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2017.—N-methyl-D-aspartate receptors (NMDARs) govern synaptic
plasticity, development, and neuronal response to insult. Prolonged
activation of NMDARs such as during an insult may activate second-
ary currents or modulate Mg2� sensitivity, but the conditions under
which these occur are not fully defined. We reexamined the effect of
prolonged NMDAR activation in juvenile mouse hippocampal slices.
NMDA (10 �M) elicited current with the expected negative-slope
conductance in the presence of 1.2 mM Mg2�. However, several
minutes of continued NMDA exposure elicited additional inward
current at �70 mV. A higher concentration of NMDA (100 �M)
elicited the current more rapidly. The additional current was not
dependent on Ca2�, network activity, or metabotropic NMDAR
function and did not persist on agonist removal. Voltage ramps
revealed no alteration of either reversal potential or NMDA-elicited
conductance between �30 mV and �50 mV. The result was a more
linear NMDA current-voltage relationship. The current linearization
was also induced in interneurons and in mature dentate granule
neurons but not immature dentate granule cells, dissociated cultured
hippocampal neurons, or nucleated patches excised from CA1 pyra-
midal neurons. Comparative simulations of NMDA application to a
CA1 pyramidal neuron and to a cultured neuron revealed that linear-
ization can be explained by space-clamp errors arising from gradual
recruitment of distal dendritic NMDARs. We conclude that persistent
secondary currents do not strongly contribute to NMDAR responses
in juvenile mouse hippocampus and careful discernment is needed to
exclude contributions of clamp artifacts to apparent secondary cur-
rents.

NEW & NOTEWORTHY We report that upon sustained activation
of NMDARs in juvenile mouse hippocampal neurons there is apparent
loss of Mg2� block at negative membrane potentials. However, the
phenomenon is explained by loss of dendritic voltage clamp, leading
to a linear current-voltage relationship. Our results give a specific
example of how spatial voltage errors in voltage-clamp recordings can
readily be misinterpreted as biological modulation.

space clamp; NMDA; hippocampal slices; NEURON simulation;
CA1; dentate gyrus

N-METHYL-D-ASPARTATE RECEPTORS (NMDARs) remain an im-
portant topic of study because of their interesting biophysical
and physiological properties, including incompletely described
downstream effectors. The channel pore is blocked by physi-
ological concentrations of Mg2� ions at membrane potentials
(Vm) near rest. The block is relieved by depolarization, leading
to a characteristic current-voltage (I-V) relationship, including
a region of negative-slope conductance at potentials negative to
approximately �30 mV (Hestrin et al. 1990; Mayer et al. 1984;
Nowak et al. 1984; Perouansky and Yaari 1993). When Mg2�

block is relieved, typically by activation of other ionotropic
glutamate receptors, Ca2� influx can trigger various biochem-
ical cascades. The receptors play multiple roles in development
and refinement of nervous system architecture, in plasticity of
the mature nervous system (Cohen and Greenberg 2008; Hunt
and Castillo 2012), and in damage resulting from overstimu-
lation (Ghasemi and Schachter 2011; Hardingham and Bading
2010; Paoletti et al. 2013). Damage may involve not only
excessive ion influx through NMDARs themselves—here re-
ferred to as the primary current—but also recruitment of
secondary currents mediated by a separate channel(s) (Chen et
al. 1997; Olah et al. 2009; Thompson et al. 2008; Weilinger et
al. 2012, 2016).

Recruitment of secondary currents following sustained
NMDAR activation has been proposed to occur either through
ionotropic Ca2� influx (Chen et al. 1997; Mrejeru et al. 2011;
Olah et al. 2009) or through metabotropic functions not requir-
ing NMDAR-mediated ion flow (Nabavi et al. 2013; Weilinger
et al. 2016). Secondary currents themselves may be mediated
by TRP family members, pannexin channels, potassium chan-
nels, or others (Mrejeru et al. 2011; Olah et al. 2009; Shah and
Haylett 2002; Thompson et al. 2008; Weilinger et al. 2012,
2016; Zorumski et al. 1989).

Furthermore, sustained activation of some ligand-activated
channels, including NMDARs, may lead to changes in the pore
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properties (e.g., pore dilation; Banke et al. 2010; Chung et al.
2008; Ferreira and Faria 2016; Meyers et al. 2003). In the
NMDAR channel pore, Mg2� sensitivity may be reduced by
second messengers or by mechanical stresses (Chen and Huang
1992; Singh et al. 2012; Wu and Johnson 2009; Zhang et al.
1996). Mechanical stress may in turn be produced by overt
trauma or by prolonged channel activation and accompanying
cell swelling. Because altered Mg2� sensitivity may develop
gradually, it could masquerade as an independent conductance
activated by NMDA. Reduced Mg2� block would dampen an
important check on NMDAR activation at negative Vm.

Here we identify a technical confound easily mistaken for a
secondary current or loss of Mg2� block. At face value, the
time-dependent and NMDA concentration-dependent current
possesses features expected from a time-dependent loss of
Mg2� sensitivity of NMDARs. We first characterize the addi-
tional current and then show that simulations of distal dendrite
activation can readily account for key properties. Although
poor space clamp of dendrites has been observed in simulations
and in direct recordings of dendrites previously (Poleg-Polsky
and Diamond 2011; Spruston et al. 1993; Williams and Mitch-
ell 2008), our results reveal a specific example of how working
with morphologically complex neurons can lead to mistaken
ideas about new biological phenomena.

MATERIALS AND METHODS

Slice preparation. Hippocampal slices were prepared from male
postnatal day (P)20–P36 wild-type C57BL/6J mice (Jackson Labora-
tories). In accordance with protocols approved by the Washington
University Animal Studies Committee, mice were anesthetized with
isoflurane and decapitated. The brain was removed and glued onto a
Leica VT1200 specimen holder. Sagittal (300 �m) slices were cut in
ice-cold modified artificial cerebrospinal fluid (ACSF) (in mM: 87
NaCl, 75 sucrose, 25 glucose, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4,
equilibrated with 95% O2-5% CO2 plus 0.5 CaCl2, 3 MgCl2; 320
mosM). Slices were then incubated at 32–34°C for 30 min in choline-
based ACSF (in mM: 92 choline chloride, 25 glucose, 30 NaHCO3,
2.5 KCl, 1.2 NaH2PO4, 20 HEPES, 2 thiourea, 5 Na ascorbate, 3 Na
pyruvate, 2 CaCl2, and 1 MgCl2, equilibrated with 95% O2-5% CO2;
300 mosM) and subsequently stored at room temperature in regular
ACSF (in mM: 125 NaCl, 25 glucose, 25 NaHCO3, 2.5 KCl, 1.25
NaH2PO4, equilibrated with 95% O2-5% CO2 plus 2.6 CaCl2, 1.2
MgCl2; 310 mosM), allowing for at least 1-h recovery before exper-
iments. Except for noted exceptions, drugs were obtained from Sigma
(St. Louis, MO).

Whole cell patch-clamp recording in slices. Slices were transferred
to a recording chamber and continuously perfused with oxygenated
regular ACSF at 2 ml/min. Experiments were performed at 30–32°C.
In all experiments, 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]qui-
noxaline-7-sulfonamide (NBQX, 10 �M; Tocris, Bristol, UK), picro-
toxin (100 �M; Tocris), and D-serine (10 �M) were included in
extracellular solutions to inhibit AMPA receptor- and GABA recep-
tor-mediated neurotransmission and to enhance NMDAR-mediated
currents. For the experiments in Fig. 2C, D-serine (10 �M) was
initially included in extracellular solutions and later removed at the
indicated time point. (�)-5-Methyl-10,11-dihydro-5H-dibenzo[a,d]
cyclohepten-5,10-imine (MK-801, 40 �M; Tocris) or 1 �M CGP-
78608 (Tocris) was bath-applied to examine effects of NMDAR
channel block. For experiments assessing effects of zero extracellular
Ca2�, regular ACSF with 0 mM CaCl2 and 0.5 mM BAPTA (Life
Technologies, Carlsbad, CA) was bath-applied for at least 10 min
before data collection was initiated. For experiments assessing tetro-
dotoxin (TTX) effects, 1 �M TTX (Tocris) was bath-applied for at
least 10 min before recording.

Somatic whole cell patch-clamp recordings were performed
with standard differential interference contrast microscopy under
infrared illumination. CA1 pyramidal cells, interneurons, or den-
tate granule cells (DGCs) were identified on an upright Nikon
Eclipse E600FN microscope and a QImaging camera controlled with
QCapture (QImaging, Surrey, BC, Canada). Somatic whole cell re-
cordings were made with borosilicate patch pipettes (World Precision
Instruments, Sarasota, FL; Sutter Instruments, Novato, CA), having
open tip resistance of 3–7 M�. After a whole cell configuration was
established, cells were allowed to fill with the intracellular solution for
�5 min. Recordings were obtained with a MultiClamp 700B amplifier
(Molecular Devices; Sunnyvale, CA) and pCLAMP 10.4 software
(Molecular Devices).

The intracellular pipette solution contained (in mM) 120 cesium
methanesulfonate, 20 HEPES, 10 EGTA, 2 MgATP, 0.3 Na2GTP, and
5 QX-314 (pH adjusted with CsOH to pH 7.25; 290 mosM). QX-314
was omitted for measuring sodium current in a subset of dentate
granule neurons. For NMDAR current, cells were voltage-clamped at
�30 mV, and data were acquired in gap-free mode. Pipette capaci-
tance was adjusted with MultiClamp 700B Commander software.
Access resistance was not compensated. For assessing I-V relation-
ships, from a command voltage (Vcom) of �30 mV cells were
hyperpolarized to �70 mV for 10–100 ms, and a �120-mV ramp
(120 mV/s) was then applied. For measuring Na� current in DGCs,
peak current in response to a voltage pulse (50 ms) from �90 mV to
�10 mV was quantified.

Data were acquired at 2 kHz, filtered at 1 kHz with an eight-pole
Bessel filter, and digitized with a DigiData1550 16-bit A/D converter
(Molecular Devices). Somatic access resistance was monitored con-
tinuously, and cells with unstable access resistance (�20% change)
were excluded from analysis.

Cell culture. All animal care and experimental procedures were
consistent with National Institutes of Health guidelines and were
approved by the Washington University Animal Studies Commit-
tee. Studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving animals
(Kilkenny et al. 2010; McGrath et al. 2010). Rat hippocampal cultures
were prepared from P1–P3 pups of both sexes (85% female) anesthe-
tized with isoflurane. Hippocampal slices (500-�m thickness) were
digested with 1 mg/ml papain in oxygenated Leibovitz L-15 medium
(Life Technologies, Gaithersburg, MD). Tissue was mechanically
triturated in modified Eagle’s medium (MEM; Life Technologies)
containing 5% horse serum, 5% FCS, 17 mM D-glucose, 400 �M
glutamine, 50 U/ml penicillin, and 50 �g/ml streptomycin. Astrocytes
and neurons were seeded in MEM at a density of �600 cells/mm2

onto 25-mm cover glasses coated with 0.1 mg/ml poly-D-lysine and 1
mg/ml laminin. Cultures were incubated at 37°C in a humidified
chamber with 5% CO2-95% air. Cytosine arabinoside (6.7 �M)
was added 3– 4 days after plating to inhibit glial proliferation. The
following day, half of the culture medium was replaced with
Neurobasal medium (Life Technologies) plus B27 supplement
(Life Technologies).

Whole cell patch-clamp recording in neuron cultures. Whole cell
recordings were made with an Axopatch 200B amplifier (Molecular
Devices) at room temperature at days in vitro 6–13 (Mennerick et al.
1995). Cells were recorded in regular ACSF containing (in mM) 138
NaCl, 10 glucose, 4 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES, 0.001 NBQX,
0.1 picrotoxin, and 0.01 D-serine, pH 7.25. Whole cell pipette solu-
tions contained (in mM) 120 cesium methanesulfonate, 20 HEPES, 10
EGTA, 2 MgATP, 0.3 Na2GTP, and 5 QX-314 (pH adjusted with
CsOH to pH 7.25; 290 mosM). NBQX (10 �M), picrotoxin (100 �M),
and D-serine (10 �M) were included in extracellular solutions as
described above. For application of NMDA (100 �M) to whole cells,
a multibarrel solution exchange system with a common delivery tip
was used (Warner Instruments). The common tip was placed 0.5 mm
from the center of the microscope field. Experiments were performed
at room temperature, and quantification of whole cell current response
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to a voltage ramp (�70 mV to �50 mV, 1 s) was used to quantify
data.

Nucleated outside-out patches. To isolate nucleated patches, after a
somatic whole cell recording from CA1 neurons in slices was estab-
lished, negative pressure (70–200 mbar) was applied and the patch
pipette was withdrawn slowly. A small negative pressure (10–30
mbar) was maintained during the recording. The resulting nucleated
patch was verified visually as a sphere at the pipette tip. Nucleated
patches were held at �30 mV throughout the experiment except for
voltage ramps in the absence and presence of NMDA as described
above.

NEURON simulations. We performed simulations by adapting and
modifying a CA1 pyramidal cell model published previously (Poirazi
et al. 2003a, 2003b) and available from the NEURON database
(https://senselab.med.yale.edu/ModelDB/ShowModel.cshtml?model�
20212). We used the default pyramidal cell morphology, which in-
cluded detailed dendritic structure but without spines and the existing
ion channel set. However, we set the conductance of HH channels and
all the potassium channels to be zero, to mimic channel blockers used
in the cesium-based pipette solution with QX-314. Remaining con-
ductances included four types of voltage-gated Ca2� channels and
passive conductance with kinetic properties and distributions across
the cell as previously documented (Poirazi et al. 2003a, 2003b). We
simulated a single-electrode voltage clamp at the soma with a 10-M�
access resistance.

The simulated NMDA conductance was taken from a simplified
two-state model that produced realistic Mg2� sensitivity but no
desensitization (Destexhe et al. 1998):

C � Tº
�

�

O

T is an agonist (transmitter) that interacts with the unbound form of
the receptor C, leading to the open state O. � and � are voltage-
independent forward and backward rate constants (10 mM�1ms�1

and 0.0125 ms�1, respectively). � is the fraction of open receptors and
can be described by d�/dt � �[T](1 � �) � ��, where [T] is the
concentration of transmitter. The NMDA current is described by
INMDA � gmaxB(V)�(V � ENMDA), where gmax is the maximal
conductance of NMDARs, B(V) is the fraction of NMDAR con-
ductance not blocked by Mg2�, V is the postsynaptic voltage, and
ENMDA � 0 mV is the reversal potential. The Mg2� block in turn
was expressed as an instantaneous function of voltage, similar to
previous descriptions (Jahr and Stevens 1990): B(V) � 1/[1 �
0.33[Mg2�]oexp(�0.06V)], where [Mg2�]o is the external magne-
sium concentration in millimolar and V is the voltage in millivolts.

For purposes of our simulations, we used the default saturating
concentration of agonist ([T] � 1 mM), which yields a fraction of
open receptors of ~0.99. We then adjusted the gmax (maximum
conductance) value in the various compartments to yield experimen-
tally observed steady-state current values at �30 mV. To simulate the
onset of NMDA-elicited current, a pulse command was inserted to
initiate NMDA conductance. To obtain current at different voltages
we pulsed Vm from an initial Vcom of �30 mV to values from �70
mV to �50 mV for 3.5 s. Current in the absence of NMDA (gmax � 0)
was subtracted to generate data shown in I-V plots.

Early, middle, and late time points of experimental NMDA perfu-
sion were simulated by changing the maximum conductance density
in various compartments to simulate differential accessibility of soma
and dendrites to NMDA. To mimic early time points, NMDAR
maximum conductance density at soma and proximal dendrites was
initially set to 0.27 mS/cm2 and was set to 0.145 mS/cm2 in distal
dendrites, representing the early phase of recordings. We reasoned
that the soma and proximal dendrites of recorded cells are near the
surface and have most immediate access to the full NMDA concen-
tration. Dendrites other than the distal tufts have a density of
NMDARs similar to the soma (Andrasfalvy and Magee 2001; Otmak-
hova et al. 2002). Thus we increased conductance density at distal

dendrites to 0.27 mS/cm2 to simulate middle time points where the
full concentration had reached most dendrites. To simulate the latest
time points, we increased the conductance density to 0.55 mS/cm2 at
the deep distal tufts, which have been shown to have approximately
double the NMDAR density of other somatodendritic regions (Bittner
et al. 2012; Otmakhova et al. 2002).

In separate simulations, we modeled cultured neurons by removing
dendritic branches from the main apical dendrite. We evaluated the
sufficiency of the reduced CA1 model to represent a cultured neuron
by comparing the passive capacitive responses to a hyperpolarizing
voltage pulse as described in RESULTS and in previous work (Menn-
erick et al. 1995).

Data analysis. Data analysis was performed in Clampfit 10.4
(Molecular Devices). For calculating the I�70mV-to-I�30mV ratio, we
used current before any voltage change to quantify I�30mV and current
during the �70 mV dwell time (before the onset of the voltage ramp)
as I�70mV. NMDA current was isolated by digital subtraction. Base-
line current used for subtraction was obtained from the same voltage
protocols performed either before NMDA or after NMDA as shown in
Figs. 1–3 and also described in RESULTS. I-V curves were derived from
the unsubtracted or subtracted current output of the ramp protocol as
described in RESULTS and figures.

Student’s independent two-tailed t-test was performed to determine
statistical significance between the means of two groups. For multiple-
group (�2 groups) comparison, one-way ANOVA and Bonferroni
post hoc analyses were performed. For detection of effects within
cells, a paired t-test was performed. For comparison of induced and
residual currents at �70 mV within and between conditions of
NMDAR blockade, a mixed-design ANOVA and Bonferroni post hoc
analysis were performed. Significance is described at the level of P �
0.05, 0.01, and 0.001. Values are presented as means � SE.

RESULTS

Prolonged NMDA application at moderate concentration
elicits additional current at negative membrane potentials.
Excessive activation of NMDARs contributes to damage in
stroke, traumatic brain injury, and other disorders. We exam-
ined the potential downstream consequences of excessive ac-
tivation by applying NMDA (7.5–10 �M) to CA1 pyramidal
neurons in juvenile mouse hippocampal slices in the presence
of 1.2 mM Mg2� and assessing the resultant current at �30
mV, a potential at which Mg2� block is relieved. The presence
of Mg2� permitted direct observation of current in the recorded
cell without overstimulating the entire network in the absence
of Mg2�, which can result in network hyperexcitability
(Walther et al. 1986). Before and during NMDA application, a
voltage ramp (120 mV, 1 s) was applied. The ramp helped to
identify changes in current during the presentation of NMDA
that might not be evident at a single Vm value. Voltage-gated
sodium and potassium currents were blocked with QX-314 and
Cs�, respectively, in the pipette solution. The initial current
rectified as expected, evidenced by smaller current at �70 mV
than at �30 mV (Fig. 1, A2 � A1 and B). At a later time point
inward current increased at �70 mV (Fig. 1, A3 � A1 and B)
without commensurate change at �30 mV, although there was
often a decrease in current noise at �30 mV (Fig. 1, A2 vs. A3).
The change in noise perhaps indicated altered NMDAR chan-
nel behavior (Anderson and Stevens 1973) or participation of
additional channel type(s). No consistent change in access
resistance was correlated with the decrease in noise. The
increase of current ratio measured at �70 mV vs. �30 mV
(I�70mV/I�30mV) was NMDA concentration dependent as well
as time dependent, as application of NMDA at 100 �M
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increased inward current within a much shorter time frame
(Fig. 1B).

NMDA-induced current is significantly blocked after NMDAR
blockade or washout of NMDA. We first considered the possi-
bility that additional inward current at �70 mV is a secondary
current, defined by persistence following NMDA removal
(Chen et al. 1997; Thompson et al. 2008) and/or by activation
by metabotropic function of NMDARs (Weilinger et al. 2016).
To elucidate whether the increased inward current at �70 mV
persists independent of continued NMDAR activation, we
washed out NMDA after induction of additional current at �70
mV (Fig. 2, A and B). After removal of NMDA, current at �30
mV completely recovered to baseline (Fig. 2A) and inward

current at �70 mV also significantly decreased (Fig. 2, B and
F). To test whether persisting current at �70 mV can explain
time-dependent changes in NMDA current, we subtracted
ramp-induced current after removal of NMDA from early and
late NMDA time points (A1, A2 in Fig. 2A) in eight cells. We
observed a change in current ratio similar to that in Fig. 1B,
where subtraction of current before NMDA application was
performed. We thus conclude that persisting secondary current
cannot explain the time-dependent change in NMDA current at
�70 mV. Furthermore, we observed no change in reversal
potential of current from early to late time points (Fig. 2B).

As another test of secondary current participation, we tested
reversibility of the current with different classes of antagonist
(Fig. 2, C and D). After the increase of current at �70 mV (Fig.
2C, C1 � C2; Fig. 2D, D1 � D2), blocking either putative
metabotropic NMDAR function with the glycine-binding site
antagonist CGP-78608 (Weilinger et al. 2016) or ionotropic
NMDAR function with the channel blocker MK-801 signifi-
cantly reduced the current at �70 mV (Fig. 2, C, D, and F),
suggesting that the majority of current at �70 mV arises
directly from NMDARs. The blocking effect of MK-801 was
indistinguishable from antagonism of CGP-78608, suggesting
that the inward current at �70 mV is unlikely to be generated
through metabotropic function of NMDARs, which requires
agonist/coagonist binding but not channel function (Weilinger
et al. 2016). To verify this conclusion, we pretreated slices with
40 �M MK-801 (�30 min to allow for use-dependent block)
and then applied 100 �M NMDA. In the presence of MK-801,
NMDA failed to induce any current at �30 mV (Fig. 2E;
2.3 � 5.7 pA, n � 5 cells within 15–20 min of NMDA
application) or additional current at �70 mV (2.6 � 5.6 pA,
n � 5 cells within 15–20 min of NMDA application), suggest-
ing that ionotropic NMDAR function is required for the induction
of the inward current at �70 mV. By contrast, in the absence of
MK-801, current amplitude at �70 mV was 1,446.5 � 249.2 pA
(n � 7). These results differ from some previous observations
in which MK-801 failed to block induction or maintenance of
secondary current (Weilinger et al. 2016).

Fig. 1. NMDA (7.5–10 �M) elicits time-dependent current at negative Vm. A:
changes to NMDA-elicited current at �30 and �70 mV. Top: application of
10 �M NMDA elicited a tonic current at �30 mV. The points indicated by
labeled arrows indicate times at which voltage ramps were executed. The
currents during ramps have been excised but are shown at higher resolution
below. The next trace indicates the ramp voltage command (Vcom). A1
corresponds to time point indicated by arrow in top trace, before NMDA
application. A2: total, unsubtracted current at time point A2 in top trace. A3:
total, unsubtracted current at a later time point in top trace. Two bottom traces
are digital subtractions as indicated. The current preceding NMDA application
was subtracted from current at the 2 time points during NMDA application.
The NMDA-induced current at �30 mV changed relatively little, but the
inward current at �70 mV grew substantially and changed polarity with
respect to current at �30 mV. Dotted lines represent current value at 0. B:
summary of time- and concentration-dependent changes in the relationship
between NMDA-elicited current at �70 mV and that at �30 mV. The
I�70mV-to-I�30mV ratio was 	1 when measured within 5 min of NMDA
application (7.5–10 �M), indicating negative-slope conductance. However,
after longer exposure to NMDA (�5 min), I�70mV/I�30mV became �1,
commensurate with addition of current at �70 mV. The inward current was
detected in 100 �M NMDA more rapidly, with a shorter latency (	5 min)
following the onset of NMDA application (n � 10 for 7.5–10 �M NMDA-
treated cells; n � 7 for 100 �M NMDA-treated cells). *P � 0.05. n.s., Not
significant.
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In all cases in which NMDA induced additional current at
�70 mV (Fig. 2, A–D), we observed a small persistent inward
current at �70 mV after NMDA washout/antagonism (Fig. 2F,
residual current). However, the residual current was much
smaller than the current induced at �70 mV in the presence of
NMDA (Fig. 2F, induced current). This analysis suggests that
although small secondary current was induced, maintenance of
a current mediated by a persistently activated separate channel
or by damage is a relatively minor contributor to the NMDA-
induced current at �70 mV. Our results suggest that ionotropic
function of NMDARs is required to induce and maintain
additional current at �70 mV during NMDA application,
either because NMDARs themselves underlie the current or
because continuous NMDAR activation is required to sustain
the current.

Time-dependent current linearization is independent of
Ca2� influx and network activity. Given that additional current
appears to require ionotropic NMDAR function, we focused on
a potential role for Ca2� influx. Ca2�-induced secondary
current has been supported by some studies (Chen et al. 1997;

Mrejeru et al. 2011; Olah et al. 2009; Zorumski et al. 1989) but
not others (Thompson et al. 2008; Weilinger et al. 2012, 2016).
To test a role for Ca2� influx through NMDARs, we removed
Ca2� and applied 0.5 mM BAPTA in the extracellular solution.
As shown in Fig. 3, development of additional current at
negative Vm did not differ from recordings in normal extracel-
lular Ca2� concentration (Fig. 3, A and B). On the basis of
these findings, we conclude that the development of linear
current is mediated by ionotropic NMDAR function but is
independent of Ca2� influx.

Given the insensitivity to manipulation of Ca2� influx, the
late induced conductance appears to be directly activated by
NMDAR activation rather than by secondary neurotransmitter
release. To further test this conclusion, we applied 1 �M TTX
to suppress network activity and examined the I-V relation-
ship during 10 �M NMDA application. Suppression of
network activity did not prevent current development or
linearization of the I-V relationship (Fig. 3, C and D),
supporting the idea that current development is directly
mediated by NMDAR activation.

Fig. 2. NMDA-induced linear current is driven by NMDARs and does not represent persisting secondary current. A: current elicited by 10 �M NMDA at �30
mV. After growth of inward current at �70 mV (verified by I�70mV/I�30mV; see inset: A1 � A3 vs. A2 � A3), NMDA was washed out, and the current was
allowed to recover to baseline (A3). To ascertain whether the increase in current at �70 mV resulted from a persisting secondary current, the current following
washout was subtracted from current at time points A1 and A2, and the resulting I�70mV/I�30mV was calculated (inset; n � 8). The resulting current ratios suggest
that the increase in current at �70 mV cannot be explained by persisting secondary current. B: unsubtracted voltage ramp responses are shown from the cell in
A. C: same protocol as A, except that glycine/D-serine-site antagonist 1 �M CGP-78608 was applied and D-serine washed out. This treatment also reversed the
current at �30 mV. The indicated current subtractions revealed a change in I�70mV/I�30mV that was not explained by persisting secondary current (inset; n �
6). D: tonic current elicited by 10 �M NMDA at �30 mV. After current linearization, 40 �M MK-801 was applied, completely abolishing the current at �30
mV. Again, subtraction revealed a time-dependent change in current ratios not explained by persisting current (n � 5). E: MK-801 pretreatment completely
blocked current induction by 100 �M NMDA at both �30 mV (shown) and �70 mV (assayed by ramps, not shown; see RESULTS), excluding involvement of
metabotropic NMDAR function. F: current induced at �70 mV during NMDA exposure vs. residual current after washout or antagonism in A, C, and D. Residual
current was measured relative to pre-NMDA levels (*P 	 0.05). A persisting current was evident at �70 mV, but it was much smaller than that induced during
NMDA application.
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NMDA-induced linear current is present only in morpho-
logically complex neurons. To test the generality of the
NMDAR-induced inward current at �70 mV, we challenged
additional cell types with 100 �M NMDA: mature and imma-
ture dentate granule neurons, CA1 stratum radiatum interneu-
rons, neurons in dissociated cell culture, and nucleated patches
from CA1 neurons in slices. Mature and immature dentate
granule neurons were identified on the basis of previous work
(Liu et al. 1996, 2000). We divided granule cells from the inner
blade of the dentate and the subgranular zones into those with
input resistance 	 1 G� (mature) and those with input resistance
� 1 G� [immature; 0.33 � 0.03 G� (n � 13) vs. 2.26 � 0.28
G� (n � 11)]. Maturational state was further verified in a
subset of cells by inward sodium current evoked by voltage
pulses to �10 mV; mature dentate cells exhibited significantly
larger inward sodium current than immature cells [3,743.9 �
401.4 pA (n � 6) vs. 223.6 � 144.0 pA (n � 4); Fig. 4, A and
B, insets] (Mongiat et al. 2009). Cell capacitance was also
significantly smaller in immature neurons [28.6 � 4.9 pF (n �
7 mature neurons) vs. 4.9 � 0.5 pF (n � 6 immature neurons)].
NMDA induced linear I-V curves in mature dentate granule
neurons but not in immature cells (Fig. 4, A, B, F). Moreover,
100 �M NMDA induced significantly larger current in the
mature DGCs than in the immature DGCs [487.4 � 82.3 pA
(n � 13 mature DGCs) vs. 33.5 � 8.9 pA (n � 11 immature
DGCs)]. We examined another class of mature neurons, CA1
stratum radiatum interneurons. These cells also exhibited lin-
earization similar to CA1 pyramidal neurons and mature gran-
ule cells (n � 3 interneurons; Fig. 4, C and F).

Previously, prominent NMDAR-induced secondary currents
have been demonstrated in cultured neurons (Chen et al. 1997;
Thompson et al. 2008; Weilinger et al. 2016). We applied
NMDA to dissociated hippocampal neurons cultured for 6–13
days. We found apparent time-dependent linearization in the

NMDA-induced currents. However, unlike CA1 pyramidal
cells in slices, NMDA-induced currents did not fully reverse
upon washout (Fig. 4D; �131 � 58 pA, n � 5). To account for
this persistent current, we subtracted it from total current in the
presence of NMDA. Subtracted, NMDAR-induced currents
remained nonlinear, unlike cells from slices (Fig. 4, D and F).
We conclude that, compared with neurons in juvenile mouse
slices, cells in culture exhibit a stronger persisting bona fide
secondary current that does not require ongoing NMDAR
activity for maintenance. However, once the persisting current
was accounted for, the I-V relationship of NMDA responses in
cultured neurons remained nonlinear.

Our results suggest that morphologically complex, mature
neurons exhibit linearization of NMDA-induced current while
less complex or immature neurons maintain a canonical non-
linear I-V profile. To test whether the nonlinear to linear
conversion is maintained in excised membrane from CA1
pyramidal neurons, we excised nucleated patches from these
cells in slices (Sather et al. 1992). Somatic nucleated patches
exhibited a more nonlinear I-V relationship than intact mature
DGCs (Fig. 4, E and F; P 	 0.001), although rectification
tended to be slightly weaker than in immature DGCs and
cultured neurons (Fig. 4F; P � 0.05).

We considered two potential explanations for the time-
dependent development of NMDAR-induced currents at neg-
ative Vcom. First, we considered the possibility that mature
synaptic NMDARs on dendrites exhibit a concentration-depen-
dent and time-dependent alteration of NMDAR pore proper-
ties, resulting in loss of Mg2� block (Chen and Huang 1992;
Wu and Johnson 2009; Zhang et al. 1996). This mechanism
would explain the lack of change of NMDAR-elicited mem-
brane conductance at Vcom values of �30 mV through �50
mV (Fig. 2B, Fig. 3A). Second, we considered the possibility
that strong activation of NMDARs may cause time-dependent

Fig. 3. NMDA-induced linear current is independent of Ca2� influx or network activity. A: in the presence of nominally Ca2�-free bath solution, 10 �M
NMDA-induced tonic current still linearized (A2–A4). Left: representative trace of NMDA-induced tonic current at �30 mV. Right: I-V curve measured at points
denoted by A1–A4. B: time-dependent linearity change of NMDAR current elicited at typical (2.6 mM) or reduced (0 mM) extracellular Ca2� concentration
([Ca2�]o). I�70mV/I�30mV measured 4 min and 8 min after 10 �M NMDA application were compared between the 2 [Ca2�]o values. No significant difference
of I�70mV/I�30mV was observed at either time point between the 2 groups. (n � 7 for 2.6 mM Ca2� group; n � 4 for 0 mM Ca2� group). C: when 1 �M TTX
was bath applied, 10 �M NMDA induced a tonic current at �30 mV, which linearized (C2 to C3). D: comparison of I�70mV/I�30mV between C2 and C3 reflects
a significant increase of current linearity. These results suggest that suppression of network activity by 1 �M TTX does not prevent current linearization (n �
7; ***P 	 0.001).
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loss of voltage clamp, which results in the linearization profile
observed. Although the second possibility is perhaps more
likely, several aspects of a space-clamp explanation were
difficult to explain intuitively. First, current was altered mainly
in the range of Vcom values more negative than �30 mV;
conductance in the range of �30 mV to �50 mV was mostly
unaffected (Fig. 2, Fig. 3). Second, why a space-clamp error
should exhibit time dependence at the NMDA concentrations
employed was not immediately evident. Third, the change in
membrane noise at �30 mV typically accompanying induction
of linearized current suggested a change in channel behavior.
Finally, it was not apparent why escape from clamp would not
result in a detectable shift in the overall INMDA reversal
potential.

NMDA linearization is recapitulated by spatial voltage er-
rors simulated in a CA1 model cell. To test whether a space-
clamp explanation can account for these observations, we used
a previously published model of a CA1 pyramidal neuron (Fig.

5A, Fig. 6A; Poirazi et al. 2003a, 2003b). First, we simulated
tonic activation of NMDARs throughout the entire model cell,
with a progressive increase in NMDA conductance from prox-
imal to distal dendritic compartments to mimic experimentally
relevant current amplitudes (Fig. 5). The NMDAR conduc-
tance mechanism was previously used by others (Destexhe et
al. 1998; Poirazi et al. 2003a, 2003b). To mimic the block of
voltage-gated sodium and potassium currents in our experi-
ments, we removed the Hodgkin-Huxley sodium and potas-
sium conductances, as well as Ih, Ikca, ImAHP, Ikm, Iap, and Iad,
as defined previously (Poirazi et al. 2003a, 2003b). Remaining
voltage-gated conductances included several classes of Ca2�

channels (Poirazi et al. 2003a, 2003b).
Introduction of NMDA conductance into only the somatic

compartments (12.56 mS/cm2) produced a typical NMDAR
I-V relationship, with a region of clear negative-slope conduc-
tance (Fig. 5, A–C). However, increasing the NMDA conduc-
tance in dendrites to simulate time-dependent recruitment of

Fig. 4. NMDA-induced linear current was
observed in morphologically complex neu-
rons but not in neurons with simplified mor-
phology. A: subtracted I-V curve elicited by
a ramp voltage command during sustained
current induced by 100 �M NMDA at �30
mV in a mature dentate granule cell (DGC).
Current in the absence of NMDA (before
application) was digitally subtracted. The
cell exhibited an input resistance 	 1 G�
and robust voltage-gated sodium current
with a voltage pulse to �10 mV (inset).
Subtracted NMDAR currents elicited in the
mature DGCs exhibited linear I-V relation-
ships. B: same protocol from an immature
DGC with an input resistance �1 G� and
weak excitability evidenced by small sodium
current (inset). C: subtracted I-V obtained
during application of 100 �M NMDA at
�30 mV in a CA1 stratum radiatum in-
terneuron. D: I-V curve from a tonic current
elicited by 100 �M NMDA at �30 mV in a
cultured hippocampal neuron taken from a
postnatal day 1 rat and cultured for 13 days.
Light gray trace represents current in the
absence of NMDA before NMDA applica-
tion. Dark gray trace represents residual cur-
rent after washout after 5-min NMDA appli-
cation. Because of the substantial secondary
current evident in cultured neurons, black
trace represents total current during NMDA
application minus the residual current after
washout to isolate the NMDA-induced I-V
relationship unrelated to persisting second-
ary current. E: subtracted I-V curve elicited
during application of 100 �M NMDA in a
nucleated patch excised from a CA1 neuron.
F: quantification and comparison of current
linearity in the range of �30 mV to �70
mV, measured as I�70mV/I�30mV—between
mature (n � 13) and immature (n � 11)
DGCs, interneurons (n � 3), cultured hip-
pocampal neurons (n � 6), and nucleated
patches from CA1 neurons in slices (n � 11;
***P 	 0.001). The difference between nu-
cleated patches and immature granule neu-
rons or cultured cells was not statistically
significant (P � 0.05).
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processes deeper in the slice led to significant linearization of
the simulated somatic clamp current (Fig. 5, A–C). To simulate
time-dependent exposure of somatic and dendritic compart-
ments to NMDA, we first set the NMDA conductance density
at somatic and proximal dendritic compartments to a moderate
value (0.27 mS/cm2), while at the more distal dendritic com-
partments the NMDA conductance density was set at a lower
value (0.145 �S/cm2). This simulation mimicked “early”
NMDA exposure, when exogenously applied NMDA reached
soma and proximal dendrites but had not yet penetrated the
slice deeply enough to fully reach the distal processes. Con-

ductance densities were chosen to mimic experimental re-
sponses to 10 �M NMDA. The early simulation also resulted
in a typical, nonlinear NMDAR I-V relationship (Fig. 5, B and
C). We then increased the NMDA conductance density in the
distal dendrites to match the density in soma and proximal
dendrites (Andrasfalvy and Magee 2001), to mimic “mid”
NMDA exposure when NMDA had further reached the distal
dendrites. This simulation led to significant linearization of the
somatic clamp current (Fig. 5, B and C). Finally, given that the
most distal tufts of dendrites may have up to twice the density
of NMDARs of more proximal dendrites and soma (Bittner et

Fig. 5. Simulations demonstrate that linearization can be explained by spatial voltage errors. A: model of a previously published CA1 pyramidal neuron (Poirazi
et al. 2003a, 2003b) available from the NEURON database. Soma (cyan) and 3 labeled dendrites (red) correspond to plots in D. B: currents observed in a
simulated voltage-clamp experiment in which the NMDAR conductance was applied for the duration of the sweep (arrow indicates NMDA onset) and the
command potential was pulsed from �30 mV to �70 mV. Initial inward current represents poorly clamped Ca2� current in the dendrites and soma resulting
from initiation of the step to �30 mV. At the onset of the pulse to �70 mV, there is also poorly clamped Ca2� tail current evident in the baseline trace (gray)
in the absence of NMDA (NMDA conductance set to 0 in every compartment). Colors of traces represent different levels of total NMDA conductance over the
entire model cell to simulate different time points, as indicated in C. To show the effect of a well-clamped experiment, we simulated activation of channels only
in the somatic compartment. For soma-only simulation (cyan), we used an NMDA conductance density of 12.56 mS/cm2 in the 5 compartments representing
the soma. The conductance value was chosen to approximately match the current generated at �30 mV among simulations below. To simulate early time points
(blue), NMDA maximum conductance (gmax) density was set to 0.27 mS/cm2 in the 5 soma compartments and the proximal dendritic segments that are within
50 �m of the soma and 0.145 �S/cm2 for the remaining dendrites. For the middle time point (green), NMDA conductance in all dendrites was increased to 0.27
mS/cm2 to match the soma value. For the late (magenta) simulation, NMDA maximum conductance density in the tufts of apical dendrites (�400 �m from soma)
was increased to 0.55 mS/cm2. Capacitive currents have been truncated. C: I-V relationships for NMDA currents in a simulated voltage-clamp experiment in
which the command potential ranged from �70 mV to �50 mV. D1–D3: voltage-clamp errors simulated with somatic voltage clamped at �70 mV, �30 mV,
and �50 mV, respectively, in the 3 dendrites indicated in A, chosen to represent proximal, middle and distal dendrites. y-Axis indicates actual membrane potential
(Vm) in the indicated compartment. Command potentials are given above each graph and are indicated by the dotted lines. Voltage errors in the soma compartment
can be attributed wholly to a simulated 10-M� electrode access resistance.
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al. 2012; Otmakhova et al. 2002), we simulated late, full
recruitment of all NMDARs at the most distal dendritic tufts by
doubling the NMDA conductance density in only these
branches to simulate a later stage of activation (Fig. 5, B and
C). This increase had little additional impact on the I-V
relationship.

Although the simulation did not produce a linearization as
strong as some experimental observations, simulations recapit-
ulated two additional salient aspects of the experimental ob-
servations. First, although the reversal potential of simulated
NMDAR current shifted slightly with recruitment of small
sections of distal dendrites (cyan vs. other traces in Fig. 5C),
the additional increase in conductance density in dendrites did
not further shift the reversal potential. Second, the slope of the

I-V relationship between �30 mV and �50 mV was not
strongly altered despite the increased conductance.

To gain more mechanistic insight into the linearization, we
plotted the escape-clamp voltages of representative dendritic
segments activated in the simulations (Fig. 5D). Increased
dendrite NMDA conductance increased voltage error in the
distal dendrites relative to the command voltage, such that at
the command potential of �70 mV, actual dendritic voltages
progressively lose Mg2� block and generate inward current
reaching the somatic clamp (Fig. 5, B and D1). At Vcom values
of �30 mV though �50 mV, distal dendrites stabilize near the
reversal potential of 0 mV, thereby contributing little current
and explaining the lack of conductance change measured at the
soma (Fig. 5, D2 and D3). The increase of conductance in

Fig. 6. Simplification of simulation to mimic cultured hippocampal neurons produces a nonlinear NMDA I-V relationship. A: reduced CA1 model produced by
removal of dendritic branches. The “mid” condition from Fig. 5 was retained to simulate NMDA conductance density in the reduced model. B: validation of the
reduced CA1 model as comparable to cultured neurons. Ten-millivolt hyperpolarizing voltage pulses were simulated (top trace). In the full CA1 pyramidal cell
model, the resulting capacitive current relaxation (gray trace, middle) exhibited a complex, long-lived decay. The capacitive current was speeded with elimination
of most dendritic branches (black trace, middle). The equivalent circuit (bottom) shows a simplified 2-compartment model previously applied to cultured
hippocampal neurons (Mennerick et al. 1995). Although simplified relative to the NEURON multicompartment model, the circuit permits solving for the
indicated circuit parameters by fitting a biexponential function to the capacitive relaxation (Mennerick et al. 1995). R1 indicates pipette access resistance. C1
(membrane capacitance) and R4 (membrane resistance) represent soma and proximal dendrites. R2 represents the resistance linking the soma and proximal
dendrites to distal dendrites, and C2 represents distal dendrite membranes. The dotted resistor in the distal compartment indicates an assumption of a very high
resistance of distal dendritic membranes, allowing the equivalent circuit to be solved. See Mennerick et al. (1995) for additional details. C: application of the
best-fit biexponential function to the simulation (full CA1 and reduced CA1) produced a reasonable match between parameters for the reduced CA1 and the
cultured neurons, whose values were taken from a previous report (Mennerick et al. 1995). D: simulation as in Fig. 5. Gray trace, current in absence of NMDA;
blue trace, current in presence of NMDA at the conductance density used for the “mid” condition in Fig. 5 (0.27 mS/cm2 throughout); magenta trace, current
in presence of NMDA at 3-fold higher NMDA maximum conductance density (0.81 mS/cm2). E: baseline-subtracted NMDA current at indicated maximum
conductance density and Vcom. Inset: calculated I�70mV/I�30mV at indicated maximum conductance density. F1 and F2: simulated somatic and dendritic voltage
at the indicated Vcom with or without NMDA application at indicated maximum conductance density. Compared with the full CA1 model, Vm is better maintained
in dendrites in the Vcom range from �70 mV to �30 mV.
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distal, tufted dendrites in the “late” simulation further depolar-
ized the local Vm of distal dendrites at Vcom � �70 mV (Fig.
5D1), but this change was apparently too remote and compart-
mentalized to strongly influence the overall I-V relationship.

Cultured neurons did not exhibit linearization (Fig. 4, D and
F). To test whether the morphology of cultured neurons could
explain this, we removed dendrites from the CA1 pyramidal
cell model until the passive membrane response of the model
approximated that observed for cultured hippocampal neurons
(Mennerick et al. 1995). We have previously demonstrated that
the capacitive response of cultured neurons to a 10-mV hyper-
polarizing voltage pulse (Fig. 6B) is adequately described by a
biexponential function. The parameters derived from the fit can
be used to solve a two-compartment equivalent circuit repre-
sentation of the cells, with the two compartments related to the
soma plus proximal dendrites vs. the distal dendrites, respec-
tively (Fig. 6B, bottom right; Mennerick et al. 1995). For the
full CA1 pyramidal cell model, the estimated capacitance of
both the proximal and distal compartments was much larger
than the estimates for cultured cells taken from previous work
(Fig. 6, B and C; Mennerick et al. 1995). Also, the resistance
of the membrane and resistance linking the two cellular com-
partments were lower than corresponding values of cultured
neurons, likely reflecting the resistive pathways to dendritic
branches (Fig. 6C, “full CA1”). Although these features are
qualitatively expected, we note that using only two compart-
ments to represent a full pyramidal cell is likely quantitatively
inadequate. However, after removal of most dendrite branches,
the biexponential fit and derived values achieved a reasonable
match to cultured cells (Fig. 6C, “reduced CA1”).

With NMDAR conductance density maintained at the “mid”
level from Fig. 5, whole cell NMDA current amplitudes sim-
ulated in the reduced CA1 model also reasonably matched
those from cultured neurons (Fig. 4D vs. Fig. 6, D and E). We
found, as with experimental observations in cultures, that the
NMDA I-V relationship maintained a strongly nonlinear pro-
file. To examine whether elevation of overall NMDA conduc-
tance would alter I-V relationship in the simplified morphol-
ogy, we simulated NMDA currents with threefold higher
conductance density in the entire model (Fig. 6, D and E).
Elevation of NMDA conductance density slightly altered the
I-V curve, estimated by the ratio I�70mV/I�30mV (Fig. 6E,
inset), but the ratio remained well below 1.0. Although in-
creased voltage error in the distal dendrites was observed at the
command potential of �70 mV with increased overall NMDA
conductance, this alteration only mildly relieved Mg2� block
as monitored by somatic clamp (Fig. 6F1 vs. Fig. 5D1). Thus
a simplified CA1 morphology with limited dendritic branching,
approximating that of cultured neurons, allowed reasonable
space clamp to be maintained (Fig. 6, D and F), even when
NMDAR conductance was increased to levels higher than
those experimentally observed.

DISCUSSION

We describe the emergence of a time-dependent, NMDA-
elicited current at negative Vm in hippocampal CA1 pyramidal
neurons from experimental data and simulation. The current
depended on ion flow but not on Ca2� influx. Although the
current could easily be mistaken for an NMDAR-elicited
secondary current or a change in Mg2� sensitivity of

NMDARs, key aspects of the behavior can be accounted for by
space-clamp error. Sufficiently strong activation of dendrites
caused escape from clamp that generated relief from Mg2�

block and inward current at negative Vcom. At positive Vcom,
Vm in NMDA-activated dendrites remained near the NMDAR
reversal potential and therefore contributed little current. These
properties could easily be mistaken for activation-dependent
loss of Mg2� block. Dissociated cells in culture and nucleated
patches exhibited little evidence of the same mechanism unless
conductance was increased beyond experimentally observed
values, befitting better space-clamp conditions. Although poor
clamp of dendrites has been previously demonstrated (Bar-
Yehuda and Korngreen 2008; Major et al. 1994; Poleg-Polsky
and Diamond 2011; Schaefer et al. 2003; Spruston et al. 1993;
Williams 2004; Williams and Mitchell 2008), our results show
how such errors could specifically contribute to a faulty con-
clusion that NMDARs are subject to time- and activation-
dependent changes in Mg2� sensitivity. The results even per-
tain to mature DGCs, which are generally considered well-
clamped cells with favorable electrotonic properties (Carnevale
et al. 1997).

Unlike several previous reports, our results revealed only
limited evidence for the induction of secondary currents in
response to strong NMDAR activation in juvenile hippocam-
pus. Secondary currents activated by NMDA but mediated by
other channels have been reported in dissociated cultures,
acutely dissociated neurons, and slices. The secondary conduc-
tances have been attributed to gap junction hemichannels, TRP
family activation, Ca2�-activated potassium channels, and pan-
nexin channels (Olah et al. 2009; Mrejeru et al. 2011; Thomp-
son et al. 2008; Weilinger et al. 2012, 2016; Zorumski et al.
1989). Secondary current has been suggested to be activated by
Ca2� influx, reactive oxygen species, or metabotropic func-
tions of NMDARs (Chen et al. 1997; Mrejeru et al. 2011; Olah
et al. 2009; Thompson et al. 2008; Weilinger et al. 2012, 2016).
We observed strong bona fide secondary currents in dissociated
hippocampal neurons, but CA1 pyramidal neurons in slices
exhibited little persisting secondary current (Fig. 2). Although
our results differ from those that identified MK-801-insensi-
tive, persisting secondary current (Weilinger et al. 2016),
several details of our experimental conditions were not iden-
tical. For instance, our study was performed with juvenile mice
rather than juvenile rats, and we employed physiological Mg2�

in our experiments, while Mg2� was omitted in the experi-
ments of Weilinger et al. Like the previous work, we focused
on CA1 pyramidal neurons, and we did not systematically test
for persisting currents in dentate granule neurons or interneu-
rons. It remains possible that persisting secondary current
contributes to linearization in these cell types.

The time dependence of changes to NMDAR I-V curves at
7.5–10 �M NMDA, near NMDA EC50 (i.e., 5–10 �M), is
perhaps the most difficult feature of our experimental obser-
vations to explain. Simulations offer some insight. We assume
that NMDA takes longer to reach full concentration at deeply
embedded dendrites than the somatic region, which was con-
sistently close to the slice surface to allow visually guided
patching. At a Vcom of �30 mV, progressive increase in
dendritic conductance, as the local NMDA concentration in-
creases, adds very little to the somatic clamp current (Fig. 5, B
and C). This is the result of dendrites depolarizing to near
reversal potential (Fig. 5D2). The decrease of single-channel
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current as a result of Vm approaching reversal potential also
likely contributes to the signature decrease in membrane noise
observed at Vcom � �30 mV (Fig. 1, Fig. 2). However, the
added conductance contributes to more variability in dendritic
Vm at the Vcom of �70 mV (Fig. 5D1), necessitating more
somatic clamp current and leading to linearization. Our results
offer a caution that nonsaturating drug concentrations may
appear to reach steady state before they actually have.

The apparent loss of Mg2� block in our work could explain
some previous observations of secondary current and/or mod-
ulation of Mg2� sensitivity under voltage-clamp conditions.
Previous observations of reduced Mg2� sensitivity have been
performed with cultured neurons (Zhang et al. 1996). Although
we did not observe strong space-clamp artifact in our cultures,
it is difficult to know whether space-clamp error participates in
other culture preparations, where neurons may be more com-
plex morphologically. Some previous investigations of second-
ary currents have been performed in nominally Mg2�-free bath
solutions where the mechanisms explored here would not seem
to apply (Chen et al. 1997; Weilinger et al. 2016), but even
small amounts of contaminating Mg2� from endogenous
sources could lead to effects similar to those described here.
The lack of effect of MK-801 inhibition of secondary current
in some studies has implied involvement of metabotropic
NMDAR function. MK-801 block, like Mg2� block, is voltage
sensitive (Huettner and Bean 1988). Although we did not
observe evidence for MK-801 insensitivity in our work (Fig. 2,
D and F), under some conditions voltage errors, rather than
metabotropic function, could lead to MK-801 insensitivity and
erroneous interpretation.

Simulations qualitatively replicated loss of Mg2� block
through voltage error, although the experimental loss of block
was often quantitatively more severe (Fig. 5C vs. Fig. 2B and
Fig. 4, A and C). There are several possible explanations for the
quantitative mismatch. First, the simulation makes no attempt
to model spines and the accompanying spine-neck resistance.
Empirical guidance remains insufficient for modeling the elec-
trical resistance of spines (Yuste 2013). Nevertheless, because
most NMDARs are likely located on the spine head, neck
resistance could dictate how strongly compartmentalized the
spine is from the somatic clamp and how well clamped the
currents are. Second, we based our distribution of NMDAR
conductance on previous work showing that the somatic and
dendritic densities of NMDARs are approximately the same. If
instead dendritic density (site of most excitatory synapses) is
higher than somatic density, this could explain the stronger
linearization of experimental currents. Finally, we cannot fully
exclude the possibility of some contribution of bona fide
change in Mg2� sensitivity.

Several past studies have also cautioned about the poor
space clamp of neurons. Typically, this work has focused on
the artifacts inherent in clamping phasic excitatory postsynap-
tic currents or dendritic voltage-gated currents, with attendant
electrotonic filtering effects on rapidly rising and decaying
currents (Bar-Yehuda and Korngreen 2008; Major et al. 1994;
Poleg-Polsky and Diamond 2011; Schaefer et al. 2003; Sprus-
ton et al. 1993; Williams 2004; Williams and Mitchell 2008).
Our work shows that even steady-state current is badly dis-
torted as a result of poor space clamp over dendrites. Although
dendritic conductance loads can be very compartmentalized
(Williams 2004), our results (Fig. 5, Fig. 6) demonstrate that

the summed impact of a uniform, widespread dendritic con-
ductance change can have a pronounced effect on somatically
recorded voltage-clamp currents.

In summary, our work highlights a specific phenomenon
accounted for by a space-clamp artifact. It bears resemblance
to reduced Mg2� sensitivity of NMDAR function. However,
the phenomenon is not evident in simplified experimental
preparations and is mimicked in simulations of morphologi-
cally complex neurons. Our observations highlight the need to
carefully address errors that arise when working with neurons
of realistic morphology and complexity, to ensure accurate
interpretation.
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