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Corvids have cognitive abilities rivaling
those of nonhuman primates: they can
fashion tools for use in retrieving food,
and they change food-caching strategies
depending on whether competitors are
watching or listening. Corvids accomplish
these cognitive tasks with brains structur-
ally dissimilar to those of mammals: the
endbrain of birds is organized into dis-
crete nuclei rather than a layered cortex
(Clayton & Emery 2015 Neuron 86:1330).
Nevertheless, birds and mammals appear
to use similar neural mechanisms for solv-
ing cognitive tasks.

The nidopallium caudolaterale (NCL)
of crows, which has connectivity and
functional properties suggesting it is anal-
ogous to monkey prefrontal cortex, con-
tains neurons that respond preferentially
to the number of items in a set (i.e.,
numerosity). Neurons in crow NCL, like
neurons in monkey PFC, are tuned to
specific numerosities. Moreover, behav-
ioral studies indicate that crows, like
monkeys, more easily distinguish numer-
osities when the difference between them
is large than when it is small, and that
small differences are easier to discriminate
for small than for large numerosities.
These behavioral similarities suggest that
the tuning properties of numerosity neu-
rons are similar in monkeys and crows.

To test this hypothesis, Ditz and Nie-
der recorded activity in NCL neurons
while crows compared sequentially pre-
sented image pairs containing 1–30 dots.
Spiking in �22% of recorded neurons
varied with numerosity, with a similar
proportion of neurons preferring each of
the seven tested values. These neurons
were active during sample-image presen-
tation and/or during the delay between
sample- and test-image presentation.

The tuning curves of numerosity-selec-
tive neurons were similar to those reported
for numerosity neurons in monkeys: tuning
was broader for larger preferred numerosi-

ties, and although the tuning curves were
asymmetric when plotted on a linear scale,
they were approximately Gaussian on a log-
arithmic scale. Importantly, neurons’ re-
sponses to their preferred numerosity were
lower, and firing for nonpreferred numer-
osities were higher, during sample and delay
periods on incorrect trials than on correct
trials, suggesting that the activity of the neu-
rons influenced performance.

These data suggest that despite dissim-
ilar brain structures, crows and primates
encode numerosity in a similar way.
Studying the neural bases for other com-
plex cognitive tasks in crows might there-
fore provide insight into how our own
brains work.
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Neurons require a constant ATP supply to
power the Na�/K� ATPase, which main-
tains the transmembrane ionic gradient
and helps determine the cell’s resting
membrane potential. When blood supply
is disrupted, ATP is rapidly depleted, im-
pairing function of the Na�/K� pump.
Consequently, intracellular Na� concen-
trations rise, causing depolarization and
opening of voltage-gated Na�, K�, and
Cl – channels. Because subsequent Cl –

influx cannot be offset by efflux of other
anions, the total intracellular ion con-
centration increases, leading to osmotic
influx of water (cytotoxic edema). The re-

sulting cell swelling can cause cell lysis,
which contributes to neuron death fol-
lowing stroke and traumatic brain injury
(Rungta et al. 2015 Cell 161:610).

To understand how cytotoxic edema
develops when the Na�/K� ATPase is dis-
abled, Dijkstra et al. created a biophysical
model of single neurons. Transporter ac-
tivity and channel currents determined
intracellular ion concentrations, which
in turn affected cell volume. When the
Na�/K� pump was inactivated, Na�, K�,
and Cl – ions redistributed across the
plasma membrane until a new equilib-
rium state was reached; at this point, the
membrane potential was approximately
–10 mV. Notably, if pump function was
gradually reduced, normal physiological
membrane potential was maintained until
the pump reached �65% of its baseline
activity. At that point, an abrupt transi-
tion occurred: the cell rapidly depolarized
and swelling ensued. The final membrane
potential and cell volume depended on
how much pump activity remained.

After the transition to a pathological
equilibrium state, cell swelling could be
reduced by returning pump activity to base-
line levels. The physiological resting poten-
tial was not restored, however, unless pump
activity was increased to �185% of baseline.
This likely occurred because voltage-gated
Na� channels were partially activated, and
continual Na� influx prevented restoration
of the normal transmembrane ion gradient
by the Na�/K� pump. Blocking voltage-
dependent Na� current allowed cells to
return to the physiological resting state
when baseline Na�/K� pump activity was
restored.

This work shows that basic electro-
physiological principles explain many
consequences of ischemia. The results also
explain why neuronal damage continues
to occur when blood supply is restored
after ischemia: neurons may remain de-
polarized by persistent Na� influx. Fi-
nally, the results support previous work
suggesting that blockers of voltage-gated
Na� channels promote neuronal recovery
after stroke.
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Responses of a numerosity-selective neuron with a preferred
numerosity of 20 to images (presented during shaded period)
displaying sets of 1–30 dots (indicated on left). See Ditz and
Nieder for details.
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