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SUMMARY

The apical dendrites of many neurons contain proximal and distal compartments that receive

synaptic inputs from different brain regions. These compartments also contain distinct

complements of ion channels that enable the differential processing of their respective synaptic

inputs, making them functionally distinct. At present, the molecular mechanisms that specify

dendritic compartments are not well understood. Here, we report that the extracellular matrix

protein Reelin, acting through its downstream, intracellular Dab1 and Src family tyrosine kinase

signaling cascade, is essential for establishing and maintaining the molecular identity of the distal

dendritic compartment of cortical pyramidal neurons. We find that Reelin signaling is required for

the striking enrichment of HCN1 and GIRK1 channels in the distal tuft dendrites of both

hippocampal CA1 and neocortical layer 5 pyramidal neurons, where the channels actively filter

inputs targeted to these dendritic domains.

INTRODUCTION

Neuronal dendrites are elaborately branched structures that are divided into different

compartments with distinct membrane properties and synaptic inputs (Lai and Jan, 2006;

Larkum et al., 2009; Spruston, 2008). In CA1 pyramidal neurons (PNs) of the hippocampus,

the proximal region of the apical dendrites, located in stratum radiatum (SR), receives

excitatory input from CA3 PN axons through the Schaffer collateral (SC) pathway. In
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contrast, the CA1 PN distal dendritic tuft, located in stratum lacunosum moleculare (SLM),

receives excitatory input from entorhinal cortex (EC) through the perforant path (PP). These

two dendritic regions contain different sets of ion channels that allow these compartments to

differentially process their synaptic inputs (Nicholson et al., 2006; Nusser, 2012).

One especially striking example of compartmental channel localization is provided by the

distal dendritic enrichment of the HCN1 channels (Santoro et al., 1997; Lörincz et al., 2002;

Notomi and Shigemoto, 2004), which contribute to the hyperpolarization-activated cation

current, Ih, present in many neurons (Robinson and Siegelbaum, 2003). HCN1 is expressed

in apical dendrites of PNs in subiculum, CA1, and neocortical layer 5 in a dramatic

somatodendritic gradient where channel density increases as a function of distance from the

soma, with the very distal dendritic tufts having as much as a 60-fold greater density

compared with the soma (Lörincz et al., 2002).

In hippocampal CA1 PNs, the distal dendritic expression of HCN1 enables these channels to

selectively regulate the synaptic response to the PP inputs from EC (Magee, 1999; Nolan et

al., 2004). Deletion of HCN1 leads to an increase in amplitude and temporal summation of

the PP excitatory postsynaptic potential (EPSP) and an enhancement in spatial learning and

memory (Nolan et al., 2004). In contrast, HCN1 deletion has relatively little effect on

dendritic integration of the SC EPSP, which is generated at more proximal regions of the

CA1 PN dendrite where HCN1 expression is lower. These results suggest that HCN1 acts as

a selective inhibitory constraint of hippocampal distal dendritic integration and of learning

and memory.

While much progress has been made in elucidating the basic mechanisms of axon—dendrite

polarity, little is known about the mechanisms that specify the distinct identities of dendritic

compartments (Arnold, 2007; Kim et al., 2007). In the case of AMPA-type glutamate

receptors, an increasing gradient of receptor expression as a function of distance along the

apical dendrites of CA1 PNs in SR is thought to be cell-autonomous (Harnett et al., 2013;

Shipman et al., 2013). However, the gradient of AMPA receptor density does not extend

into the distal tuft dendrites in SLM (Nicholson et al., 2006). Images from previous studies

indicate that the HCN1 dendritic gradient is not present in dissociated hippocampal neuron

cultures (Noam et al., 2010). We thus explored the possibility that the localization of HCN1

to the distal tuft dendrites may be mediated by a non-cell-autonomous factor, focusing on

the extracellular matrix glycoprotein Reelin, which is highly enriched in SLM (Alcántara et

al., 1998, Ramos-Moreno et al., 2006).

Reelin is important for both neuronal migration and formation of cortical lamina in the

developing brain (D’Arcangelo and Curran, 1998) and the innervation of CA1 dendrites in

SLM by EC axons (Borrell et al., 2007). A spontaneous loss-of-function mutation in the

reelin gene (the reeler mouse) leads to a number of brain abnormalities that result in

uncoordinated movement (D’Arcangelo et al., 1995). Binding of Reelin to its two low-

density lipoprotein receptors, the APOE receptor 2 and the VLDL receptor, activates Src

family tyrosine kinases (SFKs) and the cytoplasmic signaling molecule Dab1. Dab1

activation in turn increases SFK activity, creating a positive feedback loop (Arnaud et al.,

2003 Bock and Herz, 2003). Most of the actions of Reelin are thought to require signaling
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through Dab1, whose deletion results in a reeler phenotype (Bock and Herz, 2003;

D’Arcangelo et al.,1999; Sheldon et al., 1997). Like Reelin, Dab1 is localized to the CA1

SLM region in hippocampus (Borrell et al., 2007).

Reelin and Dab1 are also important for postnatal brain function as the expression of these

proteins persists into adulthood (Alcántara et al., 1998). Disruption of Reelin signaling in the

adult leads to altered synaptic signaling and plasticity (Trotter et al., 2013) and may

contribute to neurological disease (Folsom and Fatemi, 2013). Here, we identify Reelin

signaling via Dab1 and SFKs as a critical postnatal factor required for the enrichment of

HCN1 in the distal tuft dendrites of both hippocampal CA1 and neocortical layer 5 PNs. As

we find that Reelin signaling is also critical for the distal dendritic enrichment of GIRK1

channels, but is not required for expression of dendritic proteins not enriched in the distal

dendrites, we suggest that the Reelin pathway plays a general role in establishing the

molecular identity of the distal dendritic compartment.

RESULTS

HCN1 Distal Dendritic Enrichment Requires an Extrinsic Factor

To determine if the enrichment of HCN1 channels in CA1 PN distal dendrites depends on a

cell autonomous mechanism, we examined HCN1 channel distribution in dissociated

hippocampal neuronal cultures. Cultured neurons are capable of developing fundamental

neuronal polarization by forming axons and both apical- and basal-like dendrites whose

protein expression patterns mirror, in many instances, the in vivo patterns (Horton et al.,

2006). Consistent with previous studies, HCN1 was expressed in the soma and dendrites of

the dissociated neurons (Noam et al., 2010). However, there was no increase in HCN1 signal

as a function of dendritic distance from the soma, suggesting that a non-cell-autonomous

factor is involved in the distal enrichment of HCN1 (Figures S1A–S1D).

As a previous study reported that the EC inputs are required for distal HCN1 enrichment, we

reexamined this mechanism by comparing HCN1 expression in organotypic hippocampal

slice cultures either with or without cocultures of EC (Shin and Chetkovich, 2007).

Organotypic cultures preserve much of the in vivo connectivity of the hippocampus (De

Simoni et al., 2003) and are permissive for the distal dendritic enrichment of HCN1 (Shin

and Chetkovich, 2007). However, in contrast to the results of Shin and Chetkovich (2007),

we found that HCN1 was similarly enriched in the distal dendrites of CA1 PNs in the

absence or presence of EC (Figures S1E–S1H; see Discussion for an explanation of the

discrepancy).

One interesting possible non-cell-autonomous mechanism for HCN1 dendritic localization

involves netrin G ligand-1 (NGL-1). A transsynaptic signaling molecule, NGL-1 is strongly

expressed in CA1 PN distal dendrites and interacts with the netrin G1 receptor localized to

EC axons. However, we found that mice with a deletion of NGL-1 (Nakashiba et al., 2002)

showed a normal enrichment of HCN1 in the SLM region of CA1 (Figure S2).
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Loss of Reelin or Dab1 Drastically Reduces HCN1 Localization in the Distal Dendrites

As both Reelin and its downstream partner Dab1 are enriched in SLM, we next explored the

role of Reelin signaling in the distal dendritic enrichment of HCN1 by examining the brains

of reeler mice. Genetic loss of Reelin caused a dramatic reduction in HCN1 staining in the

CA1 SLM region (Figure S3). However, because the reeler mice display a number of

developmental defects, including altered hippocampal structure, the loss of distal HCN1

may be a secondary result of abnormal dendritic morphology. We therefore adopted a

strategy allowing for the cell-autonomous disruption of Reelin signaling in the postnatal

hippocampus using a mouse line homozygous at a floxed allele of the Dab1 gene (Dab1f/f

mice) (Franco et al., 2011).

Dab1 expression was downregulated through unilateral injections in the hippocampus of

newborn (P0/1) Dab1f/f mice of a recombinant adeno-associated virus (rAAV) that

expresses Cre-GFP. Four weeks after viral injection, strong Cre-GFP expression was

observed in the soma of hippocampal neurons in the injected hemisphere, with few Cre-GFP

+ cells present in the hippocampus contralateral to the site of injection (Figure 1A).

In control (contralateral) hippocampal sections, Dab1 was highly enriched in SLM, in

agreement with previous reports (Borrell et al., 2007) (Figure S4). In contrast, Dab1 levels

were significantly reduced throughout CA1 in the hippocampus expressing Cre-GFP, with

Dab1 intensity in SLM showing a strong negative correlation with somatic GFP intensity

(R2 = 0.527). There was no change in Dab1 levels in contralateral hippocampi (Figure S4).

Importantly, hippocampal morphology, including CA1 PN dendritic structure (Figure S6),

and synaptic transmission from CA3 to CA1 PNs (Figures 4 and S7) were unchanged

following Dab1 knockdown, as long as Cre-GFP was not strongly overexpressed. As very

high levels of Cre-GFP expression did lead to changes in hippocampal structure, including a

widened CA1 PN cell body layer, we only analyzed results from brains with moderate levels

of Cre-GFP showing normal hippocampal morphology.

We observed a dramatic reduction in HCN1 expression in the SLM region of CA1 in the

hippocampus injected with AAV-Cre-GFP (Figures 1B–1F). In contrast, we found a normal

pattern of HCN1 staining in the hippocampus contralateral to the site of viral injection.

Moreover, the reduction in HCN1 was limited to SLM, with little change in the CA1

somatic layer or SR region. This suggests that Dab1 knockdown did not cause a general loss

of channel protein. Similarly to Dab1 staining, HCN1 levels in SLM were strongly

negatively correlated with somatic GFP intensity (Figure 1F). This correlation was observed

both when comparing different hippocampi and when comparing different regions within a

single hippocampus that differed in Cre-GFP expression, indicating that the effect of viral

Dab1 knockdown was primarily cell autonomous. Dab1 knockdown also caused a reduction

in distal enrichment of the HCN channel accessory subunit TRIP8b (Figure S5), which is

important in the targeting of HCN1 to distal CA1 dendrites (Piskorowski et al., 2011; Lewis

et al., 2009). Thus, disruption of Reelin signaling by viral knockdown of Dab1 or a loss-of-

function Reelin mutation leads to a drastic impairment in the distal enrichment of HCN1 in

the CA1 SLM region.
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Dab1 Knockdown Selectively Affects Distally Enriched Proteins

To determine whether Reelin signaling is generally required for the enrichment of proteins

in CA1 distal tuft dendrites, we examined the effect of Dab1 knockdown on the localization

of the GIRK1 potassium channel subunit, which is also normally enriched in CA1 PN distal

dendrites (Chen and Johnston, 2005; Drake et al., 1997). Dab1 knockdown caused a marked

loss of GIRK1 staining from CA1 SLM, similar to our results with HCN1 (Figures 2A–2C).

Furthermore, there was a strong negative correlation between GFP staining and GIRK1

levels (R2 = 0.682).

Next, we explored whether Reelin signaling is required for targeting all proteins to distal

dendrites or is specifically involved in targeting only those proteins that are enriched in

distal dendrites. In contrast to our results with HCN1 and GIRK1, knockdown of Dab1 had

no effect on the expression of two proteins normally present in a uniform distribution

throughout the apical dendritic arbor. Thus there was no change in proximal or distal

dendritic expression of either the cytoplasmic microtubule-associated protein MAP2

(Figures 2D–2F) or the GluR1 AMPA receptor subunit (Figures 2G–2I). In both cases there

was only a weak correlation between somatic GFP intensity and MAP2 intensity in SLM
(R2 = 0.237) or GluR1 intensity (R2 = 0.323).

Our finding that MAP2 and GluR1 expression were unchanged argues that the loss of HCN1

and GIRK1 from distal dendrites is specific and is not a result of a general mistargeting of

proteins to distal dendrites or disruption in dendritic structure. To determine directly whether

dendritic morphology was altered by Dab1 knockdown, we examined reconstructions of

Cre-GFP+ and Cre-GFP+ neurons in Dab1f/f mice (Figure S6). We found no significant

differences in dendritic morphology between control neurons (Cre-GFP−) and neurons in

which Dab1 expression was reduced (Cre-GFP+), as measured by dendritic branching, total

apical dendrite length, volume, or surface area. Thus, we conclude that postnatal Reelin/

Dab1 signaling is required for the enrichment of specific classes of channels in the distal

dendrites.

Ih Is Selectively Decreased in Distal Dendrites after Dab1 Knockdown

The light-microscopic immunohistochemistry results do not have the resolution to reveal

whether there is a loss of HCN1 or GIRK1 channels in the cell membrane of the CA1 distal

dendrites or whether HCN1 is depleted from an intracellular pool of channels. We therefore

performed whole cell patch clamp recordings to provide a functional assay of levels of HCN

channels and Ih in somatic, proximal dendritic (<150 μm from the soma), and distal

dendritic (>250 μm from the soma) cell membranes in Dab1f/f mice. Both Cre-GFP+ and

Cre-GFP− neurons had similar action potential (AP) firing thresholds and peak AP

amplitudes in both the soma and distal dendrites, indicating that the CA1 PNs and their

dendrites were generally healthy in both control and Dab1 knockdown groups (Figures

S7D–S7E).

We next used current clamp recordings to measure a number of CA1 PN

electrophysiological properties previously shown to depend on levels of Ih, including resting

membrane potential (RMP), input resistance (Rin) and voltage sag (Magee, 1998; Nolan et
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al., 2004). Although, Dab1 knockdown caused no change in RMP or Rin in proximal

dendrites, we observed a significant hyperpolarization of the RMP and a marked increase in

Rin in the distal dendrites, consistent with a loss of Ih (Figures 3E and 3F).

To provide a more direct measure of Ih and HCN1 function, we next measured voltage sag,

a depolarizing membrane response to hyperpolarizing current steps that is characteristic of

the activation of Ih (Figure 3A). In recordings from proximal dendrites, voltage sag was not

significantly altered following Dab1 knockdown (Figures 3A, 3B, and 3G). However,

voltage sag was largely eliminated in the distal dendrites of Cre-GFP+ cells (Figures 3C and

3G). We confirmed that the voltage sag resulted from activation of Ih using the HCN

channel blocker ZD7288, which caused a near complete block of voltage sag in Cre-GFP−

distal dendrites, but had little effect on Cre-GFP+ PNs (Figures 3D and 3H–3J). These

findings indicate a selective and near complete loss of Ih and membrane expression of

HCN1 in CA1 PN distal dendrites following Dab1 knockdown.

The loss of voltage sag could result either from a loss of channel expression in the surface

membrane or a negative shift in the voltage-dependence of Ih that opposes its activation

during membrane hyperpolarization, as is observed following binding of the accessory

subunit TRIP8b to the HCN channels (Santoro et al., 2009) or hydrolysis of PIP2 (Pian et

al., 2006). However, we failed to observe any sag following Dab1 knockdown even when

the membrane was hyperpolarized to voltages as negative as −160 mV, more than 80 mV

negative to the voltage normally required to activate Ih, and far negative to the voltage shifts

in Ih activation reported previously. Thus, we conclude that the loss of Ih likely reflects the

loss of channel expression in the cell membrane.

Surprisingly, voltage sag at the soma was significantly increased by Dab1 knockdown,

which also depolarized the somatic RMP (Figures 3E and 3G), indicative of an increase in

somatic Ih. These results suggest that Reelin-Dab1 signaling is not generally required for

membrane expression of HCN1 but rather is selectively involved in targeting HCN1 to the

distal CA1 dendrites. The increase in somatic Ih following Dab1 knockdown may result

from an increased pool of somatic HCN1 as a result of the channels being no longer targeted

to the distal dendrites.

To investigate whether Dab1 knockdown also affected GIRK1 channel expression in the

distal dendrite cell membrane, we measured the input resistance of distal dendrites from

Cre-GFP+ and Cre-GFP− neurons before and after application of Ba2+, a GIRK channel

blocker (Harnett et al., 2013). In the absence of Ba2+, the input resistance in the distal

dendrites of Cre-GFP+ neurons was significantly higher than that of Cre-GFP− neurons, as

observed above (Figure S7). In control Cre-GFP− neurons, Ba2+ significantly increased

input resistance, as expected given the high levels of GIRK1 channels. Importantly, Ba2+

application failed to alter the input resistance of the Cre-GFP+ neurons, consistent with a

loss of GIRK1 surface membrane expression in the distal dendrites. A loss of GIRK

channels is also consistent with our findings that Dab1 knockdown increases Rin and shifts

RMP to more negative values even when Ih is blocked with ZD7288 (Figures 3I and 3J).
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As a further means of assaying changes in dendritic Ih, we examined the dendritic

integration of the EPSPs evoked by electrical stimulation of PP and SC inputs to CA1 PNs.

Previous studies have shown that the high density of Ih in the distal dendrites acts as an

inhibitory shunt conductance that decreases the peak amplitude of PP EPSPs, speeds the

time course of PP EPSP decay, and decreases the extent of PP EPSP temporal summation

(Magee, 1998, 1999; Nolan et al., 2004). In contrast, Ih exerts a smaller effect on dendritic

integration of SC inputs owing to the lower density of HCN1 channels in the proximal

dendrites.

Whole cell recordings from the distal dendrites of CA1 PNs showed that the SC-evoked

EPSPs were similar in magnitude in Cre-GFP+ and Cre-GFP− neurons (Figures 4B and 4C).

However, Dab1 knockdown caused nearly a 2-fold increase in the PP EPSP peak amplitude

(Figures 4D and 4E). Blockade of Ih with ZD7288 increased the EPSP evoked by PP

stimulation in Cre-GFP+neurons, but did not alter EPSP size in Cre-GFP+ neurons. In

addition, there was a marked increase in temporal summation during a brief burst of PP

synaptic stimuli in Cre-GFP+ neurons compared to Cre-GFP− neurons. Furthermore, we

found that ZD7288 significantly increased temporal summation in Cre-GFP− neurons but

had no effect in Cre-GFP+ neurons (Figures 4F and 4G).

In total, our electrophysiological results reveal that Dab1 knockdown leads to a selective

loss of HCN1 and GIRK1 channels from the cell membrane of distal dendrites in CA1 PNs,

with little loss of HCN1 in proximal dendrites and an actual increase in the soma. Thus, we

conclude that Dab1 signaling is not required for HCN1 and GIRK1 trafficking to the surface

membrane but rather is important for the distal dendritic enrichment of these channels.

Reelin Is a Key Regulator of SFKs in the Postnatal Hippocampus

Are the effects of Reelin-Dab1 signaling on HCN1 expression mediated through Src family

tyrosine kinases (SFKs), as described for other Reelin-Dab1 actions (Bock and Herz, 2003)?

We examined the importance of SFK activation in HCN1 targeting using two antibodies,

one that specifically recognizes the kinase active conformation of SFKs and one that

recognizes both kinase active and inactive conformations (total SFK) (Gonfloni et al., 2000).

In both contralateral and Dab1 knockdown hippocampi, total SFK signal was high in SR and

relatively low in SLM (Figures 5A–5C). In contrast, active SFK was highly enriched in

SLM of CA1. Although Dab1 knockdown did not alter total SFK levels in any region of the

dendrite, it markedly decreased active SFK levels in SLM (Figures 5D–5F). Western blots

of hippocampal tissue with varying levels of Cre-GFP expression revealed a correlation

between increased levels of GFP and reduced levels of active SFKs, with no changes in total

SFK levels (Figure S4).

SFK Activity Is Required for HCN1 Surface Expression

The above results show that Reelin-Dab1 is important for activating SFKs. Next, we asked

whether SFK activity is necessary for the proper dendritic targeting of HCN1. Because the

SFK family members Src, Fyn, and Yes often functionally substitute for each other, and

double mutant mice that lack Src and either Fyn or Yes die perinatally (Stein et al., 1994),

we examined the role of SFK activity on the dendritic enrichment of HCN1 channels by
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applying a pharmacological inhibitor of SFKs to organotypic hippocampal cultures. Such

cultures are known to contain the essential components of the Reelin signaling pathway

(Alvarez-Dolado et al., 1999; Del Río et al.,1996).

We first asked whether Reelin is necessary for the distal enrichment of HCN1 channels in

organotypic cultures by adding receptor-associated protein (RAP) to the culture media. RAP

is an intracellular chaperone for Reelin receptors that when applied extracellularly binds to

the Reelin receptors, thereby preventing Reelin binding and activation of downstream

signaling (Chen and Johnston, 2005; Gong et al., 2007). RAP treatment significantly

reduced HCN1 staining intensity in the dendrites compared with GST controls (Figures 6A–

6C) but did not significantly alter MAP2 staining (Figures 6A, 6B, and 6D), demonstrating

that Reelin signaling is required for targeting of HCN1 to distal dendrites in organotypic

cultures as well as in vivo.

We next investigated the role of SFKs in HCN1 distal enrichment by comparing the effects

of the selective SFK inhibitor PP2 with its inert analog PP3. MAP2 staining intensity was

not significantly different in cultures exposed to PP2 compared to cultures treated with PP3,

indicating that SFK inhibition did not cause global changes in protein localization or

dendritic structure (Figures 6E, 6F, and 6H). However, HCN1 staining was significantly

reduced throughout CA1 in PP2-treated cultures, including in the cell body layer (Figures

6E–6G). This contrasts with our results using in vivo Dab1 knockdown or RAP treatment in

organotypic cultures, where HCN1 intensity (and voltage sag) was reduced in distal

dendrites but not in the somatic compartment. To address whether SFK inhibition results in

a global loss of HCN1 surface expression, we performed somatic whole cell recordings from

cultures treated with PP2 or PP3. Both PP2 and PP3-treated neurons fired action potentials

similarly in response to depolarizing current injection (Figures 6I and 6J), indicating that the

cultures were healthy. However, PP2 treatment, but not PP3 treatment, significantly reduced

somatic voltage sag (Figure 6K). Thus, SFK activity appears to be required for both the

distal enrichment of HCN1 and its surface membrane expression.

Dab1 Knockdown Reduces HCN1 in Distal Dendrites of Neocortical Layer 5 PNs

HCN1 is also highly enriched in the distal dendrites of neocortical layer 5 (L5) PNs,

resulting in strong HCN1 staining in layer 1 (L1), the site of the PN distal tuft dendrites. Of

interest, L1 also contains a population of Reelin-secreting interneurons, analogous to the

Reelin-secreting neurons in SLM of CA1 (Ramos-Moreno and Clascá, 2013). To investigate

if Reelin signaling is important for targeting HCN1 to distal dendrites in L5 PNs, we

injected rAAV Cre-GFP into the neocortex of Dab1f/f mice. Loss of Dab1 greatly reduced

HCN1 staining in L1, compared with HCN1 expression in the control (contralateral)

hemisphere (Figures 7A–7E). In contrast, MAP2 intensity was not altered by Cre-GFP

expression (Figure 7F), again indicating that Reelin signaling is specifically required for the

dendritic expression of proteins normally enriched in distal dendrites. Thus, we conclude

that Reelin provides a general signal for specifying cortical PN distal dendritic identity,

which is required for HCN1 localization.
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Dab1 Knockdown in Adult Hippocampi Reduces HCN1 Levels in SLM

Is Reelin signaling selectively involved in the initial establishment of the proper pattern of

HCN1 distal dendritic expression during early postnatal development or is it also important

for the maintenance of HCN1 distal dendritic expression in the adult? To address this

question, we injected rAAV Cre-GFP into the hippocampus of adult (~3 months of age)

Dab1f/f mice. We found that Dab1 knockdown in adult mice drastically reduced distal

dendritic HCN1 in the hippocampal CA1 region (Figures 7G–7K), whereas MAP2 levels

were unchanged (Figure 7L), demonstrating the importance of Reelin signaling throughout

postnatal life.

DISCUSSION

Establishment of a Distal Dendritic Compartment

The distal tuft dendrites of both hippocampal CA1 and neocortical L5 PNs represent an

electrophysiologically distinct compartment that actively filters the inputs to these locales.

Here, we find that the extracellular matrix protein Reelin, acting through its downstream

Dab1 and SFK signaling cascade, provides a non-cell-autonomous factor that specifies the

identity of the distal dendritic compartment in both CA1 and L5 PNs. Thus, Reelin signaling

is specifically required for the targeting of HCN1 and GIRK1 channels to the distal tuft

dendrites, where they regulate the efficacy of dendritic integration.

Activity-Dependent and Independent Mechanisms of HCN1 Dendritic Targeting

A number of studies have examined HCN1 channel expression and trafficking are regulated.

As no significant levels of HCN1 mRNA in dendrites have been so far reported (Santoro et

al., 2000; Brewster et al., 2007; Cajigas et al., 2012), the channel is likely targeted to its

cellular locale posttranslationally. Shin and Chetkovich (2007) concluded that the EC inputs

to CA1 distal dendrites lead to HCN1 enrichment through an activity-dependent mechanism.

This is consistent with findings that lesions of the EC input to CA1 result in HCN1

downregulation (Brauer et al., 2001). One possible mechanism by which EC inputs might

regulate HCN1 expression and localization is through the synaptic excitation of calretinin-

positive inhibitory neurons at the SR-SLM border in CA1, which may require activity for

Reelin secretion (Chameau et al., 2009). Indeed, Reelin and Dab1 are present in organotypic

cultures in both the presence and absence of EC (Alvarez-Dolado et al., 1999; Del Río et al.,

1996). Although we failed to identify a requirement for EC inputs for HCN1 dendritic

localization in organotypic cultures, it is possible that levels of interneuron activity under the

conditions of our experiment may have triggered adequate levels of Reelin release without

the need for EC input.

A second factor known to regulate HCN1 surface expression (Santoro et al., 2004, 2009)

and dendritic targeting (Han et al., 2011; Piskorowski et al., 2011) is the brain-specific HCN

channel auxiliary subunit TRIP8b. When the interaction between HCN1 and TRIP8b is

prevented by deletion of the HCN1 conserved C-terminal tripeptide (Ser-Asn-Leu), the

channels are no longer targeted to the distal dendrites and are uniformly expressed

throughout the CA1 somatodendritic compartment (Piskorowski et al., 2011). However,

TRIP8b alone is not sufficient for the distal enrichment of HCN1 channels as endogenous or
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exogenous expression of TRIP8b in dissociated hippocampal neuron cultures fails to target

HCN1 to the PN distal dendrites (Piskorowski et al., 2011).

Reelin Signaling in the Postnatal Hippocampus

Although Reelin signaling has been most thoroughly characterized during embryonic

neuronal development, there is increasing evidence for a contribution of Reelin to synaptic

function and cognition in the postnatal and adult hippocampus (Weeber et al., 2002, Beffert

et al., 2005). For example, forebrain-specific deletion of Dab1 in adolescent mice (>1 month

old) was shown to impair hippocampal synaptic function and spatial learning (Trotter et al.,

2013).

Our results describe two roles for Reelin in the postnatal brain. First, we find that Reelin

signaling plays a critical role in localizing both GIRK1 and HCN1 channels to the distal

dendrites of PNs in both hippocampus and neocortex. Second, we show that Reelin is a

major regulator of SFK activity in CA1 PN distal dendrites in SLM. This result is

unexpected as SFKs can be activated by a wide variety of receptor pathways, including

growth factor receptors, GPCRs, cadherins, and integrins and emphasizes the importance of

Reelin for tyrosine kinase signaling in distal PN dendrites in the postnatal hippocampus

(Parsons and Parsons, 2004).

The present results provide the first demonstration, to our knowledge, that Reelin signaling

in the postnatal brain is critical for the dendritic localization and surface expression of

nonsynaptic, voltage-gated ion channels. Moreover, our findings indicate that Reelin

signaling plays a specific role in the dendritic localization of only those proteins that are

normally enriched in the distal dendritic compartment. Thus, Reelin signaling is not required

for dendritic targeting of proteins normally found in a generally uniform distribution

throughout the apical dendrites. Based on these results, we conclude that Reelin signaling is

important for specifying the identity of the distal dendritic compartment, both for

hippocampal CA1 PNs and layer 5 neocortical neurons.

SFK Regulation of Ion Channel Surface Expression

How does the Reelin-Dab1 signaling cascade lead to the distal enrichment of HCN1? Our

results suggest that local activation of SFKs likely plays a critical role, although it is unclear

whether this represents a direct effect of tyrosine phosphorylation of HCN1 (and GIRK1) or

occurs through some intermediary tyro-sine phosphoprotein. Previous studies have found

that HCN channels may be directly regulated by SFKs, beginning with the initial cloning of

the HCN channel gene family using a yeast two-hybrid screen for protein interactions with a

domain of Src, the eponymous SFK (Santoro et al., 1997). Subsequent studies have shown

that SFKs regulate both the gating and surface expression of HCN2 and HCN4 channels

through phosphorylation of multiple tyrosine residues, many of which are conserved in

HCN1 (Huang et al., 2008; Li et al., 2008; Lin et al., 2009; Zong et al., 2005). However, it is

not yet known if HCN1 is directly phosphorylated by SFKs, or whether direct HCN1

channel tyrosine phosphorylation is required for its proper dendritic targeting.

In contrast to the specific role of Reelin and Dab1 signaling in the distal dendritic

enrichment of HCN1, we find that SFK activity is important for the surface expression of
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HCN1 throughout the somatodendritic domain of CA1 PNs. Chronic inhibition of SFK

activity in organotypic cultures led to a near complete loss of HCN1 as measured both by

immunohistochemistry and somatic voltage recordings. To account for the similarities and

differences in the effects of SFK inhibition versus blockade of Reelin signaling, we

hypothesize that SFK activity is required for proper surface expression of HCN1 throughout

the somatodendritic compartment. Normally, the high concentration of Reelin in the SLM

region of CA1 will lead to the strong localized activation of Dab1 and SFK in the distal

dendrites of CA1 neurons, resulting in the distal dendritic enrichment of HCN1 and other

proteins, including GIRK1. Factors distinct from Reelin may generate low levels of diffuse

SFK activity in the soma and proximal dendrites that gives rise to the low but significant

levels of HCN1 and Ih in these compartments. Thus, specific blockade of Reelin signaling

blocks the enrichment of HCN1 and GIRK1 in the distal dendritic compartment, with little

effect on protein levels in the soma and proximal dendrites. In contrast, indiscriminate

blockade of SFK activity with the pharmacological inhibitor PP2 blocks tyrosine

phosphorylation throughout the neuron, leading to a global loss of HCN1 and Ih. It will be

of interest in the future to determine whether alterations in Reelin release and the

somatodendritic pattern of SFK activity contribute to the redistribution of HCN1 following

seizures (Jung et al., 2010; Powell et al., 2008). Future studies will also be important to

address the molecular mechanisms by which Reelin, acting through SFKs, leads to enriched

levels of HCN1 in the tuft dendrites.

EXPERIMENTAL PROCEDURES

Antibodies and Viruses

Please see the Extended Experimental Procedures for a list of antibodies, viruses, and

animals used in this study.

Animals

All mouse lines were maintained in standard conditions in accordance with guidelines

established by the NIH and by the Institutional Animal Care and Use Committee. C57B/6

wild-type mice were obtained from the Jackson Laboratory. Reeler knockout mice and wild-

type littermates were purchased from the Jackson Laboratory (stock number 000235).

Dab1f/f mice were generously provided by Gabriella D’Arcangelo at Rutgers University and

Ulrich Mueller at the Scripps Research Institute. NGL1 knockout mice were a gift from

Shigeyoshi Itohara at the Riken Institute.

Neonate Viral Injections

Perinatal rat pups were immersed in an ice-water bath for 8 to 10 min to achieve anesthesia.

Pups were then gently wrapped in a Kimwipe and taped to the platform of a stereotactic

injection apparatus. A glass pipette back-filled with rAAV was then lowered through the

skull into the brain. Injection coordinates were 0.2 to 0.3 mm rostral to bregma and 0.2 to

0.4 mm lateral to the midline. Multiple injection depths were selected ranging from 0.2 to

0.05 mm below the cortical surface to ensure high infectivity throughout the hippocampus

and cortex.
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Electrophysiology

Standard current-clamp patch recordings were used to measure somatic and dendritic

membrane properties and synaptic potentials. To minimize any voltage errors during large

hyperpolarizing current steps during somatic and dendritic voltage recordings, the series

resistance was compensated with the amplifier bridge circuit. As a result there was at most a

5 mV voltage error during the largest hyperpolarizing current steps (see Figure S7C). See

Extended Experimental Procedures for detailed electrophysiology methods.

Organotypic Culture Preparation

Organotypic cultures were prepared from neonatal Sprague-Dawley rats (Charles River) at

postnatal days 5–7 as previously described (Gogolla et al., 2006). In brief, rat pups were

decapitated, and the brain was rapidly removed and placed in ice-cold Hank’s balanced salt

solution (HBSS) for 4 min. The hippocampi were dissected out and chopped along the

transverse axis into 400 μM sections with a McIlwain tissue chopper (Stoelting). Sections

were gently transferred with a paintbrush to organotypic culture inserts (Millipore) in High

Serum Media (50% DMEM with Glutamax, 25% heat-inactivated donor equine serum, 25%

HBSS, 10 mM HEPES). Media was exchanged every 2 to 3 days with fresh High Serum

Media.

All experimental treatments in organotypic cultures began on day in vitro (DIV) 8 and were

terminated after 48 hr on DIV 10. The following drugs were used: PP2 (5 μM, Tocris), PP3

(5 μM, Tocris), GST-RAP (50 μg/ml, Enzo Scientific), and GST-GABARAP (50 μg/ml,

Enzo Scientific).

Imaging and Analysis

Images were acquired on a Zeiss LSM700 scanning confocal microscope. Maximum

intensity projections were created using ImageJ. To display larger brain regions in

representative images, maximum intensity z projections were stitched together using the

Zeiss software tiling feature. For all quantitative analyses, maximum intensity z projections

of single (not tiled) fields of view taken using the 20X objective (0.8 na) were used. Imaging

settings (pinhole size, laser power and gain, etc.) were identical for each experiment. Square

ROIs were chosen to encompass the PN soma in SP, central SR (half the distance between

SP and SLM), and SLM. ROI size was kept consistent for each experiment. For netrin-G

ligand mice experiments, imaging and analysis was performed as described, but using a

BioRad MRC confocal microscope.

Neurons were traced and Sholl analysis was performed using NeuroLucida Software

(MicroBrightField).

Statistical analysis was done using Prism. Unless otherwise indicated p values are from

unpaired t tests given with standard errors of the mean (SEM); all p values (significance

level set at p<0.05) for t-tests are two tailed and all ANOVAs were corrected for multiple

comparisons post-hoc tests as indicated. Figures were assembled with Adobe Illustrator.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Knockdown of Dab1 Disrupts HCN1 Enrichment in Distal Dendrites of Hippocampal
CA1 PNs
(A) Cre-GFP signal in a control hippocampus in the hemisphere contralateral to site of

rAAV Cre-GFP injection (A1) and a Dab1 knockdown hippocampus in the injected

hemisphere. CA1, CA3, and dentate gyrus (DG) are labeled. To show the entire

hippocampal structure in the figure low magnification (5X) images of maximum intensity z

projections were tiled. See experimental procedures for imaging details. Scale bar, 200 μm.

(B) HCN1 intensity was greatest in the CA1 SLM in the contralateral control hippocampus

(B1). HCN1 staining intensity was reduced in the Dab1 knock-down hippocampus (B2). Red

rectangles indicate regions shown in (C). Scale bar, 200 μm.

(C) High-magnification image of GFP signal (C1) and HCN1 staining (C2) in CA1 region of

contralateral hippocampus. To show details of CA1 region high magnification (20X) images

of maximum intensity z projections were tiled. Arrow points to region of high HCN1 signal

in SLM. Scale bar, 50 μm.

(D) High-magnification image of GFP signal (D1) and HCN1 staining (D2) in CA1 region of

Dab1 knockdown hippocampus. Arrow points to region of reduced HCN1 signal in SLM.

Scale bar, 50 μm.

(E) Mean HCN1 intensity in contralateral (magenta bars) and Dab1 knockdown (green

striped bars) hippocampi. A significant decrease in HCN1 staining was only found in SLM

(SP, p = 0.101; SR, p = 0.194; SLM p = 0.010). All p values ± SEM were generated from
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unpaired t tests unless otherwise noted. (F) Plot of HCN1 intensity versus GFP intensity (R2

= 0.552).

See also Figures S1, S2, S3, and S4.
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Figure 2. Knockdown of Dab1 Does Not Alter Localization of Proteins with a Uniform Dendritic
Protein Distribution
(A) GFP signal (A1) and GIRK1 staining (A2) in the hippocampus contralateral to site of

injection. To show details of CA1 maximum intensity z projections were tiled. Scale bar, 50

μm for all images.

(B) GFP signal (B1) and GIRK1 staining (B2) in Dab1 knockdown hippocampus ipsilateral

to site of injection.

(C) Mean GIRK1 staining in contralateral and Dab1 knockdown hippocampi. Dab1

knockdown caused a significant reduction in GIRK1 staining intensity in SLM (p = 0.001).

(D) GFP signal (D1) and MAP2 staining (D2) in contralateral hippocampus.

(E) GFP signal (E1) and MAP2 staining (E2) in Dab1 knockdown hippocampi.

(F) Mean intensity of MAP2 staining was unaltered by Dab1 knockdown in all layers of

CA1 (p > 0.05).

(G) GFP signal (G1) and GluR1 staining (G2) in contralateral hippocampus.

(H) GFP signal (H1) and GluR1 staining (H2) in Dab1 knockdown hippocampi.

(I) Mean intensity of GluR1 staining was unaltered by Dab1 knockdown (p > 0.05).

See also Figures S5 and S6.
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Figure 3. Dab1 Knockdown Reduces Ih Selectively in Distal Dendrites of CA1 PNs
(A) Whole cell current clamp voltage recordings from soma of Cre-GFP− (A1) and Cre-GFP

+ (A2) CA1 PNs. Voltage responses are shown to a series of hyperpolarizing and

depolarizing current pulses. Arrows point to pronounced voltage sag following strongest

hyperpolarization responses in Cre-GFP−and Cre-GFP+ neurons. Scale bars represent 20

mV, 0.2 s.

(B) Whole cell current clamp recordings from proximal dendrites of Cre-GFP− (B1) and

Cre-GFP+ (B2) CA1 neurons. Scale bars, 50 mV, 0.1 s.

(C) Whole cell current clamp recordings from distal dendrites of Cre-GFP− (C1) and Cre-

GFP+ (C2) CA1 neurons. Scale bars, 50 mV, 0.1 s. Note pronounced voltage sag with

strongest hyperpolarizations in recordings from GFP- but not GFP+ PN distal dendrites.

(D) Whole cell current clamp voltage recordings from distal dendrites in Cre-GFP− (D1) and

Cre-GFP+ (D2) neurons before (black traces) and after application of 10 μM ZD7288 (red

traces). Scale bars, 50 mV, 0.1 s.
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(E) Resting membrane potential (RMP in mV) of Cre-GFP− (control, magenta) and Cre-

GFP+ (Dab1 knockdown, green) neurons. Dab1 knockdown caused a significant negative

shift in the RMP in distal dendrites (p = 0.036) and a significant positive shift in RMP in the

soma (p = 0.006). Number of cells for each condition are displayed on graph.

(F) Dab1 knockdown caused a significant increase in mean input resistance (Rin) selectively

in distal dendrites (p = 0.003).

(G) Dab1 knockdown significantly increased the voltage sag ratio (Vsag ratio) in the soma (p

= 0.004) and significantly decreased Vsag ratio in the distal dendrites (p = 0.0002). Vsag ratio

was measured as (Vpeak – Vsteady-state)/Vpeak × 100%, where Vpeak is the maximal

hyperpolarized voltage and Vsteady-state is the steady-state voltage in response to a given

hyperpolarizing current step relative to membrane holding potential.

(H) Vsag ratio measured in distal dendrites of Cre-GFP− and Cre-GFP+ neurons before and

after application of ZD7288. ZD7288 significantly decreased sag only in Cre-GFP− neurons

(paired t test, p < 0.0001). Plot shows individual cells, min to max (whiskers), median (line),

and 25th to 75th percentiles (box).

(I) Rin measured in distal dendrites of Cre-GFP− and Cre-GFP+ neurons before and after

application of ZD7288. ZD7288 significantly increased Rin in Cre-GFP− neurons (paired t

test, p < 0.0001). In the presence of ZD7288, Rin was significantly greater in Cre-GFP+

neurons than in Cre-GFP− neurons (p = 0.035). (J) RMP in distal dendrites of Cre-GFP−

and Cre-GFP+ neurons before and after application of ZD7288 (red traces). ZD7288 caused

a significant negative shift in the RMP of Cre-GFP− neurons (paired t test, p = 0.001). In the

presence of ZD7288, RMP was significantly more negative in Cre-GFP+ neurons than in

GFP-neurons (p = 0.036).

See also Figure S7.
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Figure 4. Dab1 Knockdown Reduces Integration of Synaptic Inputs Selectively in Distal
Dendrites of CA1 PNs
(A) Experimental design: either the SC pathway or the PP was stimulated during whole cell

current clamp voltage recordings from CA1 PN distal dendrites of Cre-GFP−or Cre-GFP+

neurons.

(B) Effect of Dab1 knockdown on EPSPs recorded in distal dendrites in response to

stimulation of Schaffer collateral inputs, which target proximal dendrites. Example EPSPs

shown for Cre-GFP−and Cre-GFP+ neurons. Scale bars, 1 mV, 50 ms.

(C) Dab1 knockdown had no significant effect on mean Schaffer collateral peak EPSP

amplitude (unpaired t test, p = 0.842). Number of cells displayed on graph. (D) Effect of

Dab1 knockdown on EPSPs recorded in distal dendrites evoked by stimulation of PP inputs,

which target distal dendrites. Example EPSPs from Cre-GFP−and Cre-GFP+ CA1 neurons.

Red traces show EPSPs obtained after application of 10 μM ZD7288 for each neuron. Scale

bars, 1 mV, 50 ms.

(E) Dab1 knockdown significantly increased mean perforant path peak EPSP amplitude (p =

0.021).

(F) Effect of Dab1 knockdown on temporal summation of CA1 neuron EPSPs evoked by a

burst of five perforant path stimuli delivered at 20 Hz. EPSPs recorded from Cre-GFP−and

Cre-GFP+ neurons. Red traces show EPSPs recorded after application of 10 μM ZD7288.

Scale bars, 5 mV, 50 ms.

(G) Mean summation of PP EPSPs recorded in Cre-GFP− and Cre-GFP+ neurons before

and after ZD7288 application. Summation, measured as ratio of peak voltage during the fifth

EPSP divided by peak voltage during the first EPSP, was significantly increased by Dab1

knockdown (**, p = 0.0097). In Cre-GFP+ neurons, ZD7288 had no effect (p = 0.401). Plot

shows individual cells, min to max (whiskers), median (line), and 25th to 75th percentiles

(box).
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Figure 5. Regulation of SFK Activity by Dab1 In Vivo
(A) GFP signal (A1) and total SFK staining (A2) in a contralateral (control) hippocampus.

To show the brain region in which the analysis was performed, maximum intensity z

projection images were tiled. Scale bar, 50 μm for all images.

(B) GFP signal (B1) and total SFK staining (B2) in a Dab1 knockdown hippocampus.

(C) Mean intensity of total SFK staining was unaltered by Dab1 knockdown in all layers of

CA1 (unpaired t tests: p > 0.05).

(D) GFP signal (D1) and active SFK staining (D2) in a contralateral hippocampus.

(E) GFP signal (E1) and active SFK staining (E2) in a Dab1 knockdown hippocampus.

(F) Mean intensity of active SFK staining was significantly reduced by Dab1 knockdown in

SLM of CA1 (p = 0.020).

Kupferman et al. Page 23

Cell. Author manuscript; available in PMC 2015 September 11.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 6. Effects of Reelin and SFK Inhibition on HCN1 Expression and Localization in
Organotypic Cultures
(A) Image of the CA1 region from a control organotypic culture stained for HCN1 (A1) and

MAP2 (A2). Somatic (S), proximal (P), and distal (D) regions of the apical dendrite are

labeled in (A1). To show the brain region in which the analysis was performed, maximum

intensity z projection images were tiled. Scale bar, 100 μm for all images.

(B) Image of the CA1 region from an organotypic culture treated with RAP to block Reelin

activity and stained for HCN1 (B1) and MAP2 (B2).

(C) Mean HCN1 intensity in the CA1 region of control and RAP-treated cultures. HCN1

was significantly reduced in proximal (p = 0.040) and distal regions (p = 0.049), but not in

the somatic region (p = 0.054) of Dab1 knockdowns (n = 12,19).

(D) Mean MAP2 intensity was not significantly different in control and RAP-treated

cultures.

(E) Image of the CA1 region from an organotypic culture treated with the inert analog PP3

and stained for HCN1 (E1) and MAP2 (E2).

(F) Image of the CA1 region from an organotypic culture treated with the SFK inhibitor PP2

and stained for HCN1 (F1) and MAP2 (F2).
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(G) Mean HCN1 staining intensity in CA1 of PP3 (control) and PP2-treated cultures. HCN1

was significantly reduced in somatic (p = 0.059), proximal (p = 0.003), and distal (p =

0.023) regions in PP2 versus PP3-treated cultures (n = 10,10).

(H) Mean MAP2 intensity in PP2- and PP3-treated cultures.

(I) Whole cell current clamp voltage recording from a CA1 PN in a PP3-treated (control)

culture in response to a series of hyperpolarizing and depolarizing current steps. Note

prominent sag upon hyperpolarization. Scale bars, 20 mV, 200 ms (I and J).

(J) Whole cell current clamp voltage recording from a CA1 PN in a PP2-treated culture in

response to identical current steps used in (I). Note lack of sag.

(K) Mean Vsag ratio was significantly reduced in PP2-treated versus PP3-treated control

cultures (p = 0.001).
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Figure 7. Knockdown of Dab1 Reduces HCN1 Expression in Distal Dendrites of Neocortical
Neurons and in Hippocampi of Adult Injected Animals
(A) GFP signal in neocortex from hemisphere contralateral (Contra., control) to site of

rAAV Cre-GFP injection. To show the brain region in which the analysis was performed,

maximum intensity z projection images were tiled. Scale bar, 50 μm for all images.

(B) HCN1 staining in the contralateral neocortex. Strong staining in layer 1 reflects HCN1

enrichment in the distal apical tuft dendrites of layer 5 PNs.

(C) Cre-GFP signal in neocortex from hemisphere ipsilateral to site of injection. Cre-GFP+

neurons were observed in deep layers of the neocortex, including layer 5.

(D) Effect of Dab1 knockdown on HCN1 staining in neocortical slice.

(E) Mean HCN1 intensity in layer 1 was significantly reduced by Dab1 knockdown (p =

0.025) (n = 6,6).

(F) Dab1 knockdown caused no change in MAP2 staining intensity in layer 1 of neocortical

slices obtained from contralateral or injected hemispheres. (G–J) GFP and HCN1 staining in

an uninjected hippocampus (G and H) and a hippocampus in which rAAV Cre-GFP was

injected during adulthood. (I and J). Scale bar, 50 μM in all images.

(K) Mean intensity of HCN1 was significantly reduced in SLM (p = 0.0002) in Dab1

knockdown hippocampi (n = 4,4). (L) Dab1 knockdown caused no change in MAP2

intensity in SP, SR, or SLM in hippocampi from adult injected animals.
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