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All for One But Not One for All: Excitatory Synaptic Scaling
and Intrinsic Excitability Are Coregulated by CaMKIV,
Whereas Inhibitory Synaptic Scaling Is Under Independent
Control

X Annelise Joseph and Gina G. Turrigiano
Department of Biology and Center for Behavioral Genomics, Brandeis University, Waltham, Massachusetts 02454

Neocortical circuits use a family of homeostatic plasticity mechanisms to stabilize firing, including excitatory and inhibitory synaptic
scaling and homeostatic intrinsic plasticity (Turrigiano and Nelson, 2004). All three mechanisms can be induced in tandem in cultured rat
neocortical pyramidal neurons by chronic manipulations of firing, but it is unknown whether they are coinduced by the same activity-
sensors and signaling pathways, or whether they are under independent control. Calcium/calmodulin-dependent protein kinase type IV
(CaMKIV) is a key sensory/effector in excitatory synaptic scaling that senses perturbations in firing through changes in calcium influx,
and translates this into compensatory changes in excitatory quantal amplitude (Ibata et al., 2008; Goold and Nicoll, 2010). Whether
CaMKIV also controls inhibitory synaptic scaling and intrinsic homeostatic plasticity was unknown. To test this we manipulated CaMKIV
signaling in individual neurons using dominant-negative (dn) or constitutively-active (ca) forms of nuclear-localized CaMKIV and
measured the induction of all three forms of homeostatic plasticity. We found that excitatory synaptic scaling and intrinsic plasticity were
bidirectionally coinduced by these manipulations. In contrast, these cell-autonomous manipulations had no impact on inhibitory quan-
tal amplitude. Finally, we found that spontaneous firing rates were shifted up or down by dnCaMKIV or caCaMKIV, respectively,
suggesting that uncoupling CaMKIV activation from activity generates an error signal in the negative feedback mechanism that controls
firing rates. Together, our data show that excitatory synaptic scaling and intrinsic excitability are tightly coordinated through bidirec-
tional changes in the same signaling pathway, whereas inhibitory synaptic scaling is sensed and regulated through an independent
control mechanism.
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Introduction
Unconstrained neuronal activity can lead to serious neurological
disorders, such as epilepsy, chronic pain, and spasticity (Du et al.,

2005; Kullmann and Waxman, 2010). Neocortical circuits con-
tain extensively recurrent excitatory connections which must be
actively balanced by appropriate levels of inhibition to prevent
the development of hyper or hypoactivity. To achieve this, neu-
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Significance Statement

Maintaining stable function in highly interconnected neural circuits is essential for preventing circuit disorders, and is accom-
plished through a set of negative feedback mechanisms that sense and compensate for perturbations in activity. These “homeo-
static” mechanisms can target synaptic excitation, synaptic inhibition, and intrinsic excitability, but whether they are
independently controlled is not known. We find that synaptic excitation and intrinsic excitability are coregulated in individual
neurons through CaMKIV signaling, which is tightly controlled by neuronal activity. In contrast, synaptic inhibition is unaffected
by changes in firing or CaMKIV signaling in individual neurons. These results show that circuit stability is controlled both through
cell-autonomous mechanisms that regulate some aspects of excitability, as well as circuit-level mechanisms that adjust inhibition.
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rons and circuits use a variety of homeostatic negative feedback
mechanisms to (1) sense activity, (2) compare this activity to a
target firing rate (FR), and (3) make compensatory adjustments
in their own excitability to return to this preferred FR “set point”
(Davis and Bezprozvanny, 2001; Marder and Prinz, 2002; Turri-
giano and Nelson, 2004; Hengen et al., 2016). Neurons stabilize
firing by exploiting a family of homeostatic plasticity mecha-
nisms that bidirectionally tune synaptic strength and intrinsic
excitability (Turrigiano et al., 1998; Desai et al., 1999). Although
manipulating activity can trigger synaptic and intrinsic homeo-
static mechanisms in tandem (Turrigiano, 2012; Lambo and Tur-
rigiano, 2013; Cannon and Miller, 2016), it is currently unknown
whether they are coordinately regulated by the same upstream
signaling pathways.

The calcium/calmodulin-dependent protein kinase type IV
(CaMKIV) pathway has emerged as a candidate for sensing and
homeostatically adjusting neuronal activity. It exhibits steep de-
pendence on neuronal Ca 2� levels to mediate transcription
through phosphorylation of cAMP responsive element binding
protein (CREB) at Ser 133 (Matthews et al., 1994; Finkbeiner et
al., 1997; Chawla et al., 1998). One important form of homeo-
static plasticity, synaptic scaling (SS), is transcription-dependent
(Ibata et al., 2008; Benevento et al., 2016; Schaukowitch et al.,
2017), and a role for CaMKIV signaling in SS has been firmly estab-
lished (Ibata et al., 2008; Goold and Nicoll, 2010; Pratt et al., 2011).
Expression of either a dominant-negative (dn) or a constitutively-
active (ca) form of CaMKIV was able to scale up (dnCaMKIV; Ibata
et al., 2008), or scale down (caCaMKIV; Goold and Nicoll, 2010)
excitatory synaptic strengths, respectively, and these changes oc-
cluded further scaling. Together, these studies suggest that devia-
tions in neural activity away from an internal FR set point lead to a
corresponding change in the activation state of CaMKIV (phosphor-
ylated CaMKIV) in the nucleus. CaMKIV subsequently regulates
transcription in a manner that results in altered trafficking and ac-
cumulation of synaptic AMPA receptors such that synaptic strength
scales in the appropriate direction to move FR back toward a target
value (Turrigiano, 2008).

Although activity-dependent excitatory SS is mediated through
CaMKIV signaling, it remains unknown whether this pathway co-
ordinately regulates homeostatic inhibitory synaptic scaling (Kil-
man et al., 2002; Vale and Sanes, 2002; Hartman et al., 2006) and
intrinsic excitability (Turrigiano et al., 1994; Desai et al., 1999). Here
we directly tested whether CaMKIV is a “master regulator” of mul-
tiple homeostatic mechanisms. We expressed nuclear-localized
dnCaMKIV or caCaMKIV in individual neocortical pyramidal neu-
rons in vitro, and probed for bidirectional changes in synaptic cur-
rents and intrinsic excitability onto affected neurons. We found that
changes in CaMKIV signaling coordinately regulate excitatory syn-
aptic strengths and intrinsic excitability, with both changes in the
right direction to stabilize firing: caCaMKIV reduced intrinsic excit-
ability and excitatory synaptic strength, whereas dnCaMKIV had the
opposite effect. In contrast, inhibitory synaptic strength was unaf-
fected by these cell-autonomous manipulations of CaMKIV signal-
ing. The cooperative changes in intrinsic excitability and excitatory
synaptic strength (coupled with a lack of change in inhibition)
prompted us to ask whether basal FRs were also affected. Indeed, we
found that altered CaMKIV signaling was able to bidirectionally and
cell-autonomously regulate the average FR of pyramidal neurons.
Together, our results demonstrate that two fundamental forms of
homeostatic plasticity are coordinately and cell-autonomously in-
duced through changes in CaMKIV signaling. In contrast, the lack of
effect on inhibition indicates that cell-autonomous changes in
CaMKIV signaling, and the resultant effect on firing rates, do not

trigger inhibitory scaling. This suggests that inhibitory scaling is me-
diated through an independent, possibly circuit-level mechanism.
These results have important implications for understanding how
multiple homeostatic mechanisms are organized within neurons
and circuits.

Materials and Methods
All experiments were performed in vitro and approved by the Animal
Care and Use Committee of Brandeis University and complied with the
guidelines of the National Institutes of Health.

Neuronal cultures and transfection. Dissociated neocortical cultures
were prepared from postnatal day (P)0 –P1 Long–Evans rat pups of ei-
ther sex, and plated onto glass bottomed dishes with confluent astrocytes
as described previously (Pratt et al., 2003). Experiments were performed
between 7 and 14 d in vitro on morphologically identified pyramidal
neurons as described previously (Pratt et al., 2003). Transfections were
done at low efficiency for 24 h using Lipofectamine2000 (Invitrogen)
following the manufacturer’s instructions. To visualize transfected neu-
rons, constructs were cotransfected with a soluble fluorescent protein
(XFP; mCherry or GFP as appropriate). Experimental conditions were
compared within age-matched sister cultures, as described previously
(Pratt et al., 2003).

Constructs. CaMKIV mutant constructs were gifts of Prof. Thomas
Soderling. dnCAMKIV is constructed with three point mutations 1)
Lys75Ala in the ATP-binding site mutated to Ala, 2) the activation loop
phosphorylation site (Thr196) mutated to Ala, and 3) the autoinhibitory
domain inactivated by the triple mutation HMDT308 to DEDD (Way-
man et al., 2011); caCaMKIV is constructed with a mutation in the au-
toinhibitory domain inactivated by the triple mutation HMDT308 to
DEDD (Wayman et al., 2011); and Empty Vector (EV) encodes a green
fluorescent protein (GFP; Clontech Laboratories). All constructs have
three copies of a nuclear localization signal (NLS) attached. The triplicate
NLS significantly increases the efficiency of translocation into the nu-
cleus of mammalian cells (Fischer-Fantuzzi and Vesco, 1988). Addition-
ally, our constructs are GFP-fused for easy identification of protein
expression.

In vitro electrophysiology. Whole-cell recordings were obtained from
pyramidal neurons using an Axopatch 200B amplifier (Molecular De-
vices); cultures were continuously perfused with oxygenated artificial
CSF (ACSF) containing the following (in mM):126 NaCl, 5.5 KCl, 2
MgSO4, 1 NaH2PO4, 25 NaHCO3, 2 CaCl2, and 14 dextrose at 25°C.
Recordings with Vm � �55 mV, Rs � 20 M�, and Rin � 100 M� and
�25 mEPSC events were excluded. In-house Igor Pro (Wavemetrics)
and MATLAB software was used to detect and measure events.

To record AMPA-mediated mEPSCs neurons were voltage-clamped
to �70 mV as described previously (Turrigiano et al., 1998; Wierenga et
al., 2005) and perfused in standard ACSF containing 0.1 �M TTX, 50 �M

APV, and 25 �M picrotoxin. The internal recording solution contained
the following (in mM): 120 KMeSO4, 10 KCl, 2 MgSO4, 10 K-HEPES, 0.5
EGTA, 3 K2ATP, 0.3 Na-GTP, and 10 Na2 phosphocreatine. To record
mIPSCs neurons were voltage-clamped to �80 mV in standard ACSF
containing 0.1 �M TTX, 50 �M APV, and 20 �m DNQX, using a “sym-
metric Cl �” internal recording solution containing the following (in
mm): 120 KCl, 10 K-HEPES, 0.5 EGTA, 4 Mg-ATP, 0.3 Na-GTP, 10
Na-phosphocreatine, 10 sucrose. f–I curves were recorded in ACSF con-
taining APV (50 �m), DNQX (25 �m), and picrotoxin (50 �m) in cur-
rent-clamp; a small dc bias current was injected to maintain resting Vm at
��60 mV. Spontaneous action potentials were recorded in standard
ACSF and a small dc bias current was injected to maintain resting Vm at
��55 mV.

Immunostaining. To visualize phospho-CREB ser133 we performed
immunostaining as described previously (Steinmetz et al., 2016) using an
anti-Phospho Creb antibody (Cell Signaling Technology; catalog #9198S
RRID:AB_2561044, 1/500). To quantify the nuclear localization of
CaMKIV-XFP expression DAPI was used as a nuclear marker. Images
were acquired using an oil-immersion 60� objective on a Leica SP5
confocal microscope under sequential scanning settings for multichan-
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nel fluorescence image acquisition. Digital images were quantified with
MetaMorph software (Molecular Devices).

Statistical analysis. Each experiment was repeated on at least three separate
dissociations, and n represents the number of neurons/condition. Data are
presented as mean 	 SEM. There were no significant differences in untrans-
fected and EV-transfected neurons in any of the experimental conditions, so
these conditions were pooled and are reported as control (ctrl). To deter-
mine statistical significance, unpaired two-tailed t tests were performed for
single comparisons; for multiple-comparisons single-factor ANOVAs fol-
lowed by an appropriate post hoc test were used. A test for homogeneity/
normality was used to determine whether a nonparametric (Games–
Howell) or parametric (Tukey) post hoc test was appropriate. For cumulative
distributions we performed a Kolmogorov–Smirnov (KS) test. p values
�0.05 were considered significant.

Results
Homeostatic plasticity is crucial for preventing hypoactivity or
hyperactivity within neocortical networks. Nuclear CaMKIV is a
key signaling element in homeostatic scaling of excitatory syn-
apses, but it is not known whether it concurrently induces other
forms of homeostatic plasticity. Here we bidirectionally manip-
ulated nuclear CaMKIV signaling in individual pyramidal neu-
rons in vitro and assayed for induction of three major forms of
homeostatic plasticity— excitatory and inhibitory synaptic scal-
ing and intrinsic excitability. This approach allowed us to assess
whether CaMKIV signaling coordinates the induction of multi-
ple homeostatic mechanisms.

Cell-autonomous, bidirectional manipulation of nuclear
CaMKIV signaling
CaMKIV resides predominantly in the nucleus (Jensen et al.,
1991; Nakamura et al., 1995) where it regulates transcription
(Bito et al., 1996; Impey et al., 2002). To reduce nuclear CaMKIV
signaling we used a dnCaMKIV, containing three mutations in its
catalytic and autoinhibitory domains that render it unphospho-
rylatable and kinase-dead (Lemrow et al., 2004; Wayman et al.,
2011). To enhance nuclear CaMKIV signaling we used a consti-
tutively active CaMKIV (caCaMKIV) containing a mutation in
its autoinhibitory domain, thereby allowing activity in the ab-
sence of Ca 2�/CaM-binding (Wayman et al., 2011). To specifi-
cally manipulate nuclear CaMKIV signaling (and avoid off-target
effects due to interaction with other CaMK pathways outside the
nucleus) all constructs used throughout this study had a NLS and
were GFP-tagged. We first verified the nuclear expression pattern
of these CaMKIV mutants by transfecting cultured neocortical
pyramidal neurons with GFP alone (no NLS), GFP-dnCaMKIV-
NLS (dn), GFP-NLS (EV), or GFP-caCaMKIV-NLS (ca) and
measured the cytosolic-to-nuclear GFP signal; neurons were
cotransfected with mCherry to identify neuronal morphology.
Whereas GFP without an NLS was approximately evenly distrib-
uted between soma and nucleus, GFP-NLS, dnCaMKIV-NLS,
and caCaMKIV-NLS expression was largely restricted to the nu-
cleus (Fig. 1A,B; GFP n 
 8, 0.86 	 0.06, NLS n 
 9, 0.09 	 0.02;
p � 0.001; NLS conditions were not different so were combined).
To verify that these CaMKIV constructs were able to increase
(caCaMKIV) or decrease (dnCaMKIV) nuclear CaMKIV signaling,
we monitored CREB phosphorylation levels 24 h after transfection
(using soluble GFP as a marker of pyramidal morphology), using a
phosphospecific antibody that recognizes P-Ser-133. The nuclear
Phospho-CREB signal was significantly decreased (dnCaMKIV) or
increased (caCaMKIV) compared with EV. EV transfected and un-
transfected neurons were not different so here and in subsequent
experiments were combined into one control group (Fig. 1C,D; dn
n 
 20, 0.64 	 0.08, ctrl n 
 47, 1 	 0.11; ca n 
 27, 5.39 	 1.37;

p � 0.001). These data verify that our CaMKIV constructs remain in
the nucleus and effectively alter CaMKIV signaling in a cell-
autonomous manner.

Excitatory synaptic strength is bidirectionally regulated by
CaMKIV activity
Previous work from our lab showed that synaptic scaling up is
mediated through a drop in somatic calcium, reduced activation
of CaMKIV, and an increase in transcription (Ibata et al., 2008).
However, this and other studies implicating CaMKIV signaling in
synaptic scaling used manipulations that were not restricted to
the nucleus (Ibata et al., 2008; Goold et al., 2010; Pratt et al.,
2011). To unambiguously determine the role of nuclear CaMKIV
in synaptic scaling we transfected cortical cultures at low effi-
ciency for 24 h with dnCaMKIV, EV, or caCaMKIV. All experi-
ments were performed on neurons with a pyramidal morphology
as described previously (Rutherford et al., 1998; Watt et al., 2000;
Pratt et al., 2003). We recorded AMPA-mediated miniature
EPSCs (mEPSCs) from transfected neurons in each condition as
described previously (Turrigiano et al., 1998; Thiagarajan et al.,
2005; Sun and Turrigiano, 2011). The amplitude of mEPSCs were
significantly larger in dnCaMKIV-expressing neurons, and sig-
nificantly smaller in caCaMKIV-expressing neurons compared
with sister controls (Fig. 2A,B,E; dn n 
 20, 16.7 	 1 pA; ctrl n 

3 8, 13.2 	 0.3 pA; ca n 
 14, 11.6 	 0.5 pA; p � 0.001). Analysis
of the cumulative histogram of mEPSC amplitudes showed that
these distributions were shifted significantly to the right for
dnCaMKIV (Fig. 2D; p � 0.001, KS test), and to the left for
caCaMKIV (Fig. 2D; p � 0.05, KS test). There were no significant
differences in the mean (Fig. 2C) or distribution (KS test,

Figure 1. Cell-autonomous, bidirectional manipulation of nuclear CaMKIV signaling. A, Ex-
ample pyramidal neurons transfected for 24 h with NLS tagged construct (top) or soluble GFP
without NLS (bottom). The fluorescent signal of GFP (green) and DAPI (magenta) are shown.
Scale bar, 25 �m; white arrows indicate nucleus. B, Quantification of the cytoplasmic-to-
nuclear fluorescent intensity ratio for NLS and non-NLS-expressing neurons (GFP n 
 8, 0.86 	
0.06; NLS n 
 9, 0.09 	 0.02; t test, p � 0.001). C, Example pyramidal neurons trans-
fected for 24 h with dnCaMKIV (dn), control (ctrl) or caCaMKIV (ca), along with soluble GFP
to visualize cell morphology; fixed and stained with an antibody against endogenous
phospho-CREB Ser133 (grayscale). The fluorescent signal of GFP (green) and DAPI (ma-
genta) are also shown. D, Quantification of the nuclear fluorescent intensity of phospho-
CREB Ser133 (normalized to ctrl; dn, n 
 20, 0.64 	 0.08; ctrl, n 
 47, 1 	 0. 11; ca,
n 
 27, 5.39 	 1.37; *p � 0.05, ANOVA followed by post hoc Games–Howell test).
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p � 0.05) of mEPSC frequencies, or in passive neuronal proper-
ties or mEPSC kinetics between conditions (Table 1; Fig. 2C;
p � 0.05, NS for all parameters). Together, these data show that
nuclear CaMKIV signaling bidirectionally regulates the quantal
amplitude of excitatory synapses.

Inhibitory synaptic strength is not affected by
cell-autonomous changes in CaMKIV signaling
The amplitude and frequency of miniature IPSCs (mIPSCs) are
also homeostatically regulated; they are reduced by activity-
deprivation (Kilman et al., 2002; Hartman et al., 2006) and en-
hanced when firing is elevated (Pribiag et al., 2014). Thus,
manipulations of neuronal activity have opposite effects on
mEPSCs and mIPSCs, but whether these two forms of synaptic
homeostasis are driven by the same upstream signaling pathways
is unclear. To determine whether CaMKIV signaling coordi-
nately regulates excitation and inhibition we recorded mIPSCs
using the same CaMKIV manipulations described above. Sur-
prisingly, we found no significant changes in inhibitory quantal

events in neurons with altered CaMKIV signaling (Fig. 3A–C; dn
n 
 18, 21.4 	 0.9 pA; ctrl n 
 15, 21.6 	 1 pA; ca n 
 11, 11.6 	
2 pA; p 
 1). Similarly, there were no significant differences in
frequency (dn, n 
 18, 0.8 	 0.2 Hz; ctrl, n 
 15, 1.0 	 0.4 Hz; ca,
n 
 11, 0.6 	 0.3 Hz; p 
 0.6), passive properties (Table 1), or
kinetics of the events (Fig. 3D). Thus inhibitory synaptic scaling is

Figure 2. Excitatory synaptic strength is bidirectionally regulated by CaMKIV cell-autonomous modulation of CaMKIV signaling. A, Representative raw recordings of whole-cell AMPA mediated
mEPSCs from pyramidal neurons expressing (top) dnCaMKIV, (middle) control (UT), and (bottom) caCaMKIV. B, Average mEPSC waveform for each condition. C, Peak-scaled average mEPSCs
waveforms for each condition, overlaid to illustrate average kinetics. D, Cumulative histograms of mEPSC amplitudes (dn p � 0.001; ca p � 0.05, KS test). E, Mean mEPSC amplitude (dn, n 
 20,
16.7 	 1 pA; ctrl, n 
 38, 13.2 	 0.3 pA; ca, n 
 14, 11.6 	 0.5 pA; *p � 0.05 ANOVA followed by post hoc Games–Howell test). F, Mean frequency (dn, 0.56 	 0.05 Hz; ctrl, 0.62 	 0.07 Hz; ca,
0.42 	 0.07 Hz; ANOVA, p 
 0.21).

Table 1. Passive neuronal properties

Property dn ctrl ca

Vm 59.7 	 0.4 61.1 	 0.5 59.3 	 0.5
Rin , M� 263.2 	 15.3 263.1 	 15.1 238.4 	 16.7
mEPSC decay, � 3.61 	 0.2 3.91 	 0.2 3.97 	 0.2
mEPSC rise, ms 0.69 	 0.02 0.70 	 0.03 0.72 	 0.03
mIPSC decay, � 19.75 	 1.1 18.76 	 0.82 19.28 	 0.86
mIPSC rise, ms 1.86 	 0.10 1.86 	 0.23 1.47 	 0.09

Resting potential (Vm ), resting input resistance (Rin ) mEPSC, and mIPSC rise and decay time (exponential fit) for all
experimental conditions. None of the differences across conditions were significant (ANOVA, p � 0.05).

Figure 3. Inhibitory synaptic strength is unaffected by cell-autonomous modulation of
CaMKIV signaling. A, Representative raw recordings of whole-cell mIPSCs from pyramidal neu-
rons expressing (top) dnCaMKIV, (middle) control (UT), and (bottom) caCaMKIV. B, Mean mIPSC
amplitude (dn, n 
 18, 21.4 	 0.9 pA; ctrl, n 
 15, 21.6 	 1 pA; ca, n 
 11, 21.6 	 2 pA;
ANOVA, p 
1). C, Average mIPSC waveforms for each condition. D, Peak scaled average mIPSCs
waveforms for each condition to illustrate average kinetics.
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mediated through an independent signaling pathway from excit-
atory synaptic scaling.

Intrinsic excitability is bidirectionally regulated by
CaMKIV signaling
In addition to synaptic scaling, chronic perturbations in firing
also induce homeostatic changes in intrinsic excitability (Turri-
giano et al., 1994; Desai et al., 1999; Nataraj et al., 2010). Regula-
tion of intrinsic excitability can be achieved through a variety of
mechanisms, such as relocation of the axon initial segment or
changes to inward and outward current densities (Golowasch et
al., 1999; Nelson et al., 2005; Grubb and Burrone, 2010). Despite
the fact that the same activity-manipulations trigger both synap-
tic and intrinsic plasticity it is unknown whether these two forms
of homeostatic compensation are mediated through the same
upstream signaling pathways, which then target both ligand and
voltage-gated ion channels.

To test whether CaMKIV signaling coordinately regulates ex-
citatory synaptic scaling and intrinsic excitability, we manipu-
lated CaMKIV signaling as described above, and measured the
frequency of action potential firing elicited by dc current injec-
tions to generate firing frequency versus current ( f–I) curves;
synaptic transmission was blocked with DNQX, APV, and picro-
toxin in these experiments. We found an increase in firing for
dnCaMKIV transfected neurons (Fig. 4A, blue traces) relative to
control neurons (black traces). This was reflected in a leftward
shift in the f–I curve which was especially prominent at lower
current steps; the apparent convergence of the f–I curves at higher
current steps was due to pronounced spike inactivation of
dnCaMKIV neurons at current steps �100 pA (Fig. 4A, top right
trace). In addition, there was a decrease of �60% in the threshold
(rheobase) current for evoking action potentials (Fig. 4B, inset).
Thus reducing CaMKIV signaling significantly enhances intrinsic
excitability of neocortical pyramidal neurons. Conversely, ca-
CaMKIV expression produced a rightward and downward shift
in the f–I curve, particularly prominent at higher current steps
(Fig. 4A,B). Although there was a trend toward an increased
rheobase, this difference was not significant (Fig. 4B, inset). The
overall bidirectional changes in firing properties observed in re-
sponse to changes in CaMKIV activity were not accompanied by
any significant differences in passive membrane properties (as
confirmed in other recording conditions; Table 1), suggesting
that CaMKIV modulates voltage-dependent conductances to
regulate intrinsic excitability. Together, these data show that
CaMKIV signaling can bidirectionally regulate intrinsic excit-
ability in tandem with excitatory quantal amplitude.

Spontaneous firing rate is bidirectionally regulated by
CaMKIV activity
Cortical neurons in our culture system form functioning excitatory
and inhibitory networks that generate spontaneous electrical activity
(Turrigiano and Nelson, 2004). Homeostatic plasticity in these net-
works is implemented through a combination of synaptic and in-
trinsic mechanisms to stabilize their firing output (Nelson and
Turrigiano, 2008; Feldman, 2009). Our findings thus far demon-
strate a bidirectional and coordinated change in both intrinsic excit-
ability and excitatory synaptic strength. The implication of such
cooperative changes (with no change in inhibition) is that basal fir-
ing rates should also change in a cell-autonomous manner. To de-
termine whether manipulating CaMKIV signaling is able to adjust
spontaneous firing rates we recorded spontaneous firing from neu-
rons transfected with either dnCaMKIV or caCaMKIV constructs.
We compared this to firing of nearby control neurons in the same

cultures, under conditions in which synaptic and network activity
was intact. We found that dnCaMKIV expression increased sponta-
neous firing to �260% of sister control neurons (Fig. 5A,B). In
contrast, caCaMKIV expression decreased spontaneous firing fre-
quency to �30% of sister control neurons (Fig. 5C,D). As previously
observed in other recording conditions, these changes in spontane-
ous firing were not accompanied by any significant change in mem-
brane potential or input resistance. Together, these data show that
directly manipulating nuclear CaMKIV signaling is able to induce
bidirectional changes in basal neuronal firing rates.

Discussion
The stability of neuronal firing is maintained by a set of homeo-
static mechanisms that include reciprocal synaptic scaling of
excitatory and inhibitory synapses and changes in intrinsic neu-
ronal excitability. Although much progress has been made in
uncovering the signaling pathways underlying excitatory synap-
tic scaling, the other two mechanisms remain poorly explored,
and in particular it was not known whether the same upstream
sensors of perturbed activity were able to trigger all three mech-
anisms in tandem, or whether each mechanism uses unique sen-
sors and effectors. Here we show that a key activity sensor and
effector of excitatory synaptic scaling, CaMKIV, is able to induce
excitatory synaptic scaling and homeostatic intrinsic excitability

Figure 4. Intrinsic excitability is bidirectionally regulated by CaMKIV signaling. A, Examples
of responses evoked by current steps of 40, 100, and 150 pA, from neurons expressing (top)
dnCaMKIV, (middle) control (EV), and (bottom) caCaMKIV. B, Average f–I curves for the three
conditions. Inset, Average rheobase (dn, n 
 17, 58.8 	 9.9 pA; ctrl, n 
 10, 114.0 	 26.2 pA;
ca, n 
 22, 135.9 	 14.9 pA; *p � 0.05, ANOVA followed by post hoc Tukey test).
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changes in parallel. In contrast, cell-autonomous manipulations
of CaMKIV did not induce inhibitory synaptic scaling. Thus,
excitatory synaptic scaling and intrinsic excitability are tightly
coordinated, whereas inhibitory synaptic scaling is sensed and
regulated through an independent control mechanism.

Like synaptic scaling, pyramidal neuron intrinsic excitability
is bidirectionally modulated by manipulations of activity (Desai
et al., 1999; Driscoll et al., 2013; Lee et al., 2015). Here we show for
the first time that manipulations of nuclear CaMKIV signaling
bidirectionally coregulate synaptic scaling and intrinsic excitabil-
ity. However, the effects of increasing and decreasing CaMKIV
signaling on the f–I curves were not completely symmetrical. In-
creasing CaMKIV signaling shifts the f–I curve down and to the
right without much impact on current threshold, as described for
chronic elevations in activity (Driscoll et al., 2013; Lee et al.,
2015). In contrast, unlike activity blockade or sensory depriva-
tion, which shift the f–I curve uniformly to the left (Desai et al.,
1999; Lambo and Turrigiano, 2013), the effects of reduced
CaMKIV signaling are most pronounced at low current levels.
This nonuniform effect on the f–I curve is likely due to the ten-
dency of these neurons to undergo very pronounced spike inac-
tivation at higher current values (Fig. 4A), so that they cannot
sustain high firing rates. Such spike inactivation would be ex-
pected if dnCaMKIV strongly downregulates K� channels nec-
essary for spike repolarization, as activity-blockade is known to
do (Driscoll et al., 2013; Lee et al., 2015); it is possible that
dnCaMKIV is more effective at reducing CaMKIV activation
than activity-blockade, and so has a more powerful effect on
channel expression. Alternatively, it may be that not all effects of
activity-blockade on intrinsic excitability are mediated through

the CaMKIV pathway. The coinduction of intrinsic and excit-
atory synaptic plasticity by manipulations of CaMKIV raises the
interesting question of whether these two forms of homeostatic
plasticity are purely redundant, or whether they might cooperate
to stabilize distinct aspects of neuronal firing (Turrigiano, 2012;
Cannon and Miller, 2016).

Intriguingly, inhibitory synaptic scaling was not induced by
cell-autonomous manipulations of CaMKIV signaling. This is
especially interesting because the mean firing of these manipu-
lated neurons was strongly and bidirectionally modulated by
CaMKIV (Fig. 5). This implies that, unlike excitatory synaptic
scaling (Ibata et al., 2008; Goold and Nicoll, 2010; but see Fong et
al., 2015), inhibitory synaptic scaling is not induced by changes in
firing of an individual postsynaptic neuron. This result is at odds
with recent studies showing that cell-autonomous suppression of
firing in visual cortical pyramidal neurons reduced evoked inhi-
bition (Xue et al., 2014), and that mIPSC frequency was rapidly
increased by elevating postsynaptic firing (Peng et al., 2010). On
the other hand, our results are consistent with other experiments
showing that, whereas global suppression of firing efficiently in-
duced inhibitory synaptic scaling, suppression of firing in indi-
vidual presynaptic or postsynaptic neurons did not (Hartman et
al., 2006; Peng et al., 2010). What accounts for these discrepancies
between studies is not clear, but it is possible that distinct forms of
inhibitory plasticity are being induced in different studies due to
differences in preparation, time course, or extremity of the ma-
nipulation; for example, strong hyperpolarization and complete
suppression of firing (Xue et al., 2014) versus a 70% reduction in
firing here. In any case, our data show that cell-autonomous

Figure 5. Spontaneous firing rate is bidirectionally regulated by CaMKIV signaling. A, Examples of spontaneous firing recorded from control (black) and dnCaMKIV (blue) neurons from the same
dish. B, Average firing frequency for sister dnCaMKIV transfected or control neurons, normalized to control (ctrl, n 
 21, 100 	 23.7%; dn, n 
 27, 262.7 	 66.1%; t test, p � 0.05), individual data
points plotted in green circles. C, Examples of spontaneous firing recorded from control (black) and caCaMKIV (magenta) neurons from the same dish. D, Average firing frequency for sister caCaMKIV
transfected or control neurons, normalized to control (ctrl, n 
 28, 100 	 24.0%; ca, n 
 18, 27.9 	 7.1%; t test, p � 0.05), individual data points plotted in green circles.

Joseph and Turrigiano • Synaptic and Intrinsic Homoeostasis Are Coregulated J. Neurosci., July 12, 2017 • 37(28):6778 – 6785 • 6783



manipulations that can induce bidirectional excitatory synaptic
scaling are not sufficient to induce inhibitory synaptic scaling.

This uncoupling of the signaling pathways that mediate excit-
atory and inhibitory synaptic scaling suggests that homeostatic reg-
ulation of inhibition responds to distinct activity-perturbations and
likely controls distinct aspects of circuit function and homeostasis.
This is further emphasized by the heterogeneity of neocortical
GABAergic cell types and their targets (Tremblay et al., 2016), and
emerging evidence that the transcriptional pathways that homeo-
statically regulate inhibition are cell-type-specific (Bloodgood et al.,
2013; Spiegel et al., 2014). One important signaling pathway known
to mediate inhibitory homeostasis is the activity-dependent produc-
tion and release of brain-derived neurotrophic factor (BDNF),
which enhances inhibitory tone onto pyramidal neurons (Ruther-
ford et al., 1997, 1998; Peng et al., 2010; Bloodgood et al., 2013;
Saiepour et al., 2015). However, the extent to which BDNF serves as
a diffusible measure of circuit-wide changes in activity, as opposed to
a locally released signal that mediates local synaptic changes, remains
controversial (Edelmann et al., 2014). Further, BDNF may homeo-
statically regulate only some forms of pyramidal inhibition (Blood-
good et al., 2013). Better understanding of how different classes of
GABAergic synapses sense and respond to perturbations in circuit
activity (Maffei et al., 2004; Karayannis et al., 2012) will be critical in
the future for understanding how inhibitory homeostasis interacts
with and complements the cell-autonomous regulation of excitatory
synaptic strengths and intrinsic excitability.

When the firing of neocortical neurons is chronically per-
turbed by activity or sensory deprivation, firing rates are restored
to baseline over time (Turrigiano et al., 1998; Burrone and Mur-
thy, 2001; Hengen et al., 2013; Slomowitz et al., 2015) and re-
cently we found that individual pyramidal neurons in vivo return
very precisely to an individual, presumably cell-autonomous, fir-
ing rate set point (Hengen et al., 2016). An important unan-
swered question is how these individual set points are generated
and maintained. The data we present here suggest that CaMKIV
is one key signaling element that contributes to the maintenance
of this set point. Under normal conditions, changes in firing alter
the activation state of nuclear CaMKIV (Ibata et al., 2008); these
then induce bidirectional changes in mEPSC amplitude and in-
trinsic excitability, and these changes are in the correct direction
to restore firing in response to these activity-perturbations. If
CaMKIV indeed contributes to the maintenance of a firing rate
set point, then artificially changing the coupling between calcium
influx and CaMKIV signaling should generate an error signal that
is predicted to move the firing rate to a new value (Turrigiano,
2008), as we observe here. Together, our results suggest that ma-
nipulating CaMKIV signaling might be an effective means of
adjusting the firing rate set point of neocortical neurons.
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