, (baseline: —89.1 4= 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 um) significantly attenuated
the effect of CRF on I, (—19.9 & 5.6 pA measured at
the —120mV 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 I, measured at the —120 mV voltage
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step was also significantly reduced by PKC antagonism,
suggesting that PKC exerts a tonic regulation on Iy, in
VTA dopamine neurons (BIS: —147.1 +40.5pA, n=9;
control: —264.6 +33.8 pA, n=7, P <0.01). In addition,
we recapitulated the effect of CRF on I}, in VTA dopamine
neurons using the PKC activator, phorbol 12,13-dibutyrate
(PDBU, 500nMm), which enhanced I, at a range of
voltages tested, with a maximal increase at the —120 mV
step of —35.4+ 6.6 pA (n=3_, Fig. 6C and D), without
changing the voltage dependence of activation (V,,,
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 I, was significantly attenuated by
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Figure 5. CRF enhanced I, without affecting the voltage dependence of activation for I;, 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 /, (black), which was increased by CRF (red). Presented are raw traces (4a),
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 / at all
voltage steps tested (n = 7). C and D, CRF did not alter the voltage dependence of activation for /. C, example
neuron demonstrating that CRF did not alter the tail current elicited by the offset of hyperpolarizing voltage steps
(1s) 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 /y tail currents in 8 neurons.
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inhibiting PKC activity with 1 um BIS in the internal —934+1.1mV,n=38, F 150 =>5.1, P < 0.05, Fig. 7A and
solution (—16.6 & 5.2 pA measured at the —120 mV step, ~ B), with no change in the slope factor (control: —7.5 £ 1.4;
n=2_8, P < 0.05 compared to control internal). Rp-cAMPS: —8.9 4= 1.2). In these neurons application of

Previous work demonstrated that cAMP positively ~ CRF did not induce any further changes in the V),
modulates I;, by shifting the voltage dependence of  (—93.44+ 1.3mV) or the slope factor (—9.4 &+ 1.4) values
activation (Zolles et al. 2006). In agreement, we observe a for the normalized tail current. However, in agreement
significant hyperpolarizing shift in the voltage dependence ~ with our firing results (Fig.3A), blockade of cAMP
of activation when including 100 um Rp-cAMPs, which  signalling did not prevent the CRF-induced enhancement
inhibits cAMP-dependent processes, in the internal  in I, magnitude (—44.2 & 5.4 pA measured at the step
solution (control: —89.1 £ 1.5mV, n=28; Rp-cAMPs: to —120mV, n=6, P > 0.05 relative to control internal,
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Figure 6. CRF enhanced I}, through a PKC-dependent mechanism in VTA dopamine neurons

A, example neuron demonstrating that 1 um BIS in the internal recording solution prevented an increase in I, 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 /, (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
for the voltage step measured at —120 mV (n = 7). **P < 0.01 relative to control internal. C, example neuron
demonstrating that PDBU enhanced /. 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 I,
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.
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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 I, 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
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neuron firing. Specifically, we found that CRF increased
dopamine neuron firing by acting on the CRF-R1 to induce
a PKC-dependent enhancement of I},.

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 I, 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 I, is a reliable predictor of dopamine content in
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Figure 7. Inhibition of cAMP-dependent processes shifts the voltage dependence of activation for Iy,
but does not prevent CRF from enhancing /;, in VTA dopamine neurons

A, examples of tail currents elicited by the offset of hyperpolarizing voltage steps (1s) 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, relative to recordings with the control recording. However, identical to
control conditions, CRF did not further alter the voltage dependence of activation of /;, 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 /,. C, example neuron demonstrating that Rp-cAMPs did not prevent an increase in
Iy, 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 /,,
measured at the voltage step to —120 mV relative to recordings with the control internal.
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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 I, 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 I, 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 I, and TH immunoreactivity.

Since we could confidently identify dopamine neurons,
we next observed that CRE, 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-RI1. 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 CRE,
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
Ix(ca)> Ixir or slow I, did not affect the ability of CRF to
increase dopamine neuron firing. Instead, inhibition of Ij,
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 I}, (Frere et al. 2004). HCN2,
HCN3 and HCN4, but not the HCNI, 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

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

CRF increases VTA dopamine neuron firing

2167

signalling molecules can affect I}, 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 I,-dependent manner, and that activation of
I}, is depolarizing, we expected that CRF would enhance
Iy, through a similar PKC-dependent mechanism. Our
voltage-clamp experiments confirmed this hypothesis and
demonstrated that CRFE, as well as the PKC activator,
PDBU, enhanced the total I}, without affecting the voltage
dependence of activation. Both the effect of CRF and
PDBU on I}, was blocked by PKC antagonism, highlighting
a critical role for positive modulation of I}, by PKC in VTA
dopamine neurons. In addition, PKC antagonism reduced
the baseline I}, suggesting that HCN channels are under
tonic positive regulation by PKC in these neurons.

Both the CRF- and PDBU-mediated increase in Iy,
were inhibited by PKC antagonism, clearly demonstrating
that a PKC-dependent enhancement of I;, can occur in
VTA dopamine neurons. However, others have reported
different effects of phorbol esters on I;, in dopamine
neurons. In particular, one study found that phorbol ester
application reduced I}, 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
I, in dopamine neurons (Liu et al. 2003). However, the
discrepancy with our results could be explained by the
inhibition of the Nat—K* pump by phorbol esters at higher
doses, which could then affect a host of ionic conductances
(Fisone et al. 1995).

Itis 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 I, and
how widespread this regulation of I, is throughout the
brain. Consistent with others, we found that the voltage
dependence of activation for I}, 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
I,. Although additional ion currents may be affected by
CRE, 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 I, which
increased the firing in VTA dopamine neurons.

Increased dopamine neuron firing by a stress-released
peptide, such as CRE, 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 Ij,, 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 CRE, 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.
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